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The modern transportation system is a dynamic, diverse,
random, and complex system. It exhibits extremely complex
behavior derived from several components: the heteroge-
neous nature of human behavior, the highly nonlinear group
dynamics, and the large system dimensions. Advances in
mobility are most clearly illustrated by the spread of motor-
ized transport and the development of the transportation
industry, including vehicle manufacturing and its associated
infrastructure. However, the rapid growth of traffic volume
has also resulted in several negative impacts, such as urban
stress, traffic crashes, and environmental pollution. In order
to achieve an efficient, safe, and green mobility, it is therefore
essential to model and analyze the discrete states and the
dynamic changes of the modern transportation system.

The focus of this annual special issue is to foster links
between basic and applied research relating to discrete
dynamics problems in transportation systems. We invited
original contributions in both new theoretical developments
and studies of practical implementations, which propose and
investigate novel dynamic and diverse models to reveal the
mechanism of transportation system. Totally, 29 articles are
included in this special issue, with topics including intelligent
transportation system, dynamic problem in urban trans-
port system, transit and rail systems operation, application
of chaos in traffic flow, discrete and stochastic theory of
transport system, vehicle active safety and intelligent vehicle,
discrete optimizationmethods in traffic system, traffic opera-
tions, management and control, energy, transport policy and
economics, driving behavior, and driver assistance system.

F. Feng and Q. Zhang constructed a coevolution equation
and an order parameter model to analyze the multimodal

transport system, and the method was illustrated by using
Chinese multimodal transport system as an example.

J. Xu et al. investigated a route planning model for
passengers in subway station during peak hours, and the
model was applied to a three-layer transfer underground
station of Guangzhou subway.

By defining sharp horizontal curves (SHCs) at expressway
and collecting the statistics of crashes from 2008 to 2012
on 2200 km expressways in Guangdong province, X. Li et
al. investigated the spatial distribution of crashes on SHCs
and deduced the driving risk distribution function of SHCs
at expressway. The results provided a theoretical basis to
enhance expressway safety management and to improve
driving safety on SHCs.

C. Mao et al. investigated the impacts of distressed pave-
ment on driving safety. By analyzing drivers’ characteristics,
driving behavior, and braking characteristics of vehicles, the
relation between the static legibility distance and the dynamic
legibility distance of the distressed pavement was revealed,
and the minimum safety legibility distance was studied.

H. Chen et al. performed a study to analyze the influenc-
ing factors in travelmode choice formigrant workers in Xi’an,
China. The results showed that factors such as age, education
level, and monthly gross income had a significant impact on
travel choice mode for migrant workers.

H. Jin and S. Li designed a vehicular dynamic stability
control system based on the calculation of wheel speed
difference of nondrive wheels. Different simulation tests were
conducted afterwards.

Using the travel data obtained from a survey in the
city of Shangyu, China, M. Yang et al. studied the gender
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role-based differences in activity-travel behavior. Binary and
ordered logistic regressionmodels segmented by gender were
developed for the evaluation. Some interesting findings were
obtained.

H. Qin et al. used information display board to design
an experimental survey and dynamic decision process data
are retrieved under a multimode choice scenario with car,
bus and subway, park, and ride. The authors concluded that
the most commonly used decision strategy for travelers is the
combined strategy under the multimode choice scenario.

L. Lu et al. examined characteristics of e-bike fatal crashes
on urban highways in China, using the three-year crash
reports (2010–2012) of Taixing city. Some valuable findings
were obtained.

Y. Ren et al. investigated drivers’ eye-movement char-
acteristics when driving around both left- and right-hand
curves via on-road experiment. The results showed that
drivers’ gaze direction fluctuates around the reference axis
and the fixation points are distributed in the region centered
on the horizontal gaze position rather than a particular point
that has geographical meanings.

R. Liu et al. proposed an overall track quality assessment
method for Beijing Metro and determined the overall track
quality standards bymeans of a statisticalmethod,which have
been approved to put into practice in China.

J. Xu et al. performed an experimental study on lateral
acceleration of cars in different environments. The distribu-
tion of the lateral acceleration of a passenger car was obtained
from twelve highways in Sichuan with different design speeds
and topographies. The effects of curve radius and driving
speed on lateral acceleration were analyzed, respectively.

By determining the most important factors in analyzing
pedestrian-vehicle conflict, W. Cheng et al. proposed a
pedestrian safety conflict index to evaluate the safety level
of crossing pedestrians at signalized intersections.Themodel
was then applied to the evaluation of two intersections in the
city of Changchun, China.

F. Shi proposed an idea of stratified sampling, which can
be used to effectively calculate the sampling rate for resident
travel surveys. The method was applied to the main urban
area of Kunshan city in Jiangsu province, China.

L. Cheng and F. Han investigated the optimal road
toll design problem from the perspective of sustainable
development. A bilevel optimization model was designed
with the upper level problem to maximize the sustainable
development index and the lower level problem to depict
travelers’ route choice behavior under a certain road toll
scheme. The proposed model was effectively applied to the
Nguyen-Dupuis network.

Y. Liu and Y. Yu proposed a distributed dynamic traffic
assignment strategy for intelligent trafficmanagement, which
not only could consider the traveler’s preference, but also
could achieve a rapid response to the emergency incident in
local area.

H. Dai et al. proposed a traffic congestion pricing model
for a dual-mode urban transportation network. The model
was conducted by solving a bilevel programming problem, in
which the delay and emission of vehicles were considered.

M. Huan and X. Yang applied a reliability analysis to
explore the red-light running behavior of bicyclists at urban
intersections. The authors concluded that bicyclists’ safety
crossing reliabilities decrease as their waiting times increase.

Y. Yan et al. investigated the vehicle’s stability region based
on an improved vehicle nonlinear dynamic model using
energy function.Themodel was verified by testing the vehicle
snake shape dynamic behavior.

T. Zhang et al. introduced the China Road Assessment
Programme (ChinaRAP) model for crash risk assessment. A
pilot application was provided afterwards.

By extracting running trajectories of left-turning vehicles
and analyzing distribution characteristics of trajectories,
velocity changing characteristics, and flow changing char-
acteristics, F. Wei et al. developed a left-turning vehicle’s
trajectory model and proposed an idea of setting left-turning
guide line at the intersection.

M. Du et al. proposed an improved sensitivity analysis
based method to estimate the urban transportation network
capacity.The results showed that the proposed method could
obtain good suboptimal solutions from different starting
points.

X. Li et al. proposed a method of axle box bearing fault
diagnosis based on multifeature parameters, which includes
weak fault signal extraction, feature extraction, and fault
recognition. A series of tests was carried out to verify the
proposed method.

F. Feng et al. investigated the fault tolerance of railway
networks in China and both the macroscopic optimization
model and the microscopic optimization model were pro-
posed and applied.

P. Jiao et al. investigated the residence and workplace
location choices in Beijing by using mixed logit models. The
authors concluded that a joint choice model which combines
the residence location andworkplace together fits the data the
best.

L. Deng et al. developed a rail transit line fare decision
support system by solving an optimization model with
different objective functions. Some suggestions were given on
the selection of flat fare or distance-based fare for the case of
Changsha Metro Line 2.

Y. Zhang et al. investigated the impacts of directional and
nondirectional auditory warning information in a collision
warning system on driving behavior. The results showed that
auditory warnings with directional information should be
adopted as they are useful to help drivers to avoid collision
events and to cross intersections more safely.

S. Sun et al. addressed the vehicle routing problem in
large-scale urban transportation networks with stochastic
time-dependent travel times. Numerical experiments were
conducted on the urban transportation network of Shenzhen,
China.

J. Teng and W. Jin developed a bus operation control
system to dynamically adjust bus speed, bus dwell time, and
traffic signal timings along the path of a running bus, and a
simulation platform was developed to evaluate the proposed
control system with the actual data collected from the bus
route number 210 in Shanghai.



Discrete Dynamics in Nature and Society 3

This annual special issue has offered the opportunity
to stimulate interdisciplinary research, exchange ideas, and
interact with many of the experts in the research area about
discrete dynamics in transportation system. We believe this
special issue will contribute nicely to the development of
transportation behaviour, intelligent transportation system,
and traffic safety.

Wuhong Wang
Geert Wets

Heiner Bubb
Yongjun Shen
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In order to study the impacts of distressed pavement on driving safety, the drivers’ driving behavior and driving characteristics
need to be analyzed. By analyzing the drivers’ characteristics, driving behavior’ and braking characteristics of vehicles, relation
between static legibility distance of the distressed pavement under different driving conditions and dynamic legibility distance
during driving is revealed via statistical analysis. The relation between vehicle speeds, braking performance, and the minimum
safety legibility distance is developed. The recommended static legibility distances for different speed limits are proposed, which
would be useful to improve the driving safety under adverse road conditions.

1. Introduction

With the rapid growth of the economy and motorization,
road construction has obtained unprecedented development
while road mileage and density increase rapidly. In the con-
ditions that facilities and technologies of road maintenance
aremore andmoremature, and thematerials are increasingly
sophisticated, the road conditions are significantly improved.
However, distress in pavement is inevitable due to the limited
service life of the pavement, overloading of vehicles, and the
quality of pavement. Besides, restricted by practical construc-
tion conditions, the distressed pavement cannot be repaired
all at once.Therefore, distressed pavements are widespread in
the cities with a great quantity beyond imagination. Damage
of manhole covers, potholes, and settlement can be seen
everywhere in the Chinese cities.

In daily life, people may pay more attention to factors
which directly trigger traffic accidents since the damage of
vehicles, casualties, and economic losses they caused are
direct and obvious. Therefore, it is indeed worthy of research
and attention [1, 2]. On the other hand there is also another
initial factor which may induce traffic accident, reduce traffic
capacity, and affect the normal operation of the driver

and driving comfort. That is the distress of the pavement
widespread in the road. This may not be the most common
factors leading to traffic accidents, but their adverse effects
cannot be disregarded [3, 4]. The road capacity can be
severely reduced by the deceleration or evasion of the vehicles
due to the distress of the pavement in a road section with
heavy traffic and other damage (such as the increase of the
abrasion of tires, energy consumption, and emissions). The
physiological andpsychological damage to the drivers and the
indirect loss (such as drivers’ time loss) may be much more
than those of one fatal traffic accident which may be even far
beyond our imagination.

According to certain analysis, in the traffic accident, the
error of observation, misjudgment, error of action, and other
errors, respectively, account for 54%, 54%, 36%, and 1%;
namely, the accidents resulting from the error of observation
account formore than a half of the whole accidents. From this
point the study on legibility during driving is the basis of the
study on drivers’ characteristics and behaviors [5].

Drivers will receive varied stimulations from all kinds of
traffic information. The main part of the traffic information
which is more than 80% is obtained by vision. Drivers need
to sense the traffic condition quickly and accurately, identify
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initial objectives, predict the development and consequence
of the traffic condition, and take proper measures to guaran-
tee the safety of driving under the complex traffic conditions
[6, 7]. The psychological mood of the drivers during driving
will be influenced by traffic condition and the state of their
mind: on the one hand, positive and peaceful mind can remit
the driving fatigue while negative mind is more likely to
induce anger and tension which will consequently trigger
adventure or aggressive driving behaviors; on the other hand,
psychological burden of drivers will be increased by bad
traffic condition [8].

Since distressed pavement will adversely affect the oper-
ation of the vehicles, researches on the recognition, clas-
sification, and influence of the distress in pavement are
conducted by different scholars. Grivas et al. [9, 10] put
forward an analysis method based on fuzzy set theory which
can be used to determine single index of the pavement
damage from several indexes. Different levels of pavement
distress are qualitatively described; the value of the distress
is expressed throughmembership function and quantified via
the input of roadmaintenance specialist. Prozzi andHong [11]
established an axle load distribution optimization function,
put forward a comprehensive statistical method based on
road load, and described the observed axial load by using
the mixed lognormal distribution. Khan [12] established an
identification manual of the distressed pavement in Pakistan
which provided the method to obtain consistent, repeatable,
and a large deal of data on pavement distress. It can be an
advanced basic reference book on pavement management
system which is involved in the deterioration trend analysis
and evaluation of motor vehicle traffic, Pakistan, 2006, and
at the same time provides quantitative information for the
repairing scope of distressed pavement. Karan et al. [13]
described the relationship between average speeds of vehicles
and the condition of the pavement for two-lane highway:
pavement irregularities were chosen to be the evaluation
parameters of the pavement condition, 72 of survey sections
were selected according to the pavement irregularities, traffic
capacity and saturation were calculated, and then comfort
index, saturation, and the speed limit were chosen as control
index; thus regression model between the average speed of
vehicles and the pavement irregularities was established.

Scholars have also made some progress on the research
in traffic operation and traffic capacity under the condition
of distressed pavement. For example, Gallegos López et al.
[14] recorded the information of road profile and introduced
international roughness index to evaluate the condition of the
pavement; the international pavement roughness index was
absorbed into the formula of road capacity and LOS (level
of service) in HCM2000 as a corrected parameter; thus a
new formula considering the influence of both lane width
and pavement roughness on road capacity was established;
the correction parameters were obtained by fitting to actual
statistical data collected in Mexico and tested by actual cases.
Chandra [15] analyzed the influence of pavement irregu-
larities on the road capacity and relation model between
road capacity and pavement irregularities was established
via analyzing the data of pavement irregularities, free stream
velocity, and the proportion ofmiddle-sized vehicles. Johnnie

and Neil [16] analyzed the traffic stream characteristics when
roads were under maintenance and construction: the impact
of some lanes under long-term or short-term construction on
the traffic flow was investigated; the relation between vehicle
speed and density was studied and all the researches indicate
that roadmaintenance and construction have great impact on
the parameters of traffic flow [17].

In conclusion, the research on the generation of pave-
ment distress and pavement maintenance is numerous. But
the research on the relation between static and dynamic
legibility of pavement distress and safety which is the base
of the research on driving behavior and traffic flow is very
few. Therefore, based on experimental investigation, using
regression analysis method, by means of theory analysis,
the internal relation between pavement distresses, legibility,
driving behavior, and driving safety is revealed and the theory
of driving behaviors under pavement distress is perfected.
The follow-up arrangement of this paper is as follows:

(1) survey on legibility distance of distressed pavement;
(2) relation between static and dynamic legibility of dis-

tressed pavement;
(3) analysis on the safety legibility of distressed pave-

ment.

2. Survey on Legibility Distance of
Distressed Pavement

2.1. Legibility of Pavement Distress and Its Influencing Factors.
In order to study whether pavement distress is easy to be
noticed or not or whether it has significant influence on
drivers’ operation, the concept of legibility of pavement
distress is introduced.

Just as the static vision and dynamic visual of the human
being, legibility of pavement distress can also be divided into
static legibility (𝐿

𝑠
) and dynamic legibility (𝐿

𝑑
). 𝐿
𝑠
refers

to the complexity for drivers to recognize the pavement
distress when the speed of the vehicle is extremely slow
or even zero and the distance between the driver and the
pavement distress is stable while 𝐿

𝑑
refers to the complexity

for drivers to recognize the pavement distress in the process
of driving when the distance between the driver and the
pavement distress keeps changing. 𝐿

𝑑
can be measured

by the distance between the eyes of the observer and the
pavement distress as 𝐿

𝑠
. Corresponding with static legibility

and dynamic legibility, legibility distance can be divided into
static legibility distance (𝐷

𝑠
) and dynamic legibility distance

(𝐷
𝑑
). Existing research indicates that human eyesight will be

reduced with the increase of the travelling speed; therefore
dynamic legibility is weaker than static legibility and is getting
weaker with the speed increasing.

According to Yaling Guo et al. studies, the main influ-
encing factors of legibility mainly include the visual angle
of the eyes, color contrast surrounding the objects, and the
displacement of the object relative to the observer’s eyes.
The visual angle of the observer’s eyes on the objects is
determined by the size of the objects and the distance between
the observer’s eyes and the objects as shown in Figure 1;
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Table 1: The investigation results of pavement distress.

Number LocationA Road levelB Length (10−2m) Width (10−2m) 𝐷
𝑠
(m) 𝐷

𝑑
(m) V (km/h)

1 Huang He b 108 102 94.8 73.7 41.2
2 Huang He b 122 178 88.0 63.8 41.5
3 Wenchang b 92 88 94.8 75.4 26.3
4 Wenchang b 37 32 24.3 18.2 23.6
5 Wenchang b 163 62 66.3 43.5 35.2
6 Jiaohua b 125 135 43.6 25.6 18.1
7 Xidazhi b 145 76 79.5 59.5 36.6
8 Hexing a 88 98 97.5 75.4 47.6
9 Hexing a 126 120 106.6 91.1 34.9
10 Jinxiang b 110 104 71.9 49.2 29.9
11 Jinxiang b 55 45 33.2 20.5 32.4
12 Gongbin b 113 96 65.4 51.5 25.1
13 Hanshui c 88 56 56.4 44.1 18.1
14 Hongxiang c 106 121 66.2 45.6 34.0
15 Zhongshan b 114 102 86.1 61.7 38.3
16 Zhongshan b 90 90 37.6 22.5 32.6
17 Xuan Qiang d 64 114 43.1 23.3 19.8
18 Lujia d 210 150 102.9 84.2 24.3
19 Pinggong d 42 34 30.8 20.3 19.5
20 Pinggong d 44 30 24.6 18.4 25.8
Notes: Aroad name.
Ba: expressway; b: trunk road; c: secondary road; d: branch.

Visual angleA B

Figure 1: The visual angle of the eyes.

the visual angle on object A is the same to that on object B;
then the legibility of them is the same although A is bigger
than B [18, 19].

2.2. Investigation on Legibility Distance of Distressed Pave-
ment. The main factors influencing the legibility distance of
distressed pavement are the size of the distress, the location
of the distress, drivers’ characteristics and vehicle speed, and
so forth. Therefore, the survey is conducted aiming at these
factors.

Investigation on the size of pavement distress: 20 pave-
ment distresses on expressway, trunk road, secondary road,
and branch in Harbin are selected and the extents of the
damage (size of the distresses) are measured.

Investigation on static legibility distance (𝐷
𝑠
) of dis-

tressed pavement: 4 types of drivers including male novice
drivers, male skilled drivers, female novice drivers, and

female skilled drivers are chosen as respondents and the
legibility distances of distressed pavement selected are inves-
tigated. CVA (corrected visual acuity) of the respondents
ranges from 1.0 to 1.2 and the heights of them range
from 1.70m to 1.74m. The legibility distances of the whole
respondents are recorded and the average legibility distance
is chosen to be the static legibility distance of the distressed
pavement.

Investigation on dynamic legibility distance (𝐷
𝑑
): the

respondents were wearing I view XHED eye tracker which is
made in Germany. All respondents have known the position
of pavement distress. The investigators are driving a Santana
2000 car in the selected pavement sections, the eye tracker
records the drivers’ eyes track, and the vehicle data recorder
records vehicle speed and vehicle’s location. Survey with
vehicle recorder and eye tracker is shown in Figure 2. The
𝐷
𝑑
we collected is the average distance between driver’s eyes

and distressed pavement, when the driver found distressed
pavement.

The survey result of legibility distance is shown in Table 1.
Most legibility distance belongs to 20–100m, the average 𝐷

𝑠

is 48.4m, and average 𝐷
𝑑
is 65.7m; obviously, 𝐷

𝑠
is longer

than𝐷
𝑑
.

3. Relation Analysis on 𝐷
𝑠

and 𝐷
𝑑

3.1. Analysis on Data Investigated. As the data investigated
from 20 pavement distresses show,

(1) the range of static legibility distance is from 24.3m to
106.6m and the average is 65.7m;



4 Discrete Dynamics in Nature and Society

recorder
Vehicletracker

Eye

Figure 2: Survey with vehicle recorder and eye tracker.

(2) the range of dynamic legibility distance is from 18.2m
to 91.1m and the average is 48.4m;

(3) the static legibility distance is much longer than the
dynamic legibility distance in one distressed pave-
ment which indicates that dynamic vision is weaker
than static vision once again.

3.2. Relation Analysis on Static Legibility Distance (𝐷
𝑠
) and

Dynamic Legibility Distance (𝐷
𝑑
). Existing research shows

that dynamic legibility distance (𝐷
𝑑
) of the object is related

to static legibility distance (𝐷
𝑠
) and the speed of the object V.

Taking 𝐷
𝑑
as the dependent variable and taking 𝐷

𝑠
and V as

the independent variable, then

𝐷
𝑑
= 0.9004 ⋅ 𝐷

𝑠
− 0.1968 ⋅ V − 4.7645, (1)

where𝐷
𝑑
is the pavement distress’s dynamic legibility, m;𝐷

𝑠

is the pavement distress’s static legibility, m; V is the vehicle’s
speed, m/s.

The relationship between𝐷
𝑑
and𝐷

𝑠
is shown in Figure 3.

We can see a linear relationship between 𝐷
𝑑
, 𝐷
𝑠
, and V (the

correlation coefficient was 0.9851; the standard error was
3.8120).

If 𝐷
𝑠
∈ (0, 100), V ∈ (0, 100), then we can get the

relationship between 𝐷
𝑑
, 𝐷
𝑠
, and V, shown in Figure 4. The

results indicated that𝐷
𝑑
increased with the raising of𝐷

𝑠
and

diminishes with V. So, if we want to increase𝐷
𝑑
, we could set

a speed limit and increase the value of𝐷
𝑠
.

4. Analysis on Safety Legibility of
Distressed Pavement

4.1. Basic Legibility Rules. When the driver notices the pave-
ment distress, he/she would judge if or not the pavement
distress has a negative effect, and then he/she will decide how
to drive, for example, gazing at the pavement distress and
paying attention to the position of the vehicle. The worse the
legibility of pavement distress is and the greater the distress
is, the longer the fixation time can be.
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In order to judge the probable damage caused by the
pavement distress, the drivers still need to constantly collect
driving information by watching, listening, and touching.
When the vehicle is approaching the pavement distress, the
driver will pay more and more attention to it; in particular
when the vehicle is 5–20 meters away from the pavement
distress, the driver will always gaze at it till pass the distressed
pavement as shown in Figure 5.

4.2. Safety Legibility Distance Analysis

4.2.1. The Minimum Safety Distance. The minimum safety
distance (𝐷min 1) refers to the safe distance to front vehicle
or obstacle when vehicle suddenly brakes from 100 km/h to 0
in an emergency, which can be expressed as follows:

𝐷min 1 = −0.5 ⋅
V2

𝑎
+ 𝑑, (2)

where𝐷min 1 is the minimum safety distance, m; 𝑎 is acceler-
ation of the vehicle, acceleration 𝑎 > 0, deceleration 𝑎 < 0,
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Table 2:𝐷min 1 in different speed conditions.

Number V (Km/h) V (m/s) Brake time (s) Brake distance (m) 𝐷min 1 (m)
1 20 5.56 0.74 2.06 7.06
2 30 8.33 1.11 4.63 9.63
3 40 11.11 1.48 8.23 13.23
4 50 13.89 1.85 12.86 17.86
5 60 16.67 2.22 18.52 23.52
6 70 19.44 2.59 25.21 30.21
7 80 22.22 2.96 32.92 37.92
8 90 25.00 3.33 41.67 46.67
9 100 27.78 3.70 51.44 56.44

Normal
driving

Find 
object

Pavement 
distress

Vehicle
Pass 
the 
road

Signs and 
markings

Traffic 
signal

Temporary 
obstacles

Others

Pavement 
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Gaze 
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distress

Gaze at
object

Scan the 
environment

Figure 5: The drivers’ observation process of pavement distress.

emergency braking 𝑎 belongs to −7.5m/s2 ∼ −10m/s2, and
𝑎 = −7.5m/s2 in this paper. 𝑑 is safe stopping distance, at
most 𝑑 = 2∼5m in general, and 𝑑 = 5m in this paper.

According to formula (2), we can see that the better the
vehicle braking performance is, the shorter the𝐷min 1 is.Thus
we can get𝐷min 1 in all speed conditions, as shown in Table 2.

The legal requirement of automobile (nonload) braking
distance in China is as follows.

(1) The braking distance of a passenger service vehicle
with no more than 9 seats must be shorter than 19m
when its initial velocity is 50 km/h.

(2) The braking distance of a truck with a total mass less
than 4.5 t must be shorter than 21m when its initial
velocity is 50 km/h.

(3) The braking distance of the other cars must be shorter
than 9m when its initial velocity is 30 km/h.

So, in the first case, the maximum𝐷min 1 is 19+5 = 24m;
in the second case, the maximum𝐷min 1 is 21 + 5 = 26m and
in the third case the maximum𝐷min 1 is 9 + 5 = 14m.

4.2.2. Theoretical Minimum Safety Legibility Distance. The
theoretical minimum safety legibility distance refers to

the safe braking distance when the driver fully concentrates
on driving, finds the distress at the first time, and decelerates
immediately from V to 0 km/h.

According to normal driving behaviors, 𝐷min 0 equals
the sum of the distance vehicle runs during the drivers’
perception-reaction time 𝑡

𝑟
and the safe distance between

vehicles 𝑑. Perception-reaction time of the driver 𝑡
𝑟
is as

follows:

𝑡
𝑟
= 𝑡
1
+ 𝑡
2
, (3)

where 𝑡
1
is perception reaction time, 0.3–0.5 s, and 𝑡

2
is

driving behavior operation time, 0.3–0.5 s:

𝑡
𝑏
= −

V
𝑎
. (4)

𝑑
𝑟
is the traveling distances of the vehicle when the driver

responses to the pavement distress:

𝑑
𝑟
= (𝑡
1
+ 𝑡
2
) ⋅ V. (5)

And the traveling distance of the vehicle during the brake
can be shown in formula (5):

𝑑
𝑏
= −0.5 ⋅ 𝑎 ⋅ 𝑡

2

𝑏
. (6)
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Table 3:𝐷min𝑠 in different speed conditions.

Number V (km/h) V (m/s) Academic𝐷
𝑠
(m) Recommended𝐷

𝑠
(m)

1 20 5.56 20.51 25
2 30 8.33 27.06 30
3 40 11.11 34.75 35
4 50 13.89 43.58 45
5 60 16.67 53.55 55
6 70 19.44 64.67 65
7 80 22.22 76.93 80
8 90 25.00 90.32 95
9 100 27.78 104.87 105
Note: the mantissa of recommended𝐷

𝑠
takes an integer multiple of 5.

Put formula (4) into formula (6):

𝑑
𝑏
= −0.5 ⋅

V2

𝑎
. (7)

Then

𝐷min 0 = 𝑑𝑟 + 𝑑𝑏 + 𝑑

= (𝑡
1
+ 𝑡
2
) ⋅ V − 0.5 ⋅

V2

𝑎
+ 𝑑.

(8)

4.2.3. Actual Minimum Safety Legibility Distance. Influenced
by the driving condition, the drivers’ psychological and
physiological state, the drivers’ attention, and the drivers’
dynamic vision, the actual𝐷

𝑑
is larger than𝐷min 0.

If 𝐷
𝑑
< 𝐷min 0, it is danger; while 𝐷𝑑 ≥ 𝐷min 0, it is safe.

Then the safety condition can be concluded as follows:

0.9004𝐷
𝑠
− 0.1968V − 4.7645 ≥ V ⋅ 𝑡

𝑟
− 0.5

V2

𝑎
+ 𝑑. (9)

Take sedan car as an example, when, in emergency, 𝑡
𝑟
=

1.0 s, 𝑎 = −7.5m/s2, and 𝑑 = 5m. Put these parameters into
formula (9); then we can get

𝐷
𝑠
≥ 0.074V2 + 1.3292V + 10.8446. (10)

When the equal sign is tenable in formula (10) 𝐷
𝑠

becomes the actual minimum safe static legibility distance
𝐷min𝑠:

𝐷min𝑠 = 0.074V
2

+ 1.3292V + 10.8446. (11)

4.2.4. Case Study. The range of design speed of the urban
road in China is 20∼80 km/h; and then, the values of 𝐷min𝑠
in different speeds can be calculated by formula (11), and the
results are shown in Table 3.

It can be found that the value of 𝐷
𝑠
gradually increases

as the speed increases when compared with Tables 2 to 3.
When the value of V reaches 100 km/h, 𝐷

𝑠
reaches 105m,

which is much longer than normal braking distance when
V = 100 km/h (50m).The two main reasons are (1) the driver
failed to detect the pavement distress in time; (2) there is a

delay between the drivers’ identification, reaction, and the
operation.

Driving safety is not only associated with vehicles but
also associated with the drivers’ reaction characteristics and
operation skills. Therefore, we need to be aware of the
possibility that the driver may not be able to find the distress
in time and certain observation time and space are necessary.

Data in Table 3 shows that, in a road section where limit
speed is 60 km/h, if the static legibility distance𝐷

𝑠
is less than

55m, it will be susceptible to accidents.
In addition, according to the inquiring survey on drivers

in the condition that there is no need to brakewhen pavement
distress is noticed, when 𝑡 < 3 s, drivers will react to the
pavement distress in haste and it is prone to accidents, when
𝑡 > 4 s, drivers can deal with the information better, andwhen
𝑡 > 5 s, drivers can take the information in stride.

5. Conclusions

Identification of road information is the premise of the
driving safety. Pavement distress is taken as research object
in this paper and legibility distances in different conditions
are studied; the main conclusions are as follows.

(1) Concepts of static legibility distance (𝐷
𝑠
) and

dynamic legibility distance (𝐷
𝑑
) of pavement distress

are put forward to describe the legibility of the
pavement distress. And the relation between 𝐷

𝑠
and

𝐷
𝑑
is revealed.

(2) Safety legibility distance is analyzed from the aspects
of minimum safety distance, theoretical minimum
safety legibility distance, and actual minimum safety
legibility distance. Relation between speeds, brak-
ing performance, and the minimum safety legibility
distance is confirmed. And the recommend static
legibility distances in different speed conditions are
put forward.

One of the shortcomings of this paper is that the basic
data in this paper is collected in urban road where the driving
condition differs significantly from the highway; therefore the
application in highway still needs to be verified.
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[14] R. Gallegos López, A. Mendoza Dı́az, and A. Velázquez Salas,
“Effect of the regularity of the pavement on traffic capacity on

freeways and multilane highways in Mexico,” Carreteras, vol. 4,
no. 148, pp. 35–47, 2006.

[15] S. Chandra, “Effect of road roughness on capacity of two-lane
roads,” Journal of Transportation Engineering, vol. 130, no. 3, pp.
360–364, 2004.

[16] B.-E. Johnnie and F. Neil, “Extent of capacity loss resulting
from pavement distress,” Proceedings of the Institution of Civil
Engineers: Transport, vol. 158, no. 1, pp. 27–35, 2005.

[17] M. Vaziri, “Traffic behavior during highway maintenance and
rehabilitation,” in Proceedings of the 4th International Confer-
ence on Road & Airfield Pavement Technology, pp. 1116–1120,
2002.

[18] T. Tronsmoen, “Differences between formal and informal prac-
tical driver training as experienced by the learners themselves,”
Transportation Research Part F, vol. 14, no. 3, pp. 176–188, 2011.

[19] W. Yonggang, L. Linchao, L. Feng, and H. Peng, “Professional
drivers’ views on risky driving behaviors and accident liability: a
questionnaire survey in Xining, China,” Transportation Letters,
vol. 6, no. 3, pp. 126–135, 2014.



Research Article
Research on Stability Control Based on the Wheel Speed
Difference for the AT Vehicles

Hui Jin and Shijie Li

School of Mechanical Engineering, Beijing Institute of Technology, Beijing 100081, China

Correspondence should be addressed to Hui Jin; jinhui@bit.edu.cn

Received 12 July 2014; Accepted 25 August 2014

Academic Editor: Heiner Bubb

Copyright © 2015 H. Jin and S. Li. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper utilizes a linear two-degree-of-freedom vehicle model to calculate the nominal value of the vehicle’s nondrive-wheel
speed difference and investigates methods of estimating the yaw acceleration and sideslip angular speed. A vehicular dynamic
stability control system utilizing this nondrive-wheel speed difference is then developed, which can effectively improve a vehicle’s
dynamic stability at a very low cost. Vehicle cornering processes on roads of different frictions and with different vehicle speeds are
explored via simulation, with speed control being applied when vehicle speed is high enough to make the vehicle unstable. Driving
simulator tests of vehicle cornering capacity on roads of different friction coefficients are also conducted.

1. Introduction

When vehicles turn on low friction roads or steer while
travelling at a high speed, if the lateral force provided by the
tires is close to their adhesion limit, then the car will enter a
dangerous state of operation, with increased risk of sideslip,
sharper turning, or reduced responsiveness. Dynamic sta-
bility control systems can significantly improve vehicle cor-
nering performance, and so they have become the focus of
intensive research and development in recent years [1–7].The
researches are mainly concentrated in two aspects. One is
on the vehicle simulation model establishment, either with
Matlab/Simulink [8] or with Simulink and ADAMS [9].
The other is on the stability control using different control
strategies [10]. Use of such systems has however been limited
by their high cost. For cars already equipped with automatic
transmission, however, dynamic stability control can actually
be realized simply by adding two nondrive-wheel speed
sensors to the existing system. Such a system is very cheap
and has proven to be capable of greatly improving the active
safety ofAT cars on crooked roads: it hence has great potential
for the application in compact cars. This paper thus develops
a vehicular dynamic stability control system based on the
nondrive-wheel speed difference.

The core concept of vehicular dynamics control is
preventing vehicles from entering an unsteady stage by

enhancing control during the quasi-steady stage. When
the cornering characteristics of the vehicle’s tires enter the
nonlinear zone, the lateral force imposed on the tires fails to
maintain a linear relationship with the sideslip angle of the
tires, leading to a large difference between the actual dynamic
characteristics of the vehicle and those calculated according
to a linear vehiclemodel.The physical properties of a vehicle’s
movement, such as its lateral acceleration, yaw velocity, and
sideslip angle, can be used to describe its lateral dynamic
characteristics, and the measured values of these quantities
are what deviate from their theoretically predicted values
when the cornering characteristics of a tire enter the non-
linear zone. The stability of vehicles can thus be deduced by
analyzing the difference between themeasured values and the
nominal values of the abovementioned physical quantities. A
vehicle’s cornering condition can be recognized as in a steady
stage if said difference is small, while if it exceeds a preset
range then the vehicle may be considered to have entered
a quasi-steady stage, and dynamic stability control becomes
necessary [11–20]. Measurement of properties such as lateral
acceleration, yaw velocity, and sideslip angle requires special
sensors that are generally expensive. To reduce this cost
as much as possible, this paper hence utilizes the speed
difference of nondrivewheels to judge the dynamic stability of
a vehicle, on the following grounds: (1) the speed difference of
nondrive wheels is directly proportional to the yaw velocity;
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Figure 1: 2-DOF vehicle model.

(2) the inner and outer speed of nondrive wheels can easily be
measured by installing speed sensors, which are quite cheap.

2. Calculation of Nominal Value of
Wheel Speed Difference

The following assumptions are made during construction of
the linear 2-degree-of-freedommodel: (1) influence from the
steering system is negligible and the front-wheel cornering
angle is input directly; (2) the function of the suspension
is negligible and the car only moves in a plane parallel to
the ground; that is, displacement along the 𝑧-axis, the pitch
angle from the 𝑦-axis, and the roll angle from the 𝑥-axis are
zero; (3) the forward speed of the car along the 𝑥-axis is
constant. Based on such simplifications, the vehicle only has
two degrees of freedom: lateral movement along the 𝑦-axis
and yaw movement along the 𝑧-axis. The linear two-degree-
of-freedom vehicle model is shown in Figure 1 and the 𝑧-axis
is perpendicular to the ground plane.

The differential equation for vehicle motion in 2-degree-
of-freedom can be established as

(𝑘
1
+ 𝑘
2
) 𝛽 +

1

𝑢
(𝑎𝑘
1
− 𝑏𝑘
2
) 𝜔
𝑟
− 𝑘
1
𝛿
0
= 𝑚 ( ̇V + 𝑢𝜔

𝑟
) ,

(𝑎𝑘
1
− 𝑏𝑘
2
) 𝛽 +

1

𝑢
(𝑎
2

𝑘
1
+ 𝑏
2

𝑘
2
) 𝜔
𝑟
− 𝑎𝑘
1
𝛿
0
= 𝐼
𝑧
̇𝜔
𝑟
.

(1)

The meaning of the symbols in Figure 1 and Formula (1)
is listed in Table 1.

The equation 𝛽 = V/𝑢 can be written as V = 𝛽 ⋅ 𝑢, by
derivation on both sides:

̇V = ̇𝛽 ⋅ 𝑢. (2)

By substituting Formula (2) into Formula (1), we obtain

𝑚𝑢 ( ̇𝛽 + 𝜔
𝑟
) = (𝑘

1
+ 𝑘
2
) 𝛽 +

1

𝑢
(𝑎𝑘
1
− 𝑏𝑘
2
) 𝜔
𝑟
− 𝑘
1
𝛿
0
,

𝐼
𝑧
̇𝜔
𝑟
= (𝑎𝑘

1
− 𝑏𝑘
2
) 𝛽 +

1

𝑢
(𝑎
2

𝑘
1
+ 𝑏
2

𝑘
2
) 𝜔
𝑟
− 𝑎𝑘
1
𝛿
0
.

(3)

Table 1: Implication of all symbols.

Symbols Implication
𝑘
1 Front-wheel cornering stiffness
𝑘
2 Rear-wheel cornering stiffness
𝛽 Sideslip angle of center of mass
𝑢 Longitudinal velocity of center of mass
V Lateral velocity of center of mass
𝑎 Distance from front axle to center of mass
𝑏 Distance from rear axle to center of mass
𝐿 Wheel space
𝑢
1 Velocity of front axle center
𝑢
2 Velocity of rear axle center
𝜔
𝑟 Yaw velocity

𝛿
0 Front-wheel cornering angle
𝑚 Vehicle mass
̇V Lateral acceleration of center of mass
𝐼
𝑧 Moment of inertia along coordinate 𝑧
̇𝜔
𝑟 Yaw acceleration

𝛼
1 Front-wheel sideslip angle
𝛼
2 Rear-wheel sideslip angle
𝐹
𝑌1 Lateral force of ground to front wheels
𝐹
𝑌2 Lateral force of ground to rear wheels

The above formula can be solved with 𝛽 and 𝜔
𝑟
as

variables:

𝜔
𝑟

=

𝑢 [𝛿
0
⋅ 𝑘
1
⋅ 𝑘
2
⋅ 𝐿 + 𝐼

𝑧
̇𝜔
𝑟
(𝑘
1
+ 𝑘
2
) − 𝑚 ̇𝛽𝑢 (𝑎𝑘

1
− 𝑏𝑘
2
)]

𝑘
1
⋅ 𝑘
2
⋅ 𝐿2 + 𝑚𝑢2 (𝑎𝑘

1
− 𝑏𝑘
2
)

.

(4)

The nominal value of the wheel speed difference is thus

Δ𝑉
𝑁

= 𝐵 ⋅ 𝜔
𝑟

=

𝐵 ⋅ 𝑢 ⋅ [𝛿
0
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1
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2
⋅ 𝐿 + 𝐼

𝑧
̇𝜔
𝑟
(𝑘
1
+ 𝑘
2
) − 𝑚 ̇𝛽𝑢 (𝑎𝑘
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2
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𝑘
1
⋅ 𝑘
2
⋅ 𝐿2 + 𝑚𝑢2 (𝑎𝑘

1
− 𝑏𝑘
2
)

.

(5)

In Formula (5), 𝐵 stands for the wheelbase of nondrive
wheels, while 𝑢 and 𝛿

0
are values measured by the sensors; all

values except for ̇𝜔
𝑟
and ̇𝛽 are vehicle parameters. Since exact

measurement of the yaw acceleration ̇𝜔
𝑟
and sideslip angular

velocity ̇𝛽 is difficult and requires special sensors, estimated
values will be used instead.
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3. Estimation of Yaw Acceleration ̇𝜔
𝑟
, Sideslip

Angular Speed ̇𝛽, and Sideslip Angle 𝛽

Based on the linear 2-degree-of-freedom vehicle model, we
obtain

̇𝜔
𝑟
=
(𝑎𝑘
1
𝛼
1
− 𝑏𝑘
2
𝛼
2
)

𝐼
𝑧

. (6)

Since

𝛼
1
= 𝛽 +

𝑎 ⋅ 𝜔
𝑟

𝑢
− 𝛿
0
,

𝛼
2
= 𝛽 −

𝑏 ⋅ 𝜔
𝑟

𝑢
,

𝛽 =
V
𝑢
,

̇V =
1

𝑚
∑𝐹
𝑦
− 𝑢 ⋅ 𝜔

𝑟

𝐹
𝑦
= 𝑘
1
⋅ 𝛼
1
+ 𝑘
2
⋅ 𝛼
2
.

(7)

Therefore,

̇𝛽 =
̇V
𝑢
. (8)

Since

V = ∫(
1

𝑚
∑𝐹
𝑦
− 𝑢 ⋅ 𝜔

𝑟
)𝑑𝑡, (9)

we can thus obtain 𝛽 = V/𝑢.

4. Turning Stability Control Strategy Based on
Wheel Speed Difference

Figures 2(b) and 2(c) show the speed differences obtained
through simulation of the actual tire model and linear tire
model when a vehicle is moving at speeds of 14.4 km/h
and 28.8 km/h, respectively, on a road with a peak adhesion
coefficient of 0.2, where the front-wheel cornering angle
complies with Figure 2(a).

We can see from Figure 2 that when the vehicle corners
at a speed of 14.4 km/h, its tires work in the linear zone and
the wheel speed difference calculated according to the linear
model essentially coincides with the wheel speed difference
calculated according to the actual tiremodel.This consistency
between the actual value and the nominal value allows for
steady driving conditions. When the vehicle corners at a
speed of 28.8 km/h, however, the tires are working in the
nonlinear zone and the wheel speed difference calculated
according to the linear model hence differs significantly from
that calculated according to the actual tire model, resulting in
unsteady driving conditions.

Since the difference between the actual value and nominal
value of the wheel speed difference reflects the cornering
stability of the car, the dynamic control is becoming necessary
to ensure stability if this difference exceeds a certain limit
(difference between the actual value and the nominal value
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Figure 2: Speed difference between actual model and linear model.

is inevitable, so an upper limit and a lower limit should
be defined during design of the controller). A simple and
practical PI algorithm is adopted here. Control input is the
speed difference between the actual value and the nominal
value, and the output value is the throttle opening. Consider

𝜃control = 𝜃input + 𝐾𝑝 ⋅ 𝑒 +
𝐾
𝑝

𝑇
⋅ ∫ 𝑒 𝑑𝑡. (10)
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Figure 4: Characteristics of cars at different speeds on the low friction road. Curve 1: the speed is 14.4 km/h; Curve 2: the speed is 28.8 km/h;
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Figure 5:The characteristics of cars excessive sideslip on the low friction road and then slowing down. Curve 1: the speed is 28.8 km/h; Curve
2: the initial velocity is 28.8 km/h and then is decreased to 14.4 km/h.

Define

𝑒 = Δ𝑉
𝑁
− Δ𝑉
𝐴
. (11)

𝜃control stands for the actual control value of throttle
opening; 𝜃input stands for input of the accelerator pedal
opening by the diver; Δ𝑉

𝑁
stands for the nominal value of

wheel speed difference; and Δ𝑉
𝐴
stands for the measured

wheel speed difference.
The target control value of the throttle opening is the

smaller one between the control value of the throttle opening
and the accelerator pedal opening input by the driver:

𝜃target = min (𝜃input, 𝜃control) . (12)

This formula guarantees that the final target control value
of the throttle opening is no more than the command value

input by the driver.The principles of vehicle dynamic stability
control systems are illustrated in Figure 3.

5. Cornering Stability Control
Simulation and Test

Figure 4 shows the curves produced by the simulation when
the car is travelling at speeds of 14.4 km/h, 28.8 km/h, and
54 km/h, respectively, on a road with a peak adhesion coeffi-
cient of 0.2. This figure indicates that when the car is moving
at a low speed, both the front wheels and the rear wheels are
working in the linear zone. The yaw velocity is large and the
movement locus of the center of mass is close to the ideal
locus. As the vehicle’s speed rises, however, the front wheels
enter the nonlinear zone, resulting in reduced yaw velocity
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Figure 6: The vehicle cornering with excessive sideslip.

and a marked increase in the sideslip angle of the center of
mass. During the simulation, the front-wheel cornering angle
input is the same as in Figure 2(a).

Curve 1 in Figure 5 shows the cornering of a car on
a road with a peak friction coefficient of 0.2 and at a
speed of 28.8 km/h, with the front-wheel cornering angle
input being the same as indicated in Figure 2(a). It can be
clearly seen that the combination of high speed and low
adhesion leads to a large sideslip angle, resulting in the tires
entering the nonlinear zone. Curve 2 shows the cornering
of a car under the same road adhesion and the front-wheel
cornering angle conditions as Curve 1, but the speed is
decreasing from 28.8 km/h to 14.4 km/h. As the speed of
the car decreases, the sideslip angle of both the front and
rear wheels decreases sharply, with the front wheels shifting
from the nonlinear zone to the linear sideslip zone, greatly
improving the lateral stability of the vehicle. Since lateral force
has a linear relationship with the sideslip angle when the tires
are working in the linear zone, this allows the driver to steer
the vehicle more easily. Figure 5(a) shows the increased yaw

angular velocity, while the sideslip can be seen to be distinctly
reduced in Figures 5(b) and 5(c).

Figures 6 and 7 are the experimental results in the driving
simulator in JilinUniversity, which is the largest one inChina.
As demonstrated in Figures 6 and 7, speed control can already
enable a vehicle to corner smoothly under extremely low
road adhesion conditions, but this does however result in big
fluctuations in the steering wheel angle and yaw rate, which
indicates that it is actually quite difficult to corner when the
car is moving on a road with such a low adhesion, and hence
destabilization can easily occur.

6. Conclusion

Though capable of greatly improving the cornering perfor-
mance of vehicles travelling at high speeds and on roads with
low adhesion, vehicle dynamic stability control systems are
expensive. For cars already equipped with automatic trans-
mission, dynamic stability control can actually be realized
simply by installing two nondrive-wheel speed sensors to
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Figure 7: Vehicle concerning eliminating excessive sideslip.

the existing system. This paper designs a stability control
system based on the wheel speed difference of nondrive
wheels, which can be compared with the speed predicted
by the linear 2-degree-of-freedom vehicle model in order
to estimate the yaw rate and sideslip angular speed of a
vehicle. Simulation tests are conducted on excessive sideslip,
nonsideslip, and the elimination of excessive sideslip through
speed control for vehiclesmoving at different speeds on roads
of low adhesion, with tests of excessive sideslip and non-
sideslip cornering being performed in a driving simulator.
The system developed in this paper is quite inexpensive and
could greatly improve the active safety of AT vehicles on
the crooked roads and hence has great application pote-
ntial.
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In order to improve the deficiency of vehicle stability region, according to vehicle nonlinear dynamic model, method of estimating
vehicle spatial stability region was proposed. With Pacejka magic formula tire model, nonlinear 3DOF vehicle model was deduced
and verified though vehicle test. Detailed detecting system and data processing were introduced. In addition, stability of the vehicle
system was discussed using Hurwitz criterion. By establishing energy function for vehicle system, the vehicle’s stability region in
20m/s was estimated based on Lyapunov theorem and vehicle system characteristics. Vehicle test in the same condition shows that
the calculated stability region defined by Lyapunov and system stability theorem has good effect on characterized vehicle stability
and it could be a valuable reference for vehicle stability evaluation.

1. Introduction

It is clear that stability region for vehicle stability evaluation
has been extensively studied in our country and abroad now.
Up to date, some researchers have analyzed stability region
applying simple vehicle model [1, 2]. Typically, in the 1990s,
Inagaki, Samsundar, Yasui, and Stotsky proposed analytical
expression for vehicle plane stability region based on simpli-
fied cubic tire model and deduced plane oval stability region
by simulation [3–6]. In 2002, Ko and Lee estimated plane
stability region of vehicle by side slip angle and yaw rate
according to topology theory and 2DOF vehicle model [7].
Similarly, in 2007, Shen et al. estimated singular points of
vehicle and studied stability characteristics of vehicle [8].

Many reference classical conclusions play a positive role
for vehicle stability region; however there are still some
limitations: first, most of the traditional studies were based
on simplified 2DOF vehicle models, so vehicle state could
not be comprehensively considered. In addition, it is crystal
clear that traditional vehicle dynamic model with simplified
tire formula, such as linear tire model, was conveniently
calculated but it still had great deviation compared with
fact, and as a result, the accuracy of vehicle region was
unsatisfied. Furthermore, traditional researches for vehicle
region boundary conditions had insufficient basis, which
affect the accuracy as well.

Therefore, an improved nonlinear vehicle dynamicmodel
with Pacejka magic formula is introduced, and the stability
region of the vehicle is estimated based on energy method.
It is valuable for evaluating the stability of vehicle and
improving traffic safety.

2. Vehicle Nonlinear Dynamic Model

2.1. Vehicle Differential Equations. Figures 1(a) and 1(b) illus-
trate the 3DOF vehicle model or double-axis vehicle and
coordinate systems. Suppose the vehicle is steering at a speed
without braking and driving forces, pitch movement, and
longitudinal tire force and align toque could be ignored in this
condition. So the established vehicle 3DOFmodel consists of
lateral motion, yaw, and roll motions.

Corresponding equations of the vehicle model are
described as follows:

𝑚( ̇V
𝑦
+ V
𝑥
𝜔) − 𝑚

𝑠
ℎ
𝑠
̈𝜓
𝑠
= 𝐹
𝑦𝑓
+ 𝐹
𝑦𝑟
,

𝐼
𝑧
̇𝜔 = 𝑎𝐹
𝑦𝑓
− 𝑏𝐹
𝑦𝑟
,

𝐼
𝑥𝑠
̈𝜓
𝑠
+ 𝑚
𝑠
ℎ
𝑠
( ̇V
𝑦
+ V
𝑥
𝜔 − ℎ
𝑠
̈𝜓
𝑠
) = 𝑚

𝑠
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𝑠
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−𝑀
𝜓
,

(1)
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Figure 2: Details of vehicle tests and related equipment.

Table 1: Curve factors’ values of nonlinear tire.

Tire position (number) 𝐵 𝐶 𝐷 𝐸

Front wheel (2) 10.30 1.30 −11821.63
−1.05

Rear wheel (4) 10.51 −13437.49

𝑀
𝜓
= 𝑀
𝜓𝑓
+𝑀
𝜓𝑟
,

𝑀
𝜓𝑓
= 𝐾
𝑓
𝜓
𝑠
+ 𝐷
𝑓
̇𝜓
𝑠
,

𝑀
𝜓𝑟
= 𝐾
𝑟
𝜓
𝑠
+ 𝐷
𝑟
̇𝜓
𝑠
.

(2)

2.2. Nonlinear TireModel. The lateral tire force depending on
the side slip angle is represented as the Pacejkamagic formula
[9]:

𝐹
𝑦
= 𝐷 sin (𝐶 arctan {𝐵𝛼 − 𝐸 [𝐵𝛼 − arctan (𝐵𝛼)]}) , (3)

where 𝛼 is the slip angle of tire and 𝐵, 𝐶, 𝐷, and 𝐸

are, respectively, stiffness factor, shape factor, peak factor,
and curvature factor. These factors are obtained by fitting.
According to the structure of vehicle tire and vertical load,
the relevant factor values of tire on normal road (𝜇 = 0.7) are
listed (Table 1) [10].

2.3. Vehicle Dynamic Model Validation. Vehicle test on nor-
mal road is to verify the vehicle dynamic model. The details
of tests environment and related equipment are showed
(Figure 2).

As shown in Figure 2, the integrated test system mainly
involves HCZ-1 vehicle handling force and angle measuring
instrument, inertial sensors IMU02, vehicle motion param-
eters measuring instrument by GPS called RLVB20SL, data
collection device RLVB-ADC03, and computer. Function of
the system is to measure the steering wheel angle input and
vehicle motion parameters, such as longitudinal, lateral, and
vertical velocity, acceleration, angle, and angular velocity.

The test data is processed by VBOX Tools and Matlab.
The position deviations between the actual locations of the
test equipment and the vehicle’s centroid should be taken into
account, so processing the sampling data is necessary and a
key step [11].

(1) Inertial Sensors IMU02 Direction Correction. Coordinate
system of IMU02 (Figure 3) is corrected by right-hand rule
and detail (Table 2).

(2) Vehicle Centroid State Parameters Correction.According to
the deviation between the actual locations of the test equip-
ment and the vehicle’s centroid, sampling data of RLVB20SL
and IMU02 should be processed as follows.

(1) Vehicle Longitudinal Velocity and Acceleration. Consider

V
𝑥
= V
𝑥GPS − 𝑠𝑧1 ̇𝛾INS,

𝑎
𝑥
= 𝑎
𝑥INS − 𝑠𝑧2 ̈𝛾INS,

(4)
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Table 2: Coordinate system of IMU02 correction.

Parameter Longitudinal Lateral Vertical Yaw Roll Pitch
Direction correction + + − − + −

Y

X

Z

Roll rate

Yaw rate

Pitch rate

Vehicle longitudinal

Figure 3: IMU02 coordinate.

where V
𝑥GPS is longitudinal velocity tested by RLVB20SL,

𝑎
𝑥INS and 𝛾INS are longitudinal acceleration and pitch angle
tested by IMU02, 𝑠

𝑧1
is vertical distance between the main

antenna of RLVB20SL and vehicle centroid, and 𝑠
𝑧2
is vertical

distance between the location of IMU02 and vehicle centroid.

(2) Vehicle Lateral Velocity and Acceleration. Consider

V
𝑦
= V
𝑦GPS − 𝑠𝑥1𝜔INS + 𝑠𝑧1 ̇𝜓INS,

𝑎
𝑦
= 𝑎
𝑦INS − 𝑠𝑥2 ̇𝜔INS + 𝑠𝑧2 ̈𝜓INS,

(5)

where V
𝑦GPS is lateral velocity tested by RLVB20SL, 𝑎

𝑦INS,
𝜔INS, andΨINS are lateral acceleration, yaw rate, and roll angle
tested by IMU02, 𝑠

𝑥1
is longitudinal distance between the

main antenna of RLVB20SL and vehicle centroid, and 𝑠
𝑥2

is longitudinal distance between the location of IMU02 and
vehicle centroid.

As shown in Figure 2, the tested vehicle is driven along
the double change race on normal road [12]. The velocity
and steering wheel angle operated by driver are showed in
Figure 4(a). Then, under the same condition, vehicle lateral
acceleration by vehicle tests and Matlab simulation applying
the established model is obtained, as shown in Figure 4(b).

Clearly, vehicle’s lateral acceleration in Figure 4 shows the
good consistency between simulation and vehicle test, and
the error is less than 10%. So the reliability of the established
nonlinear dynamic model is definitely concluded and could
be used for the vehicle stability analysis described in the next
section.
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Figure 4: Comparing simulation with vehicle test.

3. Vehicle Steering Stability Analysis

Suppose (X𝑒, 𝛿𝑒
𝑓
) and X𝑒 = (V𝑒

𝑦
, 𝜔
𝑒

, ̇𝜓
𝑒

𝑠
, 𝜓
𝑒

𝑠
) are one of the

balance points of vehicle system.Then the nonlinear formula
̇x = 𝑓(x) could be described as

̇x = 𝐴x + 𝐹 (x, 𝛿
𝑓
) , (6)

where 𝐴 is Jacobian matrix located on the point of (X𝑒, 𝛿𝑒
𝑓
).

If 𝛿
𝑓
̸= 0, the Jacobian matrix 𝐴 is expressed as

𝐴 = 𝐷
𝑥
𝑓 (X, 𝛿

𝑓
)
(V𝑒
𝑦
,𝜔
𝑒
, ̇𝜓
𝑒

𝑠
,𝜓
𝑒

𝑠
)

=

[
[
[

[

𝐴
11
𝐴
12
𝐴
13
𝐴
14

𝐴
21
𝐴
22
𝐴
23
𝐴
24

𝐴
31
𝐴
32
𝐴
33
𝐴
34

𝐴
41
𝐴
42
𝐴
43
𝐴
44

]
]
]

]

.

(7)
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Characteristic equation of Jacobianmatrix𝐴 is as follows:

𝜆
4

+ 𝑐
1
𝜆
3

+ 𝑐
2
𝜆
2

+ 𝑐
3
𝜆 + 𝑐
4
= 0. (8)

Hurwitz principle shows the characteristic of the equation
[13, 14]

Δ
1
= 𝑐
1
> 0,

Δ
2
= 𝑐
1
𝑐
2
− 𝑐
3
> 0,

Δ
3
= 𝑐
3
(𝑐
1
𝑐
2
− 𝑐
3
) > 0,

Δ
4
= 𝑐
3
𝑐
4
(𝑐
1
𝑐
2
− 𝑐
3
) > 0.

(9)

According to Hurwitz principle, if the 𝑐
1
∼ 𝑐
4
satisfy (9),

the characteristic roots are all negative. If the 𝑐
1
∼ 𝑐
4
do

not satisfy (9) and 𝑐
4

̸= 0, positive characteristic root will
exist, which predict the unbalance of vehicle system. When
the vehicle speed is 20m/s, the front wheel steering angle
is in [0, 0.042] rad and interval 0.005 rad, Jacobian matrix
characteristic roots with the changes of front wheel steering
angle shown in Figure 5.

Note that the arrow indicates the change direction of the
Jacobian matrix characteristic roots in Figure 5. It is shown
that the characteristic roots are all negative when the front
wheel steering angle is small, but they gradually approach 0
as the angle increases and then one of the characteristic roots
is 0 if the angle reaches a certain value called critical steering
angle. The results given by (a) and (b) in Figure 4 represent
characteristic root which is a good way to judge the stability
and obtain the critical steering angle and state parameters of
vehicle system.

4. Stability Regions Estimation

4.1. Energy Function Establishing. Assume a quadratic energy
function 𝑉(𝑥) as follows [15]:

𝑉 (𝑥) = 𝑥
𝑇

𝑃𝑥,

𝑉 (𝑥) = ̇𝑥
𝑇

𝑃𝑥 + 𝑥
𝑇

𝑃 ̇𝑥,

(10)

where 𝑥𝑇 = [V
𝑦
, 𝜔, ̇𝜓
𝑠
, 𝜓
𝑠
] and “𝑃” is a positive definite

symmetric matrix:

𝑃 =

[
[
[

[

𝑝
11
𝑝
12
𝑝
13
𝑝
14

𝑝
12
𝑝
22
𝑝
23
𝑝
24

𝑝
13
𝑝
23
𝑝
33
𝑝
34

𝑝
14
𝑝
24
𝑝
34
𝑝
44

]
]
]

]

. (11)

The matrix “𝑃” is obtained from the next equation:

𝐴
𝑇

𝑃 + 𝑃𝐴 = −𝐼, (12)

where “𝐼” is unit matrix and “𝐴” is the system’s Jacobian
matrix in origin: 𝐴 = (𝜕𝑓(𝑥)/𝜕𝑥)|

𝑥=0
.

Fact is obvious that the Jacobian matrix is a function
of vehicle velocity, so, based on the reference equations,
the matrices “𝐴” and “𝑃” in different driving velocities and
the corresponding energy functions 𝑉(𝑥) and 𝑉(𝑥) could
be obtained. The matrices “𝐴” and “𝑃” when the vehicle’s
velocity is 20m/s are listed:

𝐴 =

[
[
[

[

3.725 −2.007𝑒1 −7.956 −1.384𝑒2

−6.640𝑒 − 2 −7.503 −9.950𝑒 − 2 −1.732

1.031𝑒1 4.140𝑒 − 1 −1.048𝑒1 −1.823𝑒2

0 0 1 0

]
]
]

]

,

𝑃 =

[
[
[

[

2.466𝑒 − 1 −2.999𝑒 − 1 −1.395𝑒 − 1 −2.0534

−2.999𝑒 − 1 8.899𝑒 − 1 3.815𝑒 − 1 1.638

−1.395𝑒 − 1 3.815𝑒 − 1 2.976𝑒 − 1 1.5465

−2.0534 1.638 1.5465 3.563𝑒1

]
]
]

]

.

(13)

4.2. Boundary Conditions of Stability Region. Generally
speaking, traditional principle of the boundary conditions of
driving stability region depends on energy attenuation called
Lyapunov’s second theorem. Actually, energy attenuation
is not enough to calculate the stability region accurately
because vehicle is a regular system when it is stable and the
space estimated by the energy attenuation characteristic is
unreasonably expanded. So the critical vehicle state based on
the vehicle system stability analysis should be introduced to
determine the vehicle stability region.

Boundary conditions mainly lie in two aspects: first,
according to Lyapunov’s second theorem, 𝑉(𝑥) ≤ 0 is the
sufficient condition for system asymptotically stable [16].
Second, steady critical steering angle of front wheel and
the corresponding related vehicle state parameters could be
obtained by Hurwitz principle, as listed in Table 3.

Consequently, the boundary conditions of the vehicle
driving stability regions could be described as follows:

𝑉 (𝑥) = 0,

𝑉 (𝑥) = 𝑉
𝑐
.

(14)

4.3. Vehicle Driving Stability Regions Estimation. According
to the proposed boundary conditions of the vehicle stability
regions, Figure 7 vividly describes the critical surfaces in
terms of the boundary conditions.
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Table 3: Critical values of 𝑉(𝑥).

𝑢 (m/s) 𝛿
𝑐
(rad) Stable equilibrium points of state variables

𝑉
𝐶

𝛽 (rad) 𝜔 (rad/s) ̇𝜓
𝑠
(rad/s) 𝜓

𝑠
(rad)

20 0.042 −0.067 0.240 0 0.066 0.15
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Figure 6: Critical surfaces in terms of the boundary conditions.
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Figure 7: Stability region defined by 𝑉(𝑥) = 0.15 in 20m/s.

As shown in Figure 6, for𝑉(𝑥) = 0 and any value of vector
𝑥,𝑉(𝑥) is a complexity function of vector 𝑥 due to the Pacejka
tire magic formula, so irregular symmetrical ridge surfaces
are formed. Besides, the 𝑉(𝑥) = 𝑉

𝑐
, as quadratic functions of

vector 𝑥, are described by symmetrical ellipsoids.
Obviously, the space region determined by 𝑉(𝑥) = 0

driving stability regions is obtained by the intersection of
𝑉(𝑥) = 0 and 𝑉(𝑥) = 𝑉

𝑐
. So the stability regions are,

respectively, showed in Figure 7.
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Figure 9: Comparing the stability region to vehicle tests results.

5. Stability Region Validation

Appling the integrated test system, vehicle snake shape
dynamic behavior is tested. Details of the vehicle’s velocity
and steering wheel angles with time are showed in Figure 8.

Figure 9 shows the corresponding driving stability region
and the obtained distribution of slip angle, yaw rate, and roll
angle. Besides, for sake of well comparing the test results with
the calculated driving stability region, details of yaw rate and
roll angle phase plane are illustrated in Figure 11.

As shown in Figure 9, it is clear that when the vehicle
is stable, the distributions of the relevant state variables
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Figure 11: Vehicle’s lateral acceleration with time.

of vehicle are both in the stability region. However, as
the steering wheel angle increases and vehicle system has
approached its critical state, trend from stability to instability
is obvious. When the steering wheel angle reaches the critical
value, the distribution of the state variables while skidding is
outside the stability region. Details are showed in Figure 10.

Figure 11 represents the lateral acceleration of the vehicle
and the maximum value of the acceleration is up to 0.5 g
which has beyond the critical state. Actually, there is slip
phenomenon during the test.

The contrast results indicate that the stability region of the
vehicle’s stability has good consistency with the test results.
Therefore, the proposed driving stability region is reliable for
judging and evaluating the stability of vehicle.

6. Conclusion

(1) 3DOF vehicle dynamic model with nonlinear tire
formulas is deduced and simulated by Matlab. Apply-
ing advanced GPS and inertial measurement tech-
nology, detecting equipment and data process for
vehicle handing stability is integrated and developed,
and vehicle in double lane change conditions is
tested and the established vehicle model is verified.

The reliability of the established nonlinear dynamic
model is clearly concluded and could be used for the
vehicle stability analysis described in the next section.

(2) Law of vehicle system’s Jacobian matrix characteristic
roots changing with increased front wheel steering
angles are fundamentally revealed based on Hurwitz
principle. Consequences of the characteristics intro-
duce a good method for defining the boundary of
stability region.

(3) The driving stability region of vehicle verified by vehi-
cle snake shape test provides an effective reference for
stability evaluation. The consequences of the vehicle
space stability region introduce the new insight into
the vehicle performance of stability.
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In view of the tremendous improvements in the dynamic performance of automobiles and changes in the composition of drivers
over the past several decades, it is valuable to examine the distribution of automobile’s lateral acceleration in new environments.
The lateral accelerations, speeds, and trajectory curvatures of a passenger car on twelve highways with different design speeds and
topographies were obtained. By synchronizing, matching, and counting, the distribution of the lateral acceleration was obtained,
and the level of driving comfort was estimated. The 10th, 15th, 50th, 85th, and 90th percentile values of the lateral acceleration on
three road types (six-lane road, four-lane road, and two-lane road) were found. Combined with scatter diagrams of the lateral
acceleration over the curvature, the negative correlation between the lateral acceleration and the curvature was analyzed and
interpreted. In addition, regressionmodels of the lateral accelerationwith the curvature for the three kinds of roadswere established.
Based on scatter diagrams of the lateral acceleration over the speed, regression models of the average 𝑎

𝑦
depending on the speed

and the 85th percentile 𝑎
𝑦
depending on the speed of passenger cars and buses were established. The research provides calculation

parameters and a control basis for operating speed prediction, pavement material design, and maximum andminimum limit value
determination for the superelevation ratios and curve radii.

1. Introduction

In highway engineering, surveying the lateral accelerations
of vehicles and determining the change rules for their
distributions and influencing factors require significant work.
It is valuable to study the lateral acceleration of a moving
vehicle. First, the lateral acceleration can be converted into
the lateral force coefficient of a highway, which is a key
factor for lateral stability and driving safety. Some suggestions
can then be given for the design of highway pavement,
to improve its performance for a sufficient lateral friction
coefficient. Second, by comparing with the permissible values
of acceleration that ensure human comfort, the measured
acceleration can be used to evaluate the rationality of a
highway’s superelevation. This is helpful to determine the
applicable range of superelevation ratios. Third, the lateral
acceleration is directly related to the lateral stability of
a vehicle. The driving behavior on a curve, such as the
selection of trajectory and speed is largely affected by the

magnitude of lateral force acting on the driver, therefore
a thoriugh investigation on lateral acceleration can present
basic parameters for predicting the trajectory and speed on a
complicated highway. Fourth, as themost direct and objective
measurement of lateral comfort, the lateral acceleration is
related to the horizontal alignment of a highway. The model
of the relationship between the lateral acceleration and the
alignment of a highway can be used to predict the lateral
comfort of a route scheme in the design stage. This is helpful
to improve the geometric design for better performance.

In recent years, lateral acceleration has been examined
from multiple perspectives all over the world. The lateral
accelerations of a passenger car on an interchange ramp,
a ring road of a city expressway, and a rugged mountain
road weremeasured by Hugemann andNicke fromGermany
[1]. The 10th, 50th, and 90th percentile values of the lateral
accelerationwere obtained to present the distribution charac-
teristic. In addition, a model of the relationship between the
lateral acceleration and the radius of a curve was obtained.
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However, no universal conclusions could be obtained for
the design practice because of the insufficient sample size.
The lateral acceleration of a passenger car was also studied
by Tokunaga et al., from the highway department of the
HokkaidoResearchCenter in Japan.They studied amountain
highway with a length of 5 km, including 16 curves with radii
ranging from 50m to 530m. The distribution of the acceler-
ation on each curve was obtained by repeated experiments,
but their focus was on the influence of the vehicle navigation
system on the driver’s behavior [2].

Carlson and Mason Jr. used a ball bank indicator to
investigate the lateral accelerations and roll angles of typical
passenger cars. Their results showed that ball bank indi-
cator readings and lateral acceleration values were highly
correlated, and the influence of body-roll on ball bank
indicator readings appeared to be negligible when using
typical passenger cars to determine safe speeds on horizontal
curves [3]. Bonneson conducted a field survey at horizontal
curves and collected data on the driving speed, headway,
curve radius, superelevation rate, and grade. One of his
conclusions was that the superelevation distribution method
demonstrated in “A policy on Geometric Design of Highway
and Streets” did not promote design consistency because of
the uncomfortable lateral acceleration suffered by drivers [4].
Prior to 2004, the design values for the side friction factor
used to determine a curve radius and superelevation rate
were based on studies conducted in the 1930s and 1940s.
However, the drivers population and passenger car designs
have changed significantly over the last 50 years. Therefore,
Tan conducted an experiment wherein male and female
subjects of various ages were driven around three horizontal
curves at a test track and asked to indicate when they felt
uncomfortable.The 10%, 50%, and 90%uncomfortable lateral
acceleration values were then determined [5].

He et al., an engineer from China, measured the sideway
force coefficient (SFC) using a sideway force coefficient
routine investigation machine (SCRIM) for different speeds
on a particular highway. The statistical regression model
between SFC and the speed was obtained in this way [6]. Pan
et al. conducted an experiment using eleven horizontal curves
on amountain road [7].The collected data demonstrated how
the increase in the heart rate and the maximal blood pressure
changed over a lateral acceleration. A statistical model of the
driving workload was obtained in this experiment, with SFC
as the argument. In 2002, a monographic study on SFC was
promoted by the Research Institute of Highway in China.The
SFCs of three typical vehicles—a passenger cars, buses, and
trucks—were obtained. The SFC curve over the speed was
obtained and adopted in the following design specifications
for highways, which provides some references for the value
range of the superelevation ratio [8].

However, the traffic composition has changed greatly in
recent years, with a significant reduction in the proportion
of trucks and buses. Because of the economic development
in the past decade, the proportion of passenger cars has
increased greatly, and the driver composition has become
more diverse. The ratio of private cars has changed from
being negligible to being the biggest.The age and driving year
distributions have become more scattered than in the past.

In addition, great improvements have been made in vehi-
cle performance, including the acceleration performance,
braking performance, and handling dynamics, which make
higher speeds for passenger cars attainable. The driving per-
formance of a passenger car is different from that of a truck
or bus, which means its lateral acceleration characteristics
are different too. Thus, it is necessary to survey and analyze
the lateral acceleration for better highway designs adapted to
vehicle performance and driving behavior.

It took two years for us to collect lateral acceleration
data from vehicles in Sichuan, southwest China. The tech-
nical parameters of the measured highways were different,
with different terrain environments, types, design speeds,
and technical grades. This paper is organized as follows:
the design of the data collection and extraction method
is discussed in Section 2; the distribution characteristics
of the lateral acceleration are presented in Section 3; and
Section 4 shows how the lateral acceleration changedwith the
radius of a vehicle’s trajectory and with its speed. The way
the relationship was influenced by the terrain environment,
technical grade, and number of lanes on a roadway was also
analyzed in the process.

2. Data Collection and Extraction

Generally, sufficient on-site data can be obtained from a
sample survey to reach significant, rational, and universal
experimental conclusions.The lateral acceleration, trajectory,
speed, and other parameters were surveyed as initial data in
the experiment, as shown in Figure 1. They were recorded by
specific vehicle-loaded equipment that moved continuously
along with its host.

2.1. Tested Highway. Twelve typical roadways were surveyed
in Sichuan, southwest China.The trajectory, speed, and accel-
eration were obtained to determine the driving properties.
The roadways had different technical grades, terrain environ-
ments, and number of lanes; the key technical characteristics
are shown in Table 1.

2.2. Type of Vehicle. Passenger cars, buses, and trucks were
leading in the traffic composition of a previous survey, with
passenger cars having the biggest share. In Sichuan, passenger
cars constitute 60%–80% of the vehicles on expressways
and highways with two lanes and 85%–90% during festivals
and holidays. Trucks and buses follow, with buses slightly
ahead of trucks on roads to best known scenic spots. The
lateral acceleration data and results for passenger cars are
presented in this paper, while those for buses and trucks will
be presented in the next two papers. The types of passenger
cars investigated in this study included sedans, hatchbacks,
sport utility vehicles, multipurpose vehicles, and minibuses
(with less than 9 seats).

2.3. Measuring Method. The vehicle performance data were
measured using an MTi microinertial attitude heading ref-
erence system. There were nine kinds of data collected: the
three-axis acceleration, pitch angular, pitch angular velocity,
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Figure 1: Collecting operating parameters of passenger cars driving on different highways.

Table 2: Basic information for surveyed drivers.

Type Number Male Formal Age Average age Driving years Average driving years
Professional 8 6 2 26–49 35 3–21 13
Unlicensed 15 13 2 25–46 35 2–15 7
Private 17 9 8 26–50 33 1–12 3.5

yaw, yaw velocity roll angle, and roll angle velocity. In this
study, the lateral acceleration is analyzed. A sensor was
installed on the floor of the vehicle, and about 30min was
spent in calibrating and commissioning the instruments to
reduce the error. The driving speed was recorded using a
noncontact speedometer that was installed on the headstock
or tailstock. The trajectory was recorded using a high-
precision dual-frequency differential global positioning sys-
tem (DGPS). The coordinate data of the trajectory were
converted to the curvature at each location.

2.4. Drivers. The subjects were all volunteers and included
three types of passenger car drivers: professional, unlicensed,

and private. The term professional referred to professional
cab drivers working for a specific company. The unlicensed
drivers made a living by transporting passengers with their
private automobiles, without an operating license.Unlicensed
drivers constitute a large proportion of the total, especially in
some rural areas of China.However, private drivers constitute
a greater proportion and have poorer driving skills and less
experience.

Because of the influence of the driver on the driv-
ing behavior, different types of drivers were recruited to
determine the difference between the driving behaviors.
The basic information for the surveyed drivers is listed in
Table 2.
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2.5. Data Extraction. The time series were included in
the data from the microinertial attitude heading refer-
ence system, noncontact speedometer, and DGPS, all on
a millisecond scale. A notebook computer, connected to
a data acquisition card with three channels, was used to
synchronously record the data from the three different
pieces of equipment. This made it convenient to synchronize
the data collected. The extraction and matching method is
illustrated in Figure 2, where the data are from a section of
a mountain highway with a length of 7500m. The trajectory
from the DGPS, the lateral acceleration, the curvature from
the coordinate data, and the continuous speed from the
noncontact speedometer are shown in the first to the fourth
graphs, respectively.

Generally, the lateral acceleration along a curve changes
over time in the driving process, first rising and then
declining, in which the peak corresponds to the center
of the curve. The worst stability corresponds to the peak
of the lateral acceleration, which is our focus. The pick-
up algorithm was designed to determine the peak point
of the lateral acceleration. Using the initial data, the peak
lateral acceleration and its corresponding time and mileage
were obtained. The curvature and speed were determined
based on the time series and mileage. Then, the data were
stored in the format (𝑖, 𝑎

𝑦𝑖
, 𝑘
𝑖
, V
𝑖
), in which 𝑎

𝑦𝑖
, 𝑘
𝑖
, and V

𝑖
are

the lateral acceleration, curvature, and speed, respectively.
Figure 2 shows that the peak of the lateral acceleration almost
corresponds to the peak of the curvature, but there is a differ-
ence between the speed and the lateral acceleration. It was not
difficult to draw scatter diagrams of the lateral acceleration
over the curvature and speed for further statistical analyses.

3. Distribution of Lateral Acceleration

The lateral accelerations of the vehicles were tested on 12
highways are presented in Figure 3, and it is convenient to
evaluate the safety and comfort by the distribution of the
lateral acceleration.

Figures 3(a)–3(c) show the distribution of the lateral
accelerations for three highways with six lanes. With three
lanes in the same driving direction, it is easy for a driver
to overtake a slower passenger car by changing lanes and
reaching his expected speed. The lateral acceleration distri-
butions are very similar to each other, which is a result of
the almost identical driving environments in the Chengdu
Plain, and have good alignments. For example, the 85th
percentile values are all about 1.0m/s2, with the maximum
values below 3.5m/s2. According to the previous conclusions,
the level of comfort corresponds to a particular threshold
value, with the lateral acceleration as the evaluation index
for comfort [9–11].The threshold value of comfort is 1.8m/s2,
with medium comfort and discomfort levels of 3.6m/s2 and
5m/s2, respectively [12]. Therefore, a six-lane highway on a
plain had at least a medium comfort level, and this comfort
level accounted for more than 90% of the data.

Figures 3(d)–3(f) show the distributions of the lateral
accelerations for the three highways with four lanes, with
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Figure 2: Illustration of data extraction and matching.

plain, hill, andmountain as the driving environments, respec-
tively. The lateral accelerations with higher values accounted
for the greatest percentage, with environments from plain
to mountain. In the plain, the lateral accelerations were all
smaller than 3.0m/s2, andmost were smaller than the thresh-
old value of comfort. For a highway in the hill area, there were
few points with a lateral acceleration greater than 3.6m/s2,
and the points with lateral accelerations smaller than 1.8m/s2
accounted for about 85%. However, the medium comfort
level had a much higher proportion, and this comfort level
accounted for less than 85% in the mountain environment.

Figures 3(g)–3(l) show the distributions of the lateral
accelerations of the six highways with two lanes. The lateral
accelerations of the highways with two lanes were much
greater than those of the highways with four or six lanes.
Thedistribution of the lateral accelerationwas greatly affected
by the terrain environment because small-radius curves are
commonly used on mountain highways with two lanes to
reduce the excavation and embankment volume.

It is comfortable to drive on highway number 7 on a
plain and highway number 8 on a hill. The comfort level
for highway number 9 in a mountain area was considerable
beyond the medium comfort value and a few points beyond
the discomfort level. In contrast, the medium comfort level
accounted for about 15% on highways number 10, number
11, and number 12, with a much greater proportion a few
points beyond the discomfort threshold value. A reduction
in comfort was evident on a mountain highway, especially
at a speed of less than 30 km/h (the last three highways). At
least 15% drove with a medium comfort level, and in certain
individual sections, the comfort level was unacceptable.
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Figure 3: Continued.
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Figure 3: Distribution of lateral accelerations.
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Table 3: Percentile values of lateral acceleration.

Percentile Percentile value
Six lanes Four lanes Two lanes

10th 0.38614 0.450358 0.702805
15th 0.445396 0.525151 0.830999
50th 0.683107 0.941924 1.637689
85th 1.121519 1.67618 3.201153
90th 1.256985 1.933957 3.730245

The lateral accelerations of 12 highways were aggregated
by the number of lanes, as shown in Figure 4. This shows a
smooth S-shaped curve for highways with the same number
of lanes, with an inflection point at about the 90th percentile.
It should be noted that inflection point did not occur at the
85th percentile, as in the previous research, and it is valuable
to evaluate the usage of the 85th percentile value in road
geometry design.

The percentile values of the lateral accelerations on the
three different highways are presented in Table 3 (10th, 15th,
50th, 85th, and 90th). The percentile values were all below
2m/s2, except for the 85th and 90th on a highway with two
lanes. It will be helpful for the percentile value to be adopted
for the geometric design of highways.

4. Effect of Curve Radius on
Lateral Acceleration

A lateral acceleration accompanies driving around a curve.
Because of the freedom for the selection of trajectory and

speed in highway travelling, the lateral acceleration is influ-
enced by the driving behavior. It is valuable to study the
influence of the radius on the lateral acceleration.

The measured lateral acceleration of a passenger car
is shown in Figure 5, in which the figure on the left is a
scatter diagram of the lateral acceleration over the curvature.
The lateral acceleration increases with the curvature. The
lateral acceleration is concentrated with a small curvature
and becomes scattered with an increase in the curvature.
For a designer, the radius is much more intuitive than the
curvature, and the left scatter diagram can be transformed
into the right diagram, the scatter diagram of the lateral
acceleration over the radius, with remarkable regularity.

The scatter diagram of the lateral acceleration over the
radius of all twelve highways is presented in Figure 6. Despite
the number of lanes, there is a strong nonlinear negative
correlation between the lateral acceleration and the radius.
It is well understood that a higher speed is accompanied by
a greater radius, and accidents are much more serious than
those at lower speeds. Thus, it is better for a driver to drive
with a small lateral acceleration and greater safety margin for
lateral stability.

The lateral acceleration of a highway with six lanes is
relatively concentrated and becomes scattered with a reduc-
tion in the number of lanes. The great similarity of the
environment and geometric alignment of highways with six
lanes leads to a higher consistency for the driving behavior.
However, the geometric alignment and width are different
on highways with two lanes, especially in mountain areas.
The great difference between different highways leads to
different driving behaviors, in addition to scattered lateral
accelerations.

The lateral accelerations 𝑎
𝑦𝑖
were aggregated by the type of

highway according to the number of lanes (six, four, or two).
The results of the normal distribution tests for the three sets
of data using the SPSS 19.0 software are presented in Figure 7.
The data show an abnormal distribution because there
appeared to be significant differences between the histogram
and normal distribution curve. Because lateral acceleration
data are not subject to a normal distribution, a parametric test
such a 𝑇-Test cannot be used to test for the significance. For
this reason, the KruskalWallis Test, which is a nonparametric
test method, was selected to test the significance among the
three sets of 𝑎

𝑦𝑖
data.The significance values of each group of

data are listed in Table 4, where an “Asymptotic Significance”
value equal to zero indicates a significant difference among
the 𝑎
𝑦𝑖
data for the highways with different number of lanes.

Scatter plots of 𝑎
𝑦𝑖

versus the curve radii of the three
types of highways are shown in Figure 8. The distribution
is much more concentrated and regular, which makes it
convenient for us to set up a relationship model between the
lateral acceleration and the radius. The average model 𝑎

𝑦 ave
and the extremum model 𝑎

𝑦max were set up using statistical
regression and envelop methods, respectively. The regression
parameters were obtained by minimizing the fitting error
and extreme value from the enveloped line of the scatter
diagram. The average value represents the average level of
driving behavior, and the extreme value represents the upper
bound.



Discrete Dynamics in Nature and Society 9

0

1

2

3

4

5

0

1

2

3

4

5

0 1000 2000 3000 4000 50000 0.0025 0.005 0.0075 0.01 0.0125 0.015

k (1/m) R (m)

R = 1/k

a
y

(m
/s
2
)

a
y

(m
/s
2
)

Figure 5: Relationships between lateral acceleration and curvature/radius.

Table 4: Results of Kruskal Wallis Test of significance.

KW Test statistics
Highway type Sample number Mean of KW 𝑎

𝑦

Six-lane highway 472 921.51 𝜒
2 725.673

Four-lane highway 1490 1384.93 df 2
Two-lane highway 1238 2118.82 Asymptotic Significance 0.000

Table 5: Functions of lateral acceleration over radius.

Type of highway Function form Value of coefficient 𝑅
2

Six lanes 𝑓(𝑥) = 𝑎 + 𝑐/𝑥
𝑏

𝑎
𝑦 ave: 𝑎 = 0.07; 𝑏 = 0.94; 𝑐 = 550 0.868
𝑎
𝑦max: 𝑎 = 0.07; 𝑏 = 0.91; 𝑐 = 590 /

Four lanes 𝑓(𝑥) = 𝑎 + 1/ (𝑥
𝑏

+ 𝑐)
𝑎
𝑦 ave: 𝑎 = −1.8; 𝑏 = 0.0583; 𝑐 = −1.135 0.712
𝑎
𝑦max: 𝑎 = −2.2; 𝑏 = 0.055; 𝑐 = −1.17 /

Two lanes 𝑓(𝑥) = 𝑎𝑥
𝑏

+ 𝑐
𝑎
𝑦 ave: 𝑎 = 20.5; 𝑏 = −0.46; 𝑐 = −0.35 0.672
𝑎
𝑦max: 𝑎 = 28.5; 𝑏 = −0.43; 𝑐 = −0.70 /

The functions of the lateral acceleration over the radius
are represented in Table 5, in which the average and extreme
values can be referenced for the average and extreme values
of the geometric parameter, respectively.

5. Effect of Driving Speed on
Lateral Acceleration

The lateral acceleration depends on the driving speed in
a certain curve segment. Thus, it is valuable to study the
correlation between the lateral acceleration and the speed. A
specific correlation model is expected to provide a reference
for the design of a superelevation and speed control algorithm
for an intelligent vehicle. The scatter diagrams (𝑎

𝑦
-𝑉) for the

three road types were obtained using the method shown in
Figure 2; they are illustrated in Figure 9.

The lateral acceleration on a highway with six lanes was
clustered over the speed, from 80 km/h to 140 km/h, which
indicates that the lateral acceleration was not correlated
with the speed. The maximum speed on a highway with
four lanes was almost the same as that on a highway
with six lanes, with a much lower minimum speed. The
distribution was strongly regular, and it was easy to obtain
an envelope. The distribution for a highway with two lanes
was much more regular, with 115 km/h as the maximum
speed.

The aggregated scatter diagram (Figure 10(a)) was
obtained by gathering data from the three road types
discussed above. With strong regularity, the outlines of
the distribution areas were sketched using three lines. The
speed section was divided into subsections with intervals of
10 km/h.
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Figure 6: Continued.
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Figure 7: Normal distribution test results for lateral accelerations of three highway types.

The characteristic percentiles of the lateral acceleration
were obtained in each speed section: the minimum value
(𝑎
𝑦min), maximum value (𝑎

𝑦max), 50th percentile (𝑎𝑦50), 85th
percentile (𝑎

𝑦85
), and average value (𝑎

𝑦ave). As shown in
Figure 10(b), the minimum value of lateral acceleration was
almost constant, and the other lateral acceleration decreased
with an increase in the speed. In addition, the average lateral
acceleration was slightly greater than the 50th percentile
value.

A unitary regression model was set up for each percentile
line. The 𝑎

𝑦85
, 𝑎
𝑦50

, and 𝑎
𝑦 ave values were slightly concave

in form and negatively related to the speed. In addition,
the average lateral acceleration 𝑎

𝑦 ave and 𝑎
𝑦85

percentile
were the most appropriate for the selection of geometric
design parameters. Specifically, the average can be used for
calculating the general values of geometric parameters, while
the 85th percentile can be used for a limit value.The relations
between 𝑎

𝑦 ave, 𝑎𝑦85, and the speed can be expressed as follows:
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Figure 8: Scatter diagram and model curve of lateral acceleration over radius, aggregated by type of passenger car.
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Figure 9: Scatter diagrams (𝑎
𝑦
-𝑉) of three road types.

𝑎
𝑦85
= 6.2217𝑒 − 0.0134𝑉 𝑅

2

= 0.9732,

𝑎
𝑦50
= 3.4984𝑒 − 0.0117𝑉 𝑅

2

= 0.9761.

(1)

6. Conclusions

The driving characteristic parameters of a passenger car were
measured and extracted from twelve highways with different
design speeds and topographies. By synchronizing, match-
ing, and counting the experimental data, the distribution of
the lateral acceleration was obtained. The change laws for
the lateral acceleration over the speed and curvature were
analyzed. The main conclusions are as follows:

(1) The lateral accelerations of highways with six lanes
were less than 3.5m/s2, and most were less than
1.8m/s2. It was comfortable to drive on a highway
with six lanes. On the four-lane roads, the distribution
of the lateral acceleration was almost the same as that
on a highway with six lanes in a flat area. However, in
a mountainous area, an increasing number of lateral
accelerations exceeded the comfort limit, and a small
part of the data exceeded the medium comfort limit
(3.6m/s2). For highways with two lanes, the ampli-
tude of the lateral acceleration was positively related
to the terrain undulation and negatively related to
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Figure 10: Scatter diagram of lateral acceleration over speed, aggregated by three road types.

the design speed. With a design speed of 30 km/h
in a mountain area, a large proportion of the lateral
accelerations exceeded the discomfort limit (5m/s2).

(2) According to the distribution characteristics of the
lateral acceleration, the inflexion point appeared at
approximately the 90th–92th percentiles, which was
different from the 85th percentile found in the pre-
vious research. In addition, the maximum lateral
acceleration exceeded the value of 8m/s2.

(3) The lateral acceleration was negatively related to the
radius of the trajectory curvature; that is, the more
moderate the latter, the smaller and more concen-
trated the former and vice versa. With regard to the
road type, a greater number of lanes produced more
concentrated data points.

(4) Models of the relationships between the lateral accel-
eration and the radius were set up for highways with
six lanes, four lanes, and two lanes. For each type of
vehicle, the average model and limit model were set
upwith different road types.The former described the
driving behavior in a general case, which was dedi-
cated to controlling the general values of geometric
parameters; the latter represented the upper bound of
the driving behavior, aiming at controlling the limit
values of the geometric parameters.

(5) The lateral acceleration of a highway with six lanes
was poorly related to the driving speed, which con-
trasted with highways with four lanes and two lanes.
A stronger regularity for the data distribution turns
was found for highways with four lanes and two lanes.

Based on the data gathered from all three road types,
an aggregated scatter diagram showed that the lateral
acceleration decreased as the curve radius increased
or the speed increased.

(6) The characteristic percentiles of the lateral acceler-
ation were analyzed statistically for several speed
sections (20–30, 30–40, . . . , 120–140), including the
minimum 𝑎

𝑦min, maximum 𝑎
𝑦max, 50th percentile

𝑎
𝑦50

, 85th percentile 𝑎
𝑦85

, and arithmetic average
𝑎
𝑦 ave.The regressionmodels of 𝑎

𝑦 ave and 𝑎𝑦85 over the
speed were set up.
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This paper is aimed at crowding phenomenon in the subway. As passengers are inclined to choose the routewithminimumdisutility,
we put forward a route choice model which is constructed to achieve minimum objective function of feasibility for the optimal
solution. Meanwhile we set passenger volume threshold values according to capacity of facilities. In the case of actual capacity
exceeding the threshold, the decision node of constrained route will be selected; computing procedure about searching decision
points will be presented. Then we should set rational restrictions at the decision node of the minimum utility function route to
prevent too many passengers’ access to platform. Through certification, this series of methods can effectively ensure the safety of
the station efficient operation.

1. Introduction

Due to heavily overcrowded population and situations of
underground space, a lot of potential risks exist during oper-
ation of subway system in most of metropolitans of China.
More and more incidents (even accidents) occur in subway
systems worldwide, endangering the safety and security of
subway’s operation. To prevent overcrowding of trains and
platforms at peak hours, queuing palisades are installed out
of congested stations. Thus a certain proportion station gates
are closed and commuters have to detour the palisade to
enter station at peak hours. It costs muchmore time to access
station, and toomany passengers stagger anddetour alone the
palisade to enter stations during peak hours. And it has been a
routine measurement of subway station operation in Beijing,
Shanghai, and Guangzhou (Figure 1). There are big concerns
on such measures due to safety reasons and complaints of the
commuters. As of May 12, 2014, twenty-five stations, mainly
on Line 1, Line 3, Line 4, Line 5, and Line 8 in Beijing,
have taken such measures. Some of these stations have built
queuing obstacles outside stations to keep passengers from

entering stations.The restrictive measurements are put in use
during 7:45–9:30 AM peak hours. Moreover, the schemes for
limiting passenger crowding had been issued by Shanghai
Subway Co., and passenger flow limiting measures are in
action at more than thirty stations. The passenger limiting
schemes mentioned above are designed by staffs of station
according to their experience. However, how do we make an
appropriate scheme for a given station according to passenger
behaviors? And how much capacity of specified facilities
should be constrained to avoid leading to stampede because
of overcrowded passenger? In order to deal with the issues
above, this paper takes into account both transfer station
layout and passenger movement behavior at peak hours. The
following problems are discussed: (1) network building for
station layout; (2) determination of route choice in subway
station when facility capacity is insufficient. This preliminary
work paves the way for the development of a methodology,
which can be used for designing schemes of passenger flow
limiting for subway managers and staffs of transfer station at
rush hours.
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(a) Transfer passengers increase significantly along
with new line being put into use

(b) Passage transfer capacity of station do not meet the
demand

Figure 1: Overcrowding in subway transfer station.

2. Related Works

Since April 2011, seven stations have imposed such restric-
tions in Beijing Subway Co. Some of these stations have built
up queuing palisades outside to prolong passengers’ entering
time and reduce passenger volume during morning peak
hours. Similarly, the schemes of preventing passenger over-
crowding had been issued by Shanghai Subway Co., and the
measures have been in action at more than thirty stations
since 2010. Moreover, the actions have been implemented in
GuangzhouMetro Co. since November 2011. In the following
sections an overview is given of the main literatures with
respect to influencing factors on route choice and pedestrian
behaviors in railway station. Transfer passengers are evenly
distributed over the different routes in the station, which does
not only consider walking time (including delays in front of
and on escalators and stairs) and walking distance but also
considers the effort involved in climbing a grade [1]. And
bridging level variation (ramps, stairs, and escalator) has a
significant and different impact on the attractiveness of a
route for a traveler [2]. Daamen [3] focused on empirical data
and modelling of pedestrian route choice and investigated
influencing factors of route choice in railway stations, which
may be assembled network characteristic, route characteris-
tics, and pedestrian characteristics.

Models for pedestrian behavior stimulation have been
developed to evaluate aggregation of pedestrian flows at
various facilities, such as railway and subway stations. Gen-
erally speaking, the approaches of modelling pedestrian’s
movement are divided into two main groups: microscopic
and macroscopic models [4–9]. The studies from the per-
spective of microscopic mainly focus on the behaviors of
individuals and consider their interference between pedes-
trians during walking [10, 11]. Relationships between single
direction pedestrian speed and density were studied based
on regression analysis. The main models include cellular
automata mode, lattice gas model [6, 12–14], and social force
model [7, 15, 16].The crowd was regarded as a self-organizing
system with cellular automata, which was composed of many
individuals moving in station facility network according to
certain rules, movements, and decisions under normal and
emergency condition.The station reliability and design effect
of facilities were evaluated [17]. Hoogendoom and Daa-
men [18] proposed a model of station space and passengers

walking and adopted microscopic simulation tools to sim-
ulate the distribution of passengers on platform. Daamen
[3] built three hierarchies of pedestrian dynamics model
and crowds modeling system to evaluate design of passage,
walkway, stairs, and so on. Then, mass movement and distri-
bution in complicated space were stimulated. The behaviors
of passengers in station during peak period were discussed.
Analytic function about passengers’ walking time on nine
kinds of pedestrian facilities was achieved. Pedestrian walk-
ing model was established based on the walking time [19].

Several studies have analyzed pedestrian route choice in
outdoors and closed space, as railway and subway stations.
Lee et al. [19] investigated behaviors of pedestrians in Hong
Kong Mass Transit Railway (MTR) stations during peak
hour periods. As the pedestrian walking behavior would
be influenced by the physical properties of the walking
facilities, nine pedestrian facilities are classified for analysis.
Surveys were conducted in the Hong Kong Causeway Bay
MTR Station. The data collected were used to estimate
passengers Origin-Destination (O-D) flow matrix within the
station. Cheung and Lam [20] used binomial logit model
to simulate Hong Kong subway passengers’ behaviors. Their
choices between adjacent escalators and stairs based on the
difference of walking time were discussed. Lam and Cheung
[21] focused on findings of pedestrian flow characteristics for
different types of walking facilities in Hong Kong. Hoogen-
doorn and Bovy [22] put forward an approach for user-
optimal dynamic assignment in continuous time and space.
The approach consists of three interrelated steps, that is,
determining continuous paths using a path choice model,
assigning origin, destination flows, and calculating resulting
of traffic conditions.Hoffman et al. [23] forecasted probability
of all alternative path choices from origin to destination
and the process was divided into multiple stages. [24]
established passenger delay model of rail station stairs and
escalators on queuing theory and the index formula of
passenger delays. And the relationship between pedestrian
flow and facilities was obtained, travel time function based on
different pedestrian facilities was calibrated, and route choice
behaviors of passengers in station were discussed [25].

To avoid overcrowding at platform during peak hours,
constrained routes will be designed by adjusting the capacity
of facilities (i.e., passages, stairs, entrance, and so on) to
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Figure 2: Layout of first floor of Kecun station.

prolong walking time of transfer passengers. So that entering
and transfer passengers will be kept outside, concourse,
transfer passages and other transfer facilities longer.However,
how do we design specified routes to avoid passenger over-
crowding at stations bottleneck? A route choice model will
be constructed to illustrate the question. As a typical transfer
station of two lines, themethods andmeasurements in Kecun
station of Guangzhou Subway will be presented.

3. Dimension of Station

Kecun station is a transfer station and has three transfer
level structures, locating at junction of Line 3 and Line 8
in the Guangzhou subway network. Similar structure exists
at several stations in Beijing The layout of Kecun station is
shown in Figure 2. A route consists of a series of facilities,
each of which indicates exact spatial path that pedestrians
follow within a specific area (i.e., exit, passage, platform,
hall, stair, escalator, and entrance), as Figure 3 shows. Routes
for passengers consist of such series of subsequent facilities
(entrances → gates of Automatic Fare Collection (AFC) →
concourse passages → stairs or escalates → passages →
platform → shielded gates). Transfer passengers go from
the shielded gates of alighting platform and then go through
transfer facilities (passages and stairs or escalates) to shielded
gates of boarding platform of another line. Escalator (1, 2)
and escalator (7, 8) are vertical facilities connecting the first
station level concourse and platform of Line 3, which are
colored by dark green. Stairs (3, 4), escalator (3, 4), escalator
(5, 6), and stairs (5, 6) connect the concourse, and the
platformof Line 8 ismarkedwith yellow color.The light green
stairs are transfer stairs of Line 3 to connect transfer passages

and platform, and purple ones are also transfer stairs, which
is to link transfer passages and platform of Line 8.

For simplicity, station structure is assumed as network
𝐺 = (𝑁, 𝐸). Because it is easy to adjust pedestrian flow capa-
city at joints of facilities, the joints are considered as nodes
of network 𝑛 ∈ 𝑁, and exits, shielded gates, and entrances
(entrances and exits, exits) are defined as the source node
𝑠 ∈ 𝑁 and the sink node 𝑡 ∈ 𝑁, respectively. Edge (arc) is
an arc between two nodes. Each edge 𝑒 ∈ 𝐸 has an associated
capacity 𝑢

𝑒
and a walking time of pedestrians (or length of

facilities) through the facilities 𝑡
𝑒
≥ 0. The walking time on

overlap zone of various facilities, such as entrances (exits and
entrances) and gates of Automatic Fare Collection (AFC) are
ignored because of theirminute sizes.Thewalking network of
station is depicted as Figure 4. As usual, pedestrians arrive at
the platform along the color lines because of their minimum
utility function.

4. Model

4.1. Route Choice. The selected cost of facility is represented
as utility when passengers traverse the facility. The utility
function can be estimated bywalking andwaiting time on dif-
ferent types of infrastructure and the overlap factors. Because
route and path capacities are constrained by size joint of
adjacent facilities causing crowdedness easily, the joints, such
as gate of AFC and passage (concourse), stairs (escalator),
and concourse (passage), are regarded as decision points. And
for the points, width of the joint will be adjusted to decrease
capacity, and fewer passengers will entry the facility to reduce
its crowdedness. The route choice is considered as dynamic
procedure, and several concepts related to the approach are
involved [26]. Firstly, these concepts are defined as follows.
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Figure 4: Walking network structure of Kecun station.

Assume that 𝑆
𝑘
= {𝑁
𝑘
, 𝐸
𝑘
} is optional set of facilities in the

station at 𝑘th route-choice stage,𝑁
𝑘
⊂ 𝑁 is alternative node

of next stage, and 𝐸
𝑘
⊂ 𝐸 is alternative edge of next stage.

Definition 1. A utility function of selecting node 𝐴
𝑘
(𝑖, 𝑗, 𝑡
𝑗
)

is utility function of selecting node 𝑗 at node 𝑖, and 𝑡
𝑗
is

passenger waiting time at joints in front of node 𝑗 because
of crowding. It can be assumed as

𝐴
𝑘
= 𝜇∑𝐷

𝑖,𝑡
𝑗

(1)

in which 𝐷
𝑖,𝑡
𝑗

is the time cost when node 𝑗 is chosen at node
𝑖, 𝜇 = coefficient for calibration.

However, opposite direction passengersmight cause facil-
ity capacity to be reduced, and bidirectional facilities have
impact on trajectory selection.Thus, the transfer passages and
stairs are considered as conflict nodes in the paper.
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Table 1: Travel time functions of pedestrian facilities.

Pedestrian facility Number of samples Parameters Facility capacity (peds/m/min) Walking speed at
capacity (m/min) 𝑅

2

𝐵 𝑛

Escalator (ascending) 548 0.2502 1.1732 120 54.01 0.7642
Stairway (ascending) 698 1.1405 2.9158 70 51.36 0.8057
Stairway (descending) 662 14.24 1.742 80 58.28 0.7874
Passageway 718 26.5277 0.5985 92 83.02 0.7676

Definition 2. A conflict point 𝑐
𝑝
is a bidirectional facility in

the subway station, because pedestrian would be interfered
with each other while walking on the facility at peak hours.
There are many conflict nodes on the hall, concourse, and
platform of transfer stations.That is to say, if passage or stairs
are bidirectional, conflict point is 1; otherwise, it is 0.

Definition 3. A control coefficient is a function to be evalu-
ated if passenger volume accumulates to maximum facility
capacity. When the passenger density at the facility surpasses
the capacity threshold, measurements should be taken to
decrease passengers’ entry rate. Therefore, passenger volume
control coefficient on the trajectory 𝑗 is defined as follows:

𝐶
𝑗
= {
0, 𝜌
𝑗
≤ 𝜌
𝑐
,

1, 𝜌
𝑗
≤ 𝜌
𝑐
.

(2)

Obviously, if 𝐶
𝑗
= 1 the utility function above will be

increased.

Walking time atwalking facility of station has relationship
with passenger density; that is to say, crowdedness is often
indicated as being important in pedestrian route choice; path
with low pedestrian density tends to be chosen.The equation
adopted for estimating the travel time is based on the well-
known Bureau of Public Roads (BPR) function [21].The BPR
travel time function by pedestrian facility is given as follows:

𝑡 (𝑉) = 𝑡
0
+ 𝐵 × (

𝑉

𝐶
)

𝑛

, (3)

where 𝐶 is capacity of pedestrian facility (peds/m/min,
peds/esc/min, or peds/m2); 𝑉 is pedestrian flow or den-
sity (peds/m/min, peds/esc/min, or peds/m2); 𝑡(𝑉) is travel
time (s) at flow 𝑉, and 𝑡

0
is free-flow travel time (s); 𝐵 and 𝑛

are parameters to be estimated. Through field investigation,
the travel times and the corresponding flows were obtained.
And the results for different facilities were converted to
speed/flow relationships which were used to calibrate the
travel time function for each pedestrian facility. Six Beijing
subway stations were chosen for calibrating the parameters
𝐵 and 𝑛. The observed capacities for the various types of
pedestrian facilities were obtained and tabulated in Table 1
in workdays of two months.

Definition 4. A walking utility function of selecting facility
𝑊
𝑘
(𝑛
𝑖
, 𝑛
𝑗
, 𝑒
𝑘
𝑚

) is utility function of selecting facility 𝑒
𝑘
𝑚

from
node 𝑖 to 𝑗. In subway stations, route length or walking time
plays a role in the route choice process. Therefore, (3) is

used to depict walking utility function. During peak hours,
utility value of walking function is dynamic variables and is
determined by facility capacity, passenger density, speed, and
conflict point. So, the walking utility function of facility is
depicted as follows:

𝑊
𝑘
(𝑛
𝑖
, 𝑛
𝑗
, 𝑒
𝑘
𝑚

) = 𝛼 ⋅ 𝑡
𝑘
(𝑛
𝑖
, 𝑛
𝑗
, 𝑒
𝑘
𝑚

) + 𝜃𝑐
𝑝
+ 𝛿𝐶
𝑒
𝑘𝑚

. (4)

Refernce [26] estimated 𝜃 = 10, 𝛿 = 1000. Therefore,

𝑊
𝑘
(𝑛
𝑖
, 𝑛
𝑗
, 𝑒
𝑘
𝑚

) = 𝛼 ⋅ 𝑡
𝑘
(𝑛
𝑖
, 𝑛
𝑗
, 𝑒
𝑘
𝑚

) + 10𝑐𝑝
𝑘
𝑚

+ 1000𝐶
𝑒
𝑘𝑚

.

(5)

Based on collected data of Dutch train stations and a
multinomial path-size logit model, a utility function has been
put forward, in which not only walking time and a route
overlap factor are taken into account but also the influences
of level changes in routes are included. So the utility function
to be estimated consists of walking times on different types of
infrastructure and the overlap factor [2]:

𝑈
𝑟
= − 0.130𝑇

𝑙

𝑟
− 0.242𝑇

st
𝑟
− 0.167𝑇

esc
𝑟

− 0.1787𝑇
ramp
𝑟
+ 3.181𝑃𝑆

𝑟
,

(6)

in which 𝑈
𝑟
is utility of route 𝑟, 𝑇𝑙

𝑟
is walking time on level

elements of the infrastructure that are part of route 𝑟, 𝑇st
𝑟

is walking time on stairs in route 𝑟, 𝑇esc
𝑟

is walking time on
escalators in route 𝑟, 𝑇ramp

𝑟
is walking time on ramps in route

𝑟, and 𝑃𝑆
𝑟
= path size of route 𝑟.

And utility function of route 𝑅
𝑘
is formulated as follows:

𝑈
𝑅
𝑘

(𝑂,𝐷, 𝑅
𝑘
) =

𝑁
𝑘

∑

𝑖=1

𝐴
𝑘
(𝑖, 𝑗) +

𝐸
𝑘

∑

𝑒
𝑘𝑚
=1

𝑊
𝑘
(𝑛
𝑖
, 𝑛
𝑗
, 𝑒
𝑘
𝑚

) , (7)

in which 𝑂 = 1,𝐷 = 𝑁
𝑘
. Therefore,

𝑈
𝑅
𝑘

(𝑂,𝐷, 𝑅
𝑘
) =

𝑁
𝑘

∑

𝑖=1

𝐴
𝑘
(𝑖, 𝑗)

− ∑

𝑘
𝑚
∈𝐸

(0.130𝑇
𝑙

𝑘
𝑚

+ 0.242𝑇
st
𝑘
𝑚

+ 0.167𝑇
esc
𝑘
𝑚

+ 0.1787𝑇
ramp
𝑘
𝑚

+ 3.181𝑃𝑆
𝑘
𝑚

− 10𝑐𝑝
𝑘
𝑚

− 1000𝐶
𝑘
𝑚

) .

(8)



6 Discrete Dynamics in Nature and Society

Table 2: Average inbound passenger flow density at facility during peak hours.

7:15–7:30 7:30–7:45 7:45–8:00 8:00–8:15 8:15–8:30 8:30–8:45 8:45–9:00 9:00–9:15
Line 3 0.64 0.93 1.48 1.62 1.51 1.43 1.29 0.97
Line 8 0.819 1.168 1.82 2.37 2.47 2.60 2.30 1.61

Then, because overcrowdedness of station platformmight
lead to passenger stampede or fall into the rail leading to
being wounded or fatal, extending walking time in the station
through facility capacity is restricted to decrease pedestrian
density on the platform. Therefore, the route with maximum
path-size will be chosen for subway stuffs to decrease passen-
ger flow arriving at platformduring unit period at rush hours.
The restricted major problem is formulated as follows:

𝑍 = minimise
𝑛

∑

𝑘=1

𝑈
𝑅
𝑘

(𝑂,𝐷, 𝑅
𝑘
) . (9)

That is to say, when passenger flow is too crowded, the
routes with minimum utility function have to be closed
or reduced capacity to increase utility or waiting time of
the routes and decrease passenger density at the platform.
Therefore, the restricted route has to be chosen according to
utility function, and then decision points, which are specified
facilities and regulated capacity, will be determined.

5. Methodology of Determination of
Decision Points

Firstly, some conceptions are defined as follows:

sep: set of sequence facilities in which passenger volume is
prone to amount the capacity threshold;

ses: set of routes which consist of elements of sep;
seq: set of decision nodes.

There are several passenger flow lines in transfer station,
such as passenger input line, output line, and transfer line.
Since passenger flow in the station varies, the decision points
of route mentioned above should be changed. That is to
say, alternative routes are determined based on given pas-
senger volume of all kinds of passengers (such as inbound
passengers, outbound passengers, and transfer passengers).
Then, passengers are assigned to the initial restricted route.
The passenger volumes in various facilities are reviewed
again, if they exceed the capacity threshold of the facilities,
respectively, the utility of decision points have to be enhanced
or increased according to passenger volume. The detailed
steps of determining decision nodes are as follows.

Step 1. Calculate every facility designed capacity and building
feasible route set bounding of the platform. Search the facility
with minimum capacity and establish the set of sep.

Step 2. Determine the trajectory sequence of ses based on set
of sep.

Step 3. Check the trajectory sequence of ses; the route with
minimum utility function will be chosen to alternative route.
If corresponding nodes can be set as decision node in the sep,
go to Step 5; otherwise, go to Step 4.

Step 4. Search set of route in the ses and identify if node of
prior stage can be set as decision node; go to Step 5; otherwise,
repeat Step 4.

Step 5. If there is outbound route between accessed nodes,
the decision nodes on the outbound route are removed. If
one decision node is the one on inbound route and another is
on transfer route, the passenger volume restricted measures
will be put in effect on the inbound route. If both decision
nodes are on transfer route, utilities of nodes 𝑈

𝑅
𝑘

(𝑂,𝐷, 𝑅
𝑘
)

are calculated and compared. The higher one is selected as
decision node to be set as sep.

Therefore, the decision points are set prior to the facility
with minimum capacity of minimum utility function route;
passenger flowwill spendmore time on entering station.This
will ensure that passenger volumewould not surpass platform
capacity at rush hours, if the capacity of decision points is
adjusted properly.

6. Example

6.1. Data. Layout of Kecun station and facilities dimension
are shown in Figure 3. There are 4 routes and 2 routes from
the entrance to the platform of Line 3 and Line 8, respectively.
The facilities parameters are shown in Table 2; the effective
area of platform of Line 3 and Line 8 is 568.8m2 and
635.6m2, respectively. The train’s rated passenger capacity is
1860 person/train, and service frequency is 3 minutes during
peak hours.

Inbound passenger flow can be achieved fromAFC every
15 minutes.Therefore, passenger flow density at entrance will
be computed and tabulated in Table 2. The passenger flow
speed and travel time will be calculated by (3).

According to study of Bi and Jiang [27], the critical density
threshold of platform is 0.5 m2/peds, platform of Line 8 is
overcrowded during peak hours.The inbound passenger flow
constrained measurements have to be put in use.

Because escalator, staircase, and platform are bottleneck
of station [21, 28], passengers on the facility aremore crowded
than those on passages. Passengers have to come to halt
because it is too crowded during rush hours. The waiting
time of various time intervals during peak hours is shown in
Table 4.

In Table 3, esc
1
, esc
8
(𝐷) means the waiting time at nodes

esc
1
and esc

8
(beginning of escalator of Line 3) and going
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Table 3: Passenger volumes at the platforms.

Facility Effective area (m2) 7:30–7:45 7:45–8:00 8:00–8:15 8:15–8:30 8:30–8:45 8:45–9:00 9:00–9:15
𝑃3 535.6 468 566 588 518 425 361 451
𝑃8 468.8 417 773 1148 1007 907 756 706

Table 4: Waiting time in different time interval during peak hours.

Point 7:30–7:45 7:45–8:00 8:00–8:15 8:15–8:30 8:30–8:45 8:45–9:00 9:00–9:15
esc
1
, esc
8
(D) 20 22 22 22 22 22 14

esc
3
, esc
5
(D) 19 22 23 23 23 22 15

Table 5: Utility functions of routes.

Route Waiting time (s) Walking time (s) Utility function
𝑒
3
→ esc

3
→ esc

4
→ 𝑃
8

23 113.97 135.97
𝑒
3
→ esc

5
→ esc

6
→ 𝑃
8

23 104.69 127.69
𝑒
4
→ esc

3
→ esc

4
→ 𝑃
8

23 116.08 138.08
𝑒
4
→ esc

5
→ esc

6
→ 𝑃
8

23 65.26 88.26
𝑒
3
→ 𝑠
3
→ 𝑠
4
→ 𝑃
8

23 110.45 145.23
𝑒
3
→ 𝑠
5
→ 𝑠
6
→ 𝑃
8

23 112.34 148.28
𝑒
4
→ 𝑠
3
→ 𝑠
4
→ 𝑃
8

23 109.36 140.90
𝑒
4
→ 𝑠
5
→ 𝑠
6
→ 𝑃
8

23 110.23 142.59

downward from node esc
1
to node esc

2
. And esc

3
, esc
5
(𝐷)

means the waiting time at nodes esc
3
and esc

5
(beginning of

escalator of Line 8) and going downward from node esc
3
to

node esc
5
and esc

5
to esc

6
, respectively.

7. Results

Because passenger flow at platform entering into Line 3
was not overcrowded, constrained measurements have to
be put in use in Line 8. Firstly, the travel time for various
passenger densities will be calculated with (3) and the route
with minimum utility function will be picked up. According
to (1), (8), and (9), the utility function of route during time
interval 7:45–8:45 can be calculated as Table 5 shows.

As a result, the minimum utility function route is 𝑒
4
→

esc
5
→ esc

6
→ 𝑃

8
; the route is chosen, and restricted

measures on the node 𝑒
4
and esc

5
will be in action at the time

interval of 7:45–8:45. According to (8), utility function of
escalator (esc

5
− esc
6
) is the minimum; therefore, decision

points will be set prior to the escalator. Escalator (esc
5
−

esc
6
) will be closed to increase utility function of route from

entrance to platform.
If the escalator is closed, passengers are prone to choose

another escalator rather than stairs to enter platform.Waiting
time prior to escalator will be increased up to twice, but
passenger volumes decline a little.Moreover, all escalators are
closed, passengers have to choose the stairs, and the waiting
time is increased further. The passenger flow at the platform
will be diminished further. During time interval 8:00–9:15
AM, the passenger flow remains below 800.

8. Conclusions

Firstly, this paper explained the characteristics of passen-
gers and the general rules of passenger flow during peak
periods from the perspective of walking time. And then
the pedestrian walking path selection mechanism and the
principles of path choice in transfer stations were analyzed.
The abstract structure of station pedestrians has been estab-
lished according to the control requirements during peak
periods.The paper put forward themodel assumptions under
the consideration of passenger flow characteristics during
peak periods. Based on that, the paper established passenger
path control model during peak periods, and then the
objective function of the passenger path choice control was
determined.The effect factors of passenger route choice were
studied in transfer station during rush hours. After that, based
on the structure and layout of transfer station, the network of
facilities was established according to the bottleneck identifi-
cation and passenger volume during peak period. Finally, the
paper established route planning model for passenger during
peak periods. From the results, passenger crowdedness and
passenger distribution at facilities models will be established
to estimate the vulnerability and optimize layout of subway
stations.
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This paper addressed the vehicle routing problem (VRP) in large-scale urban transportation networks with stochastic time-
dependent (STD) travel times. The subproblem which is how to find the optimal path connecting any pair of customer nodes
in a STD network was solved through a robust approach without requiring the probability distributions of link travel times. Based
on that, the proposed STD-VRP model can be converted into solving a normal time-dependent VRP (TD-VRP), and algorithms
for such TD-VRPs can also be introduced to obtain the solution. Numerical experiments were conducted to address STD-VRPTW
of practical sizes on a real world urban network, demonstrated here on the road network of Shenzhen, China. The stochastic time-
dependent link travel times of the network were calibrated by historical floating car data. A route construction algorithm was
applied to solve the STD problem in 4 delivery scenarios efficiently. The computational results showed that the proposed STD-
VRPTW model can improve the level of customer service by satisfying the time-window constraint under any circumstances.
The improvement can be very significant especially for large-scale network delivery tasks with no more increase in cost and
environmental impacts.

1. Introduction

Urban freight distribution/delivery usually leads to traffic
congestion, safety concerns, air pollution, and high logistic
costs [1]. In recent years,more andmore carriers and shippers
have recognized the importance of designing efficient distri-
bution strategies to improve the level of customers service
and reduce the financial and environmental cost of freight
transportation [2]. However, the extensive literature on the
classical vehicle routing problem (VRP) and its variants
have primarily considered the problem using static traffic
information with corresponding constant travel times. In
recent years, a number of studies take account of substantial
variation in speeds and improve themodel by taking the time
dependency of travel times into consideration (see details
in Section 2). However, in urban transportation system, lots
of random factors, such as uncertain traffic volume, severe
weather conditions, and incidents, can lead to the uncertainty

of travel times during most of the day, especially during
the morning and evening peak periods. Those nonrecur-
rent events can significantly affect the reliability of the
transportation system and contribute to a stochastic time-
dependent (STD) congested transportation network. Urban
route designs that ignore these significant variations and
uncertainties of travel times are often found to be inefficient
within a congested traffic condition and may contribute to
higher operational costs or inferior customer service [1].

Therefore, in order to optimize the freight distribution
performance in urban settings, both the random and time-
varying properties of the link travel timesmust be considered.
In this paper, we refer to the stochastic time-dependent VRP
with hard time window (STDVRPTW).The aim of this study
is to devise good and computationally efficient approaches to
assist the fleet dispatchers operating in an urban congested
environment. To utilize available resources for serve time-
sensitive customers, this paper takes into consideration of
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the following travel-time properties: (1) for certain routes, the
travel times vary according to the time of day; (2) the travel
time is stochastic.

The contributions of this paper are as follows.

(i) Taking account of the random and time-varying
characters of traffic conditions, a robust optimization
based method is applied in the proposed model,
which is able to compute the stochastic time-
dependent optimal paths (STDOP) connecting any
pair of customer nodes efficiently. Being different
from many existing approaches, the robust approach
does not require the probability distributions of link
travel times and only takes the range of uncertainty
which can be derived from historical data and expe-
rience of the decision-makers.

(ii) The STDVRP model we proposed here can be con-
verted into a time-dependent VRP (TDVRP). The
simplified problem will not lead to an increase in
the computing time and can be solved efficiently
by conventional algorithms. The proposed model
is capable of addressing STDVRPTW of practical
sizes on a real-world urban network, demonstrated
here on the road network of Shenzhen, China, with
computational instances of up to 150 customers.

(iii) The model we proposed can improve the level of
customer service by guaranteeing the time-window
constraint satisfied without leading to cost increase
or environmental impacts. The improvement can be
significant especially for large-scale network delivery
tasks.

The rest of paper is organized as follows. In Section 2,
a literature review is given on both VRP and optimal path
problem in STD networks. In Section 3, the STD network
is defined and the model of STDVRPTW is formulated.
In Section 4, a routing construction algorithm is presented.
Computational instance and analysis are shown in Section 5.
In Section 6, conclusions are made and future directions are
given.

2. Literature Review

This literature review is split into two parts: firstly, the
literature related to the vehicle routing problems in terms
of time dependency and randomness of link travel times
is overviewed and secondly, the research on optimal path
problem in STD networks is discussed.

2.1. Vehicle Routing Problem. Vehicle assignment and rout-
ing problems have been studied for several decades. Most
traditional methodologies for this class of problems have
been proposed based on adaptations of static algorithms and
developed under static travel time, but they less consider
dynamic traffic flow conditions [3].

As an extension of VRP, in order to consider possible
variations of travel times in the network, Dynamic Vehicle
Routing Problem is proposed.Malandraki andDaskin [4] put

forward a strict mathematical model for TDVRP. They treat
the travel time between two customers as a function of dis-
tance and the time of the day and design a nearest-neighbor
heuristic algorithms and a cut plane heuristic algorithm.
Ichoua et al. [5] introduce a First in First out (FIFO) principle
into TDVRP and use time dependent function of speed to
represent dynamic network, which avoids the deficiency of
waiting in customer node in Malandraki and Daskin’s model
[4]. Donati et al. [6] extend this line of research by indicating
the importance of optimizing the starting time and designing
a more efficient heuristic algorithm in a time-dependent
environment Recently, many research works adopt the time-
dependent speed assumption proposed in [5]. Using queuing
models for time-dependent speeds, analytical expressions for
the expected travel times as well as for the variance of the
travel times are derived in [7]. A continuous function model
of time-dependent link speeds is proposed in [8]. More real-
istic time-dependent information is obtained from archived
historical travel data, as seen in [9]. A general modeling
framework with finer time-dependent traffic information
and efficient solution algorithm are proposed in [1] and are
applicable to large-scale real world.

In this paper, we consider the VRP with dynamic and
stochastic travel times (STDVRP), while there is limited
research related to this topic. Lecluyse et al. [10] address
the STDVRP by capturing the uncertainty in an analytical
way using queuing theory and introduced the variability in
traffic flows into the model, which allows for an evaluation
of the routes based on the uncertainty involved. Nahum
and Hadas [11] combine two important variants to form and
define the STDVRP. Two algorithms for solving the stochastic
time-dependent VRP are compared. As Ichoua et al. [5]
indicate, stochastic and time-dependent travel times aremore
extensively operated on optimal path analysis between two
service nodes when executing VRP delivery (see details
in Section 2.2). Although mean and variance contain the
most important information about path travel time, finding
the single route with expected shortest travel time is not
appropriate for routing when planners are not risk neutral.
So in order to take account of the STD travel times in
STDVRPTW, the optimal path problem in STD networks
should be addressed as a subproblem first.

2.2. Optimal Path Problem in STD Networks. In real-
world transportation networks, there exists more than one
path connecting the current customer-node with the next
unserved one, so taking which path to continue the delivery
should be decided based on certain optimality criterions.That
is to say, optimal path finding problem between two customer
nodes is the fundamental subproblem for VRP and should
be addressed first here to cope with the STD nature of travel
times. If the uncertainty of link travel times can be captured
to determine the optimal path efficiently, approaches may
be more easily obtained for STDVRPTW. However, “optimal
routes selection” in STD networks is more difficult than in
deterministic networks, in part because, for a given departure
time, more than one path may exist between an origin and
destination, each with a positive probability of having the
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least travel time, so the definition of an optimal path can be
somewhat indeterminate.

Hall [12] first puts forward the stochastic and time-
dependent optimal path problem (STDOPP). He chooses
minimum expected travel time (METT) as the optimality
criterion and proposes a branch-and-bound procedure for
finding the METT path in STD networks. Miller-Hooks and
Mahmassani explore the definition of optimality based on
first-order stochastic dominance and definite dominance.
After the 1990s, the utility theory in economics has been
introduced to solve the STD optimal path problem. Wellman
[13] identifies a stochastic consistent condition and presents
a revised path-planning algorithm based on utility function.
Huang and Gao [14] define a disutility function of travel
time to evaluate the STD paths. They design an exact label-
correcting algorithm to find the optimal path with the min-
imum expected disutility, but the algorithm had exponential
computation complexity.

Most existing approaches to this problem in terms of dif-
ferent criterions of optimality rely on the precise probability
distributions for link travel times, which is hard to realize
in practical application. High computation complexity and
inefficient algorithms are also strong restraints when solving
large size network problems. In recent years, considering the
“worst-case performance” of each path, the robust optimiza-
tion theory has emerged as a preemptive way to address
the uncertainties of link travel times without requiring exact
probability distributions. Bertsimas and Sim [15] propose
a linear robust optimization approach based on polyhedral
uncertainty sets. Sim [16] proposes a new methodology to
solve the stochastic optimal path problem, which promises
greater computational tractability, both theoretically and
practically, than the classical robust framework; however, he
does not conduct a further study for solving the optimal path
problem in STD networks.

2.3. Summary of Past Literature. Although routing models
in STD networks are gaining greater attention in the lit-
erature and industry, a general modeling framework and
efficient solution algorithm which is applicable to large-scale
real-world networks are still lacking. Stochastic and time-
dependent travel times aremore extensively operated on opti-
mal path analysis between two service nodes when executing
VRP delivery. However, most of the existing approaches to
the STDOPP generally need a precise probability distribution
of the uncertain link travel times which is hard to realize
in practical application. High computation complexity and
inefficient algorithms are also strong restraints when solv-
ing large size networks problems. In recent years, robust
optimization theory has emerged as a preemptive way to
address the uncertainties of link travel times with better
computational tractability, meanwhile without requiring the
precise probability distribution of link travel times.

In this paper, for such delivery routing with rigid arrival
time requirements, the worst-case travel times of each can-
didate path connecting any pair of customer nodes should be
considered to guarantee the timewindow constraint satisfied.
Beyond that, the reliability of travel time is also a concern in
delivery. So we refer to the robust approach here and apply

it to solve the subproblem of STDVRPTW. The path, which
minimizes the worst-case travel times over all the candidate
paths, is defined as the optimal path connecting any two
customer nodes.

3. Model for STDVRPTW

3.1. The Stochastic Time-Dependent Network. Given a direct-
ed graph 𝐺 = (𝑁,𝐴, 𝑇, 𝐶

𝑡

𝑖𝑗
), where 𝑁 is the set of the nodes

and 𝐴 is the set of the links. The number of the nodes and
links are denoted, respectively, as |𝑁| = 𝑛 and |𝐴| = 𝑚. 𝑇 is
the set of time intervals {0, 1, . . . ,𝑀−1}. Link (𝑖, 𝑗) represents
the directed link from node 𝑖 to node 𝑗. A path connecting
any pair of nodes can be denoted as a sequence of nodes. The
travel time on link (𝑖, 𝑗) at time interval 𝑡 is denoted as𝐶𝑡

𝑖𝑗
. SR

represents the set of links with random travel times. In this
paper, it is assumed that all the link travel times in the network
are random and dynamic, so |SR| = |𝐴| = 𝑚. Waiting time
is not permitted at the upstream node 𝑖 before moving to the
downstream node.

We define the travel time on link (𝑖, 𝑗) as

𝐶
𝑡

𝑖𝑗
= 𝑅
𝑡

𝑖𝑗
+ 𝜏
𝑡

𝑖𝑗
. (1)

𝑅
𝑡

𝑖𝑗
is a fixed travel time value at time interval 𝑡 and 𝜏𝑡

𝑖𝑗
is a

randomvariable ranging from0 to 𝑑𝑡
𝑖𝑗
, where 𝑑𝑡

𝑖𝑗
is also a fixed

value at time interval 𝑡. Hence 𝐶𝑡
𝑖𝑗
is random time-dependent

variable and takes value within [𝑅𝑡
𝑖𝑗
, 𝑅
𝑡

𝑖𝑗
+ 𝑑
𝑡

𝑖𝑗
].

Furthermore, it is assumed that the network model
satisfies the stochastic consistent condition (SCC) proposed by
Wellman [13].That is, the network is stochastically consistent,
if for any link (𝑖, 𝑗), at any time interval 𝑡 < 𝑡 and any given
time 𝑧, the following inequality holds:

Pr (𝐶𝑡
𝑖𝑗
+ 𝑡 ≤ 𝑧) ≥ Pr (𝐶𝑡



𝑖𝑗
+ 𝑡


≤ 𝑧) . (2)

The inequality means that the probability of arriving
by any given time 𝑧 cannot be increased by leaving later.
Although overtaking exists in transportation network, such
deterministic consistency condition (FIFO) property gener-
ally holds [14].

3.2. Mathematical Formulation. In this paper, we study
STDVRP with hard time windows. It is assumed that there
is only one depot from where the routes start and end
for each vehicle, a homogeneous fleet consisting of several
vehicles with fixed capacity, while the customers’ demands
are predetermined and each customer must be served within
its time window. Unlike in manufacturing settings where
buffer space may not be available in production facilities
for goods arriving early, this paper permits early vehicles to
wait till the beginning of time windows, as seen in Figure 1.
Since STDVRP is amultiobjective optimization problem, this
papermainly considers the number of vehicles out for service
and total schedule time, allowing different costs associated
with each one. Beyond that, we also take into account that
how many customer nodes failed to be served within their
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Figure 1: An Illustration of STDVRPTW.

time windows during the delivery procedure since more and
more suppliers are concerned about the quality of service.
In addition, the numbers of vehicles out for service are
considered with a larger weight factor than the total schedule
time here.

3.2.1. Notations and Variables. The notations and variables in
the model are shown in Table 1.

3.2.2. The Optimal Path Connecting Any Pair of Customer
Nodes in STD Networks. In this section, we focus on the
subproblem of STDVRPTW.Aswe defined in Section 2.2, the
optimal path fromcustomer node 𝑖 to customer node 𝑗 should
take both the time window constraint and time reliability
into consideration for goods delivery in STD networks, due
to the uncertainty of travel times. So we obtain the STD
optimal path connecting two customer nodes through Min-
Max approach, which minimizes the largest travel times of
each candidate path to gain a more time-reliable and robust
solution. By this optimality criterion, we define

𝑇
𝑚
1

𝑖𝑗
= Min( Max

Candidate Paths
∑

(𝑎,𝑏)∈𝐴

𝑀

∑

𝑚
2
=1

(𝑅
𝑚
2

𝑎𝑏
+ 𝜏
𝑚
2

𝑎𝑏
) ⋅ 𝑦
𝑚
2

𝑎𝑏
) .

(3)

In STD networks, according to the aforementioned
stochastic consistent condition, for any link (𝑎, 𝑏), at any time
interval𝑚

2
< 𝑚


2
, and any given time 𝑧, we can get (2).

In (2), let 𝑍 = max(𝑅𝑚


2

𝑎𝑏
+ 𝜏
𝑚


2

𝑎𝑏
+ 𝑚


2
) = 𝑅

𝑚


2

𝑎𝑏
+ 𝑑
𝑚


2

𝑎𝑏
+ 𝑚


2
.

Then, it can be observed that the probability of the right-side
formula of (2) is 100%. Then we can determine that if the

inequality always holds, it must have the following relation,
which holds for any time interval𝑚

2
< 𝑚


2
:

𝑅
𝑚
2

𝑎𝑏
+ 𝜏
𝑚
2

𝑎𝑏
+ 𝑚
2
≤ max (𝑅𝑚2

𝑎𝑏
+ 𝜏
𝑚
2

𝑎𝑏
+ 𝑚
2
)

= 𝑅
𝑚
2

𝑎𝑏
+ 𝑑
𝑚
2

𝑎𝑏
+ 𝑚
2
≤ 𝑅
𝑚


2

𝑎𝑏
+ 𝑑
𝑚


2

𝑎𝑏
+ 𝑚


2
.

(4)

In this paper, each candidate path connecting any pair
of costumer nodes can be denoted as a sequence of STD
links. So the largest or worst-case travel times of the path
can be obtained by calculating the travel times link by link.
Furthermore, as the bold italic types shown in (4), it indicates
that the worst-case travel times of each STD link satisfies the
FIFO property, for example, link (𝑎, 𝑏). So if all the STD links
take the worst-case value at the departing time of upstream
nodes, it can guarantee the calculated path travel time being
the largest.Thenwe can obtain the worst-case travel times for
each candidate path, as shown in (5) as follows:

max
for each candidate path

∑

(𝑎,𝑏)∈𝐴

𝑀

∑

𝑚
2
=1

(𝑅
𝑚
2

𝑎𝑏
+ 𝜏
𝑚
2

𝑎𝑏
) ⋅ 𝑦
𝑚
2

𝑎𝑏

= ∑

(𝑎,𝑏)∈𝐴

𝑀

∑

𝑚
2
=1

(𝑅
𝑚
2

𝑎𝑏
+ 𝑑
𝑚
2

𝑎𝑏
) ⋅ 𝑦
𝑚
2

𝑎𝑏
,

(5)

𝑇
𝑚
1

𝑖𝑗
= Min( ∑

(𝑎,𝑏)∈𝐴

𝑀

∑

𝑚
2
=1

(𝑅
𝑚
2

𝑎𝑏
+ 𝑑
𝑚
2

𝑎𝑏
) ⋅ 𝑦
𝑚
2

𝑎𝑏
) . (6)

In (6), 𝑅𝑚2
𝑎𝑏

and 𝑑𝑚2
𝑎𝑏

change along with the time-interval
𝑚
2
. 𝑅𝑚2
𝑎𝑏
+ 𝑑
𝑚
2

𝑎𝑏
is not the actual travel time but the upper

bound of travel time on link (𝑎, 𝑏) at time-interval𝑚
2
, which

satisfies FIFO property. So 𝑇𝑚1
𝑖𝑗

can be solved as the shortest
path problem in a FIFO network with time-dependent upper
bound of link travel times 𝑅𝑚2

𝑎𝑏
+ 𝑑
𝑚
2

𝑎𝑏
. Furthermore, the TD

shortest path problem in FIFO networks has been proved to
be solved in polynomial time, and the extended conventional
labeling setting algorithms can be modified to solve the
problem with no more computation complexity than that in
a static network [17].

3.2.3. Model for STDVRPTW. The following is a mixed-
integer programming model for STDVRPTW.

Objective Function. Consider

min𝐾, (7)

min ST. (8)



Discrete Dynamics in Nature and Society 5

Table 1: Notations and variables.

Type Symbol Definition

Objective
function
quantities

K The number of vehicles out for service
ST Total schedule time
TT Total travel time
WT Total waiting time
SVT Total service time

Sets

S Set of starting nodes of all vehicles
E Set of end nodes of all vehicles
D Set of all customer nodes

i ∈ SD Set of starting nodes and customer nodes
j ∈ DE Set of customer nodes and end nodes

i, j ∈ SDE Set of all nodes
C Set of all customers

SC ⊆ C Subset of set C
Link (a, b) ∈ A Set of links that are present in the networks

Inputs and parameters

M The number of time intervals
m1,m2 = 1, 2, . . . ,M Time intervalm1,m2

B An infinite number
svti Service time of customer node 𝑖
qi Delivery demand of customer node 𝑖

[0,T] Time window of depot
[ei, li] Time window constraint of customer node 𝑖
Qk Capacity of vehicle 𝑘

Decision variables

ti Vehicle’s arrival time at node 𝑖
ym2
ab ym2

ab = 1, if any vehicle occupies link (a, b) at timem2; otherwise y
m2
ab = 0

Tm1
ij

Travel times of the optimal path from customer node i to customer node j at
departing time intervalm1

xm1
ij

xm1
ij = 1, if vehicle departs from customer node 𝑖 to customer node 𝑗 at time interval
m1; otherwise x

m1
ij = 0

vik vik = 1, if customer node 𝑖 is visited by vehicle 𝑘; otherwise, vik = 0

Expressions of Objective Function. Consider

ST = TT +WT + SVT,

TT = ∑

𝑖∈𝑆𝐷

∑

𝑗∈𝐷𝐸

𝑗 ̸=𝑖

𝑀

∑

𝑚
1
=1

(𝑇
𝑚
1

𝑖𝑗
⋅ 𝑥
𝑚
1

𝑖𝑗
) ,

WT = ∑
𝑖∈𝐷

max (𝑒
𝑖
− 𝑡
𝑖
, 0) ,

𝑇
𝑚
1

𝑖𝑗
= Min( max

for each candidate path
∑

(𝑎,𝑏)∈𝐴

𝑀

∑

𝑚
2
=1

(𝑅
𝑚
2

𝑎𝑏
+ 𝜏
𝑚
2

𝑎𝑏
) ⋅ 𝑦
𝑚
2

𝑎𝑏
)

= Min( ∑

(𝑎,𝑏)∈𝐴

𝑀

∑

𝑚
2
=1

(𝑅
𝑚
2

𝑎𝑏
+ 𝑑
𝑚
2

𝑎𝑏
) ⋅ 𝑦
𝑚
2

𝑎𝑏
) ,

𝑡
𝑖
= max (𝑒

𝑖−1
, 𝑡
𝑖−1
) + svt

𝑖−1
+ 𝑇
𝑚
1

(𝑖−1)𝑖
,

SVT = ∑
𝑖∈𝐷

svt
𝑖
.

(9)

Constraints. Consider

∑

𝑖∈𝑆𝐷

𝑖 ̸=𝑗

𝑀

∑

𝑚
1
=1

𝑥
𝑚
1

𝑖𝑗
= 1, 𝑗 ∈ 𝐷𝐸, (10)

∑

𝑗∈𝐷𝐸

𝑖 ̸=𝑗

𝑀

∑

𝑚
1
=1

𝑥
𝑚
1

𝑖𝑗
= 1, 𝑖 ∈ 𝑆𝐷, (11)

𝐾

∑

𝑘=1

𝑘 (V
𝑖𝑘
− V
𝑗𝑘
) ≤ 𝐵(1 −

𝑀

∑

𝑚
1
=1

𝑥
𝑚
1

𝑖𝑗
) ,

𝑖 ∈ 𝑆𝐷, 𝑗 ∈ 𝐷𝐸, 𝑖 ̸= 𝑗,

(12)

𝐾

∑

𝑘=1

𝑘 (V
𝑖𝑘
− V
𝑗𝑘
) ≥ 𝐵(

𝑀

∑

𝑚
1
=1

𝑥
𝑚
1

𝑖𝑗
− 1) ,

𝑖 ∈ 𝑆𝐷, 𝑗 ∈ 𝐷𝐸, 𝑖 ̸= 𝑗,

(13)
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Figure 2: The illustrated solving procedure of STDVRPTWmodeling.

𝐾

∑

𝑘=1

V
𝑖𝑘
= 1, 𝑖 ∈ 𝐷, (14)

∑

𝑖∈𝐷

(𝑞
𝑖
⋅ V
𝑖𝑘
) ≤ 𝑄

𝑘
, 𝑘 = 1, 2, 3, 4, (15)

∑

𝑖∈𝑠

∑

𝑗∈𝐷𝐸

𝑀

∑

𝑚
1
=1

𝑥
𝑚
1

𝑖𝑗
= ∑

𝑖∈𝑆𝐷

∑

𝑗∈𝐷

𝑀

∑

𝑚
1
=1

𝑥
𝑚
1

𝑖𝑗
, (16)

∑

𝑖,𝑗∈𝑆𝐶

𝑖 ̸=𝑗

𝑀

∑

𝑚
1
=1

𝑥
𝑚
1

𝑖𝑗
≤ |𝑆𝐶| − 1, 𝑆𝐶 ∈ 𝐶, (17)

𝑡
𝑖
= max (𝑒

𝑖−1
, 𝑡
𝑖−1
) + svt

𝑖−1
+ 𝑇
𝑚
1

(𝑖−1)𝑖
≤ 𝑙
𝑖
, 𝑖 ∈ 𝐷, (18)

𝑡depot ≤ 𝑇, 𝑡
0
= 0. (19)

Objective function (7) minimizes the number of vehicles
out for service. Objective function (8) minimizes the total
schedule time (ST), where ST is the sum of total travel
time (TT), total waiting time (WT), and total service time
(SVT). Constraints (10) and (11) state that each customer
can be served only once. Constraints (12)–(14) state that
customers for each route can be served by only one vehicle.
Constraint (15) states that the capacity of customers for each
route does not exceed the maximum capacity of a single
vehicle. Constraint (16) states that all the utilized vehicles
should return to the depot. Constraint (17) is added for
route continuity. Constraints (18) and (19) are added as time
window constraints.

4. Algorithm for STDVRPTW

In the model of STDVRPTW that we proposed, the only
dynamic random variable𝑇𝑚

𝑖𝑗
has been converted into a time-

dependent function which can be computed by solving a
shortest path problem with time dependent travel times (see
details in Section 3.2.2, denoted as (6)). So the STDVRP can
be simplified into a TDVRP, and algorithms for suchTDVRPs
can also be applied to obtain the solution. Since VRP is a
NP-hard optimization problem, the complexity of the STD
problem will remain the same as capacitated VRP at least,
because of the time dimension and the stochastic properties
of the problem. Such complexity calls for the development of
an efficient heuristic algorithm.

Duan et al. [18] extended the route construction algo-
rithm, namely, NNC (nearest neighbor algorithm base
on minimum cost) algorithm for solving the TDVRP
in extended Solomon instances. Considering computing
time and solution quality synthetically, he proved that the
extended NNC algorithm had a better performance com-
pared with some other existing algorithms. The same algo-
rithm is also applied in this paper to solve the simplified
STDVRPTW.

5. Case Study

The main goals of this computational test are (a) to illustrate
the importance of considering the STD characters of the
transportation networks when designing the delivery route
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Table 2: Computational results and evaluation of routing plans in 4 delivery scenarios.

Instance specification Vehicle number Schedule timeb Travel time Failure number Failure CPU times (s)
Scenario Number of customers Model ratec

1 25
TD 4 43.76 22.44 5.5 22% 5.55
STD 5 47.35 23.61 0 0 5.27
Δ
a 25.00% 8.20% 5.21% None −22% −5%

2 50
TD 7 60.24 29.98 11.4 22.8% 19.63
STD 9 65.62 31.20 0 0 17.08
Δ 28.57% 8.93% 4.07% None −22.8% −13%

3 100
TD 15 116.97 47.98 20.3 20.3% 71.11
STD 17 126.89 53.25 0 0 66.58
Δ 13.33% 8.48% 10.98% None −20.3% −6%

4 150
TD 20 179.15 88.61 31.4 20.9% 148.38
STD 23 202.99 98.08 0 0 137.88
Δ 15.00% 13.31% 10.69% None −20.9% −7%

a
Δ indicates relative percentage change between the two tests.

bTotal schedule time is the sum of total travel time (TT), total waiting time (WT), and total service time (SVT).
cFailure rate = failure number/number of customers.

Figure 3: The transportation network of Shenzhen, China.

plans and (b) to confirm the validity of robust approach, by
use of which, the STD optimal paths connecting any pair of
customer nodes can be computed, the VRP model can be
simplified (STDVRPTW to TDVRPTW), and it is also able
to gain a high service-level solution without increasing the
computing time, and (c) to verify that the solution algorithm
works well in a simulated large-scale urban transportation
network with STD link travel times for an entire planning
horizon.The functions of link travel times in the test network
can be calibrated by the use of historical floating car data
which can be derived from taxis equipped with GPS devices.
The solving procedure can be illustrated in Figure 2.

5.1. Construction of Test Instance in Real Urban
Transportation Network

5.1.1. Experimental Setting

(1) The Large-Scale Urban Road Network. Numerical experi-
ments were conducted on the urban transportation network
of Shenzhen, China, consisting of 3,454 nodes and 4,876

links, shown in Figure 3. The network covers the downtown
area of Shenzhen.

(2) Stochastic Time-Dependent Link Travel Times of the
Network Calibrated by Historical Floating Car Data. Floating
car data (FCD) collection system is a new traffic detection
technology in recent years, which uses the position data
transmitting from on-board GPS equipment in regular inter-
val, to compute the traffic parameters of speed and travel
time and so forth and get the real-time traffic condition
of the network. Compared with fixed-point traffic detector
like inductive loop and microware radar, it is advanta-
geous in wide coverage, high efficiency, and low operation
cost.

In this paper, the historical floating car data (travel
speeds) were obtained at a 5-minute interval (total 288
intervals for one day) from over 5,000 taxis equipped with
FCD collection devices in Shenzhen, China, during workdays
in one week. After raw data filtering, recovering, and map-
matching processing, a set of discrete travel speeds on each
link at a 5-minute interval can be obtained.Then for each link
of the network, the upper and lower bound of obtained link
travel speeds at each interval can be calibrated by the maxi-
mum andminimumvalue of the processed data; moreover, in
order to reflect the randomness of the network, the link travel
speed at each interval was assumed to take values randomly
within the ranges (hypothetical Gaussian distribution). So the
time-dependent step function of stochastic link travel speeds
can be established with 288 intervals, through which the
stochastic time-dependent link travel times of the network
can be obtained. The calibration procedure is illustrated in
Figure 4.

(3) Travel Times of the STD Optimal Path Connecting Any
Pair of Customer Nodes. Since link travel times of the network
have been calibrated at 288 intervals. Travel times of the STD
optimal paths connecting any pair of customer nodes can be
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Figure 4: The calibration procedure of stochastic time-dependent travel times.

computed at each interval by the proposed robust approach
in Section 3.2.2.

(4) Depot and Customer Nodes Information. Four delivery
scenarios with different number of customer nodes were set
for the test. The spatial distribution of depot and customer
nodes is shown in Figure 5.The symbol ⋆ denoted depot, and
∙ denoted customer node.

(5) Customer Information

(i) Demand range: 1–40 units (random integers drawn
from the Solomon’s test instance R101 [19]).

(ii) Service time of customers: the service time of each
customer is fixed as 30 minutes.

(iii) The earliest service time of each customer: the earliest
start service time of each customer is generated based
on the test instance R101 of Solomon instances [19],
ranging from 8 AM to 5 PM.

(6) Time Window Information

(i) The working hours of the depot is [8:00, 19:00].
(ii) 30 minutes time window of customers: specify 30

minutes time window from the earliest start service
time for each of the customers.

(7) Vehicle Information

(i) Fleet size is 30.
(ii) Vehicle capacity is 200 units.

5.1.2. Test Environment. The test environment is as follows:

(i) CPU is Intel Core i3 (Quad-Core), 2.93GHz.
(ii) Memory is 4GB.
(iii) Operation Systems is Windows 2003 Server.
(iv) Program Language is Microsoft C# .Net.

5.2. Computational Results. The STDVRPTW were solved,
respectively, in the 4 delivery scenarios on the large-scale
road network of Shenzhen, China, by the extended NNC
algorithm. Meanwhile, in order to test the effectiveness of
the approachwe proposed, another TDVRPTW test was con-
ducted as the reference in the same instances (the expected
travel times were used to cope with the fluctuations of travel
time in STD instances for a priori delivery-route planning;
therefore it can be considered as a TDVRP). In these two
tests, the a priori delivery-route plans in the instances were
first generated based on the model of STDVRPTW and
TDVRPTW. Then the delivery task was executed according
to the a priori plans, during which the link travel times
were generated randomly (hypothetical Gaussian distribu-
tion) between the upper and lower bound of the calibrated
travel times. The number of vehicles out for service, total
schedule times, and CPU times were calculated, respectively,
in the tests. The indicator failure number denoted how many
customer nodes failed to be servedwithin their timewindows
due to the fluctuation of travel times during the actual
execution (if a vehicle arrives at the customer node beyond
its upper bound of time window, the service will not start and
the vehicle will continue its next delivery node according to
the plan).The comparative results between STDVRPTW and
TDVRPTW are shown in Table 2.

5.2.1. Comparison of Primary Results and Evaluation of
Routing Plans. Table 2 shows a comparison of the results
obtained from all instances. As expected, the total cost in
STDVRPTW test, including the number of vehicles out
for service and the total schedule times, is a little higher
compared with the counterpart instances in TD situation.
The relative increase of cost regarding the total schedule
time can go up to 13.31% in Scenario 4. Similar tendency is
also observed for the total number of vehicles; that is, STD
model requires more vehicles to serve all customer nodes,
but with the number of customers increasing in large-scale
delivery scenarios (Scenarios 3 and 4), the relative percentage
of increase becomes smaller. However, if we take the failure
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Scenario 1: a depot and 25 customer nodes

Scenario 2: a depot and 50 customer nodes

Scenario 3: a depot and 100 customer nodes

Scenario 4: a depot and 150 customer nodes

Figure 5: Spatial distribution of depot and customer nodes on the
network (4 scenarios).

number of service into consideration, the cost gap may be
ignored, which will be explained in the following.

The comparison result regarding the number of customer
nodes that fail to be served within time windows in actual
execution is quite the contrary.The failure rates of TDmodel
in 4 delivery scenarios always retain larger than 20%and seem
to be invariant with the number of customers. However, there
exist no delivery failures in the actual delivery executions
when using our STDVRP model, as shown in Table 2. Such
comparison results can be explained as follows: the expected

travel times are used in TDVRP test to cope with the fluctua-
tions of travel times for a priori route planning. However, the
actual travel times in STD networks are generated randomly
between the upper and lower bounds of the calibrated travel
times during the execution of delivery, so it cannot guarantee
the actual travel times satisfying the time-window constraint
of next customer node and may lead to the failure of delivery
task. In contrast, it can be entirely avoided in the model
of STDVRPTW we proposed by considering the worst-case
travel times though robust approach.

The good news is that the relative percentage increase of
the total cost seems to become smaller with the increasing
number of the customers, while the failure rate in TD
model always retains a high 20% level. Since the fail-serviced
customer nodes in real life generally need to be served again
afterwards, with the network scale expanding, more extra
vehicles and operational costs would be paid on the basis
of first round service. Thus, it indicates that for large-scale
network delivery task, the improvement of service level can
be very significant by use of our STDVRP model at no more
expense of increases in cost and environmental impacts.

5.2.2. Comparison of CPU Time. From the statistics in
Table 2, we can find that the STDVRPTW in 4 scenarios
requires more or less the same computational time as the
counterparts in TDVRP, and both of them can be solved
efficiently in large-scale delivery scenario by NNC algorithm
(137.88 s in 150 customers situations by use of STD model).
It implies that the VRPTW in STD networks can be solved
as efficiently as TDVRPTW by the NNC algorithm and may
have a good potential of application in large-scale network.

6. Conclusion and Future Directions

This paper addressed the VRPTW of practical sizes on a real-
world network with STD travel times. A robust optimization
based method was proposed to solve the STD optimal path
problem between any pair of customer nodes, which is
considered as the subproblem of STDVRPTW, and the path
which minimizes the worst-case travel time over all the can-
didate paths is defined as the optimal. With the subproblem
solved, the STDVRPTW can be simplified into a TDVRP
and algorithms for such TDVRPs can also be introduced to
obtain the solution. Numerical experiments were conducted
on the urban transportation network of Shenzhen, China,
consisting of 3,454nodes and 4,876 links.The stochastic time-
dependent link travel times of the network were calibrated
at 288 intervals by the use of historical floating car data.
Then the NNC algorithm was applied to solve the problem
in 4 delivery scenarios. The computational results showed
that the proposed STDVRPTW model can improve the
level of customers service by guaranteeing the time-window
constraint satisfied. The improvement can be very significant
especially for large-scale network delivery tasks at no more
expense of increases in cost and environmental impacts.

We would like to continue the work on analyzing STD-
VRP in large-scale transportation networks using real-time
information. More computational tests can be conducted
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to analyze the potential of our approach in practice. More
algorithms, such as Genetic Algorithm and Ant Colony
Algorithm, will be applied in future to obtain better solutions.
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Buses often have strong bunching or large interval tendency when traveling further along the route. To restrain this further deteri-
oration of operation service, this paper developed a bus operation control system to dynamically adjust bus speed, bus dwell time,
and traffic signal timings along the running path. In addition, a simulation platformwas developed to evaluate the proposed control
systemwith the actual data collected from bus route number 210 in Shanghai.The simulation results show that the proposed control
system canmitigate the amplification trend of the headway deviation along the route to produce headways within a given tolerance.

1. Introduction

The uncertainty of bus operation environments, such as
the dynamic and stochastic traffic congestion and passenger
demand, often causes the unreliability of bus operation
service. On busy lines with short headways, buses usually
arrive at stops irregularly, easily in bunches, which leads to
the increase of passenger waiting time and the decrease of
bus arrival punctuality rate. In China, bus transit system
in the urban area is featured by the short frequency and
no time-check points available on the bus route. There are
several factors affecting the quality of bus operation service.
With buses traveling further along the route, the effect of
random factors will gradually be balanced while the effect of
directional factors (e.g., weather condition, traffic congestion,
and driver behavior) may becomemore andmore significant,
which eventually leads to bunching phenomenon. To alleviate
the effect of directional factors, the recognition of a bus
being late or early should be proactively predicted. In that
way, the bus operators will have adequate time to restore the
buses headway regularity. Besides, bus operators build slack
into their schedules, which also leave room for the control.
The development of advanced public transportation system
(APTS), such as the automatic vehicle location (AVL) system
and the automatic passenger count (APC) system, and the
communication technologies makes the dynamic control of
bus operation possible.

2. Literature Review

There aremainly two types of operation control strategies: the
control strategy at stations and that on road sections. Holding
control (holding buses at control stops) is a common effective
method aiming at maintaining the planned bus schedule or
headway [1–4], controlling the departure time to improve the
stability of bus system. For non-frequently serviced bus route,
target schedule control is taken, while for short frequently
serviced bus route target headway control is used. Holding
control strategies can be generally divided into two categories:
one is the headway threshold-based control model in which
buses are determined to hold at stops based on the deviation
of their headway from the planned headway, and the other is
holding times optimization model in which the holding time
of each control stop is obtained through mathematical mod-
els aiming at minimizing the passengers waiting time [2, 5].

Single control point of holding control strategy is usually
set in the high passenger demand stop or the middle section
of the line [6]. Unfortunately, single-point control cannot
succeed for long routes with frequent service and a strong
bunching tendency [7]. Other point control includes the
intersection signal control which is one of the effective ways
to reduce bus headway fluctuation [8]. The speed control
is continuous control method. Salek [9] used the Kalman
filter forecasting models and proposed the idea of link speed
control in different level. The fluctuation coefficient of the
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travel speed and smoothing coefficient of the driving were
proposed [10, 11]. Chen et al. proposed an adaptive cruise
control system coordinated with the signal control strategy
for BRT system [12].

Daganzo and Pilachowski [13] designed a control system
with integration of cruise speed control and holding control
under bus-bus cooperation condition based on dynamically
predicting adjacent headway and proposed three combina-
tion control strategies to prevent buses from bunching. Ma
et al. [14] proposed the economic-driving assistance system.
The system can provide drivers with real-time bus speed and
holding times, which makes the bus running state adapt to
downstream intersection signal control and avoid bus stops
at the intersections, thereby reducing fuel consumption and
air pollution emissions.

The spatial variations of bus headway deviation can
reflect the effect of directional factors. Based on analyzing
the spatial variations of bus headway deviation, this paper
proposed a proportional headway threshold. In addition, this
paper proposed the bus operation control system based on
cooperative speed guidance for the whole route. It relies on
the cooperative speed control with other control strategies.

The remainder of this paper is organized as follows.
First, the methodology (including the control principle,
control threshold, control system architecture, and control
algorithm) will be introduced. Then the performance of the
proposed control will be evaluated by a case study using a
simulation method. Finally, conclusion and future research
will be addressed.

3. Methodology

3.1. Control Principle. Theheadway deviation from the depar-
ture terminal stop to the stop buses depart from (i.e., the
difference between the departure headway of the stop and the
scheduled headway) is defined as the path headway deviation.
From the historical bus trajectories in the whole day (as
shown in Figure 1), it is found that, with buses traveling fur-
ther on the bus route, the variance of headway deviation tends
to increase [15, 16]. The headway deviation is so large (e.g.,
stop number 21008) that it is difficult to restore the down-
stream headway regularity with buses traveling further along
the route. The single point control or small-scope control of
the route seems not to restrain this strong bunching tendency
successfully. From the perspective of the control target, it
should reduce the headway deviation at the terminal stop
(ensuring bus departure punctuality in the reverse direction)
as well as some key midway stops (high passenger demand).

3.2. Proportional Control Threshold. The headway deviation
at the terminal stop, some key midway stops, and some key
intersection should fall within the tolerated scope. The red
line marks the boundaries of bus deviation that would be
slightly late or early from the scheduled headway deviation, as
shown in Figure 1. The control threshold at each check node
is given by

Δℎ
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= 𝑡
𝑖
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Figure 1: Headway deviation with buses traveling on the route
(control unavailable).

where Δℎ
𝑖
is the absolute value of control threshold at node 𝑖;

𝑡
𝑖
is the path travel time at node 𝑖; Δℎ

𝑑
is the absolute value of

allowedmaximum headway deviation at the terminal stop; 𝑡
𝑑

is the path travel time at the terminal stop.

3.3. Control System Architecture. Figure 2 illustrates the basic
architecture of the proposed bus operation control system.
This control system is regarded as the subsystem of bus
operation dispatch system to maintain the established sched-
ule. The signal control only is unreliable because drivers’
behavior is unpredictable without speed adaption. On the
contrary, speed adaption only also lacks stable effect due
to the interaction from the other vehicles, which can be
solved by signal control. Holding control cannot succeed
for long routes with frequent service and a strong bunching
tendency. Therefore, these three control strategies are simul-
taneously implemented to dynamically revise the fluctuation
of driver behaviors in the control system. The system can
dynamically adjust bus speed, bus dwell time, and traffic
signal timings with buses traveling further along the route
from the departure stop to destination stop. With the help
of real-time communication between buses and operation
center, the departure headway between adjacent buses can be
collected and sent to the control center, when buses depart
from the stop and the center can send the message to buses.
Simultaneously, with the real-time communication between
buses and the signal controllers, the buses can send request
message to the signal controllers and the signal controllers
can adjust signal timings.

3.4. Control Algorithm. As shown in Figure 3, the process
of bus control system consists of four steps: (1) no action,
(2) speed adjustment, (3) signal adjustment, and (4) delay
notification. It takes no action if the detected headway
deviation is less than the threshold at some key nodes (such
as key intersection and key stop). If the detected headway
deviation is beyond the threshold, the speed adjustment
procedure is launched and the bus driver is notified. It is
still possible that speed adjustment alone fails to bring the
headway deviation back within the given tolerated scope.
Then the signal timing adjustment procedure is triggered and
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the bus’ headway irregularity is reduced. If any appropriate
adjustment becomes impossible, delay information would be
notified to passengers waiting at the corresponding bus stops
through electronic stop sign or mobile phone.

The speed adjustment procedure is the main component
of control system, as shown in Figure 4. If the detected
headway deviation at stop is less than the threshold, buses
keep the current speed. Otherwise, buses will be instructed
to change their current speeds. If the estimated headway
deviation at intersection is less than the threshold, the signal
timing plan will be maintained and the holding control will
not be launched. Otherwise, the holding control and/or the
signal control will be triggered. The speed adjustment is also
appropriate to the control of early buses (Figure 4).

The speed is calculated in the two following scenarios.

(1) Speed Down to Wait Next Cycle. The time that the bus trip
𝑖 departs from the intersection 𝐼 is given by

Dep𝑖
𝐼
= Dep𝑖
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+ 𝑡
𝑖
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+ 𝑑
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𝐿
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𝐻
.

(2)

The control threshold is determined by the following equa-
tion:
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Substituting (2) into (3) leads to
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The adjusted speed of the link is given by
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(2) SpeedUp to Pass the Intersection.The time that the bus trip
𝑖 departs from the intersection 𝐼 is given by

Dep𝑖
𝐼
= Dep𝑖

𝑆
+ 𝑡
𝑖

𝑗,𝑗+1
+ 𝑑
𝑖

𝑆
= Dep𝑖

𝑆
+
𝐿
𝑆,𝐼

𝑉
+ 𝑑
𝑖

𝑆
. (6)

The control threshold is determined by the following equa-
tion:

(Dep𝑖
𝐼
− Dep𝑖−1

𝐼
) − Δ𝑃

0
= Δℎ
𝑖

𝑗
. (7)

Substituting (6) into (7) leads to

(Dep𝑖
𝑆
+
𝐿
𝑆,𝐼

𝑉
+ 𝑑
𝑖

𝑆
− Dep𝑖−1

𝑆
) − Δ𝑃

0
= Δℎ
𝑖

𝑆
. (8)

Thedeparture time at intersection falls within the green phase
of the current cycle, 𝑡sg ≤ Dep

𝑖

𝑆
+ (𝐿
𝑆,𝐼
/𝑉


) + 𝑑
𝑖

𝑆
≤ 𝑡eg, 𝑉



=

𝐿
𝑆,𝐼
/(Δℎ
𝑖

𝑆
− Dep𝑖

𝑆
− 𝑑
𝑖

𝑆
+ Dep𝑖−1

𝑆
+ Δ𝑃
0
).
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Figure 5: Bus route number 210 located in Shanghai.

The adjusted speed of the link is given by

𝑉
𝑗,𝑗+1
=

{{{{{{{{{{{{{{{{{

{{{{{{{{{{{{{{{{{

{

𝑉
max
𝑗,𝑗+1
, 𝑉



> 𝑉
max
𝑗,𝑗+1

𝐿
𝑆,𝐼

(Δℎ
𝑖

𝑆
− Dep𝑖

𝑆
− 𝑑
𝑖

𝑆
+ Dep𝑖−1

𝑆
+ Δ𝑃
0
)
,

min{𝑉min
𝑆,𝐼
,
𝐿
𝑆,𝐼

𝑡eg − Dep𝑖𝑆 − 𝑑𝑖𝑆
}

≤ 𝑉


≤ max{𝑉max
𝑆,𝐼
,
𝐿
𝑆,𝐼

𝑡sg − Dep𝑖𝑆 − 𝑑𝑖𝑆
} ,

(9)

where 𝑉
𝑆,𝐼

is the recommended speed of the link between
stop 𝑆 and intersection 𝐼; 𝑉max

𝑆,𝐼
is the maximum allowed

speed of the link between stop 𝑆 and intersection 𝐼; 𝑉min
𝑆,𝐼

is
the minimum allowed speed of the link between stop 𝑆 and
intersection 𝐼; Δ𝑃

0
is the headway of the departure terminal

stop; Δℎ𝑖
𝐼
is the value of control threshold at intersection 𝐼; 𝑡

𝐻

is the holding time at the stop, 𝑡
𝐻
≤ 𝑡

max
𝐻

; 𝑡sg is the start time
of green phase; 𝑡eg is the end time of green phase; 𝐿

𝑆,𝐼
is the

distance between stop 𝑆 and intersection 𝐼; 𝑡𝑖
𝑗,𝑗+1

(𝑗 ≥ 2, 𝑖 ≥ 2)
is the link travel time; 𝑑𝑖

𝑆
is the dwell time at stop 𝑆; Dep𝑖

𝑆
is

the time that bus trip 𝑖 departs from stop 𝑆; Dep𝑖
𝐼
is the time

that bus trip 𝑖 departs from intersection 𝐼.
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Figure 6: Flowchart of transit simulation procedure.

4. Case Study

4.1. Experimental Data. The experimental data of bus oper-
ating was obtained from the AVL data of bus route number
210 located in Shanghai, AVL records from April 15, 2013, to
September 15, 2013, (5:00 am–10:00 pm). As shown in Figure
5, the southbound corridor has 14 stops and is 9.75 kilometers
long, fromYonghe Village stop to Xinzha/Wenzhou stop.The
route is frequently serviced with the scheduled headway of 3–
5 minutes during peak periods and 7–10 minutes during off-
peak periods. Passenger data was obtained fromfield surveys.

4.2. Simulation Process. The simulation updates the locations
of all buses in sequence at regular simulation time steps.
The simulation model includes three subcomponents: the
dispatch module, the bus operating module, and the control
module. Figure 6 presents the simulation process of the buses.
The simulation procedure describes the bus operational
status: departure from the start stop, travelling on the road,

arrival at the stop, and departure from the stop, serving pass-
engers at the stop and adjusting speed on the road.

The bus operating module simulates the operation pro-
cess of each bus as well as its operating environment. Bus
travel time is usually simulated using normal and lognormal
distribution [5].Through statistical analysis of historical data,
it is found that bus travel time follows normal distribution.
Based on the generated travel time, the bus arrival time
at immediate-downstream stop can be determined. Besides,
through statistical analysis of the field data, passengers arrive
at the bus station randomly, following the Poisson distribu-
tion. For the frequently serviced bus lines (i.e., the scheduled
headway of less than 10 minutes), this assumption is reason-
able. The dwell time is assumed to be a linear function of
boarding count, 𝑏, the equation is given by 𝑑𝑖

𝑗
= 𝛼 + 𝛽𝑏, and

the parameters 𝛼, 𝛽 can be specified from the experimental
data. After determining the dwell time, the time that bus
departs from the stop, Dep𝑖

𝑗
, is derived. The signal timing

plans of each intersection are generated one cycle by one cycle
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Figure 7: Distribution of headway deviation with buses traveling on
the route.

when the simulation starts.The starting time and ending time
of green phase will be updated in simulation step.

The control module simulates the adjustment bus speed
process. Before generating the next link travel time (speed),
it will check whether headway deviation between adjacent
buses is within the given range. If not, it will change the bus
speed and regenerate the next link travel time (speed).

When a complete simulation process of the bus trip is
finished, the dispatch module will generate the departure
time of next trip at the start stop according to the scheduled
timetable.

4.3. Measures of Effectiveness. Three performance measures
are used to compare different control strategies: the headway
variance, the passenger waiting time, and the travel time.The
travel time can reflect the efficiency of the system, while the
headway variance, calculated for all trips and stops, can reflect
the system stability.

4.3.1. Headway Variance. As shown in Figure 7, when bus
control is not available, bus headway deviation at the begin-
ning of several stops varies little. However, with buses travel-
ing further on the bus route, the variance of headway devia-
tion tends to increase. When the proposed control system
is implemented, the upper and the lower boundaries of the
headway deviation are decreased in some extent.The possible
reasons for this may be that, at the first several stops, the pro-
posed control systempromptly corrects the irregularity of bus
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Figure 9: Comparison of travel time in different control strategies.

headway, reducing the bus headway deviation amplification
trend.

4.3.2. PassengerWaiting Time. As shown in Figure 8, the con-
trol system can decrease the average wait time considerably.
With buses traveling further on the route, the average wait
time varies little.

4.3.3. Bus Travel Time. As shown in Figure 9, the bus travel
time decreases slightly when the control system is imple-
mented. The system improves the regularity of the headway
at the cost of travel time of some trips.The faster trips and the
slower trips are balanced after control to a certain extent.

5. Conclusion and Future Work

This paper proposed a proportional headway threshold
model, which is a metric of the dynamic speed guidance.The
bus operation control system integrates cooperative control
strategies to reduce the accumulation of the headway devia-
tion and through the experiment case, it could be found that
the control system can improve the stability and the efficiency
of the bus fleet and save the travel cost of the passengers.

It is noted that the purpose of the current research is
to improve the bus headway regularity of the route and the
signal timing adjustment procedure does not consider the
potential delays of other vehicles traveling opposite to bus at
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intersection.We will refine our control strategy if such delays
are serious.
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Rapid development of urbanization and automation has resulted in serious urban traffic congestion and air pollution problems
in many Chinese cities recently. As a traffic demand management strategy, congestion pricing is acknowledged to be effective
in alleviating the traffic congestion and improving the efficiency of traffic system. This paper proposes an urban traffic congestion
pricingmodel based on the consideration of transportation network efficiency and environment effects. First, the congestion pricing
problemundermultimode (i.e., carmode and busmode) urban trafficnetwork condition is investigated. Second, a traffic congestion
pricing model based on bilevel programming is formulated for a dual-mode urban transportation network, in which the delay and
emission of vehicles are considered. Third, an improved mathematical algorithm combining successive average method with the
genetic algorithm is proposed to solve the bilevel programming problem. Finally, a numerical experiment based on a hypothetical
network is performed to validate the proposed congestion pricing model and algorithm.

1. Introduction

With the development of urbanization and automation, the
supply and demand contradiction of urban traffic has become
increasingly prominent as well as traffic jam, which has
resulted in a series of problems, such as increasing travel
delays and traffic emissions, more frequent traffic accidents,
and reducing transportation efficiency.The primary reason of
urban traffic congestion is the sharp contradiction between
urban transport developing and land use. To ease this
problem effectively, thousands miles of urban roads have
been built in many Chinese cities recently, but this is not the
feasible solution to mitigate congestion. For a few decades,
congestion pricing has been considered to be an effective way
for traffic demand management and revenue regeneration
in many cities worldwide. It can balance the spatiotemporal
distribution of travel demand by making travelers readjust

their travel modes and routes to avoid congested roads.Thus,
the traffic congestion can be alleviated and urban traffic
system-wide operation efficiency can be improved.

The original motivation of congestion pricing is to reduce
traffic congestion [1–5]. Now these corresponding models
can generally be classified into two categories, namely, static
and dynamic. Waiters proposed an optimal static congestion
pricing model according to marginal cost pricing theory, and
thismodel firstly defined that toll charge on each road section
was the difference of marginal social cost and marginal
individual cost [6]. Dafermos and Sparrow established a road
chargingmodel based onmarginal charging theory [7], which
was applied in multiclass-user transportation network sub-
sequently [8]. Yang and Huang extended to study marginal
cost pricing with the constraint of road traffic capacity [9].
In the field of dynamic congestion pricing, Vickrey built a
congestion pricing model, considering the departure time of

Hindawi Publishing Corporation
Discrete Dynamics in Nature and Society
Volume 2015, Article ID 769251, 9 pages
http://dx.doi.org/10.1155/2015/769251

http://dx.doi.org/10.1155/2015/769251


2 Discrete Dynamics in Nature and Society

the travelers at the bottleneck, to make toll pricing equal to
queue time cost for system equilibrium [10]. Wie and Tobin
developed two types of dynamic congestion pricing models
based on the marginal cost pricing theory, and two dynamic
charging models were appropriate for a network with stable
travel demand and fluctuant travel demand, respectively [11].
Arnott et al. researched the bottleneck charging problem
under the condition of random travel capacity and demand
for further study [12]. Yang and Huang formulated a time-
varying pricing model of a road bottleneck with elastic traffic
demand based on optimal control theory [13]. Liu et al.
proposed a mathematical programming with equilibrium
constraint model for the speed-based toll design [14].

In recent years, given the ever-increasing concern on
the sustainability of transportation, travel environments have
received much attention and have been comprehensively
considered in the travel mode choice. Nowadays, both emis-
sions and other environmental factors are often taken into
account in road pricing. It is believed that congestion pricing
could lead to emission reduction and urban environment
improvement. In this field, Johansson discussed how to apply
marginal cost pricing theory to obtain the maximal net
social benefit by internalizing marginal emissions and fuel
consumption costs [15]. Nagurney et al. carried out a series
of pioneering work on market-based policies and proposed
a novel charging strategy to keep traffic emission within the
limit of an environmental quality standard [16–18]. Yin and
Lawphongpanich showed that a traffic flow distribution on
a network with minimum emissions can always be induced
by a toll charging scheme if link emission functions are
increasing [19]. Chen and Yang studied nonnegative link
toll schemes and cum rebate schemes for Pareto system
optimum of congestion and emissions on a road network
using a biobjective optimization approach [20]. Almodóvar
et al. proposed a bilevel approach for estimating pollution
tax to meet environmental goals [21]. Li et al. designed a
road toll model considering congestion and environmental
externalities on a congested network with uncertain demand
[22]. Yang et al. presented an optimal toll approach for link-
based emission pricing [23].

These aforementioned methods of urban road pricing
mainly focus on single-mode transportation system, which
consider environmental factors such as emission. However,
few articles have been devoted to focusing on multimode
transportation system, particularly on environment and
congestion. Hence, a comprehensive congestion pricing ap-
proach, under multimode and environmental condition,
should be developed to reduce travel delay and pollution
emission, for the efficiency and sustainability of entire urban
transportation system.

The rest of the paper is organized as follows: Section 2
constructs a bilevel programmingmodel of dual-mode urban
traffic congestion pricing considering delay and emissions
and then proposes the algorithm combining the successive
average method with the genetic algorithm. Section 3 per-
forms a numerical simulation to test the applicability of
the congestion pricing method on system operation and
performance. Section 4 concludes the paper with a summary
of the general findings.

2. Model Construction and Algorithm Solution

2.1. Model Construction. Firstly, the dual-mode pricing
model in the paper assumes that the car and bus network
are completely separated, and commuters could only transfer
within the bus network. Secondly, the ultra-network theory,
discussed byNagurney andDong [24], is applied in the urban
multimode traffic network according to adding virtual nodes
and links [25]. In the following network, traveler’s cost per-
ceptual psychology is described by proportional expansion
and absolute expansion and extended to links and sections
[26]. Finally, the Logit-SUEmodel is applied to analyze route
choice behavior in the multimode traffic network.

Based on the above analysis, a dual-mode congestion
pricing model considering delay and emission is established
for car-commuters in this section. It can be represented by the
following bilevel programming model.

2.1.1. The Upper-Level Model. The upper-level model of
bilevel programming is the minimum sum of total delay and
total emission caused by two modes:

min
𝜏

𝑍 (𝜏) = 𝜆 ⋅ V𝑜𝑡 ⋅ ∑
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(1)

In this paper, buses and cars are regarded as heavy vehi-
cles and light vehicles, respectively, and their emissions are
calculated by (2). In the calculation, the specific parameter
values of carbon dioxide, as the only emission gas, are de-
scribed by Yao and Song [27]. Therefore,

𝑔
𝑎
(V
𝑎
) =

{{

{{

{

𝛾
1

𝑐

V
𝑎

+ 𝛾
2

𝑐
V
𝑎
+ 𝛾
3

𝑐
V2
𝑎
+ 𝛾
4

𝑐
, ∀𝑎 ∈ 𝐴

𝑐

𝛾
1

𝑏
V
𝑎
+ 𝛾
2

𝑏
V2
𝑎
+ 𝛾
3

𝑏
, ∀𝑎 ∈ 𝐴

𝑏
,

(2)

𝑡
𝑎
(𝑥
𝑎
) =

{{

{{

{

𝑡
0

𝑎
[1 + 𝛼(

𝑥
𝑎

𝑁
𝑐
𝑂
𝑎

)

𝛽

] , ∀𝑎 ∈ 𝐴
𝑐

𝑡
0

𝑎
, ∀𝑎 ∈ 𝐴

𝑏
,

(3)

in which,

V
𝑎
(𝑥
𝑎
) =

𝑙
𝑎

𝑡
𝑎
(𝑥
𝑎
)
, ∀𝑎 ∈ 𝐴. (4)

The optimization goal of the upper-level model is to
minimize the summation of total delay and total emission on
themultimode network, where𝑍 (𝜏) is the objective function;
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𝜆 is the total delay weight of this function, 𝜆 ∈ [0, 1]; V𝑜𝑡 is the
monetary cost of unit time (RMB/time); 𝑥

𝑎
is the commuter

flow of link 𝑎; 𝑡
𝑎
(⋅) is the function of travel time cost on

link 𝑎; V𝑜𝑒 is the monetary cost of unit emission; 𝑔
𝑎
(V
𝑎
) is

the emission function of link 𝑎;𝑁
𝑐
is the average passengers

number by car; 𝑙
𝑎
is the length of link 𝑎; ℎ𝑧

𝑖
is the frequency

of bus line 𝑖; 𝜏
𝑎
is the toll charge of link 𝑎; 𝜏+
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bound of toll charges on link 𝑎;𝐴
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emission function by car; 𝛾1
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3
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of emission function by bus; when 𝑎 ∈ 𝐴
𝑐
, 𝑡0
𝑎
is the free-

flow travel time on link 𝑎; when 𝑎 ∈ 𝐴
𝑏
, 𝑡0
𝑎
is the average

travel time of bus on link 𝑎; 𝛼, 𝛽 are the parameters of BPR
function; V

𝑎
is the average travel speed on link 𝑎. Besides, 𝜎𝑖

𝑎

is a 0-1 variable; if bus line 𝑖 goes through path 𝑎, then 𝜎𝑖
𝑎
= 1;

otherwise 𝜎𝑖
𝑎
= 0.

2.1.2. The Lower-Level Model. In the lower-level model, (5)
is the probabilistic loading equation for Logit-SUE model.
Equation (6) is the constraint for travel demand equilibrium.
Equation (7) is the nonnegative flow constraint. Equation
(8) is link flow conservation constraint. Equation (9) reflects
commuters’ travel variance of each mode in the relative cost
structure and perceived cost:

𝑓
𝑤

𝑘
= 𝑑
𝑤

exp (−𝜃𝐺𝑤
𝑘
)

∑
𝑟∈𝐾
𝑤 exp (−𝜃𝐺𝑤

𝑟
)
, ∀𝑘 ∈ 𝐾

𝑤

, 𝑤 ∈ 𝑊, (5)

s.t. ∑

𝑘

𝑓
𝑤

𝑘
= 𝑑
𝑤

, ∀𝑤 ∈ 𝑊, (6)

𝑓
𝑤

𝑘
≥ 0, ∀𝑘 ∈ 𝐾

𝑤

, 𝑤 ∈ 𝑊, (7)

𝑥
𝑎
= ∑

𝑤

∑

𝑘

𝑓
𝑤

𝑘
𝛿
𝑤

𝑎𝑘
, ∀𝑎 ∈ 𝐴, (8)

where

𝐺
𝑤

𝑘
=

{{{{{{{

{{{{{{{

{

∑

𝑎∈𝐴
𝑐

[V𝑜𝑡 ⋅ 𝑘
𝑐
⋅ 𝑡
𝑎
(𝑥
𝑎
) + 𝜏
𝑎
+ V𝑜𝑘 ⋅ 𝑙

𝑎
] 𝛿
𝑤

𝑎𝑘
,

∀𝑘 ∈ 𝐾
𝑤

𝑐
, 𝑤 ∈ 𝑊

∑

𝑎∈𝐴
𝑏

[V𝑜𝑡 ⋅ 𝑘
𝑏
⋅ 𝑡
𝑎
(𝑥
𝑎
) + V𝑜𝑐

𝑏
⋅ ℎ
𝑎
(𝑥
𝑎
)] 𝛿
𝑤

𝑎𝑘
+ 𝑠
𝑤

𝑘
,

∀𝑘 ∈ 𝐾
𝑤

𝑏
, 𝑤 ∈ 𝑊

(9)

ℎ
𝑎
(𝑥
𝑎
) =

{

{

{

0, ∀𝑎 ∈ 𝐴
𝑐

(
𝑥
𝑎

𝑂
𝑎

)

𝑛

, ∀𝑎 ∈ 𝐴
𝑏

(10)

𝑠
𝑤

𝑘
= 𝑠𝑚
𝑤

𝑘
+ 𝑠𝑡
𝑤

𝑘
, ∀𝑘 ∈ 𝐾

𝑤

𝑏
, 𝑤 ∈ 𝑊, (11)

where 𝑓𝑤
𝑘

is the commuters’ flow for path 𝑘 between OD
pair 𝑤; 𝑑𝑤 is the travel demand between OD pair 𝑤; 𝜃 is the
parameter for Logit-SUE model; 𝐺𝑤

𝑘
is the total cost on path

𝑘 between OD pair 𝑤; 𝑊 is the set of OD pairs; 𝐾𝑤 is the
valid path set between OD pair 𝑤, and 𝐾𝑤 = 𝐾

𝑤

𝑐
∪ 𝐾
𝑤

𝑏
; 𝛿𝑤
𝑎𝑘

is the incidence matrix of link 𝑎, if link 𝑎 is on the path 𝑘,
𝛿
𝑤

𝑎𝑘
= 1, otherwise 𝛿𝑤

𝑎𝑘
= 0; V𝑜𝑘 is the monetary cost of fuel

consumption per kilometer; 𝑘
𝑐
is the travel time perception

expansion by car, and assume that 𝑘
𝑐
> 1; 𝑘

𝑏
is the travel

time perception expansion on the bus, and we have that 𝑘
𝑏
>

𝑘
𝑐
; V𝑜𝑐
𝑏
is the monetary cost per comfortable degree loss by

bus; ℎ
𝑎
(𝑥
𝑎
) is the function of comfort cost on link 𝑎; when

𝑎 ∈ 𝐴
𝑐
, 𝑂
𝑎
is the traffic capacity on link 𝑎; when 𝑎 ∈ 𝐴

𝑏
,

𝑂
𝑎
is the average traffic capacity of bus line 𝑎; 𝑠𝑤

𝑘
is the sum

of bus replacement fare and transfer time cost on path 𝑘

between OD pair 𝑤; 𝑠𝑚𝑤
𝑘
is the replacement fare on path 𝑘;

𝑠𝑡
𝑤

𝑘
is the perceived transfer time cost, which has an inverse

relationship with the transferred bus frequency.
Valid path set, as the basic component of Logit-SUE

assignment model, has important implications for traffic
assignment results. There are a variety of effective path set
methods proposed for SUE, such as Dial algorithm [28], full
path set [29], and cumulative path set under user-equilibrium
condition [30]. For simplicity, the efficient path set of absolute
cost constraints is adopted to filter the feasible path. Based on
multimode cost function in (9), commuters’ preferences, and
travel habits, we can obtain valid paths of each mode:

𝐾
𝑤

𝑖
= {𝑘 ∈ 𝑅

𝑤

𝑖
: 𝐺
𝑤

𝑘𝑜
≤ (1 + 𝜔)𝐺

𝑤−

𝑖𝑜
} , ∀𝑖 ∈ {𝑐, 𝑏} , 𝑤 ∈ 𝑊,

(12)

where 𝑅𝑤
𝑐
is the path set between OD pair 𝑤 on car network;

𝑅
𝑤

𝑏
is the path set between OD pair 𝑤 on bus network;

𝐺
𝑤−

𝑐𝑜
and 𝐺𝑤−

𝑏𝑜
are the total monetary cost (RMB) of any link

between OD pair 𝑤 by car and bus under free-flow state,
respectively; 𝐺𝑤

𝑘𝑜
is the total cost (RMB) of path 𝑘 between

OD pair 𝑤 under free-flow state.

2.2. The Algorithm. In the paper, the algorithm combining
the successive average method (MSA) with the genetic
algorithm (GA) is developed to solve the proposed bilevel
programming pricingmodel. It aims to solve the lower Logit-
SUE model and then to accurately evaluate the applicability
of each chromosome in GA. The detail algorithm solution is
shown as follows.

Step 1. According to (12), find the valid path set 𝐾𝑤 between
OD pair 𝑤.

Step 2. Enter the predetermined model parameters and set
the initial path flow 𝑓

𝑤

𝑘
= 0, ∀𝑘, 𝑤.

Step 3. Update the link flow and travel cost and calculate and
substitute the generalized travel cost 𝐺𝑤

𝑘
of each path in the

set 𝐾𝑤 based on (8).

Step 4. Load network traffic flow with Logit-SUE model and
calculate the additional path flow 𝑦

𝑤(𝑛)

𝑘
, ∀𝑘, 𝑤 according to

(2).

Step 5. Calculate 𝑓𝑤(𝑛+1)
𝑘

, according to 𝑓
𝑤(𝑛+1)

𝑘
= 𝑓
𝑤(𝑛)

𝑘
+

(1/𝑛) (𝑦
𝑤(𝑛)

𝑘
− 𝑓
𝑤(𝑛)

𝑘
) , ∀𝑘, 𝑤, 𝑛 ≥ 1.

Step 6. Examine the astringency, if 𝑓
𝑤(𝑛+1)

𝑘
− 𝑓
𝑤(𝑛)

𝑘


≤ 𝜀,

then stop; otherwise, set 𝑛 = 𝑛 + 1 and go to Step 3.
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Figure 1: Numerical network including two modes.

3. Experimental Results

3.1. Experimental Road Network. The hypothetical network
for numerical test, as shown in Figure 1, consists of two traffic
modes: car and bus (c and b, resp.). The label of each link
has a unique two-part name,mode-symbols and serial-codes.
It is important to note, however, that the serial codes of bus
network are the number combination of line and section, for
example, b12 represents the second link on bus line 1.

In Figure 1, there are 8 nodes (including 4 grey internal
transfer stations of bus) and 21 links.There are 11 links (c1∼c11)
for the car subnetwork and 2 lines, 11 sections (b11∼b15 and
b21∼b25) for bus subnetwork.The net information is listed in
Tables 1, 2, 3, and 4 and all the parameters remain fixed in the
following schemes.

3.2. Experimental Parameters and Schemes. The normal val-
ues of all parameters in the congestion pricing model are
given in Table 5. Suppose the other parameters are fixedwhen
carrying out a parameter sensitivity analysis.

Based on the standard parameter values and (12), the
effective path set of the dual-mode network is obtained in
Table 6.

As shown in Table 6, there are 12 effective paths between
OD pairs, including 6 paths of car network and 6 paths
(including 4 transferred paths, which are number 8, number
9, number 11, and number 12) of bus network. Based on the
above assumptions and results, two simulated test schemes
in Table 7 are set up in this paper, which are the basic test
analysis under charge and the analysis under charging or no-
charging. Additionally, the corresponding model is the lower
Logit-SUE model of the bilevel programming under the no-
charging condition.

3.3. Test Scheme 1. To simplify the representation, the addi-
tional units are omitted in the following analysis. The results
of test Scheme 1 in Table 7 contain two parts. On the one
hand, the commuters’ flow proportion change of each mode
and change of total delay and total emission are shown in
Figure 2, when the travel demand under charging increases
from 500 to 5000. On the other hand, when the delay weight
of the upper objective function increases from 0 to 1, the
variations in commuters’ flow proportion for each mode are

Table 1: Physical properties of car network.

Link
number 𝑙

𝑎
(km) Traffic capacity 𝑂

𝑎

(person/h)
Free-flow time 𝑡0

𝑎

(min)
c1 2 500 1.5
c2 2 500 1.5
c3 4 400 3
c4 12 300 9
c5 4 600 3
c6 6 600 4.5
c7 4 600 3
c8 12 300 9
c9 4 400 3
c10 2 500 1.5
c11 2 500 1.5

Table 2: Physical properties of bus network.

Link
number 𝑙

𝑎
(km) Bus capacity 𝑂

𝑎

(person/h)
Average travel time 𝑡0

𝑎

(min)
b11 2 200 4
b12 4 200 8
b13 6 200 12
b14 4 200 8
b15 2 200 4
b21 2 240 4
b22 4 240 8
b23 6 240 12
b24 4 240 8
b25 2 240 4

Table 3: Operative information of bus system.

Bus line
number

Bus fare
(RMB/person)

Frequency
(trip/h)

Trip load
(person/trip)

Bus line 1 1 5 40
Bus line 2 1 6 40

depicted in Figure 3(a), and the variations of total delay and
total emission are depicted in Figure 3(b), respectively.

In Figure 2, it shows that (i) commuters’ flow proportion
of the car has an increasing tendency with the travel demand,
but oppositely bus share decreases, particularly when the
total travel demand is over 3000. It indicates that the growth
of comfort loss cost, due to bus crowding, is higher than
growth of car travel time cost, particularly at a high travel
demand (Figure 2(a)) and (ii) the total delay and the total
emission increase gradually with the travel demand, and the
growth rate of the total delay is slightly higher than that
of total emissions. It demonstrates that the growth of travel
demand, as compared to charging, leads to the deterioration
of transportation system performance in Figure 2(b).

In Figure 3, it concludes that when the delay weight
of objective function 𝜆 ≤ 0.4, the growth of the target
delay weight has no significant influence on the commuters’
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Table 4: Transfer information of bus system.

Transfer scheme Replacement fare
(RMB/person)

Waking time
(min)

Waiting time
(min)

Total time
(min)

Bus line 1 → bus line 2 1 0 0.5 × 60/6 5
Bus line 2 → bus line 1 1 0 0.5 × 60/5 6
The replacement ticket price equals the bus target line fare, and waiting time is the half of the transferred bus line frequency.
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Figure 2: Sensitivity analysis of travel demand underpricing.
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Figure 4: Comparative sensitivity analysis of travel demand between pricing and no-pricing.

Table 5: Normal value of the numerical parameters.

Parameter Value (Unit)
V𝑜𝑘 0.8 (RMB/km)
V𝑜𝑡 0.25 (RMB/min)
V𝑜𝑐
𝑏

0.5 (RMB/comfort loss)
V𝑜𝑒 0.15 (RMB/emission)
𝑁
𝑐

1.5 (person/pcu)
𝛾
1

𝑐
, 𝛾2
𝑐
, 𝛾3
𝑐
, 𝛾4
𝑐

(3952.113, −3.061, 0.029, 223.289)
𝛾
1

𝑏
, 𝛾
2

𝑏
, 𝛾
3

𝑏
(−20.024, 0.154, 951.390)

(𝛼, 𝛽) (0.15, 4)
𝜔 0.25
𝑑
𝑤

2500 (person/h)
𝜏
+

𝑎
5 (RMB)

𝜆 0.5
𝑘
𝑐

1.0
𝑘
𝑏

1.15
𝜃 0.1
𝑛 2

flow proportion of each mode and the total delay and total
emission; but when 𝜆 ≥ 0.4, it causes an increase of car
commuters’ flow proportion, the decline of bus share, the
reduced total delay, and the increased total emission, and
these effects will be smaller and smaller until disappearing
along with increasing 𝜆. Those indicate that (i) although the
increase of delayweight is of benefit for reducing system-wide
total delay, it leads to the decline of bus share and increasing
total emissions and (ii) to promote low-carbon travel, bus
service level also should be improved to reduce travel cost and
further to promote system efficiency and travelers’ benefits.
In addition to the improvement of bus performance, the

measures, including increasing bus frequency and reducing
transfer cost, also should be taken in time by the authorities.

3.4. Test Scheme 2. In this section, the results of test Scheme 2
in Table 7 contain two parts. Firstly, when the travel demand
increases from 500 to 5000, the commuters’ flow proportion
change of eachmode and the change of the total delay and the
total emissions between pricing and no-pricing can be shown
in Figure 4. Secondly, when the delay weight of the upper
objective function increases from 0 to 1, the commuters’ flow
proportion change of eachmode and the change of total delay
and total emission between pricing and no-pricing are shown
in Figure 5. In this case, ordinate values in Figures 4 and 5 are
equal to the difference of the corresponding values between
toll charging and no-charging.

In Figure 4, it implies that (i) when the travel demand
is less than 1500, road congestion pricing has little effect
on commuters’ share of car; (ii) when the travel demand is
between 1500 and 3000, road pricing causes a slight increase
of total network delay with the growth of travel demand;
(iii) when the travel demand is equal to 3500, road pricing
reaches to the maximum; (iv) with the travel demand over
3000, congestion pricing can effectively reduce the total delay
of network and gradually increase with the growth of travel
demands; and (v) no matter how much travel demand is, the
implementation of road congestion pricing can reduce the
total emission.

The aforementioned test addresses that, when the delay
weight is equal to the emission weight, congestion pricing
at medium travel demands can effectively affect commuters’
travel mode choices and improve the bus share. The reason
can be explained as that road pricing is themost conducive to
exert the cost advantages of bus at medium travel demands.
Meantime, road pricing promotes the increasing of bus users
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Table 6: Information of the effective paths.

Traffic mode Path number Path info. Initial total cost (RMB)

Car

1 c1 → c4 → c10 15.8
2 c1 → c3 → c6 → c7 → c10 17.775
3 c1 → c3 → c6 → c9 → c11 17.775
4 c2 → c5 → c6 → c7 → c10 17.775
5 c2 → c5 → c6 → c9 → c11 17.775
6 c2 → c8 → c11 15.8

Bus

7 B11 → b12 → b13 → b14 → b15 11.8
8 B11 → b12 → b13 → b24 → b25 14.3625
9 B11 → b12 → b23 → b24 → b25 14.3625
10 B21 → b22 → b23 → b24 → b25 11.8
11 B21 → b22 → b13 → b14 → b15 14.675
12 B21 → b22 → b23 → b14 → b15 14.675
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Figure 5: Comparative sensitivity analysis of objective delay weight between pricing and no-pricing.

Table 7: Numerical simulation scenarios.

Parameter variation
Test scheme

Scheme 1:
basic test

Scheme 2: charging
or not

No charging Charging
Travel demand:
𝑑
𝑤 = [500 : 1500 : 5000]

Objective delay weight:
𝜆 = [0 : 0.1 : 1.0]

Change of commuters’ flow
proportion by car and bus; change
of total delay and total emission

and plays a key role in sustained environmental improve-
ment. However, it should not be implemented from the
perspective of relieving congestion when travel demand is at
a low level, because the average travel time of bus is longer

than that of car. Instead, when travel demand is at a high level,
pricing can significantly improve network performance due
to apparent cost advantages of car.

According to Figure 5, it deduces that (i) no matter
how much the target delay weight is, congestion pricing
can not only improve the bus share and reduce the total
emissions but also increase the total delay; (ii) when 𝜆 ≤ 0.4,
pricing has maximum effects on each parameter, and this
effect has small relevance to the target delay weight in this
range; and (iii) when 𝜆 ≥ 0.4, with the increase of delay
weight, the congestion pricing decreases positive effect for car
commuters’ proportions and the total emissions and weakens
the negative impact of the total delay. The above results
indicate that, when the traffic demand is at the medium level
(travel demand is equal to 2500), there is a significant conflict
between the optimization of travel mode share and relieving
traffic congestion, even through congestion pricing.
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4. Conclusions

Compared with the existing studies, this paper investigates
the congestion pricing for dual-mode urban traffic network
(car mode and bus mode) at first. Second, a traffic congestion
pricing model based on bilevel programming with Logit-
SUE is established for the bimode traffic network considering
delay and emission. Third, an improved GA embedded MSA
is presented to resolve the optimal pricing strategy. Finally, a
numerical example is presented to illustrate the capabilities
of the methodology and further indicates that (i) congestion
pricing can increase the mode share of bus and thus con-
tributes to reduce the total network emission and improve
urban environment; (ii) when the travel demand is at a
low level, it is difficult to make a tradeoff between reducing
emission and relieving congestion; (iii) when the travel
demand is at a high level, congestion pricing could raise bus
share and reduce total emission.
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In order to respond to the variable state of traffic network in time, a distributed dynamic traffic assignment strategy is proposed
which can improve the intelligent traffic management. The proposed dynamic assignment method is based on utility theory and is
oriented to different levels of induced users. A distributed model based on the marginal utility is developed which combines the
advantages of both decentralized paradigm and traveler preference, so as to provide efficient and robust dynamic traffic assignment
solutions under uncertain network conditions.Then, the solution algorithm including subroute update and subroute calculation is
proposed. To testify the effectiveness of the proposed model in optimizing traffic network operation and minimizing traveler’s cost
on different induced levels, a sequence numerical experiment is conducted. In the experiment, there are two test environments:
one is in different network load conditions and the other is in different deployment coverage of local agents. The numerical results
show that the proposed model not only can improve the running efficiency of road network but also can significantly decrease the
average travel time.

1. Introduction

Dynamic traffic assignment (DTA)model is the core of traffic
guidance system or traffic information service system [1, 2].
In view of the great time-varying characteristics of traffic net-
work, DTA model can ensure travelers’ minimum cost. The
aim of applying DTAmodel is to keep the road network run-
ning efficiently. No matter what kind of system applies DTA,
the efficiency of calculation is always the key to ensure the
effectiveness of this system. According to the analysis of the
equilibrium theory, DTA can be divided into two types [3]:
one is distributed dynamic traffic assignment (DDTA) and
the other is centralized dynamic traffic assignment (CDTA).

Distributed system model has been commonly applied
in our daily life, especially in the fields of electricity, energy,
manufacture and mass data calculation, and so forth [4, 5].
Distributed system strategymainly includes two patterns: the
first pattern is an upper decision control pattern, sending
dynamic message to each agent which is controlled by
central information platform; the second pattern is that
each agent can revise the strategy according to the traffic
condition in its own area, which can be called local decision.

The latter, namely, the distributed control pattern, can achieve
information sharing and communicating among different
control agents. However, the control scope of the entire
system is composed of multiple subcontrol areas.

2. Dynamic Traffic Assignment Theory:
A Brief Review

In traffic network, the distributed system is often used in the
fields of path searching, traffic signal control, and so on, such
as solving TSP problem [6, 7], vehicle navigation, and inter-
section signal control. Guo and Huang [8] proposed an opti-
mal control method with feedback adjustment. This method
was devoted to forecasting the traffic state at the nextmoment
by loading queue length and the remaining road capacity on
intersection node and was applied in one-way OD matrix.
Papageorgiou [9] presented a feedback optimal controlmodel
for time-varying traffic flow. This model is considered to be
a dynamic, macroscopical, and deterministic mathematical
model, which can achieve the dynamic user equilibrium.
The stability of this model is poor under nonlinear traffic
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problems (such as traffic congestion), although its inner
parameters were calibrated by repeated experiments. Kuwa-
hara andAkamatsu [10] proposed a time-dependent dynamic
assignment model with multi-OD matrix. In their assump-
tion, vehicles make decisions according to instantaneous
travel time and follow the principles of flow conservation and
FIFO. But the numerical experiments were not discussed.

Hawas [11] presented a distributed route guidance strat-
egy based on real-time path searching, in which it is
assumed that each node (intersections) in network acts as
an agent and the responsible area of each agent depends
on the depth of knowledge. That is to say, the greater
the processing capacity of node information is, the lager
the responsible area will be. Distributed processing is dif-
ferent from the centralized mode. The former is allowed
to use the current information in itself ’s area and choose
the alternative paths to make evaluation in order to
pick the better suitable subpath. As shown in Figure 1,
the area is composed of nodes (intersections) and road
segments.The control territory by agents is less than or equal
to their own depth knowledge.

As shown in Figure 1, the responsible area of decision
agent is a circle in which 𝑟 = 2. Hawas put forward four
path assignment principles, which are, respectively, (1) to
evaluate path by travel time estimation, where vehicles will
be assigned to the subpath with minimum travel time; (2)
to equally evaluate path by travel time estimation, where
vehicles will be divided into several groups and assigned
to different subpaths, respectively; (3) to evaluate path by
the generalized evaluation function which contains multiple
parameters (such as marginal travel time); (4) to allow the
information interaction and sharing among the agents and to
evaluate alternative paths by the marginal travel time.

3. Models

Traditional methods cannot solve the problem of dynamic
traffic assignment under the large-scale urban road network,
which promote the emergence and development of dis-
tributed dynamic traffic assignment. Different from the cen-
tralized control which requires highly, in respect of integrity
of input data, high complexity of valgorithms and time
effectiveness of computation, the distributed architecture
provides a real-time self-adaptive assignment strategy which
is based on limited local information. Such strategies based
on local control can effectively respond to real-time changes
in network traffic and are small in calculation amount and fast
in updating speed. Particularly when network traffic incident
occurs or O-D predictive value is not accurate, the validity of
distributed guidance strategy is superior to CDTA.

Travelers do not fully accept and implement the informa-
tion which is obtained from the center or the client. These
choice differences are reflected by the limited rational behav-
ior in their travelling. According to the existing research
with respect to driver classification as proposed by Fan and
Machemehl and so forth [12], we can divide the user group
who accept guidance information into the following four
types:

Decision 
node

D

Figure 1: Control territory by agent when knowledge depth is 2.

(1) level 1, the driver whose car is not equipped with
the vehicle navigation apparatus travels in accordance
with preset route by relying on historical travel infor-
mation or outside information that was once received;

(2) level 2, the driver whose car is equipped with car nav-
igation equipment travels by following the prescribed
route sent by the system/center;

(3) level 3, the driver whose car is equipped with car
navigation equipment travels by following the routine
under user optimal;

(4) level 4, drivers with bounded rationality change the
travel route based on the information obtained in real
time.

This study assumes that, under the circumstance that only
part of the OD travel demand is known, DDTA certainly
cannot achieve the goal of minimum travel time or lowest
expenditure in a general situation. Moreover, it assumes that
the road network has several agents and any of the agents
within its regional “jurisdiction” is responsible for the devel-
opment of inducing strategy for the entering vehicles. The
size of the area is restricted by computational performance,
accuracy requirements, and other conditions. By inputting
limited information, the optional path (O-D) is evaluated
and the vehicle (instantaneous distribution) is distributed
to the node in the downstream segment. The agents make
decisions by analyzing the advantages and disadvantages and
use local state (local area, ll) and nonlocal (nonlocal, nl) state
to present.

(1) The former describes the current state of the path
within the area.

(2) The latter expresses that the expected status exceeds
the level of knowledge 𝜋.

Through the road network segmentation, driving route
of the vehicle can be seen as a series of subpath selections.
Each agent point is a decision point, which can use the known
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information and heuristic methods to evaluate the subpath
sets that we can choose and to feed back the results to the
entering vehicles.

To define subpath 𝑘 ∈ 𝐾(𝑙, 𝑛, 𝑗, 𝑡, 𝜋), 𝑘 means subpaths
from the decision point 𝑛 to the end point 𝑗, when the
knowledge depth of agent is 𝜋 and the vehicle is subjected
to the conditions of level 𝑙 at the time of 𝑡. The value of 𝜋 is
determined according to the scope of extractable information
from the downstream segment (or nodes). As shown in
Figure 2, the knowledge depth 𝜋 of agent point at 𝑛 is 2.

Explanations on model symbols are as follows:

𝑙𝑟
𝑡

𝑛,𝑗
: the number of vehicles which is distributed to

subpaths 𝑘 ∈ 𝐾(𝑙, 𝑛, 𝑗, 𝑡, 𝜋) by agent from agent point
𝑛 to the end point 𝑗 at the time of 𝑡;
𝑞
𝑡

𝑛,𝑗,𝑘
: the total number of vehicleswhich is in subpaths

𝑘 ∈ 𝐾(𝑙, 𝑛, 𝑗, 𝑡, 𝜋) from agent point 𝑛 to the end point
𝑗 at the time of 𝑡;
𝐽: collection at destination;
𝑁: collection at agent point;
Γ: time, Γ = [𝑡

0
, 𝑡
𝑒
];

𝐾(𝑙, 𝑛, 𝑗, 𝑡): the collection of subpaths, when the user’s
level is 𝑙 and the user has accepted induction from
point 𝑛 to the end point 𝑗 at the time of 𝑡;
𝑡
0
: the start time;

𝑡
𝑒
: the end time;

𝑇
𝑡

𝑛,𝑗,𝑘
: the travel time of path 𝑘, 𝑘 ∈ 𝐾(𝑙, 𝑛, 𝑗, 𝑡, 𝜋) from

point 𝑛 to the end point 𝑗;

𝑇
𝑡,ll
𝑛,𝑗,𝑘

: the real travel time of path 𝑘, 𝑘 ∈ 𝐾(𝑙, 𝑛, 𝑗, 𝑡, 𝜋)

from point 𝑛 to the end point 𝑗 in local state (ll);
𝑇
𝑡,nl
𝑛,𝑗,𝑘

: the real travel time of path 𝑘, 𝑘 ∈ 𝐾(𝑙, 𝑛, 𝑗, 𝑡, 𝜋)

from point 𝑛 to the end point 𝑗 in nonlocal state (nl).

When 𝑡 ∈ Γ and agent 𝑛 ∈ 𝑁, it is mathematically
expressed as follows:

min
𝑙𝑟
𝑡

𝑛,𝑗,𝑘

𝑍
𝑡

𝑛,𝑗
= ∑

𝑗

∑

𝑘∈𝐾(𝑙,𝑛,𝑗,𝑡)

[(𝑞
𝑡

𝑛,𝑗,𝑘
+ 𝑙𝑟
𝑡

𝑛,𝑗,𝑘
) 𝑇
𝑡

𝑛,𝑗,𝑘
]

s.t.
(1)

∑

𝑘∈𝐾(𝑙,𝑛,𝑗,𝑘)

𝑙𝑟
𝑡

𝑛,𝑗,𝑘
= 𝑙𝑟
𝑡

𝑛,𝑗,𝑘
∀𝑗, (2)

𝑇
𝑡

𝑛,𝑗,𝑘
= 𝑇
𝑡,ll
𝑛,𝑗,𝑘

+ 𝑇
𝑡,nl
𝑛,𝑗,𝑘

∀𝑗, 𝑘 ∈ 𝐾 (𝑙, 𝑛, 𝑗, 𝑡) , (3)

𝑙𝑟
𝑡

𝑛,𝑗,𝑘
≥ 0. (4)

Theobjective function equation (1) represents that, within
the agent coverage, the function of the vehicle travel time is
minimum; the constraints function (2) is flow conservation
constraints, which represents that the total sum of flows
allocated to each path is equal to the total sum of vehicles that
have left the agent; the constraints equation (3) represents the
travel time from point 𝑛 to the end point 𝑗, which includes
the travel time in local state of subpath and the travel time

Agent

D

Figure 2: DDTA agent control territory.

in nonlocal state of subpath; the constraints equation (4)
represents that the number of vehicles is nonnegative.

According to the Lagrange equation, it can be known that
(1) and (2) can be rewritten as

𝐿 = ∑

𝑘∈𝐾(𝑙,𝑛,𝑗,𝑘)

{(𝑞
𝑡

𝑛,𝑗,𝑘
+ 𝑙𝑟
𝑡

𝑛,𝑗,𝑘
) 𝑇
𝑡

𝑛,𝑗,𝑘
}

− 𝛿
𝑡

𝑛,𝑗
( ∑

𝑘∈𝐾(𝑙,𝑛,𝑗,𝑘)

𝑙𝑟
𝑡

𝑛,𝑗,𝑘
− 𝑙𝑟
𝑡

𝑛,𝑗
) ,

(5)

where 𝛿𝑡
𝑛,𝑗

is the Lagrangian arithmetic operator and meets
the constraint condition for the conservation of demand.

K-K-T (Karush-Kuhn-Tucker) is optimized as follows:

𝜕𝐿

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

=

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘
𝑇
𝑡

𝑛,𝑗,𝑘

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

− 𝛿
𝑡

𝑛,𝑗

= 𝑇
𝑡

𝑛,𝑗,𝑘
+ 𝑙𝑟
𝑡

𝑛,𝑗,𝑘

𝜕𝑇
𝑡

𝑛,𝑗,𝑘

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

− 𝛿
𝑡

𝑛,𝑗

∀𝑗, 𝑡, 𝑘 ∈ 𝐾 (𝑙, 𝑛, 𝑗, 𝜋) ;

(6)

then

𝑙𝑟
𝑡

𝑛,𝑗,𝑘

𝜕𝐿

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

= 𝑙𝑟
𝑡

𝑛,𝑗,𝑘
(𝑇
𝑡

𝑛,𝑗,𝑘
+ 𝑙𝑟
𝑡

𝑛,𝑗,𝑘

𝜕𝑇
𝑡

𝑛,𝑗,𝑘

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

− 𝛿
𝑡

𝑛,𝑗
) = 0

∀𝑗, 𝑡, 𝑘 ∈ 𝐾 (𝑙, 𝑛, 𝑗, 𝜋) .

(7)

When 𝑙𝑟
𝑡

𝑛,𝑗,𝑘
≥ 0, the path margin travel time is the

minimum at 𝛿𝑡
𝑛,𝑗
. 𝑇𝑡
𝑛,𝑗,𝑘

can be substituted with 𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
in (6),

which means real-time travel in local region; similarly, in the
nonlocal region, real travel time can be expressed as 𝑇𝑡,nl

𝑛,𝑗,𝑘
:

𝜕𝐿

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

= (𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
+ 𝑇
𝑡,nl
𝑛,𝑗,𝑘

) + 𝑙𝑟
𝑡

𝑛,𝑗,𝑘

𝜕 (𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
+ 𝑇
𝑡,nl
𝑛,𝑗,𝑘

)

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

− 𝛿
𝑡

𝑛,𝑗
≥ 0.

(8)
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And the total margin travel time is defined as follows:

𝐻
𝑡

𝑛,𝑗,𝑘
= (𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
+ 𝑇
𝑡,nl
𝑛,𝑗,𝑘

) + 𝑙𝑟
𝑡

𝑛,𝑗,𝑘

𝜕 (𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
+ 𝑇
𝑡,nl
𝑛,𝑗,𝑘

)

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

, (9)

where 𝐻𝑡
𝑛,𝑗,𝑘

represents the real marginal travel time of path
𝑘 from point 𝑛 to the end point 𝑗 at 𝑡 time.

The marginal travel time is 𝜕𝑇𝑡,𝑙
𝑛,𝑗,𝑘

/𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘
in the range of

the agent, but the marginal travel time is 𝜕𝑇𝑡,nl
𝑛,𝑗,𝑘

/𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘
in

nonlocal state. Equation (10) represents the marginal travel
time of path 𝑘 from point 𝑛 to the end point 𝑗 in nonlocal
state:

𝐻
𝑡

𝑛,𝑗,𝑘
= 𝑀
𝑡,𝑙

𝑛,𝑗,𝑘
+𝑀
𝑡,nl
𝑛,𝑗,𝑘

= (𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
+ 𝑙𝑟
𝑡

𝑛,𝑗,𝑘

𝜕𝑇
𝑡,𝑙

𝑛,𝑗,𝑘

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

) + (

𝑆
𝑡,nl
𝑛,𝑗,𝑘

𝑆
𝑡,𝑙

𝑛,𝑗,𝑘

)𝑇
𝑡,𝑙

𝑛,𝑗,𝑘

= (1 +

𝑆
𝑡,nl
𝑛,𝑗,𝑘

𝑆
𝑡,𝑙

𝑛,𝑗,𝑘

)𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
+ 𝑙𝑟
𝑡

𝑛,𝑗,𝑘

𝜕𝑇
𝑡,𝑙

𝑛,𝑗,𝑘

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

,

(10)

where 𝐻𝑡
𝑛,𝑗,𝑘

is the total marginal travel time of path 𝑘 from
point 𝑛 to the end point 𝑗; 𝑀𝑡,𝑙

𝑛,𝑗,𝑘
is the marginal travel time

of path 𝑘 from point 𝑛 to the end point 𝑗 in local state;𝑀𝑡,nl
𝑛,𝑗,𝑘

is the marginal travel time of path 𝑘 from point 𝑛 to the end
point 𝑗 in nonlocal state; 𝑆𝑡,𝑙

𝑛,𝑗,𝑘
is length ratio of path 𝑘 in local

state; 𝑆𝑡,nl
𝑛,𝑗,𝑘

is length ratio of path 𝑘 in nonlocal state.
Comparing (10) with (9), the difference of second type

is the error between the exact marginal travel time and the
estimated marginal travel time, which is

Δ = (𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
−

𝑆
𝑡,nl
𝑛,𝑗,𝑘

𝑆
𝑡,𝑙

𝑛,𝑗,𝑘

𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
) + 𝑙𝑟

𝑡

𝑛,𝑗,𝑘

𝜕𝑇
𝑡,𝑙

𝑛,𝑗,𝑘

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

= (𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
+ 𝑟
𝑡

𝑛,𝑗,𝑘

𝜕𝑇
𝑡,𝑙

𝑛,𝑗,𝑘

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

) −

𝑆
𝑡,nl
𝑛,𝑗,𝑘

𝑆
𝑡,𝑙

𝑛,𝑗,𝑘

𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
.

(11)

Equation (11) shows that when accurate marginal travel
time approaches the estimated time and the length ratio in
local state and the length ratio in nonlocal state are approx-
imate, the error is zero. However, due to traffic conditions
and time-varying characteristics of travel demand, the error
would hardly disappear.

In order to reduce the error between the actual value
and the estimated value, this study proposes the introduction
of the shortest path information as calculated in the vehicle
system and applies the same in the local road network which
is covered by the agent to estimate the marginal travel time in
nonlocal area. That is to say, (10) can be rewritten as

𝐻
𝑡

𝑛,𝑗,𝑘
= 𝑀
𝑡,𝑙

𝑛,𝑗,𝑘
+𝑀
𝑡,nl
𝑛,𝑗,𝑘

= (𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
+ 𝑙𝑟
𝑡

𝑛,𝑗,𝑘

𝜕𝑇
𝑡,𝑙

𝑛,𝑗,𝑘

𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘

) + 𝑇
𝑡,nl
𝑛,𝑗,𝑘

,

(12)

where 𝑙𝑟𝑡
𝑛,𝑗,𝑘

(𝜕𝑇
𝑡,𝑙

𝑛,𝑗,𝑘
/𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘
) represent the error between the

actual value and the estimated value. As it can be seen from
the error term, the marginal travel time valuated in the
model is low, because we assumed that travelers’ behavior
was known. With increasing distance (the farther away
from the decision-making agent), its additional marginal
influences on path decision-making became smaller. So there
is 𝜕𝑇𝑡,𝑙
𝑛,𝑗,𝑘

/𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘
→ 0.

4. Model Solution

The solving process of the DDTA (marginal-based DDTA,
M-DDTA) model based on marginal travel time in the
above section is divided into the following two parts: (1) the
generation of agent subpath sets and (2) the update of subpath
sets.

This paper puts forward subpath generation algorithm
(SGA) for the first part. Agent calculates the local alternative
paths in the networkwith the purpose of selecting the feasible
subpath sets. In the selection process, this paper takes traveler
(user) factor into consideration, such as 𝜋 which represents
the depth of knowledge. Alternative subpath sets do not
change in the execution of agent.

The focus of the second algorithm part is renewing
the subpath set which is called subpath updating algorithm
(SUA) in this paper. The object of update is the subpath set
which is established by SGA in the first step. SUA estimates
the travel time of the nonlocal area by heuristic search [12]
or directly receives the marginal travel time information
transmitted by the center, in order to meet the requirements
for time efficiency of the route guidance calculation.

4.1. SGAAlgorithm. Firstly, SGA sets agent as “root node” and
generates all the subpaths within its scope. Then, a subpath
list will be established, and all the subpaths in the list will
be reviewed and those invalid paths will be removed. Finally,
a feasible subpath set will be formed and provided to SUA
algorithm in the second step for the update of subpath set.

The specific steps of SGA are as follows.

Step 1. Prepare the expression of road network structure (the
forward star structure).

Step 2. Create scan path table 𝑆𝜋
𝑛
; the scan starting point is the

agent point 𝑛 and the scan area is determined by the depth of
knowledge 𝜋.

Step 2.1. Initialization. Define a starting position of the
pointer array 𝑐 = 1 and the counter 𝑑 = 0. Make |𝑆𝑛

𝜋
| = 1,

𝑆
𝑛

𝜋
(𝑐) = 𝑛, and the depth 𝐷(𝑐) = 0, as well as the precursor

𝑝[𝑆
𝑛

𝜋
(𝑐)] = 0.

Step 2.2. Make 𝑑 = 𝑑 + 1. For arbitrary point 𝑜 = 𝑆
𝑛

𝜋
(𝑐), add

nodes 𝑚 ∈ 𝑎(𝑜) in which 𝑎(𝑜) represents adjacent nodes set
of node 𝑜 in the table. But at the bottom of the form, make
𝑚 ̸= 𝑝(𝑜). Make precursor𝑝(𝑚) = 0,𝐷(𝑚) = 𝑑, and 𝑐 = 𝑐+1.

Step 2.3. If 𝑑 = 𝜋+1, stop traversal; otherwise repeat Step 2.1
and Step 2.2.
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Step 3. Construct alternative paths according to the table 𝑆𝜋
𝑛
.

Step 3.1. Initialize the path set, making the path count 𝑘 =

1, 𝑐 = |𝑆
𝑛

𝜋
|.

Step 3.2. Initialize the path 𝑘, making continuous node count
𝑗 = 1 and node label 𝑛

𝑗
= 𝑆
𝑛

𝜋
(𝑐).

Step 3.3. Set 𝑗 = 𝑗 + 1.

Step 3.4. Set 𝑛
𝑗
= 𝑝[𝑆

𝑛

𝜋
(𝑐)].

Step 3.5. If 𝑝(𝑆
𝑐
) = 0, then stop; otherwise repeat Step 3.3 to

Step 3.5.

Step 3.6. Set 𝑘 = 𝑘 + 1 and 𝑐 = 𝑐 − 1.

Step 3.7. If 𝑐 = 0, then stop; otherwise repeat Step 3.2 to
Step 3.6.

Step 4. Remove the invalid path in the table 𝑆𝜋
𝑛
and ensure the

subpath 𝑘 does not include loop.

4.2. SUA Algorithm. The subpath set 𝑆𝜋
𝑛
generated by SGA

does not change in the agent decision process, which is
updated only when the road network topology changes or
the agent changes itself. In order to guarantee the rationality
of the subpath distribution, each agent in the road network
needs to calculate the total marginal travel time (as shown in
(10)). The total marginal travel time of a path consists of two
parts, which are, respectively, local marginal travel time esti-
mation and nonlocal marginal travel time estimation, as rep-
resented in the equation𝐻

𝑡

𝑛,𝑗,𝑘
= 𝑀
𝑡,𝑙

𝑛,𝑗,𝑘
+𝑀
𝑡,nl
𝑛,𝑗,𝑘

. Local travel
time can be collected through road-side traffic flow detector,
whilemarginal travel time can only be obtained by computing
the corresponding estimation values. This paper uses Green-
berg model [13] to estimate local marginal travel time:

𝑢
𝑡

𝑎
= 𝑢
𝑜

𝑎
ln(

𝑘
jam
𝑎

𝑘𝑡
𝑎

) , (13)

where 𝑢𝑡
𝑎
denotes the speed on the road 𝑎 at the time of 𝑡; 𝑢𝑜

𝑎

denotes the free-flow speed on the road 𝑎; 𝑘jam
𝑎

denotes the
jam density on the road 𝑎; 𝑘𝑡

𝑎
denotes the density on the road

𝑎 at the time of 𝑡.
The real-time travel time on the road 𝑎 can be obtained by

using the above equation. In fact, this travel time is a function
of traffic flow.The traffic flow contains the existing vehicles on
the road 𝑎 at the time of 𝑡 and the number of vehicles running
into road 𝑎. The equation is as follows:

𝑡
𝑡

𝑎
(𝑥
𝑡

𝑎
+ 𝑟
𝑡

𝑛,𝑗,𝑎
) =

𝑑
𝑎

𝑢𝑡
𝑎

=
𝑑
𝑎

𝑢𝑡
𝑎

ln(
𝑘
jam
𝑎

𝑘𝑡
𝑎

)

−1

, (14)

where 𝑑
𝑎
is length of road 𝑎.

To calculate the partial derivative of 𝑟𝑡,𝑙
𝑛,𝑗,𝑘

for 𝑡𝑡
𝑎
(𝑥
𝑡

𝑎
+𝑟
𝑡

𝑛,𝑗,𝑎
),

the above equation becomes as follows:

𝜕𝑡
𝑡

𝑎
(𝑥
𝑡

𝑎
+ 𝑟
𝑡,𝑙

𝑛,𝑗,𝑎
)

𝜕𝑟
𝑡,𝑙

𝑛,𝑗,𝑎

=

𝜕𝑡
𝑡

𝑎
(𝑥
𝑡

𝑎
+ 𝑟
𝑡,𝑙

𝑛,𝑗,𝑎
)

𝜕𝑘𝑡
𝑎

𝜕𝑘
𝑡

𝑎

𝜕𝑟
𝑡,𝑙

𝑛,𝑗,𝑎

=
𝑑
𝑎

𝑢𝑜
𝑎
(𝑥𝑡
𝑎
+ 𝑟
𝑡,𝑙

𝑛,𝑗,𝑎
)

ln(
𝑘
jam
𝑎

𝑘𝑡
𝑎

)

−2

.

(15)

Therefore, the marginal travel time𝑀𝑡,𝑙
𝑛,𝑗,𝑘

of subpath 𝑘 in
local area is given below:

𝑀
𝑡,𝑙

𝑛,𝑗,𝑘
= ∑

𝑎∈𝑘

[

[

(𝑥
𝑡

𝑎
+ 𝑟
𝑡,𝑙

𝑛,𝑗,𝑎
)

𝜕𝑡
𝑡

𝑎
(𝑥
𝑡

𝑎
+ 𝑟
𝑡,𝑙

𝑛,𝑗,𝑎
)

𝜕𝑟
𝑡,𝑙

𝑛,𝑗,𝑎

+ 𝑡
𝑡

𝑎
(𝑥
𝑡

𝑎
+ 𝑟
𝑡,𝑙

𝑛,𝑗,𝑎
)]

]

= ∑

𝑎∈𝑘

𝑑
𝑎

𝑢𝑜
𝑎

{[ln(
𝑘
jam
𝑎

𝑘𝑡
𝑎

)

−2

] + 𝑡
𝑡

𝑎
(𝑥
𝑡

𝑎
+ 𝑟
𝑡,𝑙

𝑛,𝑗,𝑎
)}

= ∑

𝑎∈𝑘

𝑑
𝑎

𝑢𝑜
𝑎

{[ln(
𝑘
jam
𝑎

𝑘𝑡
𝑎

)

−2

] + [ln(
𝑘
jam
𝑎

𝑘𝑡
𝑎

)

−1

]} .

(16)

It can be seen that it is enough to obtain the traffic density
𝑘
𝑡

𝑎
only. Other variables such as free-flow speed, the length of

road section, and jam density are constant.
The nonlocal marginal travel time can be calculated

according to (10). Euclidean distance is used to estimate 𝑆𝑡,𝑙
𝑛,𝑗,𝑘

and 𝑆
𝑡,nl
𝑛,𝑗,𝑘

. When the road network structure is regular grid,
Manhattan distance [14] is more appropriate.The equation of
Euclidean distance is as follows:

𝑆
𝑡,𝑙

𝑛,𝑗,𝑘
= √(𝑥𝑥

𝑛
− 𝑥𝑥
𝑧
)
2

+ (𝑦𝑦
𝑛
− 𝑦𝑦
𝑧
)
2

,

𝑆
𝑡,𝑙

𝑛,𝑗,𝑘
= √(𝑥𝑥

𝑧
− 𝑥𝑥
𝑗
)
2

+ (𝑦𝑦
𝑧
− 𝑦𝑦
𝑛
)
2

,

(17)

where (𝑥𝑥
𝑛
, 𝑦𝑦
𝑛
) denotes 𝑥 − 𝑦 coordinates of the 𝑛 point;

(𝑥𝑥
𝑧
, 𝑦𝑦
𝑧
) denotes 𝑥 − 𝑦 coordinates of the end point 𝑧

in subpath; (𝑥𝑥
𝑗
, 𝑦𝑦
𝑗
) denotes 𝑥 − 𝑦 coordinates of the

destination point 𝑗.
The equation of Manhattan distance is as follows:

𝑆
𝑡,𝑙

𝑛,𝑗,𝑘
=
𝑥𝑥𝑛 − 𝑥𝑥

𝑧

 +
𝑦𝑦𝑛 − 𝑦𝑦

𝑧

 ,

𝑆
𝑡,𝑙

𝑛,𝑗,𝑘
=

𝑥𝑥
𝑧
− 𝑥𝑥
𝑗


+
𝑦𝑦𝑧 − 𝑦𝑦

𝑛

 ,

(18)

where (𝑥𝑥
𝑛
, 𝑦𝑦
𝑛
) denotes 𝑥 − 𝑦 coordinates of the 𝑛 point;

(𝑥𝑥
𝑧
, 𝑦𝑦
𝑧
) denotes 𝑥 − 𝑦 coordinates of the end point 𝑧

in subpath; (𝑥𝑥
𝑗
, 𝑦𝑦
𝑗
) denotes 𝑥 − 𝑦 coordinates of the

destination point 𝑗.
Considering the distance between nonlocal area and local

decision point, 𝑇𝑡,nl
𝑛,𝑗,𝑘

+ 𝑙𝑟
𝑡

𝑛,𝑗,𝑘
(𝜕𝑇
𝑡,nl
𝑛,𝑗,𝑘

/𝜕𝑙𝑟
𝑡

𝑛,𝑗,𝑘
) can be simplified

as𝑇𝑡,nl
𝑛,𝑗,𝑘

, when it is assumed that the impact of marginal travel
time can be ignored when the subpath 𝑘 adds one car.
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Figure 3: Comparison of average travel time under 9800 veh network loading.
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Figure 4: Comparison of average travel time under 12200 veh network loading.

According to the Logit model which is proposed by
Hawas, we can obtain 𝑃

𝑘
as follows:

𝑃
𝑘
=

𝑒
−𝛼𝐻
𝑘

∑
𝑖
𝑒−𝛼𝐻𝑖

, (19)

where 𝑃
𝑘
denotes the probability of vehicles being assigned

to the subpath 𝑘; 𝐻
𝑘
denotes the total marginal travel time

of subpath 𝑘; 𝛼 is adjustment coefficient of the total marginal
travel time𝐻

𝑘
.

The𝛼 can adjust the distribution proportion of traffic flow
indifferent paths. Therefore, the value of 𝛼 directly affects the
actual traffic flow of the path. Assuming there are two paths
denoted as 𝑘

1
and 𝑘
2
, the distribution proportion is 𝑃

𝑘
1

/𝑃
𝑘
2

=

𝑒
−𝛼(𝐻

𝑘1
−𝐻
𝑘2
) according to (19). As 𝛼 increases, the difference

of the total marginal travel time between two paths will be
greater.

Specific SUA steps are as follows.

Step 1. Calculate the total marginal travel time 𝐻
𝑡

𝑛,𝑗,𝑘
of all

paths 𝑘 when 𝑘 ∈ (𝑙, 𝑛, 𝑗, 𝑡, 𝜋). The local marginal travel time
𝑀
𝑡

𝑛,𝑗,𝑘
is calculated by using (16).Thenonlocalmarginal travel

time is estimated by using Euclidean distance or Manhattan
distance according to different road network structures.

Step 2. Calculate the distribution proportion of different
subpath 𝑘, 𝑘 ∈ (𝑙, 𝑛, 𝑗, 𝑡, 𝜋) according to (4)–(19).

Step 3. Distribute the vehicle which leaves at the time of 𝑡
from node 𝑛 to the destination 𝑗.

Step 4. Repeat Step 1 to Step 3.

5. Numerical Analysis

The agent deployment principles under distributed guidance
environment are determined by the following two points:
(1) topology of road network and (2) distribution of crowd-
ing/congestion in road network. The percentage of deploy-
ment coverage of agents actually determines the effect of
guidance. The coverage of road network (nodes) has a direct
impact on the development and update of DTA strategy.

This study adapted full coverage and partial coverage
modes, respectively, and a parameter (average travel time)
was simulated under various traffic states. The numerical
results are shown in Figures 3, 4, and 5.

In Figures 3–5, the horizontal axis represents the vehicle
number and the vertical axis represents the average travel
time. Traffic flow loading in Figures 3 to 5 is 9800 veh,
12200 veh, and 17000 veh, respectively. The blue curve and
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Figure 5: Comparison of average travel time under 17000 veh network loading.

red curve represent that the deployment coverage is 50%
and 100%, respectively. As mentioned earlier, the agents’
coverage of the road network has a significant impact on
network equilibrium assignment. So the links travel time will
be increasing with the deployment coverage decreasing. On
the contrary, the efficiency of network will become better
with the percentage increments. These results also show the
importance of deploying the agents rationally.

According to Figure 3, it can be known that when the
network load is low, the traffic flow is relatively small and the
average vehicle speed is relatively high, and thus the average
travel time is less.When agent deployment coverage increases
from 50% to 100%, the average travel time shows a significant
decrease of about 15%. When the network load environment
is 122000 veh, the links become a slight congestion and
the average travel time increases. In contrast with 50%
deployment coverage, with 100% deployment coverage, the
average travel time decreases by about 21%. In this scenario,
the average travel is more than that in the first experiment.
Figure 5 shows a sharp increase comparing with the other
scenarios. Apparently, the curve descriptive 100% coverage is
better than the 50% coverage curve.The travel time decreased
approximately by 20%. No matter in what situations the
experiments are conducted, the curves all present similar
decreasing tendency. Namely, traffic information sharing and
communicating among the agent control territories are the
basis of the efficiency of DDTA. Moreover, the more the
percentage of deployment coverage, the more the efficiency
and timeliness with the DDTA running.

6. Conclusion

This study proposed a new traffic guidance strategy. Different
from the traditional traffic assignment process, the proposed
method classifies the levels of road users according to the
analysis of their actual inducing requirement on the basis
of the expected utility theory research at the beginning and
then it partitions the road network into multiple subareas
which are controlled by their local agents.This novel dynamic
assignment strategy not only considers the actual traveler’s
preference, but also can achieve a rapid response to the

emergency incident in local area. Aiming to verify the
model of dynamic traffic assignment based on marginal
travel time and its solution algorithm, a set of scenarios
are also designed to investigate the performance of road
network. Consequently, a series of meaningful results were
obtained, where it appears that the deployment coverage
of local agent becomes a restricting factor for the system
guidance performance. With road network load increments,
the application of the proposedmethod can effectively reduce
the vehicles average travel time by more than 20%.
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This paper aims to examine characteristics of e-bike fatal crashes on urban highways in China. Crash data were retrieved from the
three-year crash reports (2010–2012) of Taixing City. Descriptive analysis was conducted to examine characteristics of e-bike riders,
drivers, and crashes. The important findings include the following: (1) most fatal crashes were related to e-bike riders’ aberrant
driving behaviors, including driving in motorized lanes, red-light running, driving against the direction of traffic, inattentive
driving, and drunk driving; (2) e-bike riders with lower educational background tended to perform illegal or inattentive driving
behaviors in fatal crashes; (3) most drivers were not found to commit any faults and very few drivers were found to commit drunk
driving offences; (4) most nighttime fatal crashes were related to absence of street lightings; (5) heavy good vehicles (HGVs) and
small passenger cars were the two vehicle types that were mostly involved in the e-bike fatal crashes. This study provides useful
information that can help traffic engineers better understand e-bike safety in China and develop safety countermeasures.

1. Introduction

Electric bicycles (i.e., e-bikes) entered China’s market early in
1998 [1]. E-bikes are fully or primarily propelled by electric
power from rechargeable batteries. There are different types
of e-bikes in China. Among them, the two predominant types
are bicycle style e-bikes that are propelled bymanual pedaling
and electric power together and scooter style e-bikes that are
fully powered by electricity [2]. Since they are inexpensive,
economic, and convenient, e-bikes have been largely used for
daily commute. During the past decade, e-bike ownership has
experienced a significant increase in China.

However, despite the above-motioned merits, some seri-
ous safety issues on e-bikes have emerged. First, there is no
license and insurance required for e-bike riders. Thus, e-
bike riders with low skills and safety awareness could largely
increase traffic risks. Second, there are no mandatory protec-
tions required for e-bike riders, such as helmets. Helmets are
required for cyclists in many countries and they have been
found to effectively protect vulnerable road users, such as
bicyclists and motorcyclists. However, although e-bikes have
been designed to be faster than bicycles, most e-bike riders in

China do not wear helmets. Third, e-bikes are regulated with
the maximum speed of 20 km/hr. However, many e-bikes,
especially scooters, travel at speeds much higher than this
limit [3], increasing their crash risk.

In recent years [1], e-bike injuries and deaths have been
significantly increasing. Thus, it is essential to examine the
related factors of e-bike safety in order to develop effective
countermeasures. However, few safety researches on such
topic have been identified. To fill this gap, e-bike fatal crashes
on urban highways in China are examined in this paper.

2. Literature Review

Safety issue is very important for transportation-related
research [4, 5]. However, a limited number of researches on e-
bike safety have been identified. Weinert et al. [3] examined
safety perceptions of e-bike users by surveying e-bike users
in Shijiazhuang City in China. Their results included the fol-
lowing: (1) e-bike users felt satisfied and safe when travelling;
(2) females felt safer using e-bikes to cross intersections than
bicycles. Feng et al. [1] examined the trend of e-bike related
injuries in China. It was found that e-bike related injuries and
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deathswere experiencing a significant increase in recent years
while overall traffic and bike related injuries and deaths were
decreasing. They pointed out that e-bike safety had become
a serious problem that deserves more attention in China.
Yao and Wu [6] conducted a self-reported questionnaire
survey on e-bike users in two large cities in China. From the
responses of e-bike users, they found that gender and auto-
mobile driving experiences were highly correlated with at-
fault e-bike related crashes. Males were found to be more
likely to be involved in at-fault crashes than females. E-
bike users with driving licenses were found to less likely be
involved in crashes. They also found that risk perceptions
and safety attitudes of e-bike riders significantly impacted
their behaviors in e-bike crashes. Wu et al. [7] examined red-
light running behaviors of e-bike users at three signalized
intersections in Beijing using video cameras. They identified
that age is significantly associated with red-light running
behaviors; young and middle-aged e-bike users were more
prone to violate traffic rules. Besides, males were more likely
to take risks than females at intersections.

Besides, other studies were also found to examine e-bike
safety [8–13]. However, most previous studies are focused
on driving behaviors of e-bike users. Those research find-
ings provide valuable information for the development of
safety interventions and countermeasures. However to our
knowledge, there is little research that examines e-bike safety
through historical crash data. In order to better understand
e-bike safety, it is necessary to examine details of e-bike
related crashes. To fill this gap, e-bike related crashes in urban
highways in China are examined in this paper.

3. Data and Method

Crash data were extracted from the crash reports from the
Taixing Police Department. Taixing is a small-sized city with
more than 1 million populations in Jiangsu Province. The e-
bike fatal crash reports from 2011 to 2013 [14–16] were allowed
to be accessed for our study purpose. The reports include all
e-bike fatal crashes that occurred on urban highways within
the Taixing area. For each crash, detailed information was
recorded, including crash characteristics, driver information,
and road attributes. The data are based on the observations
and judgments of the on-scene state and local police officers.
There are totally 228 available e-bike fatal crash records
during the three years. Note that nonfatal crashes, such as
property damage and injury crashes, were not included in
the reports. Despite that, the current crash records still
include rich information that deserves to be examined. To our
knowledge, this is the first statistical analysis on e-bike safety
in China, based on real e-bike crash data.

4. Results

Limited to the sample size, no obvious crash trend could
be identified here. Despite that, the current data source still
contains rich information of e-bike fatal crashes. Findings are
addressed below.

4.1. Characteristics of E-Bike Riders. Characteristics of e-bike
riders were examined and findings are discussed below.

1%

29%

4%

11%
16%

39%

25–35

35–45
45–55
55–65

<25

≥65

Figure 1: Age group of e-bike riders in the e-bike fatal crashes.

4.1.1. Age and Gender. The mean and median age of e-bike
riders are 59.2 and 58, respectively. The youngest e-bike rider
involved in the fatal crashes was only 15, while the oldest one
was 84. As shown in Figure 1, only 1% of the crashes involve
young e-bike riders (age < 25), while nearly 30% involve older
e-bike riders (age > 65).

This finding seems to be inconsistent with the previous
research [6] that young e-bike riders are more likely to
be involved in severe crashes than older e-bike riders. The
previous research, which was based on surveys, concluded
that young e-bike riders were more aggressive than older
riders so they were more likely to be exposed to dangerous
situations. According to the crash data, a large number of e-
bike riders, regardless of their age, were identified to directly
cross intersections or mid-block openings without carefully
watching traffic (i.e., inattentive driving). Older people have
more difficulties in reacting and avoiding crashes when they
maneuver e-bikes in such manner. Another possible reason
is that older e-bike riders may have higher exposure than
young e-bike riders. Although exposure data are not available,
the current finding suggests that older e-bike riders are more
likely to be involved in fatal crashes.

Middle-aged e-bike riders (age between 25 and 65)
accounted for the largest percentage (70%), compared to
young and older riders.This could be a reflection of exposure.
Males account for 65% of e-bike fatalities while females
account for 35%. This finding is in line with the previous
research [6] that male e-bike riders were more likely to be
involved in severe crashes than female e-bike riders.

4.1.2. Precrash Behaviors of E-Bike Riders. As shown in Fig-
ure 2, only in 10% of the crashes, e-bike riders were not found
to be at fault (i.e., normal driving). In the other cases, e-
bike riders were found to perform aberrant driving behaviors,
including inattentive driving, red-light running, driving in
motorized lanes, driving against the direction of traffic, and
drunk driving.
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Figure 2: Precrash behaviors of e-bike riders.
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Figure 3: Breakdown of crash locations for precrash behaviors of
e-bike riders.

Inattentive driving (58%) accounted for the largest per-
centage of precrash behaviors of e-bike riders. As shown in
Figure 3, a large share of inattentive driving was identified
at mid-block openings and unsignalized intersections, where
e-bike riders were directly passing without decelerating or
watching oncoming traffic. Such behavior raises serious safety
concerns not only for e-bike riders but also motorized users.
Thus, e-bike riders should receive education to increase their
safety awareness, especially when they cross intersections and
mid-block openings.

12% of the crashes were found to involve e-bike riders
who were driving in motorized lanes. Notably, there is no
case without presence of nonmotorized lanes, suggesting that
e-bike riders were not forced to drive in motorized lanes
but instead they decided to travel in motorized lanes. This
reason could be that there are many local roads in small cities

in China, which allow mixed traffic (i.e., multiple modes of
transport, including motorized and nonmotorized, share the
same roads without physical separation). E-bike riders who
oftentimes drive in mixed trafficmay subconsciously develop
a sense that it is not dangerous to drive in the same lane
with vehicles. However, highways are normally designed with
muchhigher speed than local roads, which could significantly
increase crash risks and resulting crash severity of such
behavior. Moreover, some e-bike riders could bemore willing
to travel in motorized lanes to get higher speed rather than
staying in nonmotorized lanes with bicycles. According to the
previous research [15], e-bike riders could feel that bicyclists
were the most bothersome while automobiles were the least.
In addition, e-bikes were considered to be too fast to drive
in the bike lanes according to most bicyclists. Thus, lowering
design speed for e-bikes may help reduce e-bike fatal crashes
caused by this behavior.

The share of the crashes related to red-light running is
7%. A research was conducted by Wu et al. [7] on red-light
running of e-bike riders at urban intersections. It was found
that red-light runningwas very frequent among e-bike riders,
which could somehow explain the high percentage of such
crashes.

Driving against the direction of traffic (3%) is another
traffic violation of e-bike riders which could easily lead to
traffic disasters. Such behavior can easily catch drivers off
guard and cause severe crashes. The lack of safety awareness
and legal awareness has become a serious issue for e-bike
users.

Drunk driving (7%) can be a serious concern for e-bike
safety. According to the new traffic law of China [17], drivers
who commit drunk driving offence will be heavily punished.
This new rule resulted in a significant decrease of drunk
driving violations by 35% [17]. However, when we examined
the e-bike related crashes, we surprisingly found that there
were a significant number of crashes involving drunk e-bike
riders. E-bikes can be operated at maximum of 60 km/h [1]
which is much higher than other nonmotorized transporta-
tion modes (e.g., bicycles). However, there are no laws or
rules targeting on punishing drunk e-bike users. If the drunk
driving behavior of e-bike riders cannot be strictly banned or
controlled, this could be a big threat to e-bike riders, as well
as other road users.

4.1.3. Educational Background. According to Figure 4, 87%
of e-bike riders were found to only attend middle schools
or lower-level educational institutions. 100% of older e-bike
users (age > 65) only attended middle schools or lower.
From Figure 5, e-bike riders who attended high schools or
higher-level educational institutions are less likely to exhibit
illegal driving or inattentive driving behaviors than e-bike
riders with lower educational background. Notably, there
are 5% of e-bike riders who are illiterate. Traditional edu-
cational programs are normally targeted on drivers, who
are believed to have basic knowledge and understandings
of traffic regulations and safety. However, since most e-bike
riders only receive education ofmiddle-schools or even lower,
special educational programs may need to be considered. E-
bike riders may need to receive different levels of educational



4 Discrete Dynamics in Nature and Society

4%
5%

50%
9%

32%

College
Illiteracy
Elementary school

High school
Middle school

Figure 4: Educational background of e-bike riders.
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Figure 5: Breakdown of precrash behaviors for e-bike riders with
different educational background.

programs to increase their safety awareness and legal aware-
ness, depending on their educational background.

4.2. Characteristics of Drivers. Characteristics of drivers were
examined and findings are discussed below.

4.2.1. Age and Gender. As seen from Figure 6, 34% of the
crashes involved drivers aged between 25 and 35, followed
by drivers between 35 and 45 (31%) and between 45 and 55
(23%). Note that young drivers (age < 25) only accounted
for 7% and older drivers (age > 65) only accounted for 4%.
Middle-aged drivers are a major group involved in the
crashes. This could be a reflection of exposure. Male drivers
accounted for 92% while female drivers only accounted for
8% of the crashes. This could also reflect exposure.
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Figure 6: Age group of drivers in e-bike fatal crashes.
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Figure 7: Precrash behaviors of drivers in e-bike fatal crashes.

4.2.2. Precrash Behaviors. From Figure 7, in 63% of crashes,
drivers were not found to have any fault. 25% of drivers were
identified to exhibit inattentive driving behaviors. Inattentive
driving was found to be mostly at mid-block openings (Fig-
ure 8). Apparently, drivers should pay more attention to e-
bike riders when they cross mid-block openings. Notably,
in some cases it was found that there was no presence of
warning signs or pavement markers warning drivers to be
cautious and slow down their speed. Considering that e-bikes
can be operated at relative high speed, it is very difficult for
drivers who are unaware of intersections/mid-block open-
ings to prevent crashes, when e-bikes unexpectedly appear.
Thus, investigating road facilities at mid-block openings
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Figure 8: Breakdown of crash locations for precrash behaviors of
drivers.

and deploying warning signs and devices could help reduce
inattentive driving. In addition, no vehicles were determined
to commit speeding offence in those cases.

Fail to yield (7%) is another type of illegal driving
behavior that accounted for a considerably large share. Only
one case was identified at signalized intersection that the
driver committed red-light running offence. Drivers who
failed to yield e-bike riders weremostly found at unsignalized
intersections and mid-block openings, where e-bike riders
have been in the middle of intersection area. Thus, drivers
need to be educated to be more cautious and slow down their
speed, when they are crossing unsignalized intersections and
mid-block openings.

4%of the crasheswere found to be related to drivers’ aber-
rant behaviors of travelling in nonmotorized lanes. Drivers
were found to use nonmotorized lanes for overtaking, accord-
ing to the latest crash report from the Taixing Police Depart-
ment [14]. This behavior is considered to be very dangerous
to nonmotorized users (e.g., e-bike riders), which should be
heavily punished. There are only 1% of the crashes related to
drunk driving. As stated earlier, the new traffic regulation has
significantly reduced the number of drunk driving violations
of motorized users.

4.3. Characteristics of Crashes. Characteristics of e-bike fatal
crashes were examined and findings are discussed below.

4.3.1. Crash Type. As shown in Figure 9, four main crash
types were identified: angle, head-on, sideswipe, and rear-end
crashes. Among them, angle crashes (51%) account for more
than half of the crashes. As shown in Figure 10, angle crashes
mostly happened at intersections and mid-block openings,
where e-bike riders were crossing to the other side of roads
and collided with oncoming vehicles. Most of inattentive
driving behaviors of e-bike riders and drivers were found
to be at intersections and mid-block openings. E-bike riders
were also identified to commit red-light running violations at
signalized intersections.
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Figure 9: Crash type of e-bike fatal crashes.
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Figure 10: Breakdown of crash locations for various crash types.

29% of the crashes are sideswipe crashes, which mostly
occurred on roadways and at mid-block openings. As stated
earlier, some e-bike riders were found to drive in motorized
lanes, increasing their probability of being hit by vehicles
from the side. Additionally, drivers were identified to use
nonmotorized lanes to overtake. In this case, sideswipe
crashes could also happen when drivers were trying to make
lane changes to nonmotorized lanes.

Rear-end crashes (10%) mostly happened on roadway
sections. Such type of crashes could occur, when drivers are
driving in nonmotorized lanes or when e-bike riders are
driving in motorized lanes. Thus, to reduce rear-end crashes,
safety interventions and law enforcement should be devel-
oped to reduce illegal driving behaviors of e-bike riders
(i.e., driving in motorized lanes) and drivers (i.e., driving in
nonmotorized lanes).

All head-on crashes (5%) happened on roadway sections,
associated with the illegal driving behaviors of e-bike riders



6 Discrete Dynamics in Nature and Society

74%

15%

1%
10%

Clear
Cloudy

Fog
Rainy

Figure 11: Distribution of weather conditions in e-bike fatal crashes.
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Figure 12: Temporal distribution of e-bike fatal crashes.

who travel against the direction of traffic. To our knowledge,
one effective way to reduce such crashes is increasing legal
awareness of e-bike riders by launching safety campaigns.
Law enforcement could also be considered.

4.3.2. Weather and Time. As Figure 11 shows, most crashes
(74%) happened under clear weather. About 15% of the
crashes occurred under cloudy weather, 10% of the crashes
occurred on rainy days, and only 1% happened under foggy
conditions. Figure 12 shows the temporal distribution of
the e-bike fatal crashes. In general, it suggests three peak
periods: 6:00–8:00 am, 11:00-12:00 am, and 16:00–18:00 pm.
Such pattern could be explained by the daily commuting
routines in China.

Note that there are a limited number of crashes that
happened during late night (21:00 pm–5:00 am). It could
be attributed to relatively low traffic volumes during the
period. However, most nighttime crashes were found with no
presence of street lightings.Thus, it is suggested to investigate
lightings at crash-prone locations. E-bike riders are well
known to lack safety awareness of wearing reflective clothes

49%

32%
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9%

Mid-block crossing
Roadway
Sig. intersection
Unsig. intersection

Figure 13: Spatial distribution of e-bike fatal crashes.

at night in China. Plus, in some crashes, e-bikes’ headlights
or brake lights were also found to be malfunctional. Thus, e-
bike riders are encouraged to wear reflective clothes during
the night and regularly investigate lights.

4.3.3. Crash Locations. Seen from Figure 13, 19% of the
crashes happened at intersections. Among these, approxi-
mately the half occurred at signalized intersections, while
the others were found at nonsignalized intersections. For
the crashes at signalized intersections, red-light running and
inattentive driving behaviors of e-bike riders were largely
found. Besides, inattentive driving and illegal driving (fail
to yield) of drivers were also frequently identified. For the
crashes at nonsignalized intersections, inattentive driving of
both drivers and e-bike riders was found in most cases. In
some cases, there was no presence of signs, flashing lights,
or speed bumps that warns drivers and e-bike riders. Thus,
nonsignalized intersections need to be investigated whether
traffic signs or devices are properly installed.

Nearly half of the crashes (49%) were located at mid-
block openings. In most cases, there were no warning signs
equipped at mid-block openings. Moreover, the crashes at
mid-block openings were mostly related to inattentive driv-
ing of e-bike riders and drivers. Thus, mid-block openings
should be carefully investigated. Warning signs, flashing
lights, or speed bumps could be considered to be installed at
some locations with high crash frequencies.

32% of the e-bike fatal crashes happened on roadway
sections. Most of these crashes were found to be rear-end or
sideswipe crashes. In many cases, e-bike riders were found
to drive in or make a lane change to motorized lanes before
crashes. Additionally, drivers were identified to drive in
nonmotorized lanes to overtake other vehicles. Consequently,
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Figure 14: Vehicle types in e-bike fatal crashes.

physical separations between motorized and nonmotorized
modes could be considered at crash-prone roadway sections.

4.3.4. Vehicle Type. As is shown in Figure 14, heavy goods
vehicles (HGVs) and small passenger cars are the two main
vehicle types involved in the e-bike fatal crashes. The abrupt
crossing maneuvers of e-bike riders could catch drivers off
guard. Under such condition, HGVs normally have longer
stopping distance and much higher impact forces than
other vehicle types, significantly increasing the likelihood of
severe injuries. Thus, HGV drivers should be more cautious
and slow down their speed when they are crossing mid-
block openings or intersections, in case e-bike riders appear
unexpectedly.

The share of fatal crashes involving small passenger cars
is the highest among vehicle types. This could be a reflection
of exposure. Other vehicles involved in e-bike fatal crashes
include large passenger cars, light trucks, motorcycles, and
tractors.

5. Discussion and Conclusions

This paper examines the characteristics of e-bike fatal crashes
on urban highways in China. The crash reports from the
Taixing Police Department were used as the data source. The
primary findings of the research include the following.

(1) A large share of fatal crashes involved older e-bike
riders and few crashes were found to involve young e-
bike riders. More male e-bike riders were found than
female riders.

(2) Most fatal crashes (90%) were found to be related to
aberrant driving behaviors of e-bike riders, including
inattentive driving, driving in motorized lanes, red-
light running, driving against the direction of traffic,
and drunk driving.

(3) Most e-bike riders were found to be with low edu-
cational background (middle schools or lower) and
they were found to be more likely to exhibit aberrant
driving behaviors, such as inattentive driving and red-
light running.

(4) Most fatal crashes were found to involve middle-aged
drivers and male drivers.

(5) 63% of drivers were not found to have any fault before
crashes. 25% of drivers were identified to exhibit
inattentive driving behaviors. 7% of drivers failed to
yield to e-bike riders and 4% of drivers were found
to drive in nonmotorized lanes to pass other vehicles.
Only 1% of drivers were found to commit drunk
driving offence.

(6) The crashes have four major types: angle, head-
on, sideswipe, and rear-end. The angle crashes were
mostly associated with the inattentive driving of e-
bike riders and drivers.

(7) Most crashes (74%) occurred in clear weather con-
ditions. The crashes happened at three peak periods:
6:00 am, 11:00-12:00 am, and 16:00-17:00 pm. Most
crashes that happened at nighttime were found to be
without presence of street lightings.

(8) 19% of the e-bike fatal crashes happened at inter-
sections. Half of the crashes occurred at mid-block
openings. 32% of the e-bike fatal crashes were located
at roadway sections.

(9) Heavy goods vehicles (HGVs) and small passenger
cars were found to be the two major vehicle types in
e-bike fatal crashes.

Our findings suggest that e-bike riders need to receive
educational programs to raise their safety awareness, when
crossing intersections and mid-block openings. Moreover,
law enforcement needs to be considered to be targeted on
illegal driving behaviors of e-bike riders, such as drunk
driving, red-light running, and driving against the direction
of traffic. Multilevel educational programs may need to be
considered for e-bike riders. Older e-bike riders and low-
educated e-bike riders may need to receive special educa-
tional and training programs. In addition, e-bike riders are
encouraged to wear reflective clothing and investigate e-
bike lights before they travel during nighttime. Drivers are
encouraged to be more cautious and slow down speed near
mid-block openings and intersections, especially for HGV
drivers. It is necessary to investigate mid-block openings and
unsignalized intersections to find if warning signs or speed
humps are properly deployed. Street lightings also need to be
investigated at crash prone locations.

This study also has some limitations that should be
addressed. First, as a descriptive study, it suffers from a com-
mon limitation of lacking a reference group [18]. Second, it
was only based on fatal crash data, which could limit the
generality of the findings to other cities in the world. Third,
there are no available exposure data on e-bike riders. Such
data could help better understand the crash pattern and safety
implications.
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In general, this study provides valuable information on e-
bike safety on urban highways in China. It is believed that the
findings from this research will help safety engineers better
understand e-bike safety in China and develop effective safety
countermeasures.
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Based on the basic theory and methods of disaggregate choice model, the influencing factors in travel mode choice for migrant
workers are analyzed, according to 1366 data samples of Xi’an migrant workers. Walking, bus, subway, and taxi are taken as the
alternative parts of travel modes for migrant workers, and a multinomial logit (MNL) model of travel mode for migrant workers is
set up.The validity of the model is verified by the hit rate, and the hit rates of four travel modes are all greater than 80%. Finally, the
influence of different factors affecting the choice of travel mode is analyzed in detail, and the inelasticity of each factor is analyzed
with the elasticity theory. Influencing factors such as age, education level, and monthly gross income have significant impact on
travel choice mode for migrant workers. The elasticity values of education degree are greater than 1, indicating that it on the travel
mode choice is of elasticity, while the elasticity values of gender, industry distribution, and travel purpose are less than 1, indicating
that these factors on travel mode choice are of inelasticity.

1. Introduction

Migrant workers refer to the people who came from the
countryside, who used to be farmers, but now work in
cities. They are mainly distributed in construction industry,
manufacturing industry, accommodation industry, and so
forth and are a special labor group in the process of industri-
alization and urbanization in China. According to statistics,
the total amount of migrant workers in China comes to be
more than 200million in 2013, and the proportion of migrant
workers in someChinese cities has reached 20%. By summing
up, the current migrant workers in China have the following
features.

(1) Long work hours, worse stability compared to urban
residents.

(2) Work on manual labor, with low wages generally.

(3) Relatively difficult living conditions, a relative low
quality of life.

(4) Level of consumption being generally low, but the new
generation of them maybe not so.

(5) Middle-aged workers often bearing an important
economic source of family.

(6) Cultural and recreational activities being dull.

Migrant workers belong to vulnerable groups, and they
are different from ordinary citizens in life, work, consump-
tion, and psychology. As a large group, their survival char-
acteristics and behavior characteristics should be analyzed
separately, but they are most likely to be ignored in the
city, although they are the group who have made enor-
mous contributions to the construction of urban society in
China.

In recent years, choice models have proven to be very
effective tools for policy analysis and evaluation in trans-
portation research and there have been numerous efforts
from the research on the travel characteristics of the urban
residents, but not limited to work by Ahern and Tapley [1],
Bastin et al. [2], Beuthe and Bouffioux [3], and Bliemer et al.
[4, 5]. A recent study performed by Nielsen pointed out that
travel mode choice relates to not only the level of service, but
also the individual attributes and travel characteristics [6].
Bowman and Ben-Akiva proposed a discrete choice model
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based on individual activities and travel plans to predict
urban passenger travel, combined with the 1991 Boston travel
survey data as an example, and the result shows that the
expected maximum utility affects travelers on travel mode
choice [7]. As the disaggregate model was used to estimate
the joint selection model of residential choice and travel
mode choice, a joint choice model of residence and travel
mode based disaggregate model could be established [8,
9]. Ivanova established travel mode choice model with the
multinomial logit model and layered logit model [10]. Saleh
and Farrell built departure time choice model of work and
nonwork travel for residents in the city center of Edinburgh
and analyzed the changes of departure time when charging
congestion fee [11].

Choice behavior is a complex decision making process;
many factors influence the demand for people’s travel choice.
As discussed in the example investigated by Hess at al., a
host of factors, including flight frequency, flexible tickets,
capacity, schedule delay, would affect people’s choice of airline
[12]. Kwigizie et al. select individual attributes, socioeco-
nomic attributes, and travel characteristics and analyzed the
probability of travel mode with cross hierarchical model
[13]. Bel has looked at the influence of nonmonetary factors,
such as travel time, on rail demand on interurban trip [14].
According to the studies of Vega and Reynolds-Feighan and
Hess et al., the utility systems of residence, travel mode,
and departure time should be the function of travel time,
travel cost, real estate prices, and travelers’ economic and
social attributes [15, 16].Moreover, the land use attributes and
travel time are important in explaining the variation in mode
choice for medium-distance travel and longer-distance travel
when the socioeconomic characteristics of travelers are fixed
[17].

The results of research above had good theoretical guid-
ance to carry out the construction of urban traffic scientifi-
cally and reasonably, because the travel law of urban residents
is fully considered in the transportation planning and urban
construction. However, various efforts above focused on the
research of the ordinary city residents, and the study of
migrant workers is rare, especially in China, where thousands
of migrant workers live. Since the attention and studies on
migrant workers of researchers are not enough, there is a
lack of modeling and analysis of their travel mode choice in
urban traffic planning. The paper takes the migrant workers
in Xi’an as an example and obtains the basic data through
the questionnaire survey. Then, the choice model of travel
mode for migrant workers is established based on MNL
model, while the individual attribute and travel attribute
are taken as utility variables. Finally, the sensitivity of each
factor affected on travel mode choice is analyzed by elasticity
theory. Thus, the current studies focusing on travel mode
choice of migrant workers in Xi’an will provide a reference
and theoretical guidance for formulation of rational transport
policy.

2. Questionnaire Survey

2.1. Selection of Survey Sample. In early October 2013, we
conducted a survey for the travel mode choice of migrant

(1) Xincheng
(2) Beilin
(3) Lianhu

Figure 1: Geographical distribution of different administrative area
in Xi’an.

workers in Xi’an, which consisted of questionnaire survey
and site visits. Due to the lack of accurate statistics and the
distribution of profession about migrant workers in Xi’an,
we selected several major industrial areas and industries
where gathered a large number of migrant workers to carry
out the survey, according to the actual distribution of them
in Xi’an. Thirty locations in six major districts (Xincheng,
Beilin, Lianhu, Baqiao, Weiyang, and Yanta are the six major
districts in Xi’an, as shown in Figure 1) of Xi’an are identified
as the sites of a questionnaire survey, which are located in
urban villages, community streets, labor market located near
2nd-ring road, 3rd-ring road, and beltway. At the same time,
construction, manufacturing, transportation, housekeeping
and other industries are chosen as survey sites. At the
beginning of the survey, 1500 questionnaires are planned to
distribute, but 1397 copies of questionnaires are randomly
distributed in this survey in fact. After the statistics and
collation of the 1397 questionnaires, 1366 questionnaires are
valid by judgment, and the effective rate is 97.8%.

2.2. Basic Statistical Data. The content of the survey covers
mainly the sex ratio, age structure, educational level, the
average monthly gross income, and occupation. After the
statistics on the survey data, there are 1000 men and 366
women, respectively account for 73.2% and 26.8% percentage
of all respondents in the survey. Specific basic properties are
shown in Figure 2.

3. Disaggregate Model of Travel Mode
Choice for Migrant Workers

3.1. Description of Disaggregate Model. The theoretical basis
of disaggregate model is a hypothesis that travelers seek to
maximize the effectiveness in the selection of travel mode. To
overcome many shortages of aggregate model, disaggregate
model and its derivatives are widely used. The assumption of
disaggregate model is that travelers would choose the travel
mode for the greatest utility under certain conditions, and the
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Table 1: Determination of influencing factors.

The category of factors Influencing factors Variable Explanation

Individual attribute

Sex 𝑋
1 Male = 1, female = 0.

Age 𝑋
2

Age under 25 = 0, age between 25 and 35 = 1, age between 35 and 45 = 2,
and age over 45 = 3.

Education 𝑋
3

Illiteracy = 0, primary school = 1, junior high school = 2, and high
school and higher = 3.

Gross monthly income 𝑋
4

Income under 1500 = 0, income between 1501 and 2500 = 1, income
between 2501 and 3500 = 2, and income over 3501 = 3.

Distribution of profession 𝑋
5

Construction industry = 1, manufacturing industry = 2, handling
Industry = 3, accommodation industry = 4, housekeeping industry = 5,
and others = 0.

Travel attribute
Travel distance 𝑋

7 0∼1 km = 0, 1∼3 km = 1, 3∼5 km = 2, 5∼10 km = 3, and over 10 km = 4.
Travel purpose 𝑋

8 Work = 1, entertainment and shopping = 2, and others = 0.
Transfer or not 𝑋

9 Yes = 1, no = 0.

utility function of it is composed by fixed term and random
term. The formulas are as follows:

𝑈
𝑖𝑛
= 𝑉
𝑖𝑛
+ 𝜀
𝑖𝑛
, (1)

𝑉
𝑖𝑛
=

𝐾

∑

𝑘=1

𝜃
𝑘
𝑋
𝑖𝑛𝑘
, (2)

where𝑈
𝑖𝑛
is utility value of the 𝑖th travel mode chosen by the

𝑛th traveler; 𝑉
𝑖𝑛
is the fixed term of utility value 𝑈

𝑖𝑛
; 𝜀
𝑖𝑛
is the

random term of utility value 𝑈
𝑖𝑛
; 𝐾 is the number of factors

(which is also called characteristic variables) affected on the
mode choice of travelers; 𝜃

𝑘
is the undetermined coefficient;

𝑋
𝑖𝑛𝑘

is the 𝑘th factor of the 𝑖th travel mode chosen by the 𝑛th
traveler.

3.2. Establishing of MNL Model. If the random term 𝜀
𝑖𝑛

in formula (1) obeys Gumbel distribution and all variables
are independent from each other, the probability 𝑃

𝑖𝑛
of the

𝑖th travel mode chosen by the 𝑛th traveler is given by the
following formula:

𝑃
𝑖𝑛
=
𝑒
𝑉
𝑖𝑛

∑
𝑁

𝑖=1
𝑒𝑉𝑖𝑛
, (3)

where 𝑁 is the sum number of alternative travel mode for
travelers.

At this time, the model evolves to multinomial logit
(MNL) model, which is the common form in disaggregate
theory. MNL model is characterized by having simple math-
ematical form, easy to be understand and so on, therefore, it
is one of the most widely used and most mature model in the
disaggregate theory.

3.3. Determination of the Alternative Parts and Influencing
Factors. According to the survey ofmigrant workers in Xi’an,
their travelmodes aremainlymade up of four kinds ofmodes,
which are walking, bus, subway, and taxi. Therefore, the four
kinds of travel mode are the alternative parts of the choice

Table 2: The calibration results of influencing factors.

Influencing
factors

Parameter
values

Standard
deviation

𝑡-test

Sex 0.8368 0.2065 6.9582

Age 1.2735 0.0739 7.2204

Education 1.0689 0.0847 4.8258
Gross monthly
income 1.1798 0.0598 3.9213

Distribution of
profession 0.3721 0.0643 5.7877

Travel distance 0.8294 0.0482 8.9169

Travel purpose 0.3931 0.0871 4.5145

Transfer or not −2.5610 0.0931 −6.0268

model. To the need of calculation, walking is treated as 0, and
bus as 1, subway as 2, and taxi as 3 in the choicemodel of travel
mode for migrant workers.

Influencing factors in the model should be determined
according to the survey objectives and the current situation.
Considering migrant workers trip characteristics and MNL
model characteristics, we divided the influencing factors into
individual attribute and travel attribute, influencing factors of
these two attributes and the explanation for them are shown
in Table 1.

4. Calibration and Verification of the Model

4.1. Calibration of Influencing Factors. The utility function
of MNL model is often calibrated by maximum likelihood
estimation method; namely, the estimated values of the
prediction parameters are obtained by seeking to maximize
the number of maximum likelihood estimation of the func-
tion. The calibration result obtained through transportation
software SPSS is shown in Table 2.

The absolute value of 𝑡-test for each influencing factor is
greater than 1.96 from that shown in Table 2. According to
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Table 3: The values of influencing factors.

Influencing factors Variable Walking Bus Subway Taxi
Sex 𝑋

1
0.8368 0.8368 0.8368

Age 𝑋
2

1.2735 1.2735 1.2735
Education 𝑋

3
1.0689 1.0689 1.0689

Gross monthly income 𝑋
4

1.1798 1.1798 1.1798
Distribution of profession 𝑋

5
0.3721 0.3721 0.3721

Travel distance 𝑋
6

0.8294 0.8294
Travel purpose 𝑋

7
0.3931 0.3931

Transfer or not 𝑋
8

−2.5610 −2.5610

statistical theory, it has 95% certainty that the influence of
influencing factors affected on alternative parts is significant,
when the absolute value of 𝑡-test is greater than 1.96. Thus,
the influencing factors had a significant effect on the travel
mode choice for migrant workers. Meanwhile, the coefficient
of determination 𝜌2 can be used to judge the fit of the model
[18], in which 𝜌2 ∈ (0, 1). The degree of fitting of the
model established is considered good when 𝜌2 is between
0.2 and 0.4 in the actual judgment of the disaggregate
model. 𝜌2 of the model established in the paper is 0.2863;
therefore, we fully believe the degree of fitting of the model is
good.

According to the test above, the calibrations of parameters
in themodel are correct. For the four kinds of travelmode, the
value of different influencing factors is shown in Table 3.

If the random term in the utility function is not being
considered, each utility function for different kinds of travel
mode got by Table 3 is shown as follows:

𝑉walk = 0.8368𝑋1 + 1.2735𝑋2 + 1.0689𝑋3 + 1.1798𝑋4

+ 0.3721𝑋
5
+ 0.3931𝑋

7
,

𝑉bus = 1.2735𝑋2 + 1.0689𝑋3 + 0.3721𝑋5 + 0.8294𝑋6

− 2.5610𝑋
8
,

𝑉metro = 0.8368𝑋1 + 1.0689𝑋3 + 1.1798𝑋4 + 0.3721𝑋5

+ 0.3931𝑋
7
− 2.5610𝑋

8
,

𝑉taxi = 0.8368𝑋1 + 1.2735𝑋2 + 1.1798𝑋4 + 0.8294𝑋6.

(4)

4.2. Verification of the Model. The MNL model could be
verified by hit rate (HitR), which refers to the fit between the
actual choice result of travel mode and the predicted choice
result of that obtained by using the model. The calculation
steps of HitR are shown as follows.

Step 1. The parameter values 𝜃
𝑘
obtained by the MNL model

above and the corresponding value 𝑋
𝑖𝑛𝑘

of the original
variable are substituted into the probability formula (3); then
the predicted probability of mode choice of traveler 𝑛 can be
obtained.

Step 2. Assuming traveler 𝑛 has chosen the travel mode, the
predicted probability of which is the maximum, we defined
∧

𝛿
𝑖𝑛
as follows:

∧

𝛿
𝑖𝑛
= {
1 𝑃
𝑖𝑛
is the maximum in four kinds of mode

0 other.
(5)

Step 3.The calculation of 𝑆
𝑖𝑛
is 𝑆
𝑖𝑛
= 1 when the actual choice

result is consistent with the predicted results; 𝑆
𝑖𝑛
= 0 when

they are inconsistent:

𝑆
𝑖𝑛
=

{

{

{

1 𝛿
𝑖𝑛
=

∧

𝛿
𝑖𝑛

0 𝛿
𝑖𝑛
̸=

∧

𝛿
𝑖𝑛
.

(6)

Step 4.Thecalculation of integral hit rate HitR and the hit rate
HitR
𝑖
of the 𝑖th mode is

HitR =
∑
𝑁

𝑛=1
∑
𝑖∈𝐴
𝑛

𝑆
𝑖𝑛

∑
𝑁

𝑛=1
𝐽
𝑛

,

HitR
𝑖
=

𝑁

∑

𝑛=1

𝑆
𝑖𝑛

𝑁
𝑖

,

(7)

where 𝐽
𝑛
is the total number of travel mode chosen by the 𝑛th

traveler; 𝑁
𝑖
is the total number of people who may choose

travel mode 𝑖.
The integral hit rate and the hit rate for the different choice

mode of the MNL model for migrant workers, obtained
through the calculation of hit rate above, are shown inTable 4.

Relatively speaking, the hit rate of taxi is lower than the
other three travel modes, it is mainly because of taxi data in
the sample is small, which results in decreasing the hit rate.
However, the hit rates of four travel modes are all greater
than 80% and the integral hit rate is 91.4%, indicating that
the model and the calibration of the parameters in the model
are effective.

5. Sensitivity Analysis of Different
Influencing Factors

Sensitivity analysis refers to the degree of change of the final
predicted result, while an influencing factor has changed
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Table 4: The hit rate of the MNL model for migrant workers.

Actual value Predictive value Hit rate
Walking Bus Subway Taxi

Walking (639) 595 32 12 0 93.1%
Bus (482) 29 430 17 6 89.2%
Subway (176) 2 8 162 4 91.9%
Taxi (68) 0 2 7 59 86.6%
The proportion of travel mode in prediction 45.8% 34.6% 14.5% 5.1% 91.4%

Table 5: Average value and elasticity value of individual attribute.

(a)

Travel mode Sex Age Education
Overall average Average Elasticity Overall average Average Elasticity Overall average Average Elasticity

Walking

0.732

0.6854 0.3052

1.283

1.5420 1.0451

1.960

1.7921 1.0194
Bus 0.8003 0.4331 1.1041 0.9093 2.0034 1.3849
Subway 0.7034 0.5128 0.9296 1.0314 2.4020 2.2370
Taxi 0.7590 0.6033 1.0344 1.2512 2.1101 2.1424

(b)

Travel mode Gross monthly income Distribution of profession
Overall average Average Elasticity Overall average Average Elasticity

Walking

1.301

1.2712 0.7981

2.343

2.2621 0.448
Bus 1.295 0.9881 2.4413 0.5875
Subway 1.3861 1.4248 2.387 0.7739
Taxi 1.4032 1.5725 2.2854 0.8078

in the model, which not only can be used to understand
the interaction between travel mode choices and influencing
factors, but also can evaluate qualitatively and quantitatively
the impact on themodel result when variables changed in the
model.

According to the theory of disaggregate model, when the
𝑘th influencing factors changed, the value of elasticity of the
𝑖th mode, chosen by the traveler, can be calculated as follows:

𝐸 = (1 − 𝑃
𝑖
) 𝜃
𝑘
𝑋
𝑖𝑛𝑘
, (8)

where 𝑃
𝑖
is the choice probability of travel mode 𝑖, namely,

the actual share of each travel mode; 𝜃
𝑘
is the parameter value

estimated of 𝑘th influencing factors;𝑋
𝑖𝑛𝑘

is the average value
of𝑋
𝑖𝑛𝑘
.

5.1. Sensitivity Analysis on Individual Attribute. With the
statistical processing of 1336 samples in individual property,
we can get the average impact value 𝑋

𝑖𝑛𝑘
of five factors such

as actual contribution rate of four different travel modes 𝑃
𝑖
,

gender, age, and so forth. Through the model calibration
results in Table 2, the parameter estimated value 𝜃

𝑘
could be

obtained. In this way the elasticity values of different factors
in different transportationmodes can be achieved.The results
are shown in Table 5. (The transfer in the paper refers to the
transfer between bus and bus, subway and subway, and also
bus and subway.)

From Table 5 we can know that the average value of
walking and subway is lower than the total average value,
indicating that female migrant workers would like to prefer
to walking and subway rather than bus and taxi. This may
relate to females’ travel demand and the investigation climate.
The survey is conducted in early October and the weather
is still hot in Xi’an. Since women put more emphasis to
travel conditions than men, they always carry a parasol with
them and do not like crowds and noisy environment in their
trip, and would like to travel on foot or by subway with air
conditioner rather than by a sweltering bus in hot weather.
These four transportation elasticity values are less than 1,
indicating that the influence on travel mode choice of the
different sex is lack of elasticity, namely, the difference of sex
has few impacts on travel mode choice.

The average value of travelers’ age in walking is obviously
higher than the overall average value, indicating that most of
the older migrant workers would like to choose walking as
a way to travel. This is mainly because, compared to young
migrant workers, the older migrant workers more cherish
their earnedmoney, and they often have parents and children
to support so that their family economic burden is relatively
heavy to bear, while the younger migrant workers’ economic
pressure is lower and their concept of consumption is no
longer conservative. Sometimes they value the service quality
of travelmodemore than the price of that in trip. In these four
corresponding elasticity values, only bus is little lower than 1.
It indicated that the age variation had less impact on choosing
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Table 6: Average value and elasticity value of travel attribute.

Travel mode Travel distance Travel purpose Transfer or not
Overall average Average Elasticity Overall average Average Elasticity Overall average Average Elasticity

Walking

1.2335

1.182 0.5217

1.0374

1.0172 0.2128

0.0580

0 0
Bus 1.1911 0.6389 1.0221 0.2598 0.1420 −0.2352
Subway 1.262 0.9119 1.1082 0.3795 0.0622 −0.1388
Taxi 1.3402 1.0558 1.1522 0.4302 0 0

the bus. The elasticity value of taxi is highest, which means
that the age variation had the most impact on choosing taxi.
Taxi fare is more expensive than other travel modes in reality,
which is consistent with the age characteristics.

The average value of walkers’ education in Table 5 is the
lowest. This may be because people with lower education
often have lower income, so the transportation fee they
could burden is less. The highest average value of education
degree is subway rather than the taxi. This is because that the
ticketing process as well as entering and exiting the station of
taking a subway is more complicated than that of other travel
mode, somigrant workers with lower education would prefer
traditional bus and taxi rather than the subway.The elasticity
values of four travel modes are greater than 1, indicating
that the variation of education degree had a more significant
impact on trip mode choice.

There is a large difference between bus and metro in
monthly average income situation fromTable 5. Both of them
are public transportation tools, however, most bus fare in
Xi’an are 1 yuan, and it can be half-price concession by
using a transportation card; while the ticket price of Xi’an
subway starts from 2 yuan, 3 yuan for 7–10 stations, and 4
yuan for more than 11 stations, and with the use of card
the price can be 30% off, which means the lowest price of
subway fee needs 1.4 yuan. Since taking a bus ismuch cheaper
than subway, the migrant workers with low income prefer
bus as their travel tool. The elasticity value of walking and
taking a bus is less than 1, which indicated that variation of
monthly income status has less influence on both walking
and bus, especially walking.This is mainly because walking is
different from the other travel methods, and there is no need
to use transportation tools when travel distance is not far,
and people from different income level have the possibility in
choosing walking. But when travel distance becomes farther,
people with different income may choose other different
travel modes (which can also be seen from the elasticity value
of walking in travel distance). The average value of taxi is
the largest in monthly income status, which also met the
reality. At the same time its elasticity value is greater than 1,
indicating that changes in income will affect the choosing of
taxi significantly.

The average value of industrial distribution on walking
is the minimum value. In accordance with assignment reg-
ulations of industrial distribution in Table 5, we could find
that people travel on foot are concentrated on construction,
manufacturing industries. In reality, most of the construction
and manufacturing industries are located at the outskirts
of a city, such as out of the 2nd-ring or 3rd-ring of Xi’an
in this investigation, where far away from downtown area.

So enterprises and factories usually furnish staff quarters or
house rented near from the workplace for staffs, travel mode
is not needed when people go to work. The accommodation,
housekeeping, and other service industries aremostly located
in urban areas and even some prosperous sections. Migrant
workers in these industries prefer to live at some distance
away from the workplace to save money on accommodation,
which results in a higher proportion of choosing buses than
that in construction and manufacturing fields. However, all
elasticity values of these four travel modes are less than 1,
which indicated that there is a lack of elasticity about the
industrial distribution impact on travelmode choice. Because
migrant workers’ travel mode choice are mainly affected by
their education, grossmonthly income, travel distance, rather
than their occupation.

5.2. Elasticity Analysis on Travel Attribute. The calculation
method and elasticity analysis process for travel attribute are
same with that of individual attribute. The elasticity of travel
attribute is shown in Table 6.

The sequence order of travel distance for four mode
travelers used is walking < bus < subway < taxi, and this
order is consistent with the actual behavior when travelers
face different travel distance. Only the elasticity value of taxi
is greater than 1 among four travel modes, indicating that the
impact of the change in travel distance on the choice of taxi
is slightly significant, while the impact on the other travel
mode is not significant. From the survey and the conversation
withmigrant workers, we know that most of migrant workers
thought the value of expenses is greater than the value of time
in travel, and they are more sensitive about the price level
than the travel distance.This also can be from the comparison
of elasticity value between monthly gross income and travel
distance.

The assignment of travel purpose in Table 6 is a human
decision in the paper, which did not have the regularity and
size indeed. Thus, the average values of travel purpose have
no practical significance from the view of mathematics, and
they are regarded as a bridge to calculate the elasticity values.
The elasticity values of the four travel modes are all less
than 1, indicating that the change of travel purpose does not
have a significant impact on the choice of travel mode for
migrant workers. It is that there is no large or small about the
evaluation of different travel purpose, so the influence on the
travel mode choice cannot be quantified, the average values
merely reflected the change of travel purpose has a certain
influence on the travel mode choice.

The overall average of transfer is far less than 1, and the
important reason of which is that the number of people who
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have to transfer in their trip is small (Transfer = 1, Not transfer
= 0, see Table 1), and there are only 78 persons in this survey.
Traveling on foot or by taxi do not involve the transfer or
not, so the average value and elasticity value of walking and
taxi are 0. The average value of transfer by bus is greater
than that by subway, indicating that migrant workers in Xi’an
prefer to transfer with bus more than to transfer with subway.
This matches current situation that the transfer process with
subway is more complex than that of bus, and there are only
two subway lines in Xi’an for now, the places subway could
reach are not a lot, and therefore transfer with subway is less
convenient than that of bus. The elasticity values of bus and
subway are less than 1 in the paper; the reason of that is that
the average value is too small.

6. Conclusions

In this paper, the choice model of travel mode for migrant
workers in China is established based on utilitymaximization
theory. According to the actual characteristics of travel choice
for migrant workers, the four common kinds of travel mode
for migrant workers including walking, bus, subway, and taxi
are identified as the alternative parts in the model. Then, we
identify two categories of factors: individual attribute and
travel attribute, which contained eight kinds of influential
factors, such as sex, age, and travel distance.

The absolute value of 𝑡-test for each influencing factor is
greater than 1.96 in the paper, so we have reason to believe
that all the influencing factors we chose in the paper had
a significant effect on the travel mode choice for migrant
workers in China. At the same time, the degree of fitting of
the model is good, because the coefficient of determination
𝜌
2 in the MNL model is 0.2386. Hit rate (HitR) is also used

to verify the validity of the choice model for travel mode.
From the view of the result of HitR calculated, the hit rates
of four travel modes are all greater than 80% and the integral
hit rate is 91.4%, which also provides the basis for the mode
to accurately reflect the travel choice behavior of migrant
workers and the influence of influencing factors affected on
their choice of travel mode.

The elastic theory is introduced to analyse the elasticity of
each factor in themodel.The result shows that age, education,
and monthly gross income have significant impact on the
choice of travelmode formigrant workers, and, especially, the
influence of education impact on four kinds of travel mode is
flexible, the elasticity values of which are all greater than 1. But
the influence of sex, distribution of profession, travel purpose
on the choice of travelmode formigrant workers is slight, and
their changes are lack of elasticity in the travel mode choice
for migrant workers.

With not only the established model and its analysis
but also the communication with migrant workers and their
opinions about traffic in the survey, we can propose some
suggestions to facilitate their travel. Migrant workers’ income
is generally low; the government can implement policies for
them to encourage consumption on travel, and do the traffic
guidance work well to reduce the complexity of transfer. By
making urban transportation more equitable distribution,
migrant workers can enjoy better urban transportation.

In conclusion, although our survey involves only a part
of the migrant workers in Xi’an and only eight influencing
factors are considered in the model, an effective model which
can reflect the reality of travel choice behavior of migrant
workers in China is established in the paper. The authors
believe that the conclusion in the paper can be used to support
traffic planning and policy making strategy, which will help
the cities with a large number of migrant workers in China to
consider the travel law of migrant workers during the traffic
planning and urban construction.
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This study examines the impacts of directional and nondirectional auditory warning information in a collision warning system
(CWS) on driving behavior. The data on driving behavior is collected through experiment, with scenarios containing unexpected
hazard events that include different warning content. As drivers approached the collision event, either a CWS auditory warning
was given or no warning was given for a reference group. Discriminant analysis was used to investigate the relationship between
directional auditory warning information and driving behavior. In the experiment, the CWS warnings significantly reduced brake
reaction time and prompted drivers to press the brake pedal more heavily, demonstrating the effectiveness of CWS warnings in
alerting drivers to avoid red-light running (RLR) vehicles when approaching a signalized intersection. Providing a clear warning
with directional information about an urgent hazard event could give drivers adequate time to prepare for the potential collision.
In terms of deceleration, a directional information warning was shown to greatly help drivers react to critical events at signalized
intersections with more moderate braking. From these results, requirements can be derived for the design of effective warning
strategies for critical intersections.

1. Introduction

Safe driving at intersections is one of the most dynamic
and complex tasks for drivers and requires a high degree of
visual and spatial processing [1, 2]. According to in-depth
analyses of accidents, recognition error is one of the main
contributing factors to accidents at intersections [3, 4]. For
instance, Vollrath et al. [4] found that a lack of information
was the main reason for more than 90% of intersection
accidents. Inmost cases, traffic participantswho violate traffic
regulations are not easily noticed by those drivers who have
the right to cross the intersection. If they fail to yield to these
traffic participants, the possibility of collisions increases [5].
In addition, insufficient sight distance or traffic light visibility
blockages may lead to conflicts or crashes at intersections
[6, 7].

Driving simulators offer a controllable, safe, and cost-
effective alternative to real-world driving and have become

an established tool in driver behavior research [8, 9]. Further-
more, with advances in in-vehicle collision warning system
(CWS) technology, more and more experiments are being
conducted to test such systems. Several simulators and on-
road studies have suggested that warning information can
produce several potential benefits that help drivers to deal
with urgent situations at intersections, reducing reaction
times to hazardous situations [10–14], reducing collision
involvement [15, 16], and thereby enhancing drivers’ safety.

Several recent studies based on driving simulators have
indicated that the effectiveness of CWSs is affected by various
parameters [17–21]. For example, Chang et al. [17] compared
two kinds of warning forms in alerting red-light running
(RLR) vehicles: beeping sounds and speech messages. It
was found that drivers had shorter response times and
slower speeds in vehicles installed with warning systems.
Baldwin and May [19] considered the impacts of loudness
and semantics in auditory warnings and found that the less

Hindawi Publishing Corporation
Discrete Dynamics in Nature and Society
Volume 2015, Article ID 980281, 7 pages
http://dx.doi.org/10.1155/2015/980281

http://dx.doi.org/10.1155/2015/980281


2 Discrete Dynamics in Nature and Society

urgent signal word “Notice” presented at the level of 85 dB
and the high-urgency signal word “Danger” presented at
the level of 70 dB resulted in significant reductions in crash
probability. Meanwhile, Yan et al. [21] found that auditory
warning information could help drivers detect RLR vehicles
in a more timely fashion and that early warnings provided
drivers withmore adequate time and space to decelerate so as
to avoid collisions with the conflicting vehicles. The auditory
warning is designed not only to attract attention but also
to provide additional information about the nature of the
hazardous event, such as directional information with the
direction in which the hazard is [22]. Previous studies have
shown participants to have shorter response times when the
stimulus is presented with clear directional help [23, 24].
Liu and Jhuang [20] indicated that auditory warning with
the help of directional information significantly improved
drivers’ performance in making accurate simulated-response
task decisions and that the response time to the tasks was
shorter when a warning with directional information was
given.

The studies mentioned above indicate that drivers can
benefit greatly from auditory warnings that include the direc-
tion of the danger. To date, there have been few promising
studies discriminating between the effects of directional
and nondirectional auditory warnings on driving behavior
and crash avoidance performance at signalized intersec-
tions. Therefore, more research is needed. The current study
addresses two points, using a driving simulator to evaluate
the effects of in-vehicle warning information displayed with
and without directional information on drivers’ response
and decision performance. Firstly, the difference between
directional and nondirectional warning information on the
drivers’ collision avoidance performance is investigated in
depth. Secondly, discriminant analysis, which has been
widely used in climate classification, agricultural zoning, and
the division of land types, is used to analyze the relationships
between directional and, respectively, nondirectional infor-
mation and driving behavior.

Therefore, the current research aims to evaluate the
effects of directional and nondirectional auditory warning
information on driving behavior. The results obtained could
contribute to better-designed warning content for in-vehicle
warning systems, which would in turn enhance road driving
safety.

2. Methods

2.1. Principles of Collision Warning Systems. Suppose that,
at a signalized intersection, when a vehicle is approaching
the intersection in the green phase, a violating vehicle
crosses the intersection during a red light. In this urgent
situation, CWSs are useful for ensuring safe driving. In in-
vehicle CWSs, all vehicles approaching the intersection can
be dynamically monitored by sensors such as GPS navigation
systems, vision systems, and WIFI cards installed in the car.
Due to the availability of supportive wireless technologies
and advanced sensory technologies within vehicles, all the
data about the road conditions, including the positions of
vehicles, speeds, deceleration, and real-time to collision,

can be acquired. These sensors can help drivers to respond
effectively by sending appropriatemessages between vehicles.
When a vehicle with an in-vehicle CWS is approaching an
intersection during the red phase, it should follow the traffic
rules and stop in front of the stop line. When the distance
from that vehicle to the stop line is larger than the stopping
distance, or the vehicle is predicted to run a red light with
high probability, it will be detected as a RLR vehicle. Once
a RLR vehicle has been detected, a vehicle that has the right
to cross the intersection will receive an auditory warning of
danger through wireless communications equipment. Figure
1 shows the flow chart of CWS at the signalized intersec-
tion.

2.2. Discriminant Analysis

2.2.1. Goals and Assumptions of Discriminant Analysis. The
goals of discriminant analysis are clearly clarified by Meloun
et al. [25]. It is used to determine whether there are statis-
tically significant differences between the average score of
discriminators for two or more predefined classes, to classify
objects into preset classes based on their score for the set of
discriminators, and to determine which of the discriminators
is reflected significantly in the differential average score
profiles of two or more classes.

Three assumptions are requiredwhendiscriminant analy-
sis is applied [26].The first is that discriminatory variables are
assumed to be normally distributed. It is necessary to confirm
this assumption so as to use tests of the significance of
individual discriminatory variables and discriminatory func-
tions. The second is that groups of statistical units are strictly
defined. In general, groups can be defined by objective factors
or by statistical methods. The third is the significance of the
selected discriminatory variables. Specifically, in order to
derive the Fisher discriminant function, to ensure conformity
of variances, the intracovariance matrix must be calculated
and it must be verified that the intracovariance matrices are
not the same, so that the derived quadratic discriminant
function can be used for classification. The degree to which a
violation of these assumptions affects the significance of the
tests and the estimation of classification error will depend on
the number of discriminatory variables and the group sizes
[25].

2.2.2. Discriminant Analysis Criteria. Satisfying the discrimi-
nant analysis criteria can be seen as a key task of discriminant
analysis. The object of discriminant analysis is to derive the
discriminant function or functions that separate the data into
two or more groups in a statistically significant way. The
goal is to find a linear combination of 𝑝 observed variables
𝑥
1
, 𝑥
2
, 𝑥
3
, . . . , 𝑥

𝑝
as follows:

𝑌 = 𝑏
𝑇

𝑥, (1)

where 𝑏
𝑇 is equal to 𝑏

1

, 𝑏
2

, . . . , 𝑏
𝑝, and the vector of param-

eters helps to separate the considered groups in such a way
that the intergroup variability is as large as possible and the
intragroup variability is as small as possible.
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Start

Monitor all vehicles approaching the
intersection by sensors and so forth

Whether in the
green phase

Yes

Yes

Whether there are RLR vehicles

Release warning to the drivers who are in the
green light by in-vehicle warning system

Follow traffic rules, stop
in front of the stop line,

and wait for the green phase

Cross the intersection safely
No

No

End

Figure 1: Flow chart of CWS.

The total variability of the original observed variables is
expressed by matrix 𝑇:

𝑇 =

𝐻

∑
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∑
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, (2)

where 𝑥
𝑖ℎ
represents a vector of values of 𝑖 which is statistical

unit in ℎ group; 𝑥 represents the average value over the
groups. A similar matrix 𝐸 is used to express intragroup
variability, and a matrix 𝐵 to express intergroup variability.
The matrix 𝑇 is equal to the sum of squares of 𝑄

𝐵
(𝑌) and

𝑄
𝐸
(𝑌), and the largest intergroup and smallest intragroup

variability of the variable 𝑌 can be achieved by maximizing
the following ratio:

𝐹 =
𝑄
𝐵
(𝑌)

𝑄
𝐸
(𝑌)

=
𝑏
𝑇

𝐵𝑏
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. (3)

𝐹 is known as Fisher’s discriminatory criterion. In order
to determine the value of 𝑌, it is necessary to specify the
elements of the vector 𝑏 so as to maximize the discriminatory
criterion that will distinguish between the groups.

If the set of units described by 𝑝 variables is divided into
two groups, only one discriminant is sufficient to express the
variability of the original variables based on Fisher’s discrim-
inatory criterion [27], but for Bayes’ discriminant analysis
criterion, two discriminants are needed. Bayes’ discriminant
analysis criterion is expressed as follows:

𝑋 ∈ 𝐺
𝑖
, 𝑝
𝑖
𝑓
𝑖
(𝑋) ≥ 𝑝

𝑗
𝑓
𝑗
(𝑋) , (4)

where 𝑝
𝑖
represents the a priori probability of each group and

𝑓
𝑖
(𝑋) the probability density function corresponding to each

group.

The discriminatory score can be used to classify 𝑛 objects
into 𝐻 groups. The Mahalanobis distance can also be used
as a criterion for the selection of discriminators. Each object
will be included in the group to which it is closest in terms
of distance from the centroid of the group. It is expressed as
follows, for the generalized measure of the distance between
two groups 1 and 2:

𝐷
2

1,2
= (𝑛 − 𝑔)

𝑚

∑

𝑖=1

𝑚
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𝑖1
− 𝑥
𝑖2
) (𝑥
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− 𝑥
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where 𝑚 represents the number of discriminators in the
model, 𝑥

𝑖1
is the average of discriminator 𝑖 in class 1, and 𝑤

𝑖𝑗

is the 𝑖, 𝑗 element of the inverse covariance matrix [28].
In addition, a high positive or negative value of the struc-

tural variables indicates that themonitored variable is charac-
teristic of the given discriminant. The sign (+/−) determines
whether the values of the original variable lead to an increase
or a decrease in the value of the discriminatory score.

2.3. Experimental Data. TheRLR precrash scenarios are sim-
ulated using the BJTU driving simulator. The design of the
experimental RLR precrash scenario is shown in Figure 2.
When the test vehicle (simulator) is 7 s from the conflict point
at the intersection, a RLR vehicle is triggered to start by the
time to collision (TTC sensor, which calculates the time from
the simulator to the conflict point in real time, and is set to
cross the intersection with a velocity of 20m/s). Once the
time from the conflict point reaches a predesigned value (4 s),
an auditory warning is triggered to the test vehicle (simu-
lator) that is crossing the intersection during a green phase.
The auditory warning without directional information is
“please watch out for the vehicle running the red light” and
the auditory warning with directional information is “please
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Table 1: Results of discriminant analysis.

Variable Classification function coefficient Sig.
No warning Nondirectional warning Directional warning

Brake reaction time 1.564 1.378 1.235 0.010∗

Deceleration 0.784 0.982 0.950 0.028∗

Crash rate 4.065 −0.415 −0.219 0.000∗

Constant −6.114 −5.389 −4.804 —
∗The corresponding variable has significant difference on the variable among three groups (no warning, non-directional information or directional
information) at the 0.05 significance level.

watch out for the vehicle running the red light on your right.”
At the same time, the driving simulator collects essential data
on driving behaviors, such as the location of the simulator,
the real-time speed, and deceleration.

A total of 45 subjects (53% males) participated in the
study. The participants ranged from 31 to 39 years of age
(mean age 35 years). Each driver experienced three kinds of
warning: nowarning, a warningwithout directional informa-
tion, and one with directional information. The drivers’
performances are represented by brake response time, decel-
eration, and crash rate. Two variables are needed to calculate
these driving behaviors. First, brake reaction time is mea-
sured from the time when a RLR vehicle is triggered in the
driving scenario (when the simulator vehicle is 7 s from the
conflict point) to the time when the test driver presses the
brake pedal. According to the definition used in this study, the
brake reaction time is not an absolute time value, but the same
baseline time is chosen; it is still able to reflect how quickly
drivers take action to avoid a collision. Second, deceleration
in this study is defined as the change in velocity, which is
measured during the collision avoidance process from the
time when the traffic event is triggered to the time when
avoidance is achieved or the driver leaves the conflict point.

3. Results

In this study, the discrimination between the effects of direc-
tional and nondirectional information on drivers’ collision
avoidance behavior at a signalized intersection is investigated.
Thus, the sample is divided into three groups based on
the warning given: (1) no warning, (2) auditory warning
with nondirectional information, and (3) auditory warning
with directional information. Drivers’ brake reaction times,
deceleration, and whether or not they crash are selected to
represent their collision avoidance performance.

3.1. Discriminant Analysis of Directional Information. Table 1
lists the results of the discriminant analysis. At the 0.05 signi-
ficance level, we have no reason to reject the null hypothesis
of equal mean values of the variables (brake reaction time,
deceleration, and crash rate). That is, there is a significant
difference between the means of the variables in the three
groups, which reveals that the warning condition (no warn-
ing, nondirectional information, or directional information)
exhibits a significant influence on the brake reaction time,
deceleration, and crash rate.

The discriminant functions are as follows, where 𝑌
1
is the

group given no warning, 𝑌
2
the group given a nondirectional

warning, and 𝑌
3
the group given a directional warning; 𝑡

represents the brake reaction time of the driver, 𝑎 represents
the deceleration that the driver applies, and 𝑐 indicates
whether or not a crash occurs (𝑐 = 0 means no crash occurs
and 𝑐 = 1means a crash occurs). Consider

𝑌
1
= 1.564𝑡 + 0.784𝑎 + 4.065𝑐 − 6.114,

𝑌
2
= 1.378𝑡 + 0.982𝑎 − 0.415𝑐 − 5.389,

𝑌
3
= 1.235𝑡 + 0.950𝑎 − 0.219𝑐 − 4.804.

(6)

3.2. Analysis of Driving Behavior. According to the above
results, the brake reaction times of the drivers, the deceler-
ation applied by the drivers, and their crash rates all differ
significantly between the three warning conditions. Over the
135 experimental intersections, a total of 17 crashes (12.6%)
are observed. Of the 17 crashes, none occurs under either of
the CWS auditory warning conditions (as Figure 3 shows),
which indicates that the CWS can greatly reduce crash risk.

Figure 4 indicates that the scenario with nowarning leads
to the longest mean brake reaction time and the highest
standard deviation. The brake reaction times when auditory
warnings are given are shorter and have lower standard
deviations, indicating that drivers react differently to the
collision event and that the warning is effective in reducing
their reaction times. Also, themean brake reaction timewhen
a directional information warning is given is a little smaller
than that in the case of the nondirectional information
warning, indicating that directional information will help
to reduce the mental processing required of drivers, thus
reducing the brake reaction time in the event of a traffic
event at a signalized intersection. Figure 5 shows the mean
deceleration applied by drivers as a result of the traffic event.
The group given no warning, which has the high crash rate
(38.6%), also has the lowest deceleration, indicating that the
drivers given no warning information pressed their brake
pedal too late to avoid an accident. However, the provision
of an auditory warning increases the deceleration applied
by the driver, demonstrating that such warnings tend to
cause drivers to apply the brakes more heavily. Interestingly,
the experimental results show that the mean deceleration in
the case of a directional information warning (3.45m/s/s) is
smaller than that in the case of a nondirectional information
warning (3.93m/s/s), indicating that a directional warning
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Figure 3: Crash rates under different warning conditions.

may not only reduce the possibility of a collision but also help
the driver to take more comfortable and appropriate braking
action to avoid the collision.

Additionally, at the end of the experiment, the partic-
ipants were asked to complete a questionnaire about the
subjective effectiveness of CWS warnings. Figure 6 shows
the results of the subjective ratings of contribution brought
by directional information of auditory warnings. All partici-
pants agreed that theCWSwarning could help improve driver
behavior. Around 60% thought that CWS warnings with
directional information were of great benefit for avoiding
collisions.

4. Discussion and Conclusion

This study has investigated driving behavior under different
types of CWSwarning information. Regarding brake reaction
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indicates a small contribution; 1 point indicates no contribution).

times, the results have shown that, when given an auditory
warning, drivers will take less time to apply the brakes com-
pared to when given no warning. Deceleration is the smallest
in the group given no warning, which also exhibited the
highest crash rate. A possible reason is that, within a limited
time and distance to the conflict point, only drivers that slow
down quickly enough will successfully avoid collision. The
experimental results indicate that the decelerations applied by
drivers provided with a CWS warning are consistently larger,
similar to results found by Yan et al. [21].

An extremely high percentage of crashes occur when
CWS warnings are not provided. Thus, whether the warning
contains directional information or not, the release of a
warning can improve drivers’ ability to respond to a RLR
collision situation. That is, faster reaction times and lower
crash risk are exhibited when a CWS warning is given in
a critical intersection situation, consistent with the results
of previous studies [1, 17]. Additionally, from a subjective
rating point of view, all of the participants believed that CWS
warningswould contribute to a reduced crash risk at intersec-
tions.

Interestingly, the experiment showed that directional
information given in an auditory warning has a significant
impact on the drivers’ brake reaction time and deceleration
rate. With respect to the brake reaction time, directional
information can help drivers to react to an emergency
event more quickly. With regard to the deceleration rate, it
seems that drivers who receive a nondirectional information
warning still have to observe the surrounding traffic because
they do not know the direction from which the RLR vehicle
is coming. Thus, directional information would seem to be
extremely important in terms of informing the driver of the
direction of the danger source. On hearing the CWSwarning,
a driver will react quickly to avoid a collision even if no
directional information is given. However, in such a situation
they may feel more pressure, leading them to press down on
the brake pedal more heavily. In contrast, the drivers who

received directional information seem to have been more
leisured and had comparatively more time to take braking
action. Studies with similar conclusions have indicated that,
when the warning contains directional information about the
danger, the driver can pay attention to the danger more easily
and effectively [29, 30]. The subjective ratings also showed
CWS warnings with directional information to be of higher
benefit.

The investigation of directional and nondirectional infor-
mation in auditory warnings carried out in this study is
expected to help reduce the brake reaction times of drivers.
The application of directional information in auditory warn-
ings given in emergent driving situations will give drivers
sufficient time to respond to urgent situations and take mod-
erate deceleration action. Besides this, the results contribute
to an existing literature indicating that auditory warnings
can help to reduce collisions at critical intersections and that
the content of the auditory warnings is a key factor in the
effectiveness of CWS [16, 31].

The results of this study suggest that auditory warnings
with directional information should be adopted as they are
useful for improving drivers’ ability to avoid collision events
and cross intersections more safely.The results can be used to
improve the effectiveness of CWSwarnings in real traffic situ-
ations. A larger amount of directional information will lessen
the information-processing burden on drivers. Drivers who
are distracted easily may benefit particularly from auditory
warnings with directional information. However, if the time
of the warning is inappropriate, then whether a directional
warning will make a difference to the driver is not clear.Thus,
the time at which a warning is released may be a key factor,
along with directional information, in improving existing
CWS warnings and should guide future CWS design. As a
result, although the results of this investigation provide an
important step towards understanding the different effects of
directional and nondirectional auditorywarning information
in applied settings, additional work is needed to examine
the effects of the combination of directional information and
information release time on driving behavior.
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The throughput of a given transportation network is always of interest to the traffic administrative department, so as to evaluate
the benefit of the transportation construction or expansion project before its implementation. The model of the transportation
network capacity formulated as a mathematic programming with equilibrium constraint (MPEC) well defines this problem. For
practical applications, amodified sensitivity analysis based (SAB)method is developed to estimate the solution of this bilevelmodel.
The high-efficient origin-based (OB) algorithm is extended for the precise solution of the combined model which is integrated in
the network capacity model. The sensitivity analysis approach is also modified to simplify the inversion of the Jacobian matrix in
large-scale problems. The solution produced in every iteration of SAB is restrained to be feasible to guarantee the success of the
heuristic search. From the numerical experiments, the accuracy of the derivatives for the linear approximation could significantly
affect the converging of the SAB method. The results also show that the proposed method could obtain good suboptimal solutions
from different starting points in the test examples.

1. Introduction

As the rapid growth of urbanization, the population and
economy ofmost cities in the developing countries or regions
are going through significant changes. The fast development
of transportation infrastructures in these areas gives rise to
a quick change on the travel behaviors. Along with the city’s
expansion, an inevitable thing is to design new transportation
system which is capable of meeting the future development
in land-using and population growth. However, under fast-
changing of travel demand, the conventional forecasting
methods (e.g., “four-step”) could not provide a straightfor-
ward evaluation to the new designed transportation network
such as on whether the new network is suitable for the
travel demand in the target year or how many trips can
be accommodated. Thus, to help the government to make
decision on the expansion or construction project or pre-
assessment of social benefits, the throughput, or “capacity,” of
the given transportation network is of practical meaning to
be estimated before planning implementation.

Capacity is a commonly used property to represent the
maximum flows that can pass through the link or node in
transportation system. In an attempt to address the question
of what is the maximum attainable throughput of the given
network, the concept of capacity is employed as an important
measurement for transportation system evaluation. It is able
to reflect how much traffic demand can be accommodated
by a given transportation system. Thus, efficient policy for
land use or traffic restraint and growth can be established in
advance. According to the conventional network flow theory,
the capacity problem is stated to find themaximumflows that
can be sent from a specified source node to another specified
sink node without exceeding the capacity of any link. This
well-known problem is extended to the multicommodity and
is widely used in freight transport. However, when modeling
the capacity of urban transportation network, the problem
becomes quite complex. Noted by Yang et al. [1], travelers in
urban transportation network can choose their routes and
their trip costs increase with increasing flow as a result of
congestion. Besides, multiple origin and destination (O-D)
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pairs exist and the flows between distinct O-D pairs cannot
be exchanged in passenger transportation system. These
differences make the modeling of transportation network
capacity complex, and the intriguing problem is also hard to
solve.

The most popular formulation of the transportation
network capacity is the bilevel programming model, which
maximizes the traffic flows under the equilibrium constraint.
Wong and Yang [2] first incorporated the reserve capacity
concept into a traffic signal control network.This concept was
widely extended in the study of signal controlled networks
[3–5]. The reserve capacity is defined as the largest multiplier
applied to a given O-D demand matrix that can be allocated
to a network, so the solution is significantly affected by
the predetermined O-D matrix. However, it is unrealistic to
assume that all O-D flows increase in the same rate, especially
for the areas under rapid changing. If the predetermined
distribution proportion is far from the future tendency, the
solution will be of little use. Consequently, in order to reflect
the differences of the future development of each urban
subarea, Yang et al. [1] considered that the new increased O-
D demand pattern should be variable both in level and in
distribution, while the distribution of the current trips would
be relatively fixed. Thereby they introduced the equilibrium
trip distribution/assignment model with variable destination
costs (ETDA-VDC) [6] to capture this characteristic for net-
work capacity estimation. Based on this model, Kasikitwiwat
and Chen [7] proposed the concepts and models of the
ultimate and practical capacity. The former is used for the
new network without any current flow, while the latter is
the same as Yang’s model. Then, Chen and Kasikitwiwat [8]
used the practical network capacity model to describe the
limited flexibility of transportation networks. According to
the literatures, the concept of the practical capacity model
is more fully functional and preferred, as it takes both the
current demand pattern and the variability of future growth
into consideration.

In order to solve the various bilevel capacity models, the
SAB algorithm is generally employed. This SAB algorithm
for bilevel programing was first presented in Friesz et al.
[9]. It is heuristic and depends absolutely on the derivative
information produced by the sensitivity analysis of the lower-
level problem [10]. Benefiting from the rich achievements in
the study of the sensitivity analysis for equilibrium models
[11–18], SAB algorithm has been widely utilized in the
optimization problems of equilibrium network flows, such as
traffic signal control [3, 5, 19, 20] and network design [21–
23], as well as network capacity [1, 3–5, 24]. But due to the
difficulty of the sensitivity analysis for ETDA-VDC model,
Yang et al. [1] used an iterative estimation-assignment (IEA)
algorithm [11] instead to solve the transportation network
capacity problem. Later, Kasikitwiwat andChen [7] andChen
and Kasikitwiwat [8] selected using a genetic algorithm to
solve the problem in a very small network. However, since
the complexity of the network capacity problem, the global
optimization algorithms (e.g., genetic algorithm or simulated
annealing) can hardly find the exact solution to the capacity
problem in larger networks, and the computation time could
be intolerably long. By contrast, SAB algorithm has the

property of fast convergence which makes the computation
terminate at a local optimum within a considerable time.
Nevertheless, the calculation issue of thematrix inversion still
limits the applications of the SAB method. To address this
problem, we developed an effective method by simplifying
the matrix inversion in the sensitivity analysis approach,
which will take much less memory space, so the capacity of
the real transportation networks could be estimated.

In this study, Yang’s formulation [1] for the transportation
network capacity model is employed to describe the practical
capacity of the urban road system. In an attempt to estimate
the capacity of the real road networks, a series of improve-
ments are taken to the SAB method to make the heuristic
search successfully converge to a relatively better suboptimal
solution. Firstly, the OB algorithm [25] is modified for the
solution of the lower-level ETDA-VDC model. Then, the
restriction sensitivity analysis approach for the ETDA-VDC
model [18] is employed in and improved on the expressions so
as to deal with the large-scale problems. Besides, the solution
update strategy is modified on the step-size adaption, which
ensures the entire heuristic search to converge to a local
optimum. Finally, numerical experiments are implemented
to show the efficiency and capability of the proposed SAB
method.

2. Road Network Capacity Model

It should be noted that the boldface type of the Notation
section represents the corresponding column vectors in the
remainder of this paper.

2.1. Model Formulation. Conversional methods, like the
reserve capacity model, evaluate the capacity of transporta-
tion networks by assuming that the travel demand increases
with a determined distribution proportion, which is usually
far from the regularity and underestimates the results. In
order to evaluate zonal development potential and equi-
librium network capacity more appropriately, Oppenheim’s
definitions on the behaviors of the existing travel demand and
the additional demand are introduced as follows.

(i) The existing demand, denoted by 𝑒
𝑝𝑞
, has predeter-

mined origins and destinations. The pattern of the
existing demand is formed during the past long term,
so its distribution is going to be relatively stable and
can be regarded as fixed. The existing demand only
changes routes to optimize the travel cost.

(ii) The additional demand, 𝑑
𝑝𝑞
, is variable. The new

generated demands from residential area can decide
their daily travels without the constraints of either
destination or route choices. But the behavior of the
additional demand still follows the rule that selects
the destinations which maximize the “utility” of the
trips.

The utility could include the destination attractiveness,
the cost along traveling route, and other factors. The attrac-
tiveness of destination is determined by the congestion at
destination and the expenses for the activity in that area.
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In network capacity model, the utility from origin 𝑝 to
destination 𝑞 is formulated as𝑈

𝑝𝑞
= −(𝑀

𝑞
+𝜏
𝑝𝑞
), in which 𝜏

𝑝𝑞

is the travel cost from 𝑝 to 𝑞, and𝑀
𝑞
denotes the destination

cost which could be a decrease function of the total additional
trip attraction, 𝐷

𝑞
, at destination 𝑞. Besides, the destination

choices of the travelers at each origin 𝑝 are assumed to have
certain randomness. Thus, the conditional probability that
an individual will choose destination 𝑝 is derived by using
the standard logit function, so the O-D travel demand is
conducted by

𝑑
𝑝𝑞

= 𝑂
𝑝

exp {−𝜃 (𝜏
𝑝𝑞

+𝑀
𝑞
)}

∑
𝑘∈𝑍

exp {−𝜃 (𝜏
𝑝𝑘

+𝑀
𝑞
)}

, ∀𝑝 ∈ 𝑍, 𝑞 ∈ 𝑍
𝑝
.

(1)

Thus, with the objective to maximize the additional
demand under the above travel behavior regularity and
certain physical constraints, the typical road network capacity
model is formulated as the following bilevel programming
problem.

Upper-level problem is as follows:

Max
O

∑

𝑝∈𝑍

𝑂
𝑝
, (2)

s.t. V
𝑎
(O) ≤ 𝐶

𝑎
, ∀𝑎 ∈ 𝐴, (3)

𝑂
𝑝
= ∑

𝑞∈𝑍
𝑝

𝑑
𝑝𝑞
(O) ≤ 𝑂

max
𝑝

− 𝑂
𝑝
, ∀𝑝 ∈ 𝑍, (4)

𝐷
𝑞
= ∑

𝑝∈𝑍
𝑞

𝑑
𝑝𝑞
(O) ≤ 𝐷

max
𝑞

− 𝐷
𝑞
, ∀𝑞 ∈ 𝑍, (5)

𝑂
𝑝
≥ 0, ∀𝑝 ∈ 𝑍, (6)

where 𝑑
𝑝𝑞
(O) and V

𝑎
(O) are obtained by solving the ETDA-

VDC problem in lower-level problem.
Lower-level problem, ETDA-VDC model, is as follows:

Min
(f,h,d)

∑

𝑎

∫

V
𝑎

0

𝑡
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1
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0
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(𝑦) 𝑑𝑦,

(7)

s.t. ∑

𝑞∈𝑍
𝑝

𝑑
𝑝𝑞

= 𝑂
𝑝
, ∀𝑝 ∈ 𝑍, (8)

∑
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𝑝𝑞

ℎ
𝑝𝑞

𝑟
= 𝑒
𝑝𝑞
, ∀𝑝 ∈ 𝑍, 𝑞 ∈ 𝑍

𝑝
, (9)

∑

𝑟∈𝑅
𝑝𝑞

𝑓
𝑝𝑞

𝑟
= 𝑑
𝑝𝑞
, ∀𝑝 ∈ 𝑍, 𝑞 ∈ 𝑍

𝑝
, (10)

V
𝑎
= ∑

𝑝

∑

𝑞

∑

𝑟

(𝑓
𝑝𝑞

𝑟
+ ℎ
𝑝𝑞

𝑟
) 𝛿
𝑝𝑞

𝑎,𝑟
, ∀𝑎 ∈ 𝐴𝑚, (11)

𝑑
𝑝𝑞

≥ 0, ∀𝑝 ∈ 𝑍, 𝑞 ∈ 𝑍
𝑝
𝑚, (12)

𝑓
𝑝𝑞

𝑟
≥ 0, ∀𝑝 ∈ 𝑍, 𝑞 ∈ 𝑍

𝑝
, 𝑟 ∈ 𝑅

𝑝𝑞
, (13)

ℎ
𝑝𝑞

𝑟
≥ 0, ∀𝑝 ∈ 𝑍, 𝑞 ∈ 𝑍

𝑝
, 𝑟 ∈ 𝑅

𝑝𝑞
. (14)

The upper-level problem defines a maximal trip produc-
tion model. The objective is to maximize the summation
of the additional trip production at origins. Equation (3)
represents that the traffic flowon every link should not exceed
its capacity. Constraints (4) and (5) are the limitation of the
zonal trip production and attraction. They mean the number
of trips generated and attracted at each traffic zone should
be limited by some upper bounds, namely, 𝑂max

𝑝
and 𝐷

max
𝑞

,
respectively.

The lower-level problem is the ETDA-VDC model. The
objective function (7) indicates the choice behavior of both
the existing and additional travel demand. Constraint (9)
shows that the amount of the existing flows is fixed for
each O-D, while constraints (8) and (10) show that the
additional flows are only restrained at the origin productions.
The relationship between the link flow and route flow is
represented in (11). All the variables must be nonnegative,
that is, constraints (12)–(14). The lower-level problem is a
combined distribution and assignment model.

This bilevel model was first presented in work by Yang
et al. [1]. Because of the advantages on the formulation of
the travel demand growth, it was continually used in later
researches as a typical model for the road network capacity
concept. The remaining part of this study focuses on the
solution of this model in the real-sized road networks.

3. Sensitivity Based Heuristic Algorithm

This section presents an improved version of the SAB algo-
rithm for the solution of the road network capacity model. To
overcome the drawbacks of the conventional SAB algorithm
[9] that cannot be applied to any real-sized network for
capacity estimations, the following improvements are carried
out.

(i) The lower-level ETDA-VDC model is fast solved by
a modified OB algorithm to produce a high accurate
solution.

(ii) The rectified sensitivity analysis method for the
ETDA-VDC model is simplified on the calculation
of the matrix inverse to be applicable for large-scale
problems.

(iii) The solution update of the heuristic search is
improved by step-size adaption in order to ensure that
the SAB algorithm can converge to a local optimum.

Correspondingly, a series of techniques is proposed in this
section, so our modified SAB algorithm will be capable to
solve the bilevel road capacity model efficiently.

3.1. Origin-Based Algorithm for the ETDA-VDC Model. In
the standard SAB search, the lower-level ETDA-VDC model
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Figure 1: Relative gap versus CPU time.

should be solved in every iteration to conduct an equilibrium
traffic flow pattern, namely, the solution to the lower-level
problem. According to recent researches on the traffic assign-
ment problems, the OB algorithm is demonstrated to be one
of the state-of-the-art algorithms [26]. In addition, from the
results of the OB algorithm, the set of all equilibrated routes
can be easily extracted, which will be a precondition for the
restriction sensitivity analysis approach in next step of SAB
algorithm.

The OB algorithm uses the origin-based approach propor-
tions, 𝛼

𝑝
= {𝛼
𝑎𝑝
}, as its main solution variables, where 𝛼

𝑎𝑝

represents the proportion of flow that comes from origin 𝑝

through link 𝑎. The approach proportions are updated by
shifting flows within the restricting subnetwork, 𝐴

𝑝
. The

details of the OB algorithm can be referred to in Bar-Gera
[26]. Using the approach proportions, the OB algorithm is
able to store the route flow information with significantly
less memory than the route-based algorithms and achieve
high-accuracy solutions compared to the link-based algo-
rithms.

In the process of the OB algorithm, it starts with trees of
minimum cost routes from origins as restricting networks.
Then steps of updating restricting network and approach
proportions are implemented for each origin separately. An
“inner loop” is performed subsequently to accelerate con-
vergence, in which the origin-based link flows are updated
while keeping the restricting subnetworks fixed. The inner
loop is useful, because the restricting subnetworks tend to sta-
bilize fairly quickly but updating the restricting subnetworks
requires more computational effort [26, 27].

The OB algorithm for the combined trip distribution and
assignment problems requires an additional step to update

the O-D flows while keeping the route proportions fixed.
Taking Evans’ algorithm as a reference, we modified the orig-
inal OB algorithm for the solution of the ETDA-VDCmodel,
in which the step size of the O-D flow update is obtained
by solving a one-dimension search problem. The proposed
valgorithm is summarized as shown in Algorithm 1.

The performance of Algorithm 1 was testified on different
test networks. The characteristics of these networks are
obtained fromhttp://www.bgu.ac.il/∼bargera/tntp/.The con-
verging processes on two well-known networks are demon-
strated in Figure 1, where the relative gap is defined as RG =

|𝐹
𝑛

− 𝐹
𝑛−1

|/𝐹
𝑛 (𝐹𝑛 is the value of objective function (7) at

𝑛th main loop). It shows that the converging of the improved
OB algorithm (IOBA) is faster and more stable than Evans’
algorithm (EA) or the original OB algorithm (OBA) steps in
Bar-Gera and Boyce [25].

3.2. Sensitivity Analysis of the ETDA-VDC Model. On the
basis of an equilibrium solution of the lower-level model, the
derivatives of the lower-level decision variables with respect
to the upper-level ones should be produced for linearly
approximating the whole bilevel model in next step. The
derivative expressions can be obtained by employing the
restriction sensitivity analysis approach for the ETDA-VDC
model [18]. The restriction approach reduces the original
network to a restricting one in which the nonuniqueness
difficulty will be overcome, and thus the full derivatives of the
link flows in the primal problem can be solved.The necessary
results from the sensitivity analysis of the ETDA-VDCmodel
are presented in this section without proof.
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Initialization:
Set 𝑛 := 0, determine the initial link cost t0 and destination costM0 by setting x0 = 0 and d0 = 0, respectively.
For each origin 𝑝 ∈ 𝑍 do

(i) Find the tree of minimum cost routes rooting from 𝑝. Let 𝐴
𝑝
be the minimum route tree. Denote

the minimum route cost to destination 𝑞 ∈ 𝑍
𝑝
by 𝜏0
𝑝𝑞
, and choose a minimum cost route from p to q.

(ii) Compute the initial variable O-D demands by

𝑑
0

𝑝𝑞
= 𝑂
𝑝

exp [−𝜃 (𝜏0
𝑝𝑞
+𝑀
0

𝑞
)]

∑
𝑘
exp [−𝜃 (𝜏0

𝑝𝑘
+𝑀
0

𝑘
)]

, ∀𝑞 ∈ 𝑍
𝑝

(iii) For 𝑞 ∈ 𝑍
𝑝
, assign the entire O-D demand 𝑒

𝑝𝑞
and 𝑑0

𝑝𝑞
to the minimum cost route 𝑟 from 𝑝 to 𝑞, and obtain initial

link flow 𝑥
0

𝑎𝑝
.

(iv) Update the link costs using the initial link flows.
(v) Initialize the origin-based approach proportions 𝛼0

𝑎𝑝
.

Main Loop:
Given the current variable O-D demand d𝑛 obtained in (𝑛 − 1)th-iteration:
For 𝑛 = 1 to number of main iterations (𝐼Main)

for each 𝑝 in 𝑍 do
Update restricting network 𝐴

𝑝

Update origin-based approach proportions 𝛼
𝑝

end for
Inner Loop:
for𝑚 = 1 to number of inner iterations (𝐼inner)

for each 𝑝 in 𝑍 do
Update origin-based approach proportions 𝛼

𝑝

end for
end for
Update O-D flows, retain origin-based approach proportions:

Given the origin-based approach proportions 𝛼𝑛
𝑝
, link flows v𝑛 and link costs t𝑛 obtained in the steps

above:
(i) For each 𝑞 ∈ 𝑍, compute the destination cost𝑀𝑛

𝑞
by O-D demand 𝑑𝑛

𝑝𝑞
and 𝑒

𝑝𝑞
.

(ii) Find the set of auxiliary trip demands 𝑑𝑛
𝑝𝑞

by solving the following logit distribution model:

𝑑
𝑛

𝑝𝑞
= 𝑂
𝑝

exp [−𝜃 (𝜏𝑛
𝑝𝑞
+𝑀
𝑛

𝑞
)]

∑
𝑘
exp [−𝜃 (𝜏𝑛

𝑝𝑘
+𝑀
𝑛

𝑘
)]

∀𝑝 ∈ 𝑍, 𝑞 ∈ 𝑍
𝑝

(iii) Calculate the auxiliary traffic flow V̂𝑛
𝑎
on each link a with the approach proportions 𝛼𝑛

𝑎𝑝

(iv) Let (k𝜆(𝑛), d𝜆(𝑛)) = (1 − 𝜆)(k𝑛, d𝑛) + 𝜆(k̂𝑛, d̂𝑛) and solve the one-dimensional search problem defined
as follows to obtain the step size 𝜆∗ ∈ [0, 1]

min
0≤𝜆≤1

𝐹 (𝜆) = ∑

𝑎∈𝐴

∫

V𝜆(𝑛)
𝑎

0

𝑡
𝑎
(𝑥) 𝑑𝑥 + (1/𝜃) ∑

𝑝∈𝑍

∑

𝑞∈𝑍
𝑝

𝑑
𝜆(𝑛)

𝑝𝑞
(ln 𝑑𝜆(𝑛)
𝑝𝑞

− 1) + ∑

𝑞∈𝑍

∫

𝐷
𝜆(𝑛)

𝑞

0

𝑀
𝑞
(𝑦) 𝑑𝑦

(v) Set (k𝑛+1, d𝑛+1) := (k𝜆(𝑛), d𝜆(𝑛)) and check for convergence. Terminate if the convergence
criterion is satisfied; otherwise, update total link flows and link costs, set 𝑛 := 𝑛 + 1 and start
a new iteration of the main loop.

End for

Algorithm 1

In the restricting problem the derivatives of the model
solutions with respect to the input parameters are derived
from

∇Ox (𝜀) = [Jx]
−1

[−JO] , (15)

where Jx is an invertible Jacobian matrix with respect to the
solution variables x = (f𝐵𝑇, h𝐵𝑇, d𝑇,𝜆𝑇,𝜇𝑇, u𝑇)𝑇, in which f𝐵
and h𝐵 are the basic variables of the additional and existing
route flows, respectively. JO is the Jacobian matrix with
respect to the additional zonal productions, O. Here, 𝜆,𝜇, u
are the Lagrangemultipliers associated with the conservation
constraints (8)–(10). O is referred to as an input parameter

for the ETDA-VDC model. It is in terms of the perturbation
𝜀. The expressions of Jx and JO are as follows:

Jx =

[
[
[
[
[
[
[

[

∇
2

f 𝐿 ∇f,h𝐿 O O O −Λ
𝑇

f
∇h,f𝐿 ∇

2

h𝐿 O O −Λ
𝑇

h O
O O ∇

2

d𝐿 −Φ
𝑇 O 𝐼

O O −Φ O O O
O −Λ h O O O O
−Λ f O 𝐼 O O O

]
]
]
]
]
]
]

]

, (16)

JO = [O O O 𝐼 O O]𝑇, (17)
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where ∇2f 𝐿 = Δ
𝑇

f∇kt(k, 𝜀)Δ h, ∇h,f𝐿 = Δ
𝑇

h∇kt(k, 𝜀)Δ f , ∇
2

f 𝐿 =

Δ
𝑇

h∇kt(k, 𝜀)Δ h, ∇f,h𝐿 = Δ
𝑇

f∇kt(k, 𝜀)Δ h, and ∇
2

d𝐿 = (1/𝜃)

diag(1/𝑑
𝑝𝑞
) + Ψ

𝑇

∇dM; diag(1/𝑑
𝑝𝑞
) is a diagonal matrix

with 1/𝑑
𝑝𝑞

as its diagonal elements. The superscript “𝑇”
represents the transposed matrix. “𝐼” indicates the identity
matrix. The link cost function, t(⋅), should be strongly
monotonically defined in v, which guarantees the uniqueness
of the equilibrium solution and is also a precondition for
the sensitivity analysis approach. Utilizing the restriction
approach, the derivative, ∇Ox(𝜀), is first conducted in the
restricting problem and then ∇Ok, which is defined in the
original one, can be obtained by

∇Ok = Δ f∇Of
𝐵

+ Δ h∇Oh
𝐵

. (18)

Equation (18) indicates that the variations on the link flows
can be just represented by the changes on the basic route
flows, which is the rationale of the restriction sensitivity
analysis approach.

From (15), the inverse of the matrix Jx is required to be
worked out. However, the calculation of the inverse matrix is
costly for both computation time and storage space in numer-
ical computation for large-scale problems. The dimension of
Jx (from (16)) could be about five times of the number of O-D
pairs. So the elements of Jx could totally take approximately
𝑂(25𝑛

4

) space, where 𝑛 is the amount of the traffic zones, and
thus even a medium network with hundreds of origins will
conduct a Jacobian matrix with over one hundred thousand
dimensions. For example, in a small network with about 30
traffic zones (900 O-D pairs), nearly 400MB RAM should
be expended on the storage of the Jacobian matrix (if each
element uses a double type). Consequently, the conventional
sensitivity analysis approach for the combined model is very
difficult to be utilized in the large-scale problems. Besides, the
direct calculation for the inverse of a large matrix is pretty
inefficient and inaccurate in practice.

To avoid the defects of deriving the inverse matrix
directly, the usual way to solve the following linear equation
as an alternative. Equation (15) which produces the sensitivity
results can be rewritten as

Jx ⋅ ∇Ox = −JO. (19)

Then, ∇Ox is derived by solving the following series of linear
equations:

b
𝑖
= Jx ⋅ z𝑖, (20)

where b
𝑖
is the 𝑖th column vector in matrix of [−JO] and z

𝑖

is the 𝑖th column vector in ∇Ox. Let e𝑖 be a unit vector with
one in the 𝑖th position and zeros elsewhere. The length of e

𝑖

is equal to the column number of JO. Thus,

b
𝑖
=

[
[
[
[
[
[
[

[

0
0
0
−e
𝑖

0
0

]
]
]
]
]
]
]

]

, −JO = [. . . , b
𝑖
, . . .] , (21)

where 0 in bold is zero vectors associate with the zero block
in JO.

To solve (20), Jx is premultiplied by the matrices K
1

and K
2
in sequence and postmultiplied by K𝑇

1
and K𝑇

2

simultaneously, which is equivalent tomaking the elementary
transformation of matrix Jx. Consider

K
1
=

[
[
[
[
[
[
[

[

𝐼

𝐼

𝐼

𝐼 Φ

𝐼

𝐼

]
]
]
]
]
]
]

]

,

K
2
=

[
[
[
[
[
[
[

[

𝐼

𝐼

𝐼

𝐼

𝐼

−∇
2

d𝐿
−1

𝐼

]
]
]
]
]
]
]

]

.

(22)

Thus,

K
2
K
1
JxK
𝑇

1
K𝑇
2

=

[
[
[
[
[
[
[
[
[

[

∇
2

f 𝐿 ∇f,h𝐿 O −Λ
𝑇

fΦ
𝑇 O −Λ

𝑇

f
∇h,f𝐿 ∇

2

h𝐿 O O −Λ
𝑇

h O
O O ∇

2

d𝐿 O O O
−ΦΛ f O O O O O
O −Λ h O O O O
−Λ f O O O O −∇

2

d𝐿
−1

]
]
]
]
]
]
]
]
]

]

.

(23)

By using the above operations on (20), we obtain

K
2
K
1
JxK
𝑇

1
K𝑇
2
[K𝑇
2
]
−1

[K𝑇
1
]
−1

z
𝑖
= K
2
K
1
b
𝑖
. (24)

Obviously,

y = [K𝑇
2
]
−1

[K𝑇
1
]
−1

z
𝑖
, K

2
K
1
b
𝑖
=

[
[
[
[
[
[
[

[

0
0
0
−e
𝑖

0
0

]
]
]
]
]
]
]

]

. (25)

Therefore, it is equivalent to solving the equation in terms
of y and then deriving z

𝑖
by

z
𝑖
= K𝑇
1
K𝑇
2
y =

[
[
[
[
[
[
[
[

[

y
1

y
2

y
3
− ∇
2

d𝐿
−1

⋅ y
6

y
4

y
5

y
6
+ Φ
𝑇

⋅ y
4

]
]
]
]
]
]
]
]

]

. (26)

Since it is only concerned with the first three subvectors
of z
𝑖
in the sensitivity result, we just need to find the value of
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y
1
, y
2
, y
3
, and y

6
. From (24), the following group of equations

can be obtained:

∇
2

f 𝐿 ⋅ y
1
+ ∇f,h𝐿 ⋅ y

2
− Λ
𝑇

fΦ
𝑇

⋅ y
4
− Λ
𝑇

f ⋅ y6 = 0, (27)

∇h,f𝐿 ⋅ y
1
+ ∇
2

h𝐿 ⋅ y
2
− Λ
𝑇

h ⋅ y5 = 0, (28)

∇
2

d𝐿 ⋅ y
3
= 0, (29)

−ΦΛ f ⋅ y1 = −e
𝑖
, (30)

−Λ h ⋅ y2 = 0, (31)

−Λ f ⋅ y1 − ∇
2

d𝐿
−1

⋅ y
6
= 0. (32)

The above equation systems can be further simplified
depending on whether the incidence matrix Λ h is square.

(1) If Λ h is square, consider the following.

Thus, Λ h will be constructed as an identity matrix; the
value of y

2
and y

3
can be computed from (29) and (31), and

thereby y
2
= y
3
= 0. From (32),

y
6
= −∇
2

d𝐿 ⋅ Λ f ⋅ y1. (33)

Substituting (33) into (27), we obtain

(∇
2

f 𝐿 + Λ
𝑇

f∇
2

d𝐿Λ f) y1 − Λ
𝑇

fΦ
𝑇

⋅ y
4
= 0. (34)

Combined with (30) we get

[
∇
2

f 𝐿 + Λ
𝑇

f∇
2

d𝐿Λ f −Λ
𝑇

fΦ
𝑇

−ΦΛ f O
] [

y
1

y
4

] = [
0

−e
𝑖

] , (35)

where

∇
2

f 𝐿 + Λ
𝑇

f∇
2

d𝐿Λ f = [Δ
𝑇

f Λ
𝑇

f] [
∇kt (⋅)

∇
2

d𝐿
] [

Δ f
Λ f

] . (36)

Because the matrix [
∇kt(⋅)
∇
2

d𝐿
] is positive definite, the

columns of [ Δ f
Λ f
] are leaner independent from the restriction

approach. It can be easily conducted that matrix (36) is
invertible. Let

[
∇
2

f 𝐿 + Λ
𝑇

f∇
2

d𝐿Λ f −Λ
𝑇

fΦ
𝑇

−ΦΛ f O ] = [
A B𝑇
B O ] . (37)

Solving (35), we can get

y
1
= A−1B𝑇(BA−1B𝑇)

−1

⋅ e
𝑖
. (38)

To this extent, the only effort to produce the desired
derivative results is to calculate y

1
, in which the inverse of

matricesA and BA−1B𝑇 should be derived.The dimension of
matrix A is equal to the numbers of the basic routes used by
the additional travel demand, which is a little more than the
number of O-D pairs from our observation in computational
experiments.The dimension of matrixBA−1B𝑇 is the same as
the number of origins and is not large.

Consequently, by utilizing (33) and y
2
= y
3
= 0, the first

three subvectors of z
𝑖
can be obtained, which are separately

corresponding to the derivative results,∇Of𝐵,∇Oh𝐵, and∇Od,
in ∇Ox. The expressions are

∇Of
𝐵

= A−1B𝑇(BA−1B𝑇)
−1

,

∇Oh
𝐵

= 0,

∇Od = Λ f ⋅ ∇Of
𝐵

.

(39)

Thus,

∇Ok = Δ f∇Of
𝐵

. (40)

(2) If Λ h is not square, consider the following.

In this case, y
2
= ∇Oh𝐵 will not be equal to zero. For

further simplification, we rewrite Λ h as

Λ h = [
Λ


h
𝐼
] . (41)

Let 𝑅 denote the set of routes associated with Λ


h and the
flows on these routes are represented by h. Repeating the
derivation from (33) to (35), we can get

[
[
[
[

[

∇
2

f 𝐿 + Λ
𝑇

f∇
2

d𝐿Λ f ∇f,h𝐿


−Λ
𝑇

fΦ
𝑇 O

∇h,f𝐿


∇
2

h𝐿
 O Λ



h
−ΦΛ f O O O
O Λ



h O O

]
]
]
]

]

×

[
[
[

[

y
1

y
2

y
4

y
5

]
]
]

]

=

[
[
[

[

0

0

−e
𝑖

0

]
]
]

]

,

(42)

where the superscript “” indicates the matrices and variables
corresponding to the routes in 𝑅. Considering that the set of
𝑅
 is fairly small for network capacity problems, the equation

system is slightly larger than (35), which is also easy to be
solved. The derivative of the existing route flows is computed
by y
2
. Consider

∇Of
𝐵

= y
1
, (43)

∇Oh
𝐵

= y
2
, (44)

∇Od = Λ f ⋅ ∇Of
𝐵

. (45)

And thus,

∇Ok = Δ fy1 + Δ


hy


2
. (46)

From the above result, it can be noted that the primal
problem to calculate the inverse ofthe entire matrix Jx is
replaced by solving a small system of linear equations.
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3.3. Restriction of the EquilibriumNetwork. When the restric-
tion sensitivity analysis approach was proposed [10], the
restricting problem was conducted by finding an extreme
point of the feasible region of the equilibrium route flow. An
equivalent linear programming was provided for solution.
However, this method has been verified usually failed, since
the linear programming may find a degenerated solution
which causes the fact that the reduced restricting problem
cannot reserve the essential information and conducts a
wrong result [16]. A rectifiedmethod is to find amaximumset
of the linear independent columns in the coefficientmatrix of
the following equation system [18]:

[
[

[

Δ
0

f Δ
0

h
Λ
0

f O
O Λ

0

h

]
]

]

[
f0
h0] = [

[

k∗
d∗
e
]

]

. (47)

The above equation system defines the feasible region of the
equilbirum route flow under unique euqilibrium solution of
v∗ and d∗. Note that the notations are distinguishing from
the ones in (16). f0and h0 correspond to the routes that
carry positive flows,which are the equilibrated (orminimum-
cost) routes according to Assumption 2 in Du et al. [18], and
can be obtained from the results of the OB algorithm. The
superscript “0” is associated with the variables in a reduced
problem, which only consists of the equilibrated routes.

From the coefficient matrix of (47), the maximum set
of the linear independent columns corresponds to the set of
the equilibrated and linear independent routes (ELI, denoted
by 𝑅𝐵) and can be found using the row echelon form of the
coefficientmatrix.We can utilize the blocksΛ f andΛ h which
are incidence matrices with one in each column (because one
route can only serve one O-D). Since there may be more than
one equilibrated route between an O-D pair, Λ f and Λ h are
generally not column full rank. Thus, the coefficient matrix
can be rewritten as

[

[

Λf O Λ̃ f O
O Λh O Λ̃ h
Δf Δh Δ̃ f Δ̃ h

]

]

= [

[

𝐼 Λ̃ f O
𝐼 O Λ̃ h

Δf Δh Δ̃ f Δ̃ h

]

]

→ [
𝐼 O O
O Δ̃ f − ΔfΛ̃ f Δ̃ h − ΔhΛ̃ h

] ,

(48)

where Λf and Λh are square matrices, which consist of
exactly one equilibrated route for each O-D, so they are equal
to identity matrices. Thus, the question is reduced to find
and eliminate the linear dependent columns in a submatrix.
Consider

[Δ̃ f − ΔfΛ̃ f Δ̃ h − ΔhΛ̃ h] . (49)

The columns of the above matrix are only related to the
alternative routes between every O-D. Therefore, the set 𝑅𝐵

will include the routes corresponding to Λf , Λh, and the
maximum set of the independent columns in (49).

3.4. Solution of the Maximum Trip Production Problem.
When the sensitivity results are derived, the SAB algorithm
will use this information to represent the implicit relation-
ships between v, d, and O. Thus, the bilevel problem is first-
order approximated at the given point, O∗ = 𝑓

−1

(k∗, d∗).
Let k(O∗) and d(O∗), respectively, denote the solutions to the
lower-level model atO∗. The relationship can be represented
by using the Taylor expansion:

k (O) ≈ k (O∗) + ∇Ok ⋅ (O −O∗) ,

d (O) ≈ d (O∗) + ∇Od ⋅ (O −O∗) ,
(50)

where the derivatives ∇Ok and ∇Od are obtained from the
sensitivity analysis of the ETDA-VDC model. Therefore, the
bilevel problem can be reformulated as

Max ∑

𝑝∈𝑍

𝑂
𝑝

s.t. ∇Ok ⋅O ≤ C − k∗ + ∇Ok ⋅O
∗

Φ ⋅ ∇Od ⋅O ≤ Omax
−O −O∗ + Φ ⋅ ∇Od ⋅O

∗

Ψ ⋅ ∇Od ⋅O ≤ Dmax
−D −D∗ + Ψ ⋅ ∇Od ⋅O

∗

.

(51)

The solution of this linear programming can be easily derived
using the simplex method. However, because the linear
programming problem is just locally approximated, the new
solution might be infeasible to the original problem. At
an infeasible point of O∗ the lower-level trip distribution
and assignment results may not satisfy the upper-level con-
straints. In extreme cases, for example, some link flow V∗

𝑎

may be much greater than its capacity 𝐶
𝑎
, which could cause

the capacity constraints to fail for any nonnegative O. In
consequence, the new linear approximation will have no
solution.

In consideration of this flaw, we modified the conven-
tional SAB algorithm by restraining the solution to be always
located within the feasible region. A trip distribution and
assignment step is implemented at the solution of the above
linear programming, O∗, and then the results are checked
with the capacity conditions. If any capacity constraint is
violated, the new solution should be updated by a convex
combination of the solution from last iteration, O(𝑛), and
O∗(𝑛). Therefore, let Ô be the solution to the approximate
linear problem above; the maximum step size 𝜆 = 2

−𝑘

(𝑘 =

0, 1, 2, . . .) is chosen which ensures the capacity constraint
is satisfied at any link or traffic zone. The new solution is
updated by

O(𝑛+1) := O(𝑛) + 2
−𝜆

(Ô(𝑛) −O(𝑛)) . (52)

3.5. A Heuristic Solution Process. In summary, the modified
SAB algorithm involves an iterative process between the
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+ 2
−𝜆 Ô(n)

− O(n)
(

)

Figure 2: Flowchart of sensitivity analysis based algorithm for network capacity model.

upper-level and lower-level problems and can be summarized
as follows.

Step 0 (initialization). Determine an initial value of trip
production patternO(0). Set 𝑛 := 0.

Step 1 (solving lower-level problem). Solve the ETDA-VDC
model in lower-level for the givenO(𝑛), by which the equilib-
rium link flows v(𝑛) and O-D demand d(𝑛) are obtained. The
set of all equilibrated routes can be derived at the equilibrium
point.

Step 2 (sensitivity analysis). Calculate the partial derivatives,
∇Ok and ∇Od, using the sensitivity method for the ETDA-
VDC model.

Step 3 (local linear approximation). Formulate local linear
approximations of the upper-level capacity constraints using
the derivative information and solve the approximate linear
programming problem to produce an auxiliary trip produc-
tion Ô(𝑛).

Step 4 (updating solution). Let O(𝑛+1) := O(𝑛) + 2
−𝜆

(Ô(𝑛) −
O(𝑛)), where 𝜆 = 0, 1, 2, . . ., until the capacity constraints are

satisfied by solving the ETDA-VDC problem withO(𝑛+1). Set
𝑛 := 𝑛 + 1.

Step 5 (convergence criterion). If |𝑂(𝑛+1)
𝑝

−𝑂
(𝑛)

𝑝
| ≤ 𝜅 for all𝑝 ∈

𝑍 then stop, where 𝜅 is a predetermined tolerance. Otherwise,
return to Step 1.

The above process is a modification of the conventional
SAB approach. The flowchart is shown in Figure 2. It should
be noted that without the step-size adaption in Step 4 the
SAB method only works in very small networks but could
fail in larger examples. The set of all equilibrated routes is
used to apply the restriction approach for sensitivity analysis.
In this study, the modified OB algorithm for the ETDA-VDC
problem is used for this purpose. In addition, the derivative
results of the sensitivity analysis can give a precise local linear
approximation to the upper-level capacity constraints, which
is very important to make the heuristic search converge to a
considerable good solution.

In addition, given the nonconvexity of the bilevel prob-
lem, the SAB algorithmwill converge to a local optimal point
[2]. However, as shown in Yang et al. [28], for MPECmodels,
if the upper-level objective function is a linear function of
its decision variables, the heuristic algorithm can at least
find a noninferior optimal solution. So the SAB algorithm is
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supposed to be able to find a satisfying solution for the road
network capacity problem in practice.

4. Numerical Experiments

Numerical experiments are conducted in this section. In the
numerical experiments the link cost function employs the
Bureau of Public Roads (BPR) function:

𝑡
𝑎
(V
𝑎
) = 𝑡

free
𝑎

[1 + 0.15(
V
𝑎

𝐶
𝑎

)

4

] . (53)

The destination cost function is defined, referring to Chen
and Kasikitwiwat [8], as follows:

𝑀
𝑞
(𝐷
𝑞
) = 𝑘
𝑞

[

[

∑

𝑝∈𝑍
𝑞

(𝑒
𝑝𝑞

+ 𝑑
𝑝𝑞
)]

]

𝜔
𝑞

− 𝑚
𝑞
, (54)

where 𝑘
𝑞
is a scaling factor between demand and service cost;

𝜔
𝑞
is a dimensionless parameter related to the severity of

congestion; and𝑚
𝑞
represents a fixed attraction at destination

𝑞.
The experiments were implemented on Intel Core i5

CPU 3.20GHz, 4GBRAM, using the Microsoft Windows 7
operating system. All of the coding was carried out in Visual
C#. The solution accuracy is measured in each iteration 𝑛 by
the relative error of the trip productionsO𝑛 (RE) as follows:

RE𝑛 =

O(𝑛) −O(𝑛−1)

O(𝑛)


. (55)

4.1. Convergent Rate. To testify the efficiency of the SAB
method, the Sioux Falls and Anaheim networks are used
for the solution of the network capacity model. The IEA
algorithm [1] is also employed as a reference in the
test. The Sioux Falls is an aggregated network with 24
zones, 24 nodes, and 76 links. The Anaheim is a medium
network that consists of 38 zones, 416 nodes, and 914
links (http://www.bgu.ac.il/∼bargera/tntp/). The exiting O-
D matrix is adapted to make the current traffic flow be
unsaturated. The parameters of the destination cost function
are given by default. The two algorithms, SAB and IEA,
are implemented on these two networks to compare their
convergence performances, and the results are listed in
Table 1. The stopping tolerance is set to be 10−7.

From the tests, although SAB algorithm shows a slower
speed to reach a local optimum, it always produces much
better solutions compared to IEA algorithm. In the tests on
the Anaheim network, IEA has not converged and tended
to zigzag after a few cycles of computation. Since IEA can
quickly produce the approximate derivatives at current point,
the CPU time taken in each iteration is much less than SAB
algorithm. However, IEA could easily stop at a nonoptimal
solution or not converge. This indicates that the accuracy
of the derivative results has a significant influence on the
convergence of the heuristic search for the network capacity
model. The converging processes of the two algorithms
on the two networks are illustrated in Figure 3. Note that

Table 1: Computational result test networks.

Test networks Observations SAB algorithm IEA algorithm

Sioux Falls
CPU time (sec) 320 162

Iterations 18 37
𝐹
1 158498.9 126093.8

Anaheim
CPU time (sec) 650 >6502

Iterations 20 >1632

𝐹
1 137853.3 122039.02

1

𝐹 is the value of the objective function when the algorithm terminates.
2IEA does not meet the convergence criteria on the Anaheim network.

the conventional SAB algorithm failed in both networks in
our tests.

4.2. Convergent Stability. Since the characteristic of the
heuristic search, little can be said theoretically about the
convergence of the SAB algorithm. In this study, we imple-
ment SAB algorithm from different start points to observe
the converging process. On both the Sioux Falls and Ana-
heim networks, SAB algorithm can find a sufficient good
solution given any arbitrary initial solution. We select the
converging processes from five different start points on
Anaheim network and plot the results in Figure 4. All the
computations were implemented in 20 times of iterations.
The final solutions from the five computations are shown in
Figure 5.

The experiment result in Figure 4 indicates that the
solutions by our SAB algorithm can reach a sufficient high
precision. All the solutions in Figure 5 are very close, which
reflects that the SAB algorithm is comparatively stable for
the network capacity problem. Consequently, the proposed
SAB algorithm is testified to probably converge to a sub-
optimal solution from any appropriate feasible start point
for the network capacity model. Since the bilevel problem
is not convex, the suboptimal solution can be regarded as
a satisfying approximation. This solution might be quite
close to the global optimum according to the aforementioned
characteristics of the network capacity model. Since it only
takes a few (less than 30) times of iterations to reach the
local optimum, the whole computation of the SAB algorithm
can be completed in a considerable CPU time, which is
quite superior to the global optimization, for example, genetic
algorithm. Thus, the modified SAB method could be a
valuable tool for the estimation of the road network capacity
in practice.

5. Conclusions

This paper has presented an effective SAB method for the
solution of the transportation network capacity problem. An
OB algorithm for ETDA-VDC problem is presented to solve
the lower-level problem rapidly and efficiently. The primal
problem of sensitivity analysis has been simplified, so the
inverse calculation of a full-size matrix has been converted to
solving corresponding linear systems of equations. To ensure
the heuristic search can proceed properly, the solution from
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the local linear approximation is rectified to be restrained in
its feasible region. Based on these improvements, the SAB
method is able to be applied to estimate the capacity of the
large-scale real networks. The performance of the proposed
SAB method has been demonstrated on two experimental
networks.

Based on the method in this paper, the network capacity
model could be used to provide an ideal travel demand
pattern for a given transportation system, by which the
traffic resources can be utilized in maximum. From the
model results, the traffic engineers can evaluate the design
scheme of a transportation network more accurately before
its construction. The results can also be used as a reference
for the layout of land use in the new developing areas.
In addition, the traffic flow pattern at full saturation may
reflect the potential bottleneck of the given network. Further
applications of the network capacity model could be detected
based on the proposed estimation method.

Notation

𝐴: Set of nodes in the network
𝐴
𝑝
: Restricting subnetwork for origin 𝑝

𝐶
𝑎
: Capacity of link 𝑎

𝐷
𝑞
: Existing trip attraction at destination 𝑞

𝐷
𝑞
: Additional trip attraction at destination 𝑞

𝐷
max
𝑞

: Upper limit of trip attraction at
destination 𝑞

𝑀
𝑞
: Cost at destination 𝑞

𝑂
𝑝
: Existing trip production at origin 𝑝

𝑂
𝑝
: Additional trip production at origin 𝑝

𝑂
max
𝑝

: Upper limit of trip production at origin 𝑝

𝑅
𝑝𝑞
: Set of routes from 𝑝 to 𝑞

𝑍: Set of zones in the network
𝑍
𝑝
: Set of all destination for origin 𝑝

𝑍
𝑞
: Set of all origins for destination 𝑞

𝑎: Link index, 𝑎 ∈ 𝐴

𝑑
𝑝𝑞
: Additional demand from origin 𝑝 to

destination 𝑞

𝑒
𝑝𝑞
: Existing demand from origin 𝑝 to

destination 𝑞

𝑓
𝑝𝑞

𝑟
: Flow on route 𝑟 from 𝑝 to 𝑞 associated

with elastic demand
ℎ
𝑝𝑞

𝑟
: Flow on route 𝑟 from 𝑝 to 𝑞 associated

with fixed demand
𝑝: Origin index, 𝑝 ∈ 𝑍

𝑞: Destination index, 𝑞 ∈ 𝑍

𝑟: Route index, 𝑟 ∈ 𝑅
𝑝𝑞

𝑡
𝑎
: Travel cost on link 𝑎 and the function of

all link flows x
𝑡
free
𝑎

: Free flow travel time on link 𝑎
V
𝑎
: Flow on link 𝑎

V
𝑎𝑝
: Traffic flow on link 𝑎 from origin 𝑝

𝛼
𝑎𝑝
: Approach proportion of link 𝑎 from origin

𝑝

𝜃: Impedance parameter for trip distribution
𝜏
𝑝𝑞
: The minimum route cost from 𝑝 to 𝑞

𝛿
𝑝𝑞

𝑎,𝑟
: Link/route incidence indicator, 1 if link 𝑎 is
on route 𝑟 from origin 𝑝 to destination 𝑞; 0,
otherwise

Δ: Link/route incidencematrix;Δ f andΔ h corre-
spond to route flows f and h, respectively

Λ: O-D/route incidence matrix; Λ f and Λ h cor-
respond to route flows f and h, respectively

Φ: Origin/O-D incidence matrix
Ψ: Destination/O-D incidence matrix.
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To investigate drivers’ visual strategies and the distribution of fixation points, much work had been done and salient conclusions
had been drawn. However, there is still no consensus on what the gaze target is and what functional significance the point might
have. To improve theories on this subject, research was done to investigate drivers’ visual characteristics. On-road experiment was
carried out, and drivers’ eye-movement and vehicle driving parameters were registered when driving around left- and right-hand
curves. The results showed that drivers’ gaze direction fluctuates around the reference axis, and the fixation points are distributed
in the region centered on the horizontal gaze position rather than a particular point that has geographical meanings. With the
consideration of the traffic rules in China, we suggest here that there is no particular point on which drivers concentrate. Any point
or position that could indicate the bend’s curvature could be the so-called target point. Drivers just want to operate their vehicle so
as to pass through bends safely in a comfortable and labor-saving way.

1. Introduction

Road, traffic, and environmental information are needed to
inform the safe driving of a car. Drivers need to obtain,
process, and utilize external information so as to operate the
car correctly. Statistical analysis has proven that about 80%
of driving information is obtained by visual observation [1].
Therefore, the visual cues that drivers use to control their
speed and heading, and how they search for gaze targets, are
of great significance whenmodeling and predicting the varia-
tion tendency of eyemovements executed in naturalistic driv-
ing tasks, as well as in order to understand driving behavior.

For decades, much work had been done to investigate
drivers’ visual characteristics in naturalistic tasks by real and
simulatedmethods [2–8]. Visual strategy and the distribution
of fixation points when driving on bends are one of the most
extensively studied aspects. Due to the subject’s gaze behavior
being closely bound to task conditions, both in spatial and in
temporal terms, a perfect theory or model that can be used in
any situation is hard to derive [6–8].

Until now, three main classes of driver eye-movement
models had been proposed.The tangent-point hypothesiswas

the first to be put forward and had been the most popular to
date [9–12].The tangent point is the point in the driver’s visual
field where the apparent visual orientation of the inside lane
edge or road shoulder is reversed. Researchers argued that
road alignment and curvature information could be revealed
by this critical point and that drivers would depend on this
information to control the steering of the vehicle. According
to steering angle feedback, the tangent-point model was
divided into a tangent-point targeting model and a tangent-
point orientation model. In the former, drivers fix their gaze
on the tangent point and use its visual angle relative to the
locomotor axis to judge the curvature of the bend.Thismodel
makes no specific prediction about the driver’s steering. In
the latter model, drivers fix their gaze on the tangent point
and actively steer so as to keep the visual angle of the tangent
point in a constant horizontal direction.

The second class of models assumed that the gaze targets
when driving around curves are points on the future path,
parts of the road surface that the driver intends to pass
over [13–19]. These points are near to the tangent point but
not necessarily the tangent point, which is tracked because
it provides preview information about the road alignment.
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Figure 1: The car-fixed coordinate system for the driver’s eye movements.

Drivers fix their gaze on this point and then steer so that
the target point sweeps from its initial offset to directly in
front of the vehicle’s true heading, at a constant rate. Some
researchers holding this opinion had further investigated the
relation between target points and vehicle’s handling stability,
reaching the conclusion that the driver’s gaze concentrates
on the part of the road where the vehicle’s yaw rate will
be the highest. Furthermore, many researchers had posited
that the tangent point’s orientation is mainly a result of the
contiguity of the future path reference points and the tangent
point.

The third class of models was based on the view that the
far zone beyond the tangent point is an important gaze target
area during steady-state cornering [20]. In this model, the
single fixation point transforms into a region. This model is
in line with the future path steering angle but is difficult to
reconcile with any pure tangent-point steering model.

The three kinds of drivers’ eye-movement models did
reveal drivers’ visual characteristics when driving on bends
to some extent.They all suggest that some geographical point
or zone is the driver’s gaze target, but there is no consensus
on whether the actual gaze target is the tangent point itself,
or some other road points in its vicinity, nor on what the
functional significance of target-point targeting or target-
point orientation might be.

Therefore, for this paper, research was carried out to
continue the investigation of drivers’ eye movements, gaze
strategies, and the distribution of the fixation points. Talented
participants were asked to drive the experiment vehicle
on appointed tortuous routes so that eye movement and
vehicle driving parameters could be collected. The resulting
data were analyzed and some interesting phenomena were
discovered. It appeared that the drivers fixed their gaze on the
left road edge when driving around both left- and right-hand
bends. The gaze direction fluctuated around the reference
axis and the fixation points were spread through the region
centered on the horizontal gaze position, rather than any
geometrical points. Combining the traffic rules in China with
these results, we suggest here that there is no particular point
on which a driver concentrates. Any point or position that
could indicate the bend curvature could be the so-called
target point. Drivers just want to operate their vehicles so that
they pass around bends safely in a comfortable and labor-
saving way.

2. Method and Materials

2.1. Data Collection Method. Drivers’ visual and vehicle-
steering performances were measured using a Benz car
equipped with instruments to record and store information
on the gaze direction, eyeball position, angle of the steering
wheel, driving speed, and other parameters. The FaceLAB
device that can collect the position of the driver’s head,
eyeballs, and pupils, as well as the gaze direction, was installed
on the dashboard, just in front of the driver, as shown in
Figure 1. Sampling frequency for FaceLAB is 45Hz–65Hz,
while acquisition accuracy is 0.1 degree. A camera was fixed
in front of FaceLAB to record road, traffic, and environmental
conditions ahead of the vehicle. The logged videos would
be used to determine the second-by-second driver fixation
targets and analyze the information the driver obtained
visually while driving. To ensure that the video could reflect
driver’s visual range and fixation targets precisely, the camera
was placed at the same height as the FaceLAB stereo head
frame, pointing straight ahead.

To aid the description of driver eye movements, a coor-
dinate system was established. The installation position of
FaceLAB was labelled the origin of the coordinate system,
with the 𝑥-axis pointing to the right of the driver, the 𝑦-axis
perpendicular to the 𝑥-axis and pointing upwards, and the 𝑧-
axis perpendicular to the 𝑥𝑦-plane and pointing at the driver,
as shown in Figure 1.

Traffic and environmental information that catch driver’s
attention can be divided into two parts: the part along the
𝑥-axis, that is, in the horizontal direction and the part along
the 𝑦-axis, that is, in the vertical direction. Typically, most of
traffic information is distributed in the horizontal direction,
with quite a small amount in the vertical direction. However,
traffic signs are mainly distributed in the vertical direction
and provide necessary information for driving. While traffic
signs are necessary driving information anddriversmust look
at them in driving, it is assumed that drivers have nearly
no difference in searching for or looking at traffic signs.
Therefore, drivers’ eye movements in the horizontal direction
are the most important, as drivers pay most attention to this
when driving. For convenience of analysis and expression,
the angle between the 𝑧-axis and the gaze direction vector is
defined as the horizontal gaze yaw angle and labelled as H-
yaw angle in this paper.TheH-yaw angle is positive when the
gaze direction vector is to the left of the 𝑧-axis, and vice versa.



Discrete Dynamics in Nature and Society 3

Left turning 2 Left turning 1 

Figure 2: The left-hand bends (map obtained from Google Earth).

VBOX equipment was used to collect the vehicle driving
parameters, such as driving speed, steering angle, brake
force, lateral acceleration, yaw rate, and roll angle. Sampling
frequency for VBOX is 20Hz, and the acquisition accuracy of
vehicle location is 1.8m.

2.2. Subjects and Routes. Ten subjects participated in the
experiment. All were males and aged from 27 to 55 years old.
They all held a valid driving license and had sufficient driving
experience (had been driving for at least 8 years). Conditions
for inclusion in the experiment were normal uncorrected
vision (qualified to drive a car without guidance and did
not depend on glasses) and driving the same vehicle daily.
All participants had to be naı̈ve to the relevant theories on
drivers’ visual characteristics (the tangent-point orientation
model, the future path model, the bend curvature and yaw
angle dependence model, etc.).

Two tortuous roads were picked out as the test routes.
Each roadwas a high-standard urban roadwith normal traffic
density. On both routes, the number of lanes differed in
different road sections. The total length of the first route was
21 km and that of the second was 14 km. Two left-hand bends
(one-way traffic) located on a flyoverwere included in the first
route; the cornering sections are shown in Figure 2. A typical
cloverleaf interchange is included in the second route and
there are four right-hand bends (one-way traffic), as shown
in Figure 3. The left- and right-curving sections are labelled
as L1, L2 and R1–R4 in this paper.

All drives were carried out in daylight and peak traffic
periods were avoided. For each subject, preliminary exper-
iments were executed twice on both routes to avoid instru-
ment failure, route confusion, and the tensemood. Obtaining
route directions and guidance on vehicle operation was for-
bidden during the actual driving experiment. Official exper-
iments were conducted three times for each participant on
both routes to ensure that drivers’ visual parameters and vehi-
cle-driving parameters of a high quality were collected and
stored.

As VBOX registers vehicle driving parameters by relying
on a satellite signal, the quality of data collectionwill decrease
when the satellites signal was cut off, such as the car drives
under bridge. Since our research is limited to curved sections,

Right turning 1 

Right turning 2 

Right turning 3 

Right turning 4 

Figure 3:The right-hand bends (map obtained fromGoogle Earth).

none of which pass under bridges, this phenomenon does not
affect our experiment.

From the experiment, 30 sets of high-quality data were
obtained for each route to be utilized for data analysis and the
investigation of the phenomenon. Due to the large amount
of data and unexpected road sections, data segments during
curve negotiation were separated from the overall data. To
capture the entire phenomenon of curve driving, the entry,
cornering, and exit parts of the curves were all included.

TheFaceLAB andVBOX instruments use different timing
modes (computer time for FaceLAB and UTC time for
VBOX), and they have different frequencies of sampling
(45Hz–65Hz for FaceLAB and 20Hz for VBOX). Thus,
time synchronization was needed to ensure that the eye and
vehicle parameters had the same time scale. Limited by the
VBOX sampling frequency, the two kinds of parameters were
synchronized to 0.05 s.

3. Analysis of Drivers’ Eye Movements

3.1. The Correlation of the Driver’s Gaze Trajectory and the
Steering Angle. The original gaze records showed a typical
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Figure 4: Steering angle and driver’s gaze direction when driving around left-hand curves.

pattern of saccades, fixations, and smooth tracking. Fixations
and smooth tracking are more salient for revealing drivers’
gaze targets and areas of interest. Saccades occur between
two fixation points and indicate the visual search trajectories
of the driver. Limited by measuring range of FaceLAB, mea-
surement signal would suffer distortion. Therefore, wavelet
filtering was applied to the original gaze records to remove
noise interference and obtain the pure fixation signals.

Depending on the filtered gaze records and the time
synchronizing of the two types of parameters, the vehicle
steering angle relative to the locomotor longitudinal axis (the
true heading) and the driver’s gaze direction towards the
visual targets obtained from one typical experiment were
compared with each other, and their time-varying curves
were presented in Figures 4 and 5. All of the ten partici-
pants showed similar behavior. As the amplitude of the steer-
ing angle is much bigger than that of the H-yaw angle, the
steering angle was reduced in scale to make the comparison
clear; the scale of the reduction was specified in the corre-
sponding parts of Figure 5.

An interesting finding emerged from the comparison
of the steering angle and the H-yaw angle. Unlike the
conclusion drawn from the tangent-point orientation theory
that the simultaneous records of gaze direction and vehicle
steering angle have quite similar variation tendencies, with
the steering wheel turned at an angle corresponding to the
direction of the gaze relative to the car’s heading, after a
delay of about 0.75 seconds, the relation between the gaze
direction and the steering angle is no longer so apparent in
this paper. During the cornering process, the steering angle
changes when the vehicle drives on different cross sections of
the curved section, as shown in Figures 4 and 5. However, the
overall variation trend of the gaze direction was not clear.

It can be seen from the figures that the driver’s gaze
direction keeps returning to the reference axis during the
entire process of driving around the curve. The transfer of
attention of the subjects was presented as a form of smooth

Table 1: Percentages of positive H-yaw angles and of large H-yaw
angles in the cornering process.

Road section L1 L2 R1 R2 R3 R4
P-percentages (%) 46.22 47.45 53.96 43.21 48.64 66.23
L-percentages (%) 0.3124 0.5333 0.2753 1.1899 0.5250 0.9138

tracking. It appears that the drivers were searching for some-
thing purposely. Furthermore, the absolutemaximumH-yaw
angles on both sides of the 𝑧-axis were approximately equal.
The fluctuation of the gaze direction around the reference
axis during both the left and the right turning periods was
almost equally distributed. As the gaze direction is defined
and measured in car-fixed coordinates, the barely changing
gaze direction indicates that the driver’s gaze direction is in
line with the vehicle’s true heading, that is, the locomotor
longitudinal axis, as shown in Figure 6.Thus, the driver’s area
of interest and concern when engaged in curve driving was
mainly distributed in the region around the horizontal gaze
position. The horizontal gaze position is the fixation location
when the driver keeps his eyesight at the horizontal level
and keeps looking straight ahead. It is easy to see that the
horizontal gaze position is parallel to the 𝑧-axis, as shown in
Figure 7.

To determine the distribution of the H-yaw angle, a
preliminary statistical analysis was carried out in order to
obtain the levels of the positive and negative H-yaw angles.
The percentages of the positive H-yaw angle, which are
labelled as P-percentages, were listed in Table 1. It can be
elicited from the analysis results that the drivers’ gaze targets
when driving around curves are concentrated in the region of
the horizontal gaze position, over a range of a fewdegrees.The
subject’s focus stays fixed in the straight ahead direction, that
is, in the direction in which the vehicle is moving. According
to SAE J1050, in order to look at targets clearly and judge their
size and position accurately, a driver will need to turn his
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Figure 5: Steering angle and driver’s gaze direction when driving around right-hand curves.
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Figure 6: Vehicle’s true heading.

head when the H-yaw angle is greater than 0.26 radians (15
degrees). Thus, the number and percentage of H-yaw angles
whose absolute values are greater than 0.26 radians were also
measured in order to monitor the probability distribution
of the H-yaw angle and situations in which the driver must
move his head. The levels of the large gaze vector, which
are labelled L-percentages, were also listed in Table 1. The
calculation results showed that the large yaw angles make up
less than 2% of all the H-yaw angles on both the left- and the
right-hand bends, which indicates that the driver hardly turns
his head when cornering and just focuses on the road, the
traffic, and the environmental conditions straight ahead.

Turning the steering wheel causes a change in the vehicle
position and determines the true heading. While the gaze
direction was defined and measured relative to the true

Horizontal gaze position
Gaze position

Figure 7: Driver’s horizontal gaze position.

heading using the car-fixed coordinates, a coordinate trans-
formation can be performed to convert the gaze direction
from the car-fixed coordinate system to the earth-fixed
coordinates, giving the results shown in Figure 8. It is quite
obvious that the variation trend and the changing frequency
of the gaze direction and the steering angle are consistentwith
each other. Therefore, a fluctuating curve around the zero
point of the gaze direction produces consistency in the gaze
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Figure 8: Gaze direction in the earth-fixed coordinates.

direction and the vehicle’s true heading, that is, agreement of
gaze direction and steering angle.

3.2. The Distribution of Fixation Points and Area of Interests.
The subjects’ gaze behavior and visual characteristics are
closely bound to the task conditions, both in spatial and in
temporal terms. Subjects search for task-relevant gaze targets
in order to inform their operation of the vehicle and to drive
safely and appropriately. In addition, gaze target selection
is closely linked to the execution of complex driving tasks
in different phases. Correct gaze targets must be picked out
just in time to be verified and manipulated so as to meet
the demands of driving the car.Therefore, where participants
look and what they pay attention to and search for need to be
verified based on real-life and detailed videos.

The changing trend and distribution of the drivers’ gaze
direction when driving on curves were investigated and
analyzed in Section 3.1.The conclusionwas drawn that almost
all of the drivers’ H-yaw angles were smaller than 0.26 radians
and that the areas of interest (AOIs) to which drivers pay
attention centered on the horizontal gaze position. However,
the reason for this finding cannot be determined by relying
on time-varying curves alone. The gaze targets during every
second of a particular driving task need to be determined.

To investigate the gaze targets and the distribution of
AOIs for drivers driving carefully and accurately around
curves, fixation points were derived from the original eye-
movement parameters. They were plotted on the corre-
sponding foreground image, illustrating the real-time road,
traffic, and environmental conditions ahead of the vehicle.
A representative left-turning curve was selected and the
distribution of fixation points in each second of the driving
period was presented in Figure 9. The white cross shows the
driver’s estimated horizontal gaze position and the cyan cross
shows the tangent point.

It is quite obvious that, similar to the view of tangent-
point orientation theory, most of the fixation points are
spread along the inside road edge and the drivers focus on
the road alignment. However, during cornering, the driver’s
horizontal gaze position is quite close to the tangent point,
as shown in Figure 9. Therefore, whether the subjects were

gazing at the tangent point or just looking straight ahead
could not be judged. A more careful observation revealed
that, different from the tangent-point and the future-path
models, the AOIs of the subjects are below the tangent
point and spread in the nearby zone adjacent to the tangent
point (Near Zone), as shown in Figure 10. While most of
the fixation points are located in the Near Zone, which is
below the tangent point, the preview distance is shorter than
that determined in the preview theory [21, 22]. The preview
distance is the distance from the vehicle to the gaze targets.
In light of the small steering angle when driving around left-
hand curves (about 35 degrees), we need more evidence to
make a decision about the exact gaze target.

The distribution of fixation points on the right-hand
bends was presented in Figure 11. The white and cyan crosses
represent the driver’s horizontal gaze position and the tangent
point, respectively. Fortunately, in the right-turning curves,
the distance between the horizontal gaze position and the
tangent point is big enough for them to be distinguished
from each other. Furthermore, unlike the discovery for left
turns, the fixation points of the participants are located on the
outside of the road edge in this case. As shown in Figure 12,
most of the fixation points are distributed on the part of the
road surface that is visible in the far-left quadrant (Far Zone).
The AOIs when driving around right-hand curves are above
the tangent point which indicates that the preview distance is
larger than that determined in the preview theory [21, 22].

According to the above investigation and analysis on both
left- and right-turning curves, it was drawn that the driver
pays attention to the left side of the road in curves driving.
In China, drivers drive on the right and the left is used
for overtaking. Therefore, the traffic conditions on the left
side are much more complicated and important. To drive
safely and manipulate their vehicles appropriately, drivers
need information on their left side. Therefore, it may be
that the traffic rules and the driver’s position in their car
contribute to the above findings. In left-turning curves, the
vehicle’s driving direction intersects with the inside road edge
and the fixation points are distributed near the tangent point
(which still cannot be determined in light of the blurriness
between the horizontal gaze position and the tangent point).
In right-turning curves, while the vehicle’s driving direction
still intersects with the inside road edge, the fixation points
are located on the opposite side. Hence, there is reason to
doubt the tangent-point orientation theory. The oft-reported
“tangent-point orientation”may in some cases be a side effect
caused by the spatial contiguity. As the center of the AOI
could explain the driver’s visual search patterns and elicit
information about the objects on which drivers focus, it is of
great significance. Combining the conclusions drawn in [9–
12] with the discoveries made in this research, the horizontal
gaze position and the tangent point were picked out as the
centers of the AOIs. The percentages of fixation points in
AOIs centered on the tangent point and the horizontal gaze
position, respectively, with different sizes, were calculated as
follows:

percentage = 1
𝑚
(

𝑚

∑

𝑗=1

𝑝) , (1)
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Figure 9: The distribution of fixation points in the left-turning process.
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Figure 10: AOIs in left-turning curves.

where𝑚 is the total number of seconds the vehicle spends in
the entry/exit parts and the cornering parts of all of the right
and left curves and𝑝 is the share of fixation points in theAOIs
in each second.

The percentages of fixation points in the entry/exit parts
and the cornering parts were calculated separately.

Thepercentages of fixation points inAOIs centered on the
tangent point and the horizontal gaze position with different
sizes were presented in Figures 13 and 14. Based on the
description of the human eye diopter, when a subject focuses
on an object and can determine its size and position, the
visual angle is not bigger than 25 to 30 degrees. The limiting

value differs from person to person. Hence, the maximum
degree for the AOIs is set at 10 degrees, and the step size is
set at 2 degrees.

In left turns, when the size of the AOIs is 2 degrees,
more fixation points distribute in the area centered on the
horizontal gaze position. The analysis results for the entry
and exit phase and the cornering phase were the same. It
can be seen from Figure 13 that at least 20% of the fixation
points are spread in the region centered on the gaze position
with a size of 2 degrees. As the size of AOIs increases, the
two kinds of percentages overlap with each other and both of
them increase. Still,most of the values based on the horizontal
gaze position centered AOIs are bigger than those based on
the tangent point centered AOIs.

Besides this, the smaller the size of the AOIs is, the greater
the aggregation degree of the fixation points is.Therefore, the
share of fixation points in the AOIs with size of 2 degrees
is much more important and more attention should be paid
to it. According to the statistical analysis, in left-turning
curves, fixation points centered on the driver’s horizontal
gaze position aremuchmore appropriate than those centered
on the tangent point.

In right-turning curves, the distribution of fixation points
centered on the horizontal gaze position is much more
apparent, as shown in Figure 14. Nomatter how big the size of
the AOIs is, the percentages of fixation points located in the
circle centered on the horizontal gaze position are all larger
than those centered on the tangent point.

3.3. Discussion. Almost certainly, the driver concentrates on
the road alignment when driving around curves so as to
pass through them safely. This hypothesis had been studied
and proved by many researchers. However, in this research,
using real-time analysis of drivers’ gaze targets when driving
around curves, it has been found that, in left turns, the
driver’s fixation points are spread along the inside road edge,
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Figure 11: The distribution of fixation points on right-hand bends.
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Figure 12: AOIs in right-turning curves.

while they move to the outside road edge in right turns.
This phenomenon differs from research results from outside
of China, where drivers have been found to focus on the
inside road kerb in both left and right turns. Besides this,
the synthesized foreground pictures and statistical analysis
have shown that the driver fixation point is not centered on
the tangent point but on the horizontal gaze position. In
left turns, the horizontal gaze position is below the tangent
point and the preview distance decreases. In right turns, the
horizontal gaze position is above the tangent point and the
preview distance increases.

In China, vehicles drive on the right and the driver
sits on the left side of the vehicle. Therefore, the left-side
situation must be verified and managed by the driver and
this is more convenient to monitor. The right-side situation
is less important and it is more difficult for the driver to have
complete control over it. Thus, on left-hand bends, the driver
will focus on the left road edge so as to determine the road
curvature and the correct steering angle. As the steering angle
is small (about 35 degrees in the L1 and L2 left turns in this
paper), the angle between the true heading and the vehicle’s
driving direction is small, and the position when the driver
looks straight ahead on the horizontal level is quite close to
that of the tangent point. It is labor saving and comfortable for
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Figure 13: AOIs in left-turning curves.
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Figure 14: AOIs in right-turning curves.

the driver to just look ahead. Hence, driver’s gaze directions
are almost equally distributed on both sides of the 𝑧-axis. On
right-hand bends, although the right road edge shows the
curvature of the bend, taking information from both sides of
the road places a big burden and requires the driver to turn
his head from side to side. Thus, the driver gives up on the
right side and focuses on the left side of the road, which also
expresses the bend curvature.

According to the above analysis, it can be concluded that
drivers operate their vehicles in a way that is comfortable and
labor saving.

4. Conclusions

Drivers’ visual strategies, gaze targets, and fixation point
distributions are salient for determining the visual infor-
mation management of drivers and predicting their driving
intentions. Much research had been done on this subject
and models of tangent-points, future paths, reference points,
vehicle yaw angles, and so forth had been quite popular.
All of the previous studies had focused on a specific point
that the driver pays attention to, and researchers have tried
to draw conclusions based on the geographic position of
that particular point. However, there is still no consensus
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on which point is the gaze target and what functional sig-
nificance that point might have.

Similar research has been done in this paper to investigate
drivers’ visual characteristics. Ten talented participants were
employed to drive the experiment car on appointed tortuous
routes. Drivers’ eye movements and vehicle driving parame-
ters were registered in the experiment. Particularly, left- and
right-hand bends were analyzed.

The data analysis showed that the driver’s attention
focuses on the left road edge in both left and right turns. The
driver’s gaze direction fluctuated around the reference axis
and fixation points were distributed in the region centered
on the horizontal gaze position rather than a particular point
that has geographical meaning. Combining the traffic rules
in China with the results of our experiment, we suggest here
that there is no particular point onwhich drivers concentrate.
Any point or position that could indicate the bend’s curvature
could be the so-called target point. Drivers just want to
operate their vehicles so as to pass through bends safely and
in a comfortable and labor-saving way.

While experiment data only could show the results of
vision-guidance in curves driving, mental research should be
carried out to command the drivers’ real idea.
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This study investigates multimodal transport system evolution law with the consideration of synergetic theory. Compared with
previous studies, this paper focuses on understanding influencing factors of system collaborative development. In particular, we
have applied amultimodal systemorder parametermodel to obtain the order parameter. Based onorder parameters, the coevolution
equations of the multimodal transport system are constructed with consideration of cooperation and competitive relationship
between the subsystems. We set out the multimodal system followed the coevolution law of the freight system and dominated by
the combined effects of order parameter line length and freight density. The results show that the coordination effects between
railway, road, and water subsystems are stronger than aviation subsystem; the railway system is the short plank of the system. Some
functional implications from this study are also discussed. Finally the results indicate that expansion of railway system capacity and
mutual cooperation within the subsystems are required to reach an optimal multimodal transport system.

1. Introduction

Multimodal transport combines the railway transport, water
transport, road transport, aviation, and other traditional
modes of transport. Multimodal transport has the potential
to leverage advantages of various transport modes and
enhance efficiency of transport. In recent years, multimodal
transport has been developing rapidly because of its ability in
time and transferring cost savings and enhancing transport
organization.

Countries worldwide have implemented a series of poli-
cies to encourage the development of multimodal transport.
In 1980, “Convention on International Multimodal Trans-
port” was signed in Geneva, and the meaning of “multi-
modal” was determined. USAwent through a series of laws to
encourage the multimodal transport bill. European Union in
2006 proposed that combined transport was a term. In 2011,
the EU Commission claimed “Roadmap to a single European
transport area—towards a competitive and resource-efficient
transport system” to further promote the development of
sustainable transport and improve the service of intermodal

transport chain. By 2014, the UK makes a budget of 200
million pounds on the investment in the strategic freight
network of railway constructions. In recent years, China has
also begun to focus on the development of a comprehensive
transport system, to make the advantages of a variety of
modes be one system. In 2009, the State Council put forward
the “logistics industry restructuring and revitalization plan,”
in which “multimodal transport” was as the first key projects.
In 2011, “to optimize the transport organization, innovative
services, advance ticket one way, multimodal transport of
goods” was clearly put forward. In 2013, The State Council
revoked the Ministry of Railway and made into the Ministry
of Railway, which is to improve the comprehensive transport
system.

Researchers have been investigating multimodel trans-
port from various aspects. van Nes [1], Kindred and Brooks
[2], and Hoeks [3] have published a number of researches
focusing on multimodal transport network planning, orga-
nizational management. Banomyong and Beresford [4] used
Laos as an example, to explore the impact of multimodal
transport mode and route of Laos selection factors and
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the key factors of multimodal transport management. T.
Wang and G. Wang [5] established a virtual multimodal
transport network model in China with considerations of
low usage of multimodal transport and the lack of relevant
decision support system. Bock [6] proposed a new real-time
control method which uses the traffic hub and foreign service
cooperation protocol considerations. Zhang et al. [7] and
Feng et al. [8] analyzed the freight system and tried to find
a model to find the laws of the system. Caraiani et al. [9]
studied the need of multimodal transport business under the
internationalized environment and identified the problems
that needed to be addressed. Other researches are focused on
multimodal system path selection, transport mode selection,
and so forth.

In 1971, Haken first proposed the idea of “coordination”;
with the idea discussed systematically, synergistic is formed.
Now, synergistic includes synergies, servo principle, and the
principle of self-organization and so on.The order parameter
refers to the evolution of the system from none to some in
the process of change. It affects the various elements of the
system changed fromone state to another state with collective
collaborative behavior. And it can indicate a newparameter of
structure formation, which is the dominant factor of modern
management development [10]. In 1964, biologists Ehrlich
and Raven first proposed the “coevolution.” In the research
of the evolution and the interaction between the enterprise
and the environment, coevolution is applicable to the field of
management science. Pan [11], Wang et al. [12], and Wang
[13] studied the complex system coevolution mechanism.
Feng and Wang [14] analyzed the railway network system
with graph theory. In the aspect of freight system evolution,
Ruzzenenti and Basosi [15] explored European multimodal
transport energy efficiency evolution. Rail transport is one
of the most common multimodal transport modes. Feng et
al. [16] built a synergy evolutionary model of the collecting,
distributing, and transporting system of railway heavy haul
transport by introducing synergy-related concepts and apply-
ing the synergy evolutionary theory.He et al. [17] analyzed the
model of road express transport system evolution.

To sum up, the researches of the scholars are mainly on
multimodal transport planning, management, and sustain-
able development, and there is lack of multimodal system
evolution researches. So grasping the multimodal transport
system coevolution rules for decisionmaking and planning of
the multimodal transport system has important significance.

This paper investigates methods of multimodal transport
systems planning focusing on coevolution. The evolutionary
development of the freight transport system is discussed.
It is to get that the multimodal transport system is the
product of a certain stage of the freight transport system
development. Through understanding the development of
collaborative evolution, it can be clear that the current
situation of each subsystem of the multimodal transport
system and coordination coefficients and stimulation factors
between its internal can be learned. In many factors, we can
set the order parameter model to obtain the order parameter
which controls and dominates the system. It can also clearly
reflect the relationship between the transport ability and
social needs of each subsystem.

Gigantic scale

Automation and 
network stage

Cooperative 
competition 

stage

Figure 1: Level of multimodal transport system from the time
dimension.

This paper contributes to the state-of-art knowledge in
three aspects. One is the mathematical method which pro-
vides a comprehensive and objective model for multimodal
transport system evolution. This method includes establish-
ing coevolution equation and order parameter model. And
the method has been applied to the multimodal transport
system, which is also suitable for the various modes of the
system. At last, this paper puts forward the two dimensions
of time and space to analyze the freight transport system
evolutionary development. We can get that the multimodal
transport system is in the period of freight system progress
when all subsystems are perfect. Finally, this paper utilizes
China multimodal transport system as an example, and this
coevolution model is calculated and analyzed.

2. Problem Descriptions

2.1. Hierarchical Development of Freight System Coevolution.
The multimodal transport system is the transport mode
with container carrier and is the product of a definite stage
of freight system development. From the time dimension,
the advance of the freight system experienced scale stage,
automation and network stage, and cooperative competition
stage (Figure 1). Scale stage refers to the coexistence of various
modes of transport, solo mode of transport development in
scale, but the subsystems are not perfect. Automation and
network stage has modified the original freight site or new
freight site with automatic transfer system, computer man-
agement system, transmission equipment, computer moni-
toring system, and packaging, circulation processing work-
shop. The freight station infrastructures are more seamless
and can undertake various small, bulk-general cargo trans-
ports. The line can basically form into a network, and some
subsystem has perfected. Collaborative competition stage
refers to each subsystem that has been initially completed.
Each mode of transport cooperation is mutual cooperation,
mutual competition, and making the overall effectiveness of
the freight system optimization.

From the space dimension, freight transport system
development can be subdivided into the natural state, lower
network state, and senior network state (Figure 2). In the
early development of the freight system, transport modes and
nodes are independent, with less communication between the
various subsystems, such as a natural state. At the low-level
network state, when the nodes and paths of each subsystem
are gradually established, the freight system connects into the
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Natural state

Lower network 
state

Senior network 
state

Figure 2: Level of multimodal transport system from the space
dimension.

network, in order to facilitate the displacement transforma-
tion of goods.

At the senior network state, the subsystems will gradually
improve and become perfect, tomeet customer demand, such
as quicker and more convenient transport, and freight net-
work infrastructures are more perfect. The freight transport
network improved from lower level to higher level network
which has higher network speed.

van Nes proposed 3 forms of the multimodal system
network type: linear type, grid type, and radial network
(Figure 3), while the superposition of the multistage network
lies in a network [1].

The type of system network is closely related to the
characteristics of each subsystem and the form of the multi-
modal transport system. In a developed economy and well-
established transport network, regional multimodal system
network is usually of grid type; for example, in the water
transport subsystem, the nodes usually lie offshore the river
port with linear or radial network. For railway and road
subsystem, the system networks are usually grid. But for
aviation subsystem, the system network partially exists in
linear or radial network.

The development process of the freight system is a spon-
taneous adjustment process from unstable stage to stable and
collaborative stage. The multimodal transport system is in
the cooperative competition stage, when each subsystem has
been gradually improved, and system development has been
in the senior network state, which is a combined transport
mode.

2.2. Connotation of Cooperative Evolution of the Multimodal
Transport System. The research goal of multimodal transport
system coevolution is to study the competition and cooper-
ation between subsystems: railway subsystem, road subsys-
tem, water subsystem, and aviation subsystem. This method
combines synergistic, coevolution theory, and mathematical
statistics to investigate multimodal system coevolution. In
order to meet consumer demand for the multimodal trans-
port products, the operation mode of multimodal transport
subsystem coordination is established, which can achieve the
overall effect.

As the functions of subsystems in the intermediate
system are closely linked, the functions of each subsystem
will directly affect the other subsystems. If the ability is
insufficient, it will lead to the fact that other subsystems
cannot workwith it, what ismore, affecting the overall system
synergy. With the evolutionary process study, it will enable

each subsystem to do best to increase the overall efficiency of
the system.

3. Order Parameter Model of
Multimodal System Coevolution

3.1. Parameter Selection. Multimodal transport system is the
product of collaborative competition stage of freight system
progress. Hence there are both connections and differences
in multimodal transport system coevolution. The parameter
selection principle should include methodical, rationality,
and validity in order to reflect the overall evolutionary
characteristics of multimodal system.

Influencing factors of freight system development can
be analyzed from 4 aspects: workforce level, fixed facilities,
construction scale, and operation.Workforce level represents
the number of employees and average salaries of workers.
Fixed facilities include the length of line. Construction scale
refers to the system development, including construction
investment. Operation includes freight and freight turnover.

In order to represent the collaborative relationship and
collaborative and competitive relationship of each subsystem
in the multimodal transport system, we choose freight den-
sity to showmultimodal transport network development and
custom demand. Because of that, the development trend of
the multimodal transport system is shown with an average
transport distance.

Using the China multimodal transport system as an
example, the parameter names of multimodal transport
system are as shown in Table 1.

3.2.Model Solution. According to the paper written by Zhang
and Feng [18], the order parameter model can consist of
parameter selection by probe graph and model building,
using Fourier functions tomake the curve fitting of the freight
system coevolution process and then usingMATLAB to solve
the absolute error and relative error of the model and the
curve of the model calculation value and the real value.

Now the data of Chinese multimodal transport system in
1992–2011 is collected as follows in Table 2.

Freight density refers to the freight volume of a certain
transportmode in a certain period time and section operating
average every kilometer. The formula is

Freight density =
Freight turnover
Route length

. (1)

Using the order parameter model, to the freight system,
the relaxation coefficients of the system parameters are

𝛾
1
= 0.39010, 𝛾

2
= 0.1877, 𝛾

3
= 0.0037,

𝛾
4
= 0.0448, 𝛾

5
= 0.7846, 𝛾

6
= 0.1392.

(2)
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(a) (b) (c)

Figure 3: Examples of hierarchical networks superimposed on lower-level networks ((a) linear network, (b) grid network, and (c) radial
network) [1].

Table 1: Multimodal transport system coevolution parameters.

Elements of the system The corresponding parameters
Workforce level Employees Average staff wage

Fixed facilities
Mileage

Freight density
Average transport distance

Construction scale Construction investment
Operation Freight volume rotation volume of goods transport

Table 2: Parameters of multimodal system coevolution.

Year
Number of
employees
(million)

Average
wage
(Yuan)

Mileage
(million km)

Average
distance
(km)

Construction
investment

(billion Yuan)

Freight volume
(million tons)

Rotation volume
(billion ton-km)

Freight density
(million tons km/km)

1992 895 3114 206.11 279 45.758 1045899 29218 1418
1993 916 4273 221.26 275 90.124 1115771 30525 1380
1994 921 5690 232.51 283 137.294 1180273 33275 1431
1995 826 6948 245.63 291 158.753 1234810 35909 1462
1996 835 7870 252.8 282 184.462 1298312 36590 1447
1997 824 8600 282.72 300 219.745 1278087 38385 1358
1998 701 9808 296.1 301 325.219 1267200 40568 1370
1999 682 10991 305.78 314 342.928 1292650 40568 1327
2000 659 12319 309.36 326 364.194 1358124 44321 1433
2001 629 14167 344.32 340 411.643 1401177 47710 1386
2002 613 16044 359.64 342 439.398 1482737 50686 1409
2003 636.5 15753 375.63 344 628.94 1561422 53859 1434
2004 631.8 18071 411.78 407 764.62 1706412 69445 1686
2005 613.9 18200 554.24 431 961.40 1862066 80258 1448
2006 612.7 20856 577.1 436 1213.81 2037892 88952 1541
2007 623.1 24721 623.65 446 1415.40 2275822 101419 1626
2008 627.3 28898 651.31 427 1702.44 2585937 110300 1694
2009 634.4 32244 654.92 432 2497.47 2825222 122133 1865
2010 631.1 36539 714.14 438 3007.45 3241807 141837 1986
2011 662.8 47078 798.31 431 2829.17 3696961 159324 1996
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Figure 4: Simulation results of multimodal transport system coevolution.

In the multimodal transport system, the relaxation coef-
ficients of the system parameters are

𝛾
1
= 0.4261, 𝛾

2
= 0.2312, 𝛾

3
= 0.0946,

𝛾
4
= 0.0193, 𝛾

5
= 0.1028, 𝛾

6
= 0.9431,

𝛾
7
= 0.1792, 𝛾

8
= 0.0057.

(3)

Compared with the size of each parameter relaxation
coefficient, we can obtain that 𝛾

8
freight density is the

minimum and 𝛾
3
mileage comes second. Then we verify

the parameters of the simulation values, the curve fitting of
simulation value and true value as shown in Figure 4.

From Figure 4, the parameters of the simulation results
basically conform to those of real value. According toHaken’s
synergistic servo theory, the multimodal transport system
density is the order parameter of the system. Multimodal
transport system is also followed by mileage, which is the
order parameter of freight system. Namely, freight density
and mileage are the order parameters of dual control of the
system.

Mileage is the direct manifestation of freight infrastruc-
ture construction. While the multimodal transport system
density can reflect the freight transport demand of social
areas and the rush hour of transport lines, they can be
able to balance operation and planning, construction, and
transformation and to be an important basis for the study of
transport network planning. For the indicators, freight den-
sity is jointly decided by the freight turnover and operating
mileage Only when the traffic facilities meet with market

demand, the system develops just as it needs, which tends to
be coordinated progress with more efficiency.

However, for a complex system, in the dominant double
order parameters of freight density and mileage freight, with
other interaction parameters, the coevolution of multimodal
transport system goes on.

4. Model of Multimodal System Coevolution

4.1. Assumptions

Hypothesis 1. It is assumed that in the particular stage
of development the inherent growth rate of the transport
capacity and freight volume are relatively stable and can be
represented by a constant.

Hypothesis 2. The freight transport capacity and freight
demand are a continuous and differentiable function of time.

Hypothesis 3. The growth of subsystems capacity and freight
volume are consistent with the logistic growth law.

Hypothesis 4. Thesynergistic effect of a subsystemon another
subsystem is commensurate with the ability of the former
subsystem.

4.2. Notations. See Table 3.

4.3. Mathematical Model. The supply capacity of railway
transport 𝑠

1
is decided on the railway system demand of
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Table 3: Symbols instructions of multimodal transport system coevolution.

Notations Instructions
𝑛
𝑖
(𝑖 = 1, 2, 3, 4) The quantity demanded of subsystems (railway, road, water transport, and aviation)

̇𝑛
𝑖
(𝑖 = 1, 2, 3, 4) The demand on the time differential of subsystems of railway, road, water, and

aviation
𝛾
𝑖
(𝑖 = 1, 2, 3, 4) The demand growth rate of subsystems of railway, road, water, and aviation

𝑁
𝑖
(𝑖 = 1, 2, 3, 4) Maximum demand of subsystems of railway, road, water, and aviation

𝑠
𝑖
(𝑖 = 1, 2, 3, 4) Transport capacity of subsystems of railway, road, water, and aviation

𝑆
𝑖
(𝑖 = 1, 2, 3, 4)

In no other system capacity under the influence, the maximum transport capacity
by its own resource constraints can reach the railway, road, water, and aviation
subsystems.

railway system𝑁
1
, the changes of ∙𝑛

1
, and its own growth rate

𝛾
1
; that is,

𝑑𝑛
1

𝑑𝑡
= 𝛾
1
𝑛
1
(1 −

𝑛
1

𝑁
1

+ 𝛼
1

𝑠
1

𝑆
1

) . (4)

In formula (4), 𝜃
𝑖
(𝑖 = 1, 2, 3, 4) expressed the railway

system transport capacity. Due to its growth 𝛽
𝑖
(𝑖 = 1, 2, 3, 4)

reflects the stimulating factor of cargo subsystem increased
by unit to transport capacity of subsystem, 𝛽

𝑖
> 0.

Changes in transport capacity of railway system effect
rate are represented as ∙𝑠

1
, the synergistic effect rate is 𝜃

1
, the

synergistic effects are 𝑠
2
, 𝑠
3
, and the stimulatory effect is 𝑛

1
.

Then, the evolution equations for railway system transport
capacity 𝑠

1
are

𝑑𝑠
1

𝑑𝑡
= 𝜃
1
𝑠
1
(1 −

𝑠
1

𝑆
1
+ 𝜇
21
𝑠
2
+ 𝜇
31
𝑠
3
+ 𝜇
41
𝑠
4

+ 𝛽
1

𝑛
1

𝑁
1

) . (5)

Similarly, under the circumstances, four subsystems in
themultimodal transport system are coordinated developing.
With the mutual influence of freight transportation demand
and freight transport capacity, we can find the coevolution
equations of other 3 subsystems—road subsystem, water
subsystem, and aviation subsystem.

In the research, with the introduction of random fluctu-
ations of the deterministic model, we can get the Langevin
equation of multimodal system coevolution:

𝑑𝑛
1

𝑑𝑡
= 𝛾
1
𝑛
1
(1 −

𝑛
1

𝑁
1

+ 𝛼
1

𝑠
1

𝑆
1

) + 𝑓 (𝑛
1
)
𝑑𝑤
1

𝑑𝑡
,

𝑑𝑛
2

𝑑𝑡
= 𝛾
2
𝑛
2
(1 −

𝑛
2

𝑁
2

+ 𝛼
2

𝑠
2

𝑆
2

) + 𝑓
2
(𝑛
2
)
𝑑𝑤
2
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(6)

Functions 𝑓
1
(𝑛
1
), 𝑓
2
(𝑛
2
), 𝑓
3
(𝑛
3
), 𝑓
4
(𝑛
4
), 𝐹
1
(𝑁
1
), 𝐹
2
(𝑁
2
),

𝐹
3
(𝑁
3
), and 𝐹

4
(𝑁
4
) are diffusion, and𝑤

1
,𝑤
2
,𝑤
3
,𝑤
4
,𝑊
1
,𝑊
2
,

𝑊
3
, and𝑊

4
are standard Brownian movements.

5. Analysis of Multimodal Transport System
Coevolution in China

We implemented the methodology to Chinese multimodal
transport system. Container freight volumes of railway, road,
water, and aviation subsystems are based on historical data
between 1999 and 2012 (Table 4).

Replacing its growth rate with average growth and the
system growth rate of railway, road, water, and aviation
subsystems we calculate the average growth rate based on
historical data and use them in our model.

𝜃
1
= 0.05115, 𝜃

2
= 0.18599, 𝜃

3
= 0.10230,

𝜃
4
= 0.15037.

(7)

Definition of the attraction coefficient of the railway
system is the changes in social freight volume and turnover
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Table 4: Container freight volumes of subsystems and social system.

Year Container freight volumes (million tons)
Railway Road Water Aviation Social

1999 0.38 1.09 0.89 0.02 2.39
2000 0.45 1.29 1.10 0.02 2.86
2001 0.47 1.55 1.24 0.02 3.28
2002 0.59 1.68 1.50 0.02 3.80
2003 0.60 2.37 1.59 0.03 4.58
2004 0.56 2.76 2.20 0.03 5.55
2005 0.65 3.67 2.58 0.03 6.93
2006 0.71 5.32 3.34 0.04 9.41
2007 0.67 7.14 5.48 0.04 13.33
2008 0.69 5.96 3.46 0.04 10.16
2009 0.82 6.63 4.23 0.06 11.74
2010 0.92 7.44 5.18 0.06 13.80
2011 0.91 8.27 5.48 0.05 14.71
2012 0.38 1.09 0.89 0.02 2.39

volume of the railway subsystem, the same method to define
the attractive coefficients of other subsystems. Stimulating
factors of freight transport capacity development coefficient
(the railway transport capacity increase factor caused by
freight demand increasing stimulation/rate), the stimulating
factor is defined by the changes with multimodal system
turnover and social turnover caused by the multimodal
transport system to railway subsystem, the same method to
define the stimulating factors of other subsystems.The values
of attractive coefficients and stimulating factors are listed as
Table 5.

The results indicate four subsystems of turnover is
smooth approximation fit. The best fitting model is obtained
when 𝑆

1
= 1.00, 𝑆

2
= 9.50, 𝑆

3
= 6.50, and 𝑆

4
= 0.06. The best

fitting model is selected based on goodness of fit criteria and
their values are shown below:

𝑅
2

1
= 0.9993, 𝑅

2

2
= 0.96231, 𝑅

2

3
= 0.97159,

𝑅
2

4
= 0.97159.

(8)

Setting each subsystem of freight turnover in 2011 as the
initial values,

𝑠
0

1
= 0.88Ton km/year, 𝑠

0

2
= 9.13Ton km/year,

𝑠
0

3
= 6.34Ton km/year, 𝑠

0

4
= 0.058Ton km/year.

(9)

The coefficient factors𝜇 can be divided into low coordina-
tion, in the collaborative, and high coordination to simulate.
The coefficient factors 𝜇

21
, 𝜇
31
, 𝜇
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, 𝜇
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, 𝜇
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42
, 𝜇
13
, 𝜇
23
, 𝜇
43
,

𝜇
14
, 𝜇
24
, and 𝜇

34
can be listed as Table 6.

By four-order Runge Kuttamethod for solving themodel,
the simulation results are shown in Figures 5, 6, 7, and 8.
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Figure 5: Railway and multimodal capacity.
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Table 5: Attractive coefficients and stimulating factors.

Parameter 𝛼
1

𝛼
2

𝛼
3

𝛼
4

𝛽
1

𝛽
2

𝛽
3

𝛽
4

Value 0.2944 0.2516 0.4430 0.0007 0.2862 0.2611 0.4520 0.0008

Table 6: Multimodal transport system synergistic coefficient factors.

Parameter 𝜇
21

𝜇
31

𝜇
41

𝜇
12

𝜇
32

𝜇
42

Low coordination 0.0022 0.0024 0.0021 0.0015 0.0026 0.0023
In the collaborative 0.0032 0.0034 0.0031 0.0025 0.0036 0.0033
High coordination 0.0042 0.0044 0.0041 0.0035 0.0046 0.0043
Parameter 𝜇

13
𝜇
23

𝜇
43

𝜇
14

𝜇
24

𝜇
34

Low coordination 0.0022 0.0018 0.0024 0.0029 0.0021 0.0027
In the collaborative 0.0032 0.0028 0.0034 0.0039 0.0031 0.0037
High coordination 0.0042 0.0038 0.0044 0.0049 0.0041 0.0047
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Using the iterative method for solving formula (6), the
cooperative and coefficient equilibrium of the system could
be achieved as shown below.

Low coordination:

(𝑠
∗

1
, 𝑠
∗

2
, 𝑠
∗

3
, 𝑠
∗

4
) = (1.02, 9.78, 6.53, 0.053) .

In the collaborative:

(𝑠
∗

1
, 𝑠
∗

2
, 𝑠
∗

3
, 𝑠
∗

4
) = (1.05, 9.60, 6.59, 0.056) .

High coordination:

(𝑠
∗

1
, 𝑠
∗

2
, 𝑠
∗

3
, 𝑠
∗

4
) = (1.08, 9.66, 6.61, 0.058) .

(10)

As shown from Figures 2, 3, 4, and 5, coordination
coefficients increase, and the equilibrium points of transport
capacity of 4 subsystems and multimodal transport system
reach the greater one. The equilibrium point is independent
of the final collaborative and multimodal transport system
coefficient.The railway subsystem, road subsystem, andwater
subsystem, respectively, have strong synergism tomultimodal
transport system.The synergism of the aviation subsystem of
the multimodal transport system is one order of magnitude
lower than the synergistic effect of the other three subsystems.

The different coordination coefficient and the equilibrium
point are calculated into

𝐴 = [

[
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calculated by
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(12)

The calculated feature values of the model are as follows.

Low coordination:

(𝜆
1
, 𝜆
2
, 𝜆
3
) = (−0.01245, −0.00587, −0.00145) .

In the collaborative:

(𝜆
1
, 𝜆
2
, 𝜆
3
) = (−0.02431, −0.00246, −0.00453) .

High coordination:

(𝜆
1
, 𝜆
2
, 𝜆
3
) = (−0.00345, −0.00671, −0.00345) .

(13)
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Figure 9: Effects of multimodal system collaborative evolution
under cooperative coefficients.

According to the balance point and stability of three-
order differential equation, the characteristics of coefficient
matrix A in different growth rate of the value are negative;
finally the equilibrium point of the system is stable.When the
systemdeveloped to this stage,multimodal transport capacity
reached the speed of its development maximum, and the
acceleration is zero. Meanwhile, the utilization maximizes,
and the development reaches the peak.Then, with the limited
resources, the development speed of the system gradually
reduces and finally reaches a stable equilibrium.

Figure 9 is created based on the data from Table 4.
Figure 9 explains in a given three kinds conditions of
synergistic coefficients the multimodal system development
tendency in the future. The system process tends to separate
levels of multimodal transport system coevolution. Under
high coordination, the coefficient is greater than low coordi-
nation and in the collaborative.The coevolution coordination
degree effect of multimodal transport system is stronger,
and the level of subsystems coevolution is more stable. The
strengthening of coordination level between systems will
maintain a sharp synergistic effect, which also verifies the
rationality of the model.

From 2000, railway container market share decreased
year by year. In recent years, railway containermarket share is
only about 7% of the shared containermarket, and in 2013 the
railway container transport volume is only 0.88 million tons,
down 4.5% year-on-year, accounting for only 6% of social
container volume. While the coefficient of railway subsystem
is strong, whose transport capacity is far more than its freight
volume, the railway subsystem is the control of short board
for the collaborative development of the multimodal trans-
port system. We should strengthen the transport container
category marketing of railway subsystem and strengthen the
link of the railway, road water, and aviation subsystems. We
should release the railway transport capacity, to make the
multimodal transport system coordination progress. And it
is only strengthening the coordination level between systems;
that is, the system will maintain the sharp synergistic effect.
It further proved the rationality of this model.

6. Conclusions

Multimodal transport is a freight transport mode featured
with high efficiency and high potency. It is a systematic
combination of railway, road, and water transport, aviation,
and other traditional transport modes that can take advan-
tages of each individual transport mode and achieve higher
efficiency. This paper explores the collaborative development
structure of the multimodal transport system. In addition,
combined with the structure of multimodal system coordi-
nation progress, the connotation of themultimodal transport
system is discussed. Using the system order parametermodel,
freight density and mileage are derived as the order param-
eters of the multimodal transport system. With objective as
maximizing capacity of multimodal transport system, both
cooperation and competition between four subsystems are
considered. Based on that, we built the coevolution equation
of multimodal transport system.

The results show that (1) the coevolution law of the
multimodal transport system is regulated by the law of the
freight system under double order parameters: freight density
and mileage. (2) When synergistic coefficient is increasing,
the transport ability of railway, road, and water subsystems
of the multimodal transport system is increasing as well
with the strongest effects of subsystems interaction between
road subsystem and railway subsystem. (3) Synergistic effect
differs between subsystems. (4) The railway subsystem is the
control of short board for the collaborative development of
the multimodal transport system.

We should further strengthen the synergistic effect
between factors. This paper can also be discussed with
other mathematical theories, such as bifurcation theory,
catastrophe theory, and synergistic.
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This paper describes the red-light running behavior of bicyclists at urban intersections based on reliability analysis approach.
Bicyclists’ crossing behavior was collected by video recording. Four proportional hazard models by the Cox, exponential, Weibull,
and Gompertz distributions were proposed to analyze the covariate effects on safety crossing reliability. The influential variables
include personal characteristics, movement information, and situation factors.The results indicate that the Cox hazardmodel gives
the best description of bicyclists’ red-light running behavior. Bicyclists’ safety crossing reliabilities decrease as their waiting times
increase. There are about 15.5% of bicyclists with negligible waiting times, who are at high risk of red-light running and very low
safety crossing reliabilities. The proposed reliability models can capture the covariates’ effects on bicyclists’ crossing behavior at
signalized intersections. Both personal characteristics and traffic conditions have significant effects on bicyclists’ safety crossing
reliability. A bicyclist is more likely to have low safety crossing reliability and high violation risk when more riders are crossing
against the red light, and they wait closer to themotorized lane.These findings provide valuable insights in understanding bicyclists’
violation behavior; and their implications in assessing bicyclists’ safety crossing reliability were discussed.

1. Introduction

Cycling is one of the most popular modes of transportation
in some Asian developing countries, such as Cambodia,
Vietnam, and China. Even in developed countries, cycling
travel is recognized as low energy consumption and healthy
to the users and it does not damage the health of others.
US Census Bureau’s American Community Survey (ACS)
reports twice as many daily bicycle commuters in 2009 as
in 2000 [1]. At the same time, the data from the Canadian
Census reveals a 42% increase in the number of daily bicycle
commuters between 1996 and 2006 [2]. In March 2009, half
(50%) of all Australian households had at least one working
bicycle. Of these households, two-thirds (66%) had two or
more bicycles in working order [3].

However, the growing popularity of bicyclists also entails
safety concerns as observed in accident statistics. In 2010,
there were 4616 bicyclists dead and 14, 283 seriously injured

in road accidents in China, representing 7.1% of all traffic
fatalities and 5.6% of injuries [4]. One typical type of
rule violation behavior is violation behavior at red period.
Because of the poor law enforcement and peoples’ low safety
awareness, violation behavior at red period is rather prevalent
and represents a substantial safety problem in Chinese urban
intersections.

Bicyclist safety has been a key topic in traffic safety
research. Many studies were conducted on the issues about
safety perception and evaluation of cycling [5, 6]. In addition,
some researchers mainly focused on bicyclists’ injury and
accident analysis in bicycle-car collisions [7]. However, the
literature review suggests that very little has been done on
the red-light crossing behavior of bicyclists. In recent years
there have been only a few empirical studies on investigating
bicyclist red-light running behavior. For instance, Johnson
et al. used video recordings to analyze the violating rate,
behavioral characteristics and risk factors of noncompliant
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commuter cyclists at urban intersections in Melbourne,
Australia [8]. Furthermore, Johnson et al. investigated the
behavioral, attitudinal, and traffic factors contributing to red-
light infringement by Australian cyclists using a national
online survey [9]. Wu et al. used logistic model to analyze
how gender, age, and conformity behavior affected the cyclist’
violation and classify red-light crossing behavior to three
types: obeying the rules, risk-taking, being opportunistic [10].
Zhang and Wu considered the effects of sunshields on red-
light running behavior of cyclists and electric-bike riders by
using the logistic model [11].

Most of the existing researches on cyclists’ crossing
behavior used logistic model to analyze the violating prob-
ability and its influence factors. In this paper, we use pro-
portional hazard models to study the reliability of bicyclist
safety crossing behavior at the signalized intersection.Hazard
model is a common topic inmany areas including biomedical,
engineering, and social sciences. In the transportation field, it
has been applied to describe a number of time-related issues
including activity duration [12–14], traffic accidents [15],
automobile ownership [16, 17], and vehicle travel time [18,
19]. In addition, Hamed used parametric hazard models to
investigate pedestrians’ red-light crossing behavior in Jordan
[20]. Tiwari et al. applied nonparametric duration model
to study the pedestrians’ crossing behavior at signalized
intersections in Indian [21]. Guo et al. used semiparametric
and parametric hazard models to analyze the safety crossing
reliability of pedestrians in China [22]. Huan and Yang
applied the Cox hazard model to estimate the waiting
endurance times of electric two-wheelers in China [23].
However, no studies addressed bicyclists’ crossing reliability
at signalized intersections.

Hazard model has an advantage in that it allows the
explicit study of the relationship between duration time and
the explanatory variables. More importantly, hazard model
can deal with not only uncensored data but censored data.
For example, the exact waiting duration reflecting cyclist
endurance cannot be observed if cyclists wait until the
permission of traffic rules. This is the very reason why
the duration model is chosen to analyze bicyclists’ crossing
behavior. The empirical data, which were obtained by video
cameras, are modeled by four proportional hazard functions
(Cox, exponential, Weibull, and Gompertz distributions).
Both crossing reliability and waiting times of bicyclists under
various conditions are calculated and the covariate effects
are quantified. The finding of this paper can explain when
and why bicyclists violate traffic light at the intersection. It is
hoped that the results can help to improve the planning and
designing of signalized intersections in developing countries.

2. Methods

Reliability is the probability that a system or component will
perform its required function under stated conditions for
a specified period of time. Accordingly, bicyclists’ crossing
reliability can be defined as the probability that a bicyclist
obeys the traffic light after a specified waiting time at a
signalized intersection.

Let 𝑇 be a nonnegative random variable representing the
waiting duration of a bicyclist in the red-light phase. Let
𝑓(𝑡) denote the probability density function of 𝑇 and let the
cumulative distribution be

𝐹 (𝑡) = Pr (𝑇 ≤ 𝑡) = ∫

𝑡

0

𝑓 (𝑥) 𝑑𝑥, 𝑡 > 0. (1)

Mathematically, the reliability function 𝑅(𝑡) is the prob-
ability that a system will be successfully operating without
failure in the interval from time 0 to time 𝑡,

𝑅 (𝑡) = Pr (𝑇 > 𝑡) = 1 − 𝐹 (𝑡) = ∫

∞

𝑡

𝑓 (𝑥) 𝑑𝑥. (2)

In this paper, 𝑅(𝑡) is the reliability of bicyclist safety crossing
at the red light. It is the probability that a bicyclist who arrives
at the intersection in the red-light period will not violate the
traffic light in his/her waiting duration time from 0 to 𝑡.

Another important function in reliability analysis is the
failure rate function, or hazard function, ℎ(𝑡). The hazard
function is defined as

ℎ (𝑡) = lim
Δ𝑡→0

𝑃 (𝑡 < 𝑇 ≤ 𝑡 + Δ𝑡 | 𝑇 > 𝑡)

Δ𝑡
=
𝑓 (𝑡)

𝑅 (𝑡)
. (3)

The hazard function in this paper is the instantaneous rate
at which the waiting duration will end in an infinitesimally
small time period, Δ𝑡, after time 𝑡, given that the duration
time has lasted to time 𝑡.

The shape of the hazard function has important implica-
tions for the modeling approach. Depending on the underly-
ing event and the duration process, the hazard function may
take different shapes. Note that bicyclist crossing behavior at
intersections is influenced by various factors. The influential
factors can be defined as a vector of explanatory variables, x =
(𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑝
)
. To accommodate the effects of these influ-

ential factors, the most commonly used approach to model
duration data is the proportional hazard model [12]. Then
the proportional hazard form is introduced, which specifies
the effects of explanatory variables to be multiplicative on a
hazard function

ℎ (𝑡) = ℎ
0
(𝑡) 𝑔 (x,𝛽) , (4)

where 𝑔(⋅) is a known function to represent the effects of
explanatory variables, 𝛽 = (𝛽

1
, 𝛽
2
, . . . , 𝛽

𝑝
) is a vector of

estimable coefficients for x. ℎ
0
(𝑡) is the baseline hazard rate

at time for covariate vector x = 0.
The Cox model is the most commonly used proportional

hazard model in which exp(𝛽x) is used as the function form
of the covariate influence. This model defines the hazard rate
at time 𝑡,

ℎ (𝑡) = ℎ
0
(𝑡) exp (𝛽x) . (5)
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Combining (3) and (5), the reliability function can be
written as

𝑅 (𝑡) = exp [−∫
𝑡

0

ℎ (𝑤) 𝑑𝑤]

= {exp [−∫
𝑡

0

ℎ
0
(𝑤) 𝑑𝑤]}

exp(𝛽x)

= 𝑅
0
(𝑡)

exp(𝛽x)
,

(6)

where 𝑅
0
(𝑡) = exp[− ∫𝑡

0

ℎ
0
(𝑤)𝑑𝑤] represents the baseline

reliability with x = 0.
In addition, three parametric proportional hazardmodels

including exponential, Weibull, and Gompertz distributions
are used. The common distributions are summarized below.

The exponential distribution is suitable for modeling data
with constant hazard. The exponential hazard and reliability
functions are

ℎ (𝑡) = 𝜆 (constant hazard)

𝑅 (𝑡) = exp (−𝜆𝑡) .
(7)

Themodel is implemented by parameterizing 𝜆
𝑗
= exp(𝛽X

𝑗
)

when the influenced covariates are considered, implying that
ℎ
0
(𝑡) = 1.
The Weibull distribution is suitable for modeling data

with monotone hazard rates that either increase or decrease
exponentially with time. The Weibull hazard and reliability
functions are

ℎ (𝑡) = 𝜆𝛾𝑡
𝛾−1

,

𝑅 (𝑡) = exp (−𝜆𝑡𝛾) .
(8)

The model is implemented by parameterizing 𝜆
𝑗

=

exp(𝛽X
𝑗
), implying that ℎ

0
(𝑡) = 𝛾𝑡

𝛾−1, where 𝛾 is an ancillary
parameter to be estimated from the data. Note that the hazard
reduces to exponential if 𝛾 = 1.

The Gompertz regression is parameterized only as a pro-
portional hazard model. The Gompertz distribution imple-
mented is the two-parameter function, with the following
hazard and reliability function:

ℎ (𝑡) = 𝜆 exp (𝛾𝑡) ,

𝑅 (𝑡) = exp (−𝜆𝛾−1 (𝑒𝛾𝑡 − 1)) .
(9)

The model is implemented by parameterizing 𝜆
𝑗

=

exp(𝛽X
𝑗
), implying that ℎ

0
(𝑡) = exp(𝛾𝑡), where 𝛾 is an

ancillary parameter to be estimated from the data.
The Cox hazard model can be estimated by maximum

partial likelihoodmethod. And parametric hazardmodel can
be estimated by maximum likelihood method. The detailed
estimation can refer to Lee and Wang [24].

The overall goodness of fit of the model estimation is
determined by the likelihood ratio (LR) statistics, which is
specified as

𝑋
𝐿
= −2 [log 𝐿 (𝛽

0
) − log 𝐿 (

_
𝛽)] , (10)

Figure 1: Photograph of bicyclists’ crossing at Z-T intersection.

where log 𝐿(𝛽
0
) is the log (partial) likelihood for null model

with all the regression coefficients being set as zero and
log 𝐿(

_
𝛽) is the log (partial) likelihood at convergence with 𝑝

regression coefficients.

3. Data

3.1. Site Characteristics. The site survey was conducted at
selected signalized intersections near Jiaotong University in
Beijing, China. The survey periods included peak hour (7:30
a.m.–9:30 a.m.) and off-peak hour (10:00 a.m.–4:00 p.m.)
in September, 2013. Data collections were done by placing
video cameras at each location. The survey area covered
the zebra crossing and a part of traffic lanes so that riders’
crossing behavior and the corresponding traffic conditions
can be monitored clearly. Figure 1 gives a photograph at
Z-T (Zaojunmiao Road-Third Loop North Road, observed
direction: west-east) intersection to illustrate the crossing
behavior of bicyclists and survey process.

In addition, some additional attentions and explanations
are needed for the site survey.

(a) The signals were old traditional person heads so that
the influence of type of signals could be neglected.
The selected sites had similar characteristics which
involved geometric conditions, traffic conditions, and
traffic control.

(b) The survey was conducted in good weather and the
absence of pointsmen. Bicyclists were unobtrusively
observed.

3.2. Data Collection and Processing. To record bicyclists’
waiting durations, the whole red-light period of a signal cycle
was observed as a data collection unit. Only the bicyclists who
arrived in the red-light period were defined as valid sample.
The waiting duration was from the time a bicyclist arrived at
the crossing location to the time he/she began to cross. It can
be classified into two kinds: uncensored data and censored
data.Theuncensored datawas defined as thewaiting duration
which ended within the red-light period (violating crossing).
Otherwise, the waiting duration was called the censored data
as long as it ended within the green light period (normal
crossing). For the censored data, it is unknown what is the
exact waiting duration which can reflect the endurance of
waiting time for bicyclists.
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3.3. Covariate Selection. The covariate selection takes into
account the previous researches and arguments regarding
the effects of the exogenous variables and human factors on
bicyclists’ violation behavior. Two broad sets of variables are
considered as covariates: personal characteristics and traffic
conditions. Personal characteristics involve age and gender.
The selected covariates of traffic conditions can determine
the effects on the waiting time and traffic volume. The
practical effects on waiting behavior and the feasibility of
data acquisition are considered in the covariate selection.
The following covariates, as shown in Table 1, are adopted to
construct the reliability model.

4. Results

4.1. Descriptive Statistics. 619 crossing events of bicyclists at
the red-light phase were observed by video recordings. Of
the valid observations, 320 (51.70%) bicyclists violated the
traffic regulations. The average waiting time of all samples
was 40.85 seconds. The average waiting time of the violating
crossing was 28.06 seconds, while the average waiting time
of the normal crossing is 54.53 seconds. There are 15.48% of
bicyclists with negligible wait time; their waiting times are
less than one second.Themaximumwaiting durationwas 182
seconds while the minimum was 0 second. The latter means
people cross the street without any wait. This descriptive
statistic cannot reflect the exact crossing reliability due to the
neglect of the censored data. The estimation of the crossing
reliability with censored data will be discussed later.

4.2. Parameter Estimated Results. Table 2 shows the esti-
mated parameters of proportional hazard models in predict-
ing safe crossing reliability of bicyclists. Four models show
perfect overall goodness of fit indicated by the likelihood
ratio values. Among them, Cox proportional hazard model
is considered best to describe bicyclists’ crossing reliability.
The hazard ratios of four models are not time-dependent.
Therefore, the 𝑖th covariate increases by one unit and the risk
changes by [exp(𝛽

𝑖
) − 1] × 100%.

From the estimated results, gender has low significant
level. Most of other covariates are statistically significant at
the 0.05 level of significance.These covariates are significantly
related to safety crossing reliability. A positive parameter has
a positive effect on the violation hazard and a negative effect
on bicyclists’ crossing reliability (e.g., CN, AGE, and WP).
Therefore, an increase in the corresponding covariates can
increase the risk of bicyclists’ red-light running and decrease
their safe crossing reliability. For example, a bicyclist is more
likely to violate traffic rules if more bicyclists are crossing
against the red light when he/she approaches the intersection.
Similar results were found in pedestrians’ crossing behavior.
For example, Rosenbloom indicated individual pedestrians
weremore likely to cross against the red light than pedestrians
who were in a groups [25]. Bicyclists who wait closer to the
motorized lane have higher likelihoods of red-light running
and lower safety crossing reliabilities. The possible reason is
that most bicyclists who wait near the motor lane are more
likely to be risk-takers. These risk-takers are more apt to

cross against the red light than the bicyclists who wait at the
appropriate area. Older bicyclists have higher violation risks
and lower crossing reliabilities. It is partly because middle-
aged and old bicyclists may be considered to have higher
cycling skills, which lead to having a higher violation risk.

On the contrary, the negative effectmeans that an increase
in the corresponding covariates can increase the risk rate
and reduce the safe crossing reliability (e.g., MV). A bicyclist
is likely to wait to reduce the collision risk in the presence
of heavy traffic. Similar results were found in pedestrians’
crossing behavior [22] and riders’ red-light running behavior
[10].

4.3. Crossing Reliability Analysis of Bicyclists. Bicyclists’ cross-
ing reliabilities calculated by four proportional hazardmodels
are shown in Figure 2. All of the probability curves present
a monotonically decreasing trend, which means the crossing
reliability decreases with the increasing waiting time. That
is to say, bicyclists were more likely to infringe on the
traffic lights as their waiting times increase. In addition, the
curves of the Cox and Weibull distributions have a rapidly
decreasing trend in the early part of the waiting time. It is
consistent with the fact that about 15.5% of bicyclists are at
high risk of violation and low waiting time to cross against
the red right in our sample. Therefore, the exponential and
Gompertz distributions have a low adaptability to describe
bicyclists’ crossing reliability.

Figure 3 gives the risk rate curve calculated by four pro-
portional hazardmodels.The constant risk in the exponential
model reflects the fact that the risk of violating behavior
would not change with the elapse of waiting time. Therefore,
the exponential model is not appropriate for describing the
crossing reliability of bicyclists. On the other hand, the curves
of the Cox, Weibull, and Gompertz distributions show a
clear downward trend over waiting time, reflecting a negative
dependence. It means that the likelihood of terminating
the waiting time decreases with elapsed waiting time. It is
consistent with the fact that a part of bicyclists are generally
nonrisk-takers who can obey the traffic rules after waiting a
long time.

4.4. Reliability Function of Crossing Behavior. Once bicyclists
violate traffic light, such a crossing behavior is defined as
the occurrence of a risk event. Bicyclists’ crossing reliability
is the probability that a bicyclist obey the traffic light after
a specified waiting time at the intersection. The Cox and
Weibull hazard models give the better description of bicy-
clists’ crossing behavior than the exponential and Gompertz
models. Taking the Weibull model, safe crossing reliability of
bicyclists using our sample data can be written as

𝑅 (𝑡) = exp (−𝜆𝑡𝛾) = exp {−𝑡𝛾 exp (𝛽X)}

= exp {−𝑡0.438 exp (0.248AGE + 0.636WP1

+ 1.950WP2 + 0.062VN − 3.774)} .

(11)
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Table 1: Covariates selection and explanation.

Covariate Type Explanation
AG (age group) Continuous variable 1 if under 20, 2 if 20–29, 3 if 30–39, 4 if 40–49, 5 if 50–59, 6 otherwise
GEN (gender) Categorical variable 1 if male, 0 female
VN (violating number) Continuous variable The number of other bicyclists who violate against the red light after arriving

WP (waiting position) Categorical variable 0 if a bicyclist waits behind the bicyclists’ stopline (appropriate), 1 if in the bicycle
lane (middle), 2 if close to motorized lane (nearest)

MV (motor vehicle volume) Continuous variable Average motor vehicle volume per lane per min at the red-light phase when the
bicyclist arrives

Table 2: Parameter estimation in waiting duration model.

Parameter Cox model Exponential model Weibull model Gompertz model
Coef. 𝑃 value Coef. 𝑃 value Coef. 𝑃 value Coef. 𝑃 value

GEN 0.073 0.546 0.125 0.301 0.126 0.300 0.137 0.260
AGE 0.245 <0.001 0.302 <0.001 0.248 <0.001 0.286 <0.001
WP
middle versus appropriate 0.683 0.003 0.697 0.003 0.636 <0.001 0.679 0.004
nearest versus appropriate 1.919 <0.001 2.172 <0.001 1.950 <0.001 2.126 <0.001
CN 0.053 <0.001 0.051 <0.001 0.062 <0.001 0.055 <0.001
MV −0.095 0.035 −0.113 0.011 −0.053 0.228 −0.092 0.040
constant −5.688 <0.001 −3.774 <0.001 −5.592 <0.001
𝛾 0.438 −0.007
likelihood ratio (LR) 249.77 <0.001 334.48 <0.001 266.89 <0.001 316.26 <0.001
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Figure 2: Crossing reliability versus waiting duration with different
hazard models.

The proposed reliabilitymodel can capture the covariates’
effects on bicyclists’ crossing behavior at the intersection.
Before the applications, however, it is noted that the model
should be estimated using the specified field data. Addi-
tionally, the explanatory variables should be chosen flexibly
according to the specified traffic circumstance.

0.00

0.03

0.06

0.09

0.12

0.15

0 30 60 90 120 150 180

H
az

ar
d 

ra
te

Waiting duration (s)

Exponential
Weibull

Gompertz
Cox

Figure 3: Hazard rate versus waiting duration with different hazard
models.

5. Conclusions

The paper uses the concept of crossing reliability and the
methodology of survival analysis to examine bicyclists’ vio-
lating behavior at signalized intersections. Four proportional
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hazard models by the Cox, exponential, Weibull, and Gom-
pertz distributions are proposed to analyze the covariates’
effects on crossing reliability at urban intersections. The
methodology uses a hazard-based duration model structure
that is able to predict bicyclists’ crossing reliability at any
given traffic conditions. It is proved that the Cox proportional
hazard model is the most appropriate for describing crossing
behavior of bicyclists. The crossing reliability decreases with
the increasing waiting time. About 15.5% of bicyclists are at
high risk of violation and without any delay to cross against
the red right. In addition, various factors canmodify crossing
reliability in different degrees and the model can be applied
to obtain the temporal shifts in crossing reliability due to
changes in traffic conditions. The proposed reliability model
can capture the covariates’ effects on bicyclists’ crossing
behavior at signalized intersections.

In terms of the future work, research with more datasets
is required. Also, more parameters under different situations
should be taken into account. In addition, we chose these four
proportional hazard models (Cox, exponential, Weibull, and
Gompertz) to describe bicyclists’ safety crossing reliabilities
in this paper. We will explore accelerated hazard models
such as lognormal, logistics, and Gamma distributions for
reliability function in future research. Finally, some counter-
measures of improving bicyclists’ safety crossing reliabilities
should be further explored. It is hoped that these findingsmay
have a better understanding of bicyclists’ crossing behavior
and help to plan and design proper facilities for cyclists.
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The average death and injury intensity on sharp horizontal curves (SHCs) are much higher than those of straight sections of the
expressway in China. In this paper, the statistics of crashes from 2008 to 2012 on 2200 km expressways in Guangdong province
are collected, and the relationships between the radius of plane curves and the crash rate are analyzed. After that, the curved
expressway section with radius equal to or less than 1000m is defined as SHCs. According to the results of the test of the operating
speed, the heart rate change of drivers, and the vehicle acceleration, the distribution patterns of driving risks on the certain SHCs
were theoretically analyzed. Hence, the driving risk affected areas on adjacent line units of SHCs are determined as 200m sections
before entering or after exiting the SHCs. Combining with surveyed data, the spatial distribution of crashes on SHCs is analyzed,
and the driving risk distribution function of SHCs in expressway is finally deduced.The result of this research provides a theoretical
basis to enhance expressway safety management and to improve the driving safety on SHCs.

1. Instruction

Kanellaidis and Vardaki [1] believe that highway geomet-
ric design is the essential issue of highway safety. Earlier
researches show that horizontal curve position, radius, and
easement curve have a remarkable relationship with crashes
[2]. SHCs are widely used in expressway in the mountainous
areas. According to Traffic Accidents Statistics Yearbook of
People’s Republic of China (from 2001 to 2012) [3], during the
last 10 years, statistics show that the average death and injury
intensity of SHCs are 33.08 persons per 100 crashes (P%)
and 113.90 P%, but the average death and injury intensity of
straight sections of highway are 18 P% and 74.86 P% in the
same period of time, which shows that the crash severity of
SHCs ismuch higher than that of straight sections of highway
in China. Thus, safety improvements of SHCs are eager to be
done to reduce the harm of SHCs crashes.

Based on crashes data of 2200 km expressways collected
in Guangdong from 2008 to 2012, SHCs are firstly defined
according to the relationship between radius and crashes
ratio; then driving risk distribution and affected areas on
adjacent line units are theoretically analyzed according to

the testing results of operating speed, heart rate variability
of driver, and acceleration changes when driving on SHCs.
Combined with survey and research data, spatial distribution
of crashes in SHCs is analyzed, and driving risk distribution
function of SHCs in expressway is further deduced which
provides theoretical basis to enhance expressway safety man-
agement and improve driving safety of SHCs.

2. Definition of SHC
By analyzing crash data of expressway plane curves in
Guangdong, the relationship (crash number in 106 vehicle
kilometers traveled) between the crash frequency and radius
is shown in Figure 1.

The result shows that there is typical power function
relation between crash frequency and radius of expressway
plane curves and crash frequency is obviously lower with
larger radius of plane curves. The curve also shows that
when radius is less than 1000m, crash frequency changes
remarkably. On the contrary, changing magnitude of crash
frequency is significantly lower when radius is more than
1000m. Characteristic point of the curves is just on 1000m
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Figure 1: Relationship between crash frequency and radius of
expressway plane curves.
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Figure 2: Crashes of 117 SHCs in survey data (Guangdong, 2008–
2012).

radius. Thus, the SHC is defined as radius less than or equal
to 1000m in this paper.

According to the definition, 117 SHCs and 4726 crashes
(showed in Figure 2) are screened out from survey data
during 2008 and 2012 in Guangdong province.

3. The Driving Risk Spatial
Distribution Rule of SHCs

Firstly, driving risk distribution is theoretically analyzed by
testing results of indirect index, such as operating speed
of vehicles, heart rate variability of driver, and acceleration
changes when driving on SHCs. Then combined theoretical
analysis with statistical analysis of survey data and consis-
tency between theoretical and actual results are verified in the
paper.

3.1. Driving Risk Distribution and Affected Areas of SHC
3.1.1. Operating Speed. An operating speed test is conducted
on SHCs in accordance with the study of crash frequency and
velocity dispersion.The results [4, 5] show that the operating
speed of the drivers is not constant on the curved segment.
The velocity of the vehicles when they are leaving the curves
was about 6.4–8 km/h [6] higher than when they are entering
the curves. The operating speed of the vehicles varies before
and after they pass the midpoint of the circular curve. The
rapid change of operating speed of the vehicles driving on
SHCs easily leads to potential traffic safety problems and
keenly increases the driving risk [7–9]. The results also

9.06

9.12

9.18

9.24

9.3

9.36

Ch
an

ge
s i

n 
he

ar
t r

at
e 

Different sections in SHC 

ZH H QZ Y HZZH − 100 HZ + 100

Figure 3: Changes in heart rate of experienced driver passing
different sections in SHC. ZH: point of tangent to spiral, ZH − 100:
100m before ZH, HZ: point of spiral to tangent, HZ + 100: 100m
after HZ, H: point of spiral to circle, Y: point of circle to spiral, and
QZ: middle point of circle.

illustrate that the pattern of operating speed is frequently
in deceleration when entering the SHCs, while usually in
acceleration when leaving it. The discrete speed distribution
leads to the rapid increase of driving risks.

3.1.2. Changes in Heart Rate of Drivers. Heart rate is another
important indicator used to measure people’s psychological
and physiological load, which is proportional to the intensity
of their operations and the tension level of driver. For
drivers, the high physiological load can predispose people to
mental fatigue, stress, resulting in erroneous driving behavior
whichmight greatly affect traffic safety. JORNA’s studies show
that 20% more than normal heart rate may cause driver
nervousness and 40%moremay cause emerging affright [10].

Studies of drivers’ psychological and physiological char-
acteristics changes indirectly reflected the distribution of
driving risk driving along SHCs.The testing results of changes
in heart rate of experienced driver passing different sections
in SHC are shown in Figure 3.

The testing result shows that the heart rate of driver is
firstly increased and gradually decreased with adapting to
changes of line and increased again for accelerating to exit
curve, when driving along SHC.

3.1.3. Acceleration Changes. The measurement results [11] of
longitudinal acceleration of motor coach through SHC with
speed of 30 km/h, 40 km/h, and 50 km/h were shown in
Figure 4.

The test results showed that vehicle was frequently decel-
erated and deceleration value was maximum just before
entering SHC. After passing the point of tangent to spiral,
vehicle still remained decelerating with more braking fre-
quency than that in straight line before curve, and the mean
deceleration value slightly fluctuated with little changes.
Around curve midpoint, vehicle’s acceleration was close to 0.
Through curve midpoint, vehicle was gradually accelerated,
and the average acceleration is gradually increased.

According to the changes of vehicle acceleration in SHCs,
the driving risk distribution can be described in which risk
values are increased for frequent deceleration before entering
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Figure 4: Longitudinal acceleration distribution of motor coach with different speed passing SHC.

the curve. Risk values of vehicle driving in the curve are
increased to maximum for much more frequent deceleration
to gradually adapt to the curvature changes. Risk begins to
decrease when vehicle begins to accelerate and the decrease
stops just at the end of SHC.

3.2. Driving Risk Affected Areas of SHC. Based on the above
analysis, most predecelerating and accelerating sections of
SHCs are located in adjacent segment units [12]. There-
fore, determination of affected areas on adjacent units is
important to calibrate driving risk distribution function and
divide segments for establishing prediction models. With
the measurement results of characteristic operating speeds
and changes of drivers’ heart rate, the affected areas on
adjacent units before SHCs can be calculated, and the affected
areas after SHCs can also be analyzed by the acceleration of
vehicles.

3.2.1. Affected Areas before SHCs
Measurement Results of Characteristic Operating Speeds. Test-
ing results [11] of characteristic operating speeds, such as
radius of SHCs, deceleration point, speed on deceleration
point, are shown in Table 1.

The results show that predecelerating lengths which
substantially concentrate in about 200m are inconsistent
with different radius and speed on deceleration point.

Changes of Drivers’ Heart Rate. The drivers’ average instan-
taneous changes of heart rate with occurrence position and
operating speed are measured before entering SHCs, and the
testing results [13] are shown in Table 2.

Test results show that driver’s heart rate greatly changed
before entering SHC and the changing position is located at
about 200m before SHC.

Length of Affected Areas. According to testing results of
operating speeds and changes of heart rate, the length for
deceleration is about 200m before SHC. So the length of
affected areas before SHC is determined as 200m.

Affected Areas after Exiting SHC. Considering dual direc-
tional traffic of expressway, the starting point is the end of
another direction, and vehicles with lower risk are always
accelerated after exiting SHC. Based on above analysis and
length of affected areas before entering, the length after
exiting is also defined as 200m.
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Table 1: Testing results when vehicles are driving along SHCs.

Radius (m) 200 350 400 450 470 500 550 600 665 700 750 800
Speed on deceleration point (km/h) 109 123.5 111.5 113.3 113.3 123.3 117 123 120.5 126.7 124.9 118.7
Predeceleration length (m) 197 251 170 170 167 210 168 186 165 185 169 123

Table 2: Drivers’ instantaneous changes of heart rate, occurrence position, and operating speed before entering SHCs.

Radius (m) Average instantaneous
changes of heart rate (%)

Travel time before entering
SHCs (s)

Average operating speed
(km/hr)

Distances to point of
tangent to spiral (m)

200∼600 28.83 3.17 96 74.05
600∼1000 28.26 3.31 100 85.51
More than 1000 21.89 7.06 101 197.15

3.3. Crashes Distribution of Survey Data of SHCs. To analyze
the crash distribution of SHCs with different lengths, nor-
malization processing of crash data is carried out, so basic
variables are converted into the proportion of the crashes of
subsections to that of total section. The analysis results are
shown in Table 3.

Driving along SHCs, the risk of vehicles begins to increase
in the range about 200m before entering curves. After
entering the 1st spiral curve, driving risk increases gradually
with the changing curvature. In spiral curve or circular curve
around point of spiral to circle, the driving risk value is
the highest and then gradually reduces until exiting the 2nd
spiral curve. Entering affected area after exiting SHC, the risk
remains at low level.

4. Driving Risk Distribution Function of SHCs

In summary, crashes spatial distribution and analysis results
of affected areas show that operating speed, heart rate, and
acceleration along travel direction are changing with similar
rule, and driving risk distribution is not even. Driving risk
increases gradually in deceleration section before entering
curves and reaches the highest value at the point of spiral to
circle. Then gradually risk decreases after passing half curve.
With analysis of these indirect indexes, distribution function
form of driving risk of SHCs can be assumed.

4.1. Distribution Function Form. According to the changing
regulations of drivers’ heart rate and operating speed, driving
risk distribution can be described as cubic polynomial listed
as follows:

𝑦 = 𝑒
(𝑎𝑥
3

+𝑏𝑥
2

+𝑐𝑥+𝑑)

, (1)

where 𝑎, 𝑏, 𝑐, and 𝑑 are the estimated parameters; 𝑦 is the
driving risk parameter driving along curves; 𝑥 is the position
of the vehicle on the curve.

For the convenience of calculation, formula (1) is con-
verted into formula (2) by natural logarithm:

ln𝑦 = 𝑎𝑥3 + 𝑏𝑥2 + 𝑐𝑥 + 𝑑, (2)

where 𝑎, 𝑏, 𝑐, and 𝑑 are the estimated parameters.
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Figure 5: Driving risk distribution of SHCs along with travel
direction.

4.2. Parameter Calibration. To avoid abscissa values of
affected areas less than 0, 1 is assigned to the value of point
of tangent to spiral, and the values of different sections can be
calculated.The driving risk distribution is shown in Figure 5.

Estimated parameters in formula (2) can be calibrated by
survey crashes in SHCs, and the expression of driving risk
distribution function is shown in the following formula:

𝜙 = 𝑒
(12.12𝑥−7.08𝑥

2

+1.2𝑥
3

−3.1)

= 0.045𝑒
(12.12𝑥−7.08𝑥

2

+1.2𝑥
3

)

,

𝑥 =
∑
6

𝑖=1
𝑙
𝑖

𝐿
,

(3)

where 𝐿 is the length of analysis area of SHCs and 𝐿 = 200 +
𝑙 + 200, 𝑙 is the length of SHC, 𝑙

𝑖
is the length of subsection 𝑖,

and 𝑖 is the number of subsections, 𝑖 = 1, 2, . . . , 6.

5. Conclusion

SHCs are one of the traffic accident prone locations in
expressways. The paper has surveyed a large sum of data and
quoted a great deal of references to reveal and prove driving
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Table 3: Normalization processing results of crashes of SHCs.

Category Mean (%) Standard deviation Minimum value (%) Maximum value (%)
Total 16 10.46 0 44.44
Subsection 1 (affected area before entering SHC) 12.23 3.83 8.33 25.32
Subsection 2 (1st spiral curve) 34.89 5.67 16.67 44.44
Subsection 3 (1st 1/2 circular curve) 21.38 4.24 12.5 33.33
Subsection 4 (2nd 1/2 circular curve) 15.47 4.48 8.33 30
Subsection 5 (2nd spiral curve) 10.70 2.42 5.88 16.67
Subsection 6 (affected area after exiting SHC) 5.72 5.1 0 18.18

risk distribution of SHCs. Based on indirect index, such as
operating speed and drivers’ heart rate, and crashes distribu-
tion proportion of different positions in SHCs, driving risk
distribution is theoretically analyzed. Driving risk affected
areas on adjacent line units of SHCs are determined as 200m
sections before entering or after exiting SHCs. According to
the changing regulations of drivers’ heart rate and operating
speed, driving risk distribution function can be described as
cubic polynomial. Afterwards, the estimated parameters in
cubic polynomial formula can be calibrated by survey crashes
of SHCs, and then the expression of driving risk distribution
function is finally established.

Contrasting to other research results, this one can reflect
the influence of sharp horizontal curves to adjacent segments
on segment dividing for crash prediction. It is recommended
that, in addition to considerations on radius and crash rates,
the influence of traffic and environments should be taken
into account. The findings from this study can be applied
to highway safety analysis and segment dividing of accident
prediction.
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With degree distribution characteristics of the China Railway geographic network, an optimization model from macro to micro
is established on the relative entropy. Firstly, Poisson distribution of the China Railway geographic network is verified and fitted.
Secondly, the “Twelfth Five-Year Plan” of the railway geographic network is chosen as an example on which a macro model is
built. Finally, the “Twelfth Five-Year Plan” of Guangzhou Railway Group’s geographic network is chosen as the other example on
which a micro model is built and our optimization scheme is proposed. Results reveal that, for improving the railway network fault
tolerance, from the macroscopic aspect the “Twelfth Five-Year Plan” railway network should strengthen the railway agglomeration
degree; then the microscopic optimization model is able to improve the fault tolerance effectively.

1. Introduction

Since the first railway was built in 1865, China Railway
has kept developing. After the implementation of reform
and opening up policy in 1980s, great progress was made
on the railway network. On October 26, 2012, a huge and
complex railway network was established. The Ministry of
Railway of P.R.C (the (former) Ministry of Railways of China
was dissolved in accordance with the decision by The 12th
National People’s Congress in March 2013. Of its duties,
development plan, safety, regulation, and inspection were
taken up by State Railway Administration, a new department
administrated by the Ministry of Transport of P.R.C. Con-
struction and management were taken up by China Railway
Corporation) website published “The 12th Five-year Railway
Network Plan” and the “National Rapid Rail Network Plan,”
both of which described the development direction of China
Railway in the next five years. A railway network should
be analyzed on its overall performance and its plan should
be evaluated from an external index. The research on the
railway network topology structure with statistical methods
regards the railway network as a complicated system, which

will support planning, constructing, and implementing the
network with theoretical foundations. The fault tolerance
research on complex network topology structure is an impor-
tant and essential aspect in the field of complex system
study.Therefore, the research on fault tolerance of the railway
topology network is critical.

Many scholars researched the fault tolerance of complex
networks. Albert et al. [1] first studied the robustness of
random networks and scale-free networks under random
failures and deliberate attacks. Broder et al. [2] discussed
the robustness of Internet networks under random failures
and deliberate attacks by researching on WWW networks.
Cohen et al. [3, 4] discussed the robustness of Internet
networks under random failures and malicious attacks based
on percolation theory. Feng et al. [5] studied connection
robustness and recovery robustness based on the connectivity
and recovery ability of the network. Moreover, many scholars
carried out researches on other networks, such as China’s
railway interchange network [6], public transport networks
[7], and complex military networks [8].

As for the optimization of fault tolerance in a complex
network, Shargel et al. [9] improved the resistance ability of
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Table 1: Degree distribution of the China Railway network.

Degree 1 2 3 4 5 6 7 8 9 10
Degree proportion of railway
network in 2008 0.2077 0.2524 0.2204 0.1725 0.0895 0.0383 0.0096 0.0064 0.0032 —

Degree proportion of railway
network in the “Twelfth
Five-Year Plan”

0.1024 0.1667 0.2571 0.2262 0.1429 0.0405 0.0238 0.0214 0.0119 0.0071

the BAmodel by adjusting its parameters which are identified
for networks’ better resistance ability. Paul et al. [10] made
an analysis on the optimization of scale-free networks by
comparing the advancement in double power law networks
and bimodal distribution networks, and so forth, in order
to improve the resistance ability against random failures
and deliberate attacks at the same time. In terms of the
means of attacks, Tanizawa et al. [11] demonstrated the node
degree distribution of networks with better resistance ability
when random failures and selective attacks arise regularly.
Wang and He [12, 13] stated that entropy optimization
can improve the network fault tolerance. By changing the
topology structure, the network fault tolerance capacity will
be improved. They illustrated the feature that the stronger
the fault tolerance, the less the hubs and the lower the node
degree. However, with enhanced network fault tolerance
and better transmission efficiency, the network synchronous
ability seems to be weakened.

Studies reviewed covering the complex network fault
tolerance optimization mostly focus on adjusting one or
few microscopical parameters to improve the tolerance. This
paper proposes a new tolerance optimizationmethod using a
set from macro to micro fault tolerance, proposing to utilize
the optimal value of the overall network fault tolerance as
the degree distribution is macroscopic. Then the method
would be used from the proposed microscopic local network
fault tolerance optimization to the local specific network
optimization.

2. Poisson Distribution of China’s
Railway Network

According to researches by He Cheng [13], Zhao et al. [14]
and other scholars, the degree distribution of China’s Railway
geographic network is similar to a tree structure aligning
with Poissondistribution. Toprove that the network structure
is Poisson distributed, we select the railway network in the
year of 2008 and in the “Twelfth Five-Year Plan” and the
second and the third nodes’ degree weighsmore in the degree
distribution of the China which agrees with characteristics of
the Poisson distribution; see Table 1 and Figure 1.

Fitting with Poisson distribution function, the function
of degree distribution of the 2008 China Railway geography
network is 𝑃(𝑥 = 𝑘) = (2.2882𝑘/𝑘!)𝑒−2.2882.

And the function of the degree distribution of the
“Twelfth Five-Year Plan” is 𝑃(𝑥 = 𝑘) = (3.5853𝑘/𝑘!)𝑒−3.5853.

For the comparison of China Railway geography network
degree distribution, see Figure 2.

3. Fault Tolerance Macroscopic
Optimization Model

Cohen et al. (2000) stated that the stronger the network
heterogeneity, the stronger the fault tolerance. Traditionally,
from the perspective of information theory, information
entropy is commonly used as a measure of the network
heterogeneity.

Relative entropy measures the distance between two
random distributions. In statistics, it corresponds to the log-
arithm expectation of likelihood ratios. The relative entropy
or Kullback-Leibler distance of two probability density func-
tions 𝑝(𝑥) and 𝑞(𝑥) is defined as follows:

𝐷(
𝑝

𝑞
) = ∑

𝑥∈𝐴

𝑝 (𝑥) log
𝑝 (𝑥)

𝑞 (𝑥)
. (1)

Obviously, uniform network has the worst heterogeneity.
Therefore, this study uses the relative information entropy
based on the real network and takes the regular network
degree distribution as the measurement, which is also
adopted to research on fault tolerance. The relative entropy
measurement is more representative revealing more compa-
rability than traditional information entropy ones.

All the nodes in the homogeneous network are evenly
distributed. The proportion of every node degree is 1/𝑛,
which is for any node degree 𝑥

𝑖
∈ 𝐴, 𝑖 = 1, 2, . . . , 𝑛, 𝑝(𝑥

𝑖
) =

1/𝑛 so the information entropy of the uniform network is

𝐻max = −
𝑛

∑

𝑖=1

1

𝑛
log
2

1

𝑛
= −𝑛
1

𝑛
log
2

1

𝑛
= log
2
𝑛. (2)

We set the node degree distribution density function of
the railway network as 𝑝(𝑥), so according to the relative
entropy formula, fault tolerance measurement 𝐶 is

𝐶 = 𝐷 (𝑝‖𝑞)

= ∑

𝑥∈𝐴

𝑝 (𝑥) log
𝑝 (𝑥)

𝑞 (𝑥)

= ∑

𝑥∈𝐴

𝑝 (𝑥) log (𝑛𝑝 (𝑥)) .

(3)
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Figure 1: Degree distribution of the China Railway geography network.
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Figure 2: Comparison between actual degree distribution and fitting degree distribution of China Railway geography network.

Based on the above discussion, the fault tolerance macro-
scopic optimization model is established, the object of which
is the “Twelfth Five-Year Plan” of the China Railway geogra-
phy network.

3.1. The Basic Model. Due to the fact that the optimum of the
relative entropy is considered as the optimal fault tolerance,
the study uses the relative entropy as the objective function
to find the fault tolerance optimization by adjusting the scale

in the network under the condition that keeps the cost,
efficiency, and other actual factors and constraints constant.
Based on all the assumptions, the basic model is as follows:

max 𝐻 (Relative entropy)

s.t. Cost constraints

Efficiency constraints

Practical constraints.

(4)



4 Discrete Dynamics in Nature and Society

3.2. Model Implementations

(1) The Objective Function. Because the degree distribution
of China railway geographic network fits in the Poisson
distribution, we can determine the relative entropy function,
which is

𝐻 = ∑

𝑘∈𝐴

𝑝 (𝑘) log (𝑛𝑝 (𝑘)) ,

𝐻 = ∑

𝑘∈𝐴

𝜆
𝑘

𝑘!
𝑒
−𝜆 log(𝑛𝜆

𝑘

𝑘!
𝑒
−𝜆

) .

(5)

The objective function for the maximum relative entropy
is

max𝐻 = max∑
𝑘∈𝐴

𝜆
𝑘

𝑘!
𝑒
−𝜆 log(𝑛𝜆

𝑘

𝑘!
𝑒
−𝜆

) . (6)

(2) Cost Constraints. Limited by the budgets, railway con-
struction expansion scale is constrained which reflects on the
model as the following formula indicates, whereas the total
number of nodes is 𝑛, which is a constant, and the planned
scale is 𝑛

0
. Therefore, cost constraints are

𝑛 < 𝑎𝑛
0
(𝑎 > 1) . (7)

(3) Constraints in Efficiency. The efficiency of the railway
network is mainly determined by the average distance.
Because the degree distribution of China Railway geography
network is Poisson distributed, we can conclude that the
network is random. A large number of researches state that
the average shortest distance and the logarithm of scale are
positive correlated, which means 𝑛 < 𝑎𝑛

0
(𝑎 > 1). When the

average distance is constant, cost constraints equal efficiency
constraints.

(4) The Average Node Degree Distribution Constraints.
According to the current circumstances, the main node
degree in the geographical network is 2 or 3. This paper
emphasizes mainly hubs and ignores the secondary railway
stations; then the node degree for most of the selected sites is
3 or 4. As for those whose node degree is larger than 4, the
node degree size is negatively correlated with the proportion.
Therefore, the average node degree falls into the scope of (3,
4), which also determines the overall structure of the railway.
In order to keep the railway structure constant, we set the
average node degree as

3 < 𝜆 < 4. (8)

(5) Planning Strategy Constraints. The “Twelfth Five-Year
Plan” focuses on developing Western China and the key for
the construction plan is to build new railway sites as well as
extension of these sites. We will ensure that the proportion
of these sites does not decrease. Therefore, we set 𝑠 as the
proportion of the sites whose node degree is less than or equal

to 3 and the strategic constraints are shown in the following
equation:

∑

𝑘∈{1,2,3}

𝑝 (𝑘) > 𝑠,

Namely, ∑
𝑘∈{1,2,3}

𝜆
𝑘

𝑘!
𝑒
−𝜆

> 𝑠.

(9)

In conclusion, assuming the maximum node degree
remains the same, the macro optimization model for fault
tolerance is as follows:

max 𝐻(𝜆, 𝑛) = ∑
𝑘∈𝐴

𝜆
𝑘

𝑘!
𝑒
−𝜆 log(𝑛𝜆

𝑘

𝑘!
𝑒
−𝜆

)

s.t. 𝑛 < 𝑎𝑛
0

3 < 𝜆 < 4

∑

𝑘∈{1,2,3}

𝜆
𝑘

𝑘!
𝑒
−𝜆

> 𝑠.

(10)

3.3. The Model Results. Under conditions that cost efficiency
keeps fixed, railway structure remains the same, strategic
constrains stay unchanged, and fault tolerance in the “Twelfth
Five-Year Plan” degree gets maximized, the average node
degree is calculated to be 3.7464, which is improved com-
pared with the original value of 3.5853. The improvement
requires that new railway lines, if possible, connect with
the existing stations and lines between new sites should be
increased.

4. Fault Tolerance Microscopic
Optimization Model

This paper establishes a microscopic optimization model
of fault tolerance in which the Guangzhou Railway Group
railway network is the object. It targets finding the maximum
relative entropy by keeping cost constrains and efficiency
constrains constant while maximizing node degree achieving
the macroscopic optimization. And the basic model is as
follows:

max 𝐻(Relative entropy)

s.t. Cost constraints

Degree constraints

Practical constraints.

(11)

4.1. Algorithm Ideas. According to the basic model, deter-
mine the algorithm.

Step 1 (initialization). According to the real network dia-
gram, geographically adjacent map and distance map are
constructed. The “Twelfth Five-Year Plan” is regarded as the
initial policy sets. The number of iterations of the network
based on the scale of the networks is determined.
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Figure 4: The “Twelfth Five-Year Plan” of railway geographic
network diagram of Guangzhou Railway Bureau.

Step 2 (construction of strategy candidate groups). Select one
pair of lines from the planned routes, exchange or change
them as Figure 3 suggests, and iterate all the situations. The
strategy candidate groups are established.

Step 3 (finding the optimal efficiency). The average distance
reflects the distance attribute in the network, which repre-
sents the efficiency of the network. The optimized network
requires better efficiency than the original.

Step 4 (seeking the optimal costs). In order to reduce the cost,
the actual distance increase after the optimization should be
within a certain limit.

Step 5 (macroscopic optimal screening). In addition to con-
sidering the fault tolerance of the regional railway bureau, we
should also improve the national rail network fault tolerance.
Therefore, it is necessary to make the optimized node degree
close to the average node degree in themacroscopic optimiza-
tion.

Step 6 (choosing the optimal fault tolerance). After all the
work above, select the optimal strategy with the maximum
relative entropy from the remaining cluster.

Step 7. The optimal strategy is exchanged to replace the
initial adjacency matrix and to generate a new policy set.
If the number of iterations is less than the measured value,
then restart from Step 2. If it is greater than the number of
iterations, the final new strategy sets should be evaluated by
the level of efficiency and cost evaluation, taking the optimal
strategy as the final policy set.

4.2. Guangzhou Railway Bureau Railway Network in the
“Twelfth Five-Year Plan”: An Example. Guangzhou Railway
Bureau railway network in the “Twelfth Five-Year Plan”
contains 28 nodes, 39 edges, which contain 33 existing lines
and six planned lines (Figure 4).

Assume the planned network average distance is 𝑙
0
, the

actual distance is 𝐿
0
, the average degree is 𝑙, the average

distance of optimized network is 𝑙, the actual distance is 𝐿,
and the average degree is 𝑘; then take constraints magnitudes
𝑎
1
, 𝑎
2
, 𝑎
3
as the rise of the optimized network relative to the

original planning network. There are constraints:

(𝑙 − 𝑙
0
)

𝑙
0

< 𝑎
1
,

(𝐿 − 𝐿
0
)

𝐿
0

< 𝑎
2
,



(𝑘 − 𝑘
0
)

𝑘
0



< 𝑎
3
.

(12)

It means that both the average distances and the actual
distance have upper limit after optimization, and the average
degree is controlled in a certain range. Based on the actual
distance adjacency matrix, the average distance is 7.514
calculated from local railway in geographic network. For the
distance of those pairs of sites is greater than 400 km, it is
estimated to be 400 kilometers. And the actual distance is
12,707.71 km, with an average degree of 3.7464. Constraints
are assumed a 5% margin:

(𝑙 − 7.514)

7.514
< 5%,

(𝐿 − 12707.71)

12707.71
< 5%,



(𝑘 − 3.7464)

3.7464



< 5%.

(13)

After calculation, the initial relative entropy for local
railway network is 0.5375. Obtained by the local optimization
model, the optimal relative entropy converges to 0.5392,
indicating that the local optimization model can improve
network fault tolerance.This optimal fault tolerance indicates
that a candidate cluster network, due to the impact of the
actual terrain, may be difficult to achieve optimization of the
new line. Therefore it is required to be selected based on cost
and efficiency indicators.
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Figure 5: Local railway network optimization geographic figure.

We calculate the 18 candidate clusters. Then we find
out the cost and the efficiency are increased compared with
the original planning of the network. The average distance
increases compared with the actual distance. It may reduce
due to the distance decrease. Normalization method is
adopted for processing the maximum and minimum.

Let the relative increase in the amount, the actual dis-
tance, or the average distance be 𝑥. Let the amount of the
increase normalized be 𝑥

𝑠
; see Table 2. Consider

𝑥
𝑠
=
𝑥 − 𝑥max
𝑥max − 𝑥min

. (14)

Table 2 shows the relative increase of normalized actual
distance and average distance.

Consolidated costs and optimized network efficiency are
evaluated relative to the comprehensive increment in the
amount of the actual distance of the average distance. If the
relative increase of the actual distance is 𝑎

𝑠
and the relative

increase of the average distance is 𝑎
𝑝
, then the comprehensive

increment is 𝑎
𝑧
= 𝑎
𝑠
+ 𝑎
𝑝
. Assuming the cost and efficiency

are of equal importance to the network, comprehensive
increment of the actual distance is weighted equal to that of
the average distance.

The candidate program is sorted from the superior to the
inferior by the integrated incremental order in accordance
with the policy set (Table 3).This paper selects the best of the
three programs, namely, program 17, program 8, and program
14.

4.3. Optimization Programs. The selected three optimiza-
tions are original plans for the Guangzhou Railway Bureau
with the following adjustments made. Option One: the cd-cs
and hh-hy line are replaced by hh-yz and ld-hy line; Option
Two: the hh-hy and cl-hy line are replaced by hh-yz and yz-sg
line; Option Three: the cl-hy and hh-hy line are replaced by
hh-yz and yz-gz line; see Figure 5.

Table 2: The actual distance and the relative increase in the average
distance scales.

Program
number

Relative increase of
actual distance

Relative increase of
average distance

1 0.459839 0.399995
2 0.793302 0.399995
3 1 0.799992
4 0.378309 0
5 0.668881 0.399995
6 0.06378 0.399995
7 0.903425 0.799992
8 0.331941 0
9 0.223749 0.199996
10 0.53596 0.599993
11 0.689747 0
12 0.3729 0
13 0.76239 0.599993
14 0.157675 0.199996
15 0.49307 0.399995
16 0.570349 0.199996
17 0 0
18 0.724523 1

Using the network diagram, we can determine the adja-
cencymatrix and the linear distancematrix to calculate initial
relative entropy as 0.5375. The microscopic optimization
model can be calculated by the fault tolerance of convergence
to the optimal 0.5392 and the visible microscopic optimiza-
tion model can improve the network fault tolerance. To fulfill
the optimal fault tolerance of the network, a large cluster is
supposed to be selected according to the actual situation.

In an optimized network fault tolerance inspection, the
average clustering coefficient and average distance are used
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Figure 6: Micro fault tolerance before and after optimization.

Table 3: The order of integrated incremental.

Program
number

Relative increase of
actual distance

Relative increase of
average distance

Integrated
incremental

17 0 0 0
8 0.331941 0 0.331941
14 0.157675 0.199996 0.357671
12 0.3729 0 0.3729
4 0.378309 0 0.378309
9 0.223749 0.199996 0.423745
6 0.06378 0.399995 0.463775
11 0.689747 0 0.689747
16 0.570349 0.199996 0.770345
1 0.459839 0.399995 0.859834
15 0.49307 0.399995 0.893065
5 0.668881 0.399995 1.068876
10 0.53596 0.599993 1.135953
2 0.793302 0.399995 1.193297
13 0.76239 0.599993 1.362383
7 0.903425 0.799992 1.703417
18 0.724523 1 1.724523
3 1 0.799992 1.799992

as indicators of fault tolerance. As Figure 5 illustrates, the
micronetwork optimization model is an improved version

compared with the original network. Under the same degree
of random failures on average, the clustering coefficient
decreases more slowly and the average distance increases
more slowly as well and then collapses after a long duration.
Figure 6 shows the specific performance as follows.

Average clustering coefficient:

(1) compared with the expansion of the scope of the
attack, the rate of improved network’s overall decline
is slower than that of the original network;

(2) the improved network has a longer duration before
collapse;

(3) with a small number of attack modes, the improved
network has no significant change compared with the
original network.

Average distance:

(1) as the scope of the attack expanded, the improved
network one increases much slowly;

(2) with a small number of attack modes, the improved
network has no significant change compared with the
original one which increases drastically.

Therefore, it is concluded that the improved network has
a better fault tolerance than the original one.
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5. Conclusions

In general, the primary aimof a railway network plan is to cre-
ate a smooth traffic flow. With the consideration of random
network breakdowns and failures, this paper maximizes the
fault tolerance of railway networks and proposes themethods
in enhancing the network from both macro and micro
aspects. The study reveals that (1) the average node degree
of “Twelfth Five-Year Plan” has greatly increased compared
with China’s 2008 network; (2) in order to maximize the
fault tolerance, the average node degree in “Twelfth Five-
Year Plan” should be raised; (3) Guangzhou Railway Bureau’s
railway network fault tolerance has been increased after the
network’s micro optimization.

This paper focuses on analyzing geographic railway net-
work. Aligningwith the power-law distribution, some studies
argued that the traffic networks are scale-free networks
requiring different optimization schemes.With relevant data,
future researches and analysis about the fault tolerance will
be conducted from the aspects of the traffic networks and
transfer networks.
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Failure of the train axle box bearing will cause great loss. Now, condition-based maintenance of train axle box bearing has been
a research hotspot around the world. Vibration signals generated by train axle box bearing have nonlinear and nonstationary
characteristics. The methods used in traditional bearing fault diagnosis do not work well with the train axle box. To solve this
problem, an effective method of axle box bearing fault diagnosis based on multifeature parameters is presented in this paper.
This method can be divided into three parts, namely, weak fault signal extraction, feature extraction, and fault recognition. In
the first part, a db4 wavelet is employed for denoising the original signals from the vibration sensors. In the second part, five time-
domain parameters, five IMF energy-torque features, and two amplitude-ratio features are extracted. The latter seven frequency
domain features are calculated based on the empirical mode decomposition and envelope spectrum analysis. In the third part, a
fault classifier based on BP neural network is designed for automatic fault pattern recognition. A series of tests are carried out to
verify the proposed method, which show that the accuracy is above 90%.

1. Introduction

As one of the key components of railway vehicles, the
operation condition of the axle box bearing has a significant
effect on traffic safety. Effective fault diagnosis of axle box
bearing, by using condition-based maintenance (CBM) to
replace the current widespread use of time-based mainte-
nance and failure repair, not only can avoid train accidents,
but also can reduce the operation cost of rail transport
greatly. Fault diagnosis of the bearings based on vibration
signal analysis is one of the basic fault diagnosis methods
in the industry. During the past several decades, the Fourier
spectrum analysis has been widely used in the field of signal
analysis. However, there are some crucial restrictions to the
use of Fourier transform. For example, the signal generated
by the inspected machine must be linear and stationary;
otherwise, the results of Fourier spectrum would have little
physical sense. Unfortunately, the vibration signals generated
by the train axle box bearing are often nonstationary and
nonlinear. Therefore, Fourier transform cannot meet the

requirements of fault diagnosis of the axle box bearings when
the train is in operation.

To overcome the limitations of the Fourier transform,
Huang proposed the empirical mode decomposition (EMD)
method [1]. This method can effectively handle nonlinear
and nonstationary signals by decomposing the signal into a
series of single frequency components of the IMFs. Many
researchers have used the EMD in nonlinear and nonsta-
tionary signal processing. In 2006, Yu and Junsheng [2]
analyzed the vibration signal of rolling bearing in terms of the
EMD energy entropy and calculated the IMF energy as the
fault feature. In 2007, Yang et al. [3] analyzed IMF envelope
spectrum and calculated the fault feature amplitude ratio and
used support vector machine for fault classification. In 2010,
Tang et al. [4] extracted the fault features of rolling bearings
by combining morphology singular value decomposition
with EMD. In 2012, Bin et al. [5] combined wavelet packet
decomposition with EMD to make a contrast between IMF
energy and IMF energy-torque and extracted IMF energy-
torque as the incipient fault feature of the rotatingmachinery.
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The majority of the literature takes the single type of
feature parameters as a fault feature vector. In order to fully
reflect the health condition of train axle box bearing, this
paper proposes a fault diagnosis method based on multifea-
ture parameters for train axle box bearings. In this diagnosis
method, firstly, wavelet decomposition method is employed
to eliminate noises in the vibration signals; then the EMD
decomposition method on the denoised signals is employed
for feature extraction. The bearing fault diagnosis system
extracts 12 features, which include 5 statistical parameters
in the time domain, 5 IMF energy-torque features, and 2
amplitude-ratio features. These 12 features can distinguish
four types of state of a bearing, namely, normal bearing, outer
ring fault, inner ring fault, and rolling body fault. In the end,
a fault classifier based on BP neural network is realized to
identify train axle box bearing fault automatically.

2. Principle of EMD Algorithm

The EMD algorithm proposed by Huang is employed to
analyze the nonstationary signals by gradually partitioning
the signal in different scale fluctuations or trends to produce
a series of single frequency components of IMFs. The EMD
algorithm can better reflect the local characteristics of the
signals [6] compared with the wavelet analysis method.
Before using the EMD method to decompose a complex
signal, the following assumptions will be made [1]: the signal
consists of a series of IMFs; each IMF has the same extreme
points and zero-crossing point number; both of the envelope
curves covering the local maxima and local minima have
zero mean. EMD can be regarded as an adaptive filtering
processing and the steps can be described as follows.
(1) Calculating the upper envelope line of the signal. For

a given signal 𝑥(𝑡), determine all the localmaximumvalues of
the signal and then use the order spline interpolationmethod
three times for fitting into the upper envelope line of the
signal.
(2) Calculating the lower envelope line of the signal.

Determine all the local minimum values of the signal and
then use the order spline interpolation method three times
to get the lower envelope line of the signal.
(3) Calculating the mean value 𝑚

1
(𝑡) of the upper

envelope line and the lower envelope line, with the original
signal 𝑥(𝑡) being subtracted from the envelope mean value
𝑚
1
(𝑡), we get the difference

ℎ
1
(𝑡) = 𝑥 (𝑡) − 𝑚

1
(𝑡) . (1)

(4) Determine whether ℎ
1
(𝑡) satisfies the IMF condition;

if not, execute a second screening and take ℎ
1
(𝑡) as the new

original data. Repeat step (1) to step (3); then the subtraction
between ℎ

1
(𝑡) and its envelope mean value𝑚

11
(𝑡) is

ℎ
11
(𝑡) = ℎ

1
(𝑡) − 𝑚

11
(𝑡) . (2)

If ℎ
11
(𝑡) still does not satisfy the IMF condition, then

repeat the above process 𝑘 times until ℎ
1𝑘
(𝑡) can satisfy the

condition. The first IMF of the signal 𝑥(𝑡) is denoted as 𝑐
1
(𝑡):

𝑐
1
(𝑡) = ℎ

1𝑘
(𝑡) . (3)
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Figure 1: Original vibration signal.

(5) Separate 𝑐
1
(𝑡) from the original signal 𝑥(𝑡); then the

residual term 𝑟
1
(𝑡) can be obtained:

𝑟
1
(𝑡) = 𝑥 (𝑡) − 𝑐

1
(𝑡) . (4)

Repeat the above process by taking the residual term 𝑟
1
(𝑡)

as the new original data until the residual term 𝑟
𝑛
(𝑡) is a

monotonic function or less than a given value after 𝑛 times.
At this time, the decomposition process of the original signal
𝑥(𝑡) is completed and can be expressed as

𝑥 (𝑡) =

𝑛

∑

𝑖=1

𝑐
𝑖
(𝑡) + 𝑟

𝑛
(𝑡) . (5)

By using the above method, we will get n IMFs and a
residual term 𝑟

𝑛
(𝑡), which shows that the cycle length of

the random signal is greater than the sampling frequency
components and the cycle length is usually shown as a linear
or slow changing trend errorwhich is also known as the signal
trends. It is often neglected in the subsequent analysis.

3. The Analysis of Fault Signal Based on EMD

Shown in Figure 1 is the original vibration signal of an axle
box bearing with outer ring fault.

To extract the effective fault features of axle box bearings,
the original vibration signal is denoised at the beginning.The
actual signals and noised signals in the wavelet domain are
of different properties and the wavelet coefficient amplitudes
have different change trends with wavelet decomposition
scales. With the wavelet decomposition scale increasing, the
amplitude of the actual signal wavelet coefficient remains
constant, while the amplitude of the noise signal wavelet
coefficient will reduce to zero at a larger rate. Thus, wavelet
decomposition method is a very effective signal denoising
processing method. Up to date, several wavelet bases have
been developed. Among them, the DB series, especially the
DB4 wavelet basis, are widely used in the field of transient
signal detection.The noises in fault detection signal from the
train axle box are typical transient signals, so the DB4wavelet
basis is very effective in removing them. In this paper, 5-layer
DB4wavelet is employed to eliminate the noise.The denoised
signal is shown in Figure 2.

By decomposing the denoised vibration signal with the
EMD algorithm, 11 IMFs and 1 residue will be obtained.
Because the EMD algorithm has the end effect, the decompo-
sition will produce false IMF components. This paper adopts
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Table 1: The various IMFs and the correlation coefficients of the denoised vibration signals.

IMF 𝐶
1

𝐶
2

𝐶
3

𝐶
4

𝐶
5

𝐶
6

𝐶
7

𝐶
8

𝐶
9

𝐶
10

𝐶
11

Correlation coefficient 0.140 0.179 0.191 0.335 0.521 0.513 0.310 0.172 0.079 0.081 0.042

Sampling time (s)
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Figure 2: Denoised vibration signal.

the correlation coefficient method to eliminate the false IMF
components [7]. Various IMFs and the correlation coefficient
of the denoised vibration signal are shown in Table 1, from
which it can be seen that the 𝑐

9
, 𝑐
10
, and 𝑐

11
of the IMFs are

obviously false components and they should be incorporated
into the residue. In this paper, the 8 IMFs and 1 residue are
selected by the correlation coefficient method, as shown in
Figure 3, from which it can be seen that the 8 components all
conform to the features of IMF.

4. Fault Feature Extraction

4.1. Feature Extraction Based on Time Domain Statisti-
cal Parameters. Time domain statistical parameters were
divided into two types, dimensional and dimensionless. The
shortcomings of the dimensional statistical parameters are
that their values will change with the changes of the load,
the speed, and other conditions. While the dimensionless
statistical parameters do not have these shortcomings, this
paper adapts five time domain dimensionless parameters;
they are kurtosis value, crest factor, clearance factor, impulse
factor, and shape factor.The calculations for these five factors
are shown as follows.

Kurtosis value is as follows:

𝐾V =
∑
𝑛

𝑖=1
𝑥
4

𝑖

𝑛𝑥4rms
. (6)

Crest factor is as follows:

𝐶
𝑓
=

𝑥peak

𝑥rms
. (7)

Clearance factor is as follows:

CL
𝑓
=

𝑥peak

𝑥
𝑟

. (8)

Impulse factor is as follows:

𝐼
𝑓
=

𝑥peak

|𝑥|
. (9)
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Figure 3: EMD decomposition results after being selected by
correlation coefficient.

Shape factor is as follows:

𝑆
𝑓
=
𝑥rms
|𝑥|
, (10)

where 𝑥peak = max{|𝑥
𝑖
|} is the peak value; 𝑥rms =

√(1/𝑛)∑
𝑛

𝑖=1
𝑥
2

𝑖
is root mean square value; 𝑥

𝑟
=

((1/𝑛)∑
𝑛

𝑖=1
√|𝑥
𝑖
|)
2 is root square amplitude value; and

|𝑥| = (1/𝑛)∑
𝑛

𝑖=1
|𝑥
𝑖
| is mean absolute magnitude.

Not only do these time domain feature parameters have
higher sensitivities on the fault of axle box bearing, but also
they have a stable corresponding relationship with the fault
condition of an axle box bearing.

4.2. Feature Extraction Based on IMF Energy-Torque. The
time scale and the energy distributed with the time scale
are the two main parameters of a signal in the fault feature
extraction. Compared with the vibration signal from normal
bearing, the signal’s energy of the vibration signal from fault
bearing would bemuch different in the same frequency band.
The energy of vibration signal coming from failure bearing
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will increase in a certain frequency bandwhile the energywill
decrease in another frequency band. Furthermore, different
types of faults will show different distributions; therefore,
the fault identification of an axle box bearing can be done
according to the energy and the distribution regularity of
various frequency components of the signal.

The vibration signal from an axle box bearing contains
many nonlinear and nonstationary components.Most feature
extraction methods based on EMD are to decompose the
signal into a series of IMF components. Although using the
energy and the energy entropy to analyze IMF achieves a
better effect, it ignores the time parameters and cannot better
reflect the essential features of a signal. While the feature
extractionmethod using energy-torque instead of energy and
energy entropy and taking distribution characteristics of the
IMF on a time axis can better describe the essential features
of signal and has more advantages in fault feature extraction
than the methods based on energy and energy entropy [5],
the steps of IMF energy-torque calculation are as follows.
(1) First, apply a wavelet denoising treatment to the

original vibration signal of axle box bearing to eliminate noise
interference.
(2) Decompose the denoised vibration signal by using

the EMD method; then IMF 𝑐
𝑖
(𝑡) (𝑖 = 1, 2, 3, . . . , 𝑛) will be

obtained.
(3) Choose the proper IMF components and calculate

energy-torque from the decomposition results of step (2); the
IMF energy-torque can be calculated as

𝐸
𝑖
= ∫

+∞

−∞

𝑡
𝑐𝑖 (𝑡)



2

𝑑𝑡. (11)

For discrete signals, the formula to calculate the energy-
torque is

𝐸
𝑖
=

𝑚

∑

𝑘=1

(𝑘 ⋅ Δ𝑡)
𝑐𝑖(𝑘 ⋅ Δ𝑡)



2 (12)

in which 𝑚 is the total number of sampling points, 𝑘 is
sampling points, and Δ𝑡 is sampling period. For each chosen
IMF, the energy-torques, 𝐸

1
, 𝐸
2
, . . ., can be calculated from

formula (12).
(4) Construct the feature vector 𝑇 in the elements of the

energy-torque:

𝑇 = [𝐸
1
𝐸
2
⋅ ⋅ ⋅ 𝐸
𝑛
] . (13)

When the energy-torques are larger numerical, normalize 𝑇
to get the normalized feature vector 𝑇:

𝑇


= [
𝐸
1

𝐸

𝐸
2

𝐸
⋅ ⋅ ⋅

𝐸
𝑛

𝐸
] , (14)

where

𝐸 = (

𝑛

∑

𝑖=1

𝐸𝑖


2

)

1/2

. (15)

The formula for calculating IMF energy-torque is

𝐸
𝑖
= ∫

+∞

−∞

𝑐𝑖(𝑡)


2

𝑑𝑡. (16)

Comparing the calculation formula of IMF energy with
that of IMF energy-torque, it can be seen that the energy-
torque considers the size of energy and the distribution status
of the energy with time parameters, so it can better reveal the
essential features of nonlinear and nonstationary signals.

The fault information of an axle box bearing mainly
lies in the high frequency band, thus selecting the first 5
IMF components to calculate its energy-torque from the
decomposition results of EMD.

4.3. Feature Extraction Based on IMF Envelope Spectrum.
Vibration signals of axle box bearing usually show modula-
tion characteristics. When the fatigue spalling failure of axle
box bearing occurs, it will generate low frequencies periodic
impact impulse signals. At the same time, the low frequencies
periodic impact will stimulate the bearing’s high frequency
inherent vibration and exhibit modulation phenomenon.
The regular envelope lines of the modulated wave can be
employed to represent the low frequencies impact impulse
signals generated by the fatigue spalling failure bearing, so the
fault information is usually contained in the envelope of the
signal.The signal envelope reflects the impact and the severity
of each rotation cycle.

The EMDmethod can be seen as an adaptive filter whose
bandwidth and center frequency change with the signal
itself. Each IMF obtained by EMD is a single component
modulation signal. These characteristics can be used to
separate the modulation components produced by the axle
box bearing with failure [8]. It can effectively extract the
features of the original signal by this way.

Hilbert transform is a very efficient signal demodulation
method. In this paper, the Hilbert transform is adopted
to calculate the envelope signal of high frequency IMF
component; the formula is

𝐻[𝑐
𝑖
(𝑡)] =

1

𝜋
∫

+∞

−∞

𝑐
𝑖
(𝜏)

𝑡 − 𝜏
𝑑𝜏. (17)

After (17), the analytic signal of IMFs can be constructed
as

𝑧
𝑖
(𝑡) = 𝑐

𝑖
(𝑡) + 𝑗𝐻 [𝑐

𝑖
(𝑡)] = 𝑎

𝑖
(𝑡) 𝑒
𝑗𝜃
𝑖
(𝑡)

, (18)

where the amplitude function 𝑎
𝑖
(𝑡) is

𝑎
𝑖
(𝑡) = √𝑐

2

𝑖
(𝑡) + 𝐻

2 [𝑐
𝑖
(𝑡)]. (19)

The amplitude functions 𝑎
𝑖
(𝑡) are the IMF envelope

signals which are needed by the later analysis process.
The phase function 𝜃

𝑖
(𝑡) is

𝜃
𝑖
(𝑡) = arctan

𝐻[𝑐
𝑖
(𝑡)]

𝑐
𝑖
(𝑡)

. (20)

According to formulas (18) to (20), each IMF component
can be expressed as

𝑐
𝑖
(𝑡) = 𝑎

𝑖
(𝑡) cos [𝜃

𝑖
(𝑡)] . (21)

It can be seen from (21) that each IMF component is a
single component modulation signal which can be amplitude
or frequency modulation.
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Figure 4: IMF signal envelope.
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Figure 5: The IMF envelope spectrum.

According to the knowledge of rolling bearing, when
a bearing with outer ring fault is running, a certain peak
value (the peak value is called bearing fault frequency in the
bearing industry) will appear in the frequency spectrum of
the vibration signals from the failure bearing.The calculation
formula for the certain peak value can be calculated [9]:

𝐹ord =
𝑛

2
𝑓
𝑟
(1 −

𝐵𝑑

𝑃𝑑
cos𝜙) , (22)

where 𝑓
𝑟
is the relative rotation frequency between inner

circle and outer ring, 𝑛 is the number of the rolling elements,
𝐵𝑑 is the roller elements’ diameter, 𝑃𝑑 is the pitch diameter of
axle box bearing, and 𝜙 is the contact angle. The parameters
of the bearing tested in this paper, respectively, are as follows:
pitch diameter 𝑃𝑑 = 39.04mm, the diameter of rolling
element 𝐵𝑑 = 7.94mm, the number of the rolling elements
𝑛 = 9, contact angle 𝜙 = 0, and rotation frequency 𝑓

𝑟
=

29.83Hz. Taking these parameters into formula (22), we will
get the fault frequency of outer ring fault axle box bearing
𝐹ord = 106.93Hz.

The envelope of the first IMF of a vibration signal from an
axle box bearing with outer ring failure is shown in Figure 4.
The envelope signal is obtained by the Hilbert transform
demodulation method described as expressions (17) to (19).

Apply fast Fourier transform to the envelope signal shown
in Figure 4, and obtain the IMF envelope spectrum, shown
in Figure 5, from which it can be seen that the envelope
spectrum of IMF component shows obviously the peak value
106.96Hz which corresponds to the feature frequency of
outer ring fault and its harmonics.

Similarly, the IMF envelope spectrum analysis method
can also be used to recognize the failures which appear on
the inner circle, rolling body of the axle box bearing. For
normal axle box bearing, the envelope spectrum of IMF com-
ponent has obvious peaks only at the corresponding rotation
frequency and has no obvious peak at other frequencies.

Based on the envelope spectrum of IMF component,
two very effective fault features named amplitude ratios are
proposed [3]. They are defined as the ratio between the
amplitude of the fault frequency of axle box bearing outer
ring, inner circle fault frequency, and the rolling body fault
frequency; these amplitude ratios are

𝑅
1
=
𝐴 (𝑓ord)

𝐴 (𝑓
𝑏𝑑
)
,

𝑅
2
=
𝐴 (𝑓ird)

𝐴 (𝑓
𝑏𝑑
)
,

(23)

where 𝐴(𝑓ord) is the amplitude of outer ring fault frequency,
𝐴(𝑓ird) is the amplitude of inner circle fault frequency, and
𝐴(𝑓
𝑏𝑑
) is the amplitude of rolling body fault frequency.

5. Fault Pattern Recognition

Error backpropagation (BP) neural network has been widely
used in the fault pattern recognition because of the advan-
tages of association, memory, reasoning ability, nonlinear
characteristics, and system parallel processing [10]. This
paper adapts BP neural network as the fault expert system to
identify the health status of an axle box bearing.

The fault diagnosis algorithmof an axle box bearing based
on BP neural network has three processes, that is, construc-
tion of the network, training, and fault classification and
identification. In this paper, 12 feature parameters belong to
the time domain statistical parameters, IMF energy-torque,
and feature amplitude ratios of the IMF envelope spectrum.
The feature parameters are divided into two groups, one for
the training of BP neural network and the other group for
testing the classification capability of the trained BP neural
network.

The fault diagnosis process of an axle box bearing based
on BP neural network can be described as follows.
(1) Determining the input vector of the BP neural

network. Extract 12 feature parameters as the fault feature
vectors and arrange them as the input vectors of the BP neural
network𝑋 = [𝑥

1
, 𝑥
2
, . . . , 𝑥

12
]
𝑇.

(2)Coding the fault types of axle box bearing.The outputs
of BPneural network correspond to different fault types of the
axle box bearing; the expected output for normal bearing is
(1, 0, 0, 0), the expected output for outer ring fault bearing is
(0, 1, 0, 0), the expected output for inner circle fault bearing
is (0, 0, 1, 0), and the expected output for rolling body fault
bearing is (0, 0, 0, 1).
(3) Determining the relative parameters of the BP neural

network. The axle box bearing fault diagnosis system pro-
posed in this paper adopts a three-layer BP neural network.
The input feature vector is the 12 feature parameters of the axle
box bearing and the network outputs are the four conditions
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Table 2: The node numbers of the hidden layer and the corresponding output errors.

Node number 8 9 10 11 12 13 14 15 16 17
Output error 0.8806 0.7618 1.0974 0.5284 0.6335 0.6840 1.1221 1.4976 0.9287 0.8793
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Figure 6: The error curve based on the multiple feature parameters
of BP neural network.

of the axle box bearing. Each output contains 4 elements. So
the node number of input layer is 12; the node number of
output layer is 4. If the node number of the hidden layer is
too small, it is difficult to reach the training requirements;
whereas if too much, it will increase the training time. In this
paper, the following empirical formulas are adopted:

𝑙 = 2𝑛 + 1,

𝑙 = √𝑛 + 𝑚 + 𝑎.

(24)

In (24), 𝑙 is the node number of the hidden layer neuron,
𝑛 is the node number of the input layer neuron, 𝑚 is the
node number of the output layer neuron, and 𝑎 is a constant
between 1 and 10.

The empirical formula is only a rough estimation of the
node number of the hidden layer. In practical application, an
interval is set and the values are taken from the interval; then,
by the trial and errormethod, the optimal node number of the
hidden layer is determined. To avoid the impact of the node
being too little or toomuch, the interval is set from 8 to 17.The
corresponding network output error is shown in Table 2. It
can be seen that when the BP neural network achieves smaller
output error, the node number of the corresponding hidden
layer is 11.

In this paper, the linear transfer function purelin is
selected as the output layer transfer function and the tangent
type S transfer function tansig is selected as the hidden layer
transfer function; it means that hidden layer outputs are real
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Figure 7: The error curve based on the time domain statistical
parameters of BP neural network.

numbers from −1 to 1. The trainscg is selected as the learning
training function, which has the advantages of small memory
space requirement and fast convergence rate. Also, when the
training procedure does not converge, it will automatically
stop training. The three network training parameters related
to the conjugate gradient method are set as follows: the
maximum number of training is set to 1000, the learning rate
is set to 0.05, and the target error is set to 0.001.
(4) The training of the BP neural network. Each of the

four kinds of conditions of an axle box bearing has 20 groups
of fault feature vectors, including normal bearing, outer ring
fault, inner circle fault, and rolling body fault. Take 10 groups
of samples to be used in training the BP neural network and
the other 10 groups of samples as the tester.The training error
curve of BP neural network is shown in Figure 6, and it can be
seen that when the number of training reaches 81 times, the
error reaches 0.001 and meets the requirements of precision.
The training time lasts 1 s.
(5) Fault recognition using BP neural network. For the

four conditions of axle box bearing, the diagnosis results are
shown in Table 3. For the four kinds of conditions of axle box
bearing, the correct diagnosis rates achieve 100%, 100%, 90%,
and 90%, respectively.
(6) Time domain statistical parameters as the input of

BP neural network for fault recognition. Five time domain
statistical parameters are adopted as the input vectors; the
node number of the network input layer is 5, the node number
of the hidden layer is 11, the node number of the output layer
is 4, and other parameters remain unchanged. Figure 7 is the
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Table 3: The results of BP neural network diagnosis.

Type Normal Outer ring
fault

Inner circle
fault

Rolling
body fault

Correct
rates 100% 100% 90% 90%

Table 4: The diagnostic result based on the time domain statistical
parameters of BP neural network diagnosis.

Type Normal Outer circle
fault

Inner circle
fault

Rolling
body fault

Correct
rates 100% 90% 90% 90%

Table 5: The diagnostic result based on the IMF energy-torque of
BP neural network diagnosis.

Type Normal Outer circle
fault

Inner circle
fault

Rolling
body fault

Correct
rates 100% 90% 90% 100%

Table 6: The diagnostic result based on the feature amplitude ratio
of IMF envelope spectrum of BP neural network diagnosis.

Type Normal Outer circle
fault

Inner circle
fault

Rolling
body fault

Correct
rates 80% 100% 80% 90%

training error curve of the BP neural network. The error is
only 0.009 when the maximum number of training reaches
1000; the training does not meet the error requirements and
the process lasts 10 seconds. The change of the error is very
small if the training continues; the diagnostic result of BP
neural network is shown in Table 4. IMF energy-torque is
given as the input vector of the BP neural network for fault
recognition. Five IMF energy-torque feature parameters are
adopted as the input vector of the BP neural network; the
node number of the input layer is 5, the node number of the
hidden layer is 9, the node number of the output layer is 4, and
other parameters remain unchanged.The training error curve
is shown in Figure 8. It can be seen that the error reaches 0.001
when the number of training reaches 446 times in 5 seconds,
and itmeets the precision requirements.The fault recognition
result of the BP neural network is shown in Table 5.
(7) The amplitude ratios of IMF envelope spectrum as

the input vectors of BP neural network for classification. Two
amplitude ratios of IMF envelope spectrum are adopted as
the input features of BP neural network; the node number of
the network input layer is 2, the node number of the hidden
layer is 6, the node number of the output layer is 4, and other
parameters remain unchanged. The training error curve is
shown in Figure 9; the error is only 0.087 when themaximum
number of training reaches 1000. It does not meet the error
requirement and the process lasts 10 seconds.The variation of
the error is too small to continue the training.The diagnostic
result of BP neural network is shown in Table 6.
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Figure 8: The error curve based on the IMF energy-torque of BP
neural network.
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Figure 9: The error curve based on the feature amplitude ratio of
IMF envelope spectrum of BP neural network.

(8) Result analysis. From the above results, the fault
recognition of an axle box bearing has a higher accuracy
based on the BP neural network. Taking the multiple feature
parameters as the network input vectors, it will have faster
convergence and higher precision. Only taking the time
domain statistical parameters as the network input vectors,
the convergence rate is slow and the precision is also low.Only
taking the IMF energy-torque as the network input vectors,
the convergence rate is slow but the accuracy can meet the
requirements. Only taking the amplitude ratios features of
IMF envelope spectrum as the network input vectors, it will
have slow convergence and low accuracy.The training results
are shown in Table 7.
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Table 7: Comparison of training results of BP neural network.

The network input vector Training
error

Training
time (s)

Training
times

Multiple feature parameters 10−3 1 81
Time domain statistical
parameters 10−2 10 1000

IMF energy-torque 10−3 5 446
Feature amplitude ratios of
IMF envelope spectrum 10−1 10 1000

6. Conclusions

(1) The vibration signals of railway vehicle axle box
bearings contain rich fault information. Aiming at
vibration signals with nonlinear and nonstationary
characteristics, a fault feature extraction method
combining wavelet denoising and EMD is proposed.
The EMD is based on adaptive decomposition of the
signal and is suitable for dealing with nonlinear and
nonstationary signals, and it is an effective feature
extraction method.

(2) There are end effects in the EMD which will produce
false IMF components. The false IMF components
that contain no fault information can be removed by
using the correlation coefficient method to calculate
the IMFs and the correlation coefficients of the
original signals.

(3) The fault diagnosis method proposed in this paper
can achieve above 90% accuracy. The fault diagnosis
system with multiple feature parameters as the input
has better advantage both on convergence rate and on
diagnosis accuracy.
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This text first dissected the relationship between average travel frequency, trip mode structure, and the characteristics of residential
areas. The results showed that conducting a stratified resident travel investigation in accordance with the characteristics of
residential areas will yield samples with much smaller differences and reduce the investigation sampling rate. Accordingly, a new
type of resident travel investigation method was put forward based on the above ideas. The stratified sampling rate formula and
the sampling rate of each layer have been derived in detail according to Probability Theory and Mathematical Statistical Methods.
Finally, for the main urban area of Kunshan City in Jiangsu province, China, we discussed the reasonable values of parameters in
the formulas and obtained sampling rates for travel surveys in different residential areas. Theory and case studies illustrated the
operability of this method and its advantages compared to random sampling.

1. Introduction

Resident travel investigation is one of the core topics of urban
transportation planning, with the main items of inquiry
including individual basic information (e.g., gender, age, job
category, income, and whether one has a car) and their travel
characteristics (travel starting and ending points, departure
time, arrival time, travel purpose, and trip mode). In the
past, America implemented house-interview surveys about
transportation travel in middle-sized cities such as Tulsa,
NewOrleans, andMemphis in 1944, later estimating the total
travel quantity and OD of the entire cities through sampling
expansion [1]. The investigation of these cities became the
start of a resident travel investigation and analytical study. In
1962, the US Federal Highway Act stipulated that cities with
more than 50,000 citizens must formulate comprehensive
transportation plans on the basis of a comprehensive urban
traffic survey. Only then they could obtain fiscal subsidies
for highway construction from the federal government; thus,
the comprehensive urban traffic survey was finalized in the
form of law. It promoted the development of a resident travel
investigation and study. Since then, the United Kingdom,
Japan, and other countries have also carried out resident
travel surveys in urban and metropolitan areas. Countries in

Europe, as well as in America and Japan, have carried out
so many investigatory practices that they have accumulated
a wealth of experience in sampling rate design and formed
some quantitative explanations about the sampling rate of
resident travel investigations [2, 3].Thus, at present, they have
their own empirical formulas consistent with their national
conditions and recommended values for the sampling rate
(see Table 1) corresponding to cities of different sizes, which
provided a basis for practice.

During the sixties of the last century in mainland China,
a few experimental resident travel investigations in some
cities were carried out in response to the impact of the
former Soviet Union. However, there was no wide range
of applications because of the limits to socioeconomic and
educational levels; further, we lacked a complete and mature
theoretical system at the same time. China did not start to
attach importance to resident travel investigations until 1979,
when Mr. Zhang Qiu, a famous Chinese American scholar,
came to China to explain and publicize modern urban trans-
portation planning theory, including a foundational resident
travel investigation method and the “four-stage” prediction
method. In the past 30 years, many cities in China have
carried out resident travel investigations more than once. For
example, Guangzhou has carried out citywide resident travel
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Table 1: Comparison of the sampling rates of urban resident travel surveys in China and abroad [4, 5].

Urban population (ten
thousands)

Sampling rate used in some mainland cities of China North America recommended
value (%)City Sampling rate (%)

<5 — — 20
5–15 Taicang 4.0 12.5
15–30 Changshu 3.0 10
30–50 Yantai 4.2 6

50–100
Shantou 3.4

5Bengbu 4.0
Guiyang 4.0

100–300
Suzhou 4.3

4-5Guangzhou 3.0
Nanjing 4.1

>300 Tianjin 1.4 2-3
Shanghai 3.3

investigations four times, in 1984, 1998, 2003, and 2005, which
reflects the degree of attention large cities and megacities
have paid attention to this work. On the one hand, resident
travel investigations are integral to Urban Comprehensive
Transportation Planning; on the other hand, some cities,
such as Beijing, Shanghai, and Nanjing, have paid growing
attention to the evolution of urban transportation supply and
demand, stressing the formulation of an annual report of
urban transportation development. Therefore, a certain scale
of resident travel investigations is required for many cities
every year. And now, Urban Master Planning also introduces
resident travel investigations as the basis for transportation
monographic studies.

Resident travel investigation is more and more widely
applied; however, at the same time, we realize that we still lack
theoretical studies on the investigation methods of resident
travel. The postcard survey method and telephone inquiry
introduced in advanced countries can hardly be adapted to
China’s national conditions. In the past 30 years, researchers
in mainland China have always used the family visit survey
method. The survey process consists of determining the
investigation scope first, dividing the field of investigation
into several traffic analysis zones, extracting a certain number
of families randomly from each zone according to the
sampling rate set beforehand, giving out questionnaires to
all the family members of the extracted families that meet
the conditions (i.e., have the ability to travel independently
and are more than 6 years old) and finally receiving and
sorting out the questionnaire forms. Almost all surveys are
random sampling investigations, and the capriciousness of
the sampling rate is relatively large, generally in the range of
2–4% (see Table 1). Many experts have doubted the scientific
quality of such a sampling rate now and then; however, in
practice, few people are willing to use the relatively high
recommended values of Europe and America, especially in
cities with populations of less than one million.

It should be noted that people’s travel situations are
extremely different in regions with different economic levels

and development phases. For a developing country such
as China, with rapid economic growth and continuous
urban land use expansion, people’s living standards are far
from equal, and travel characteristics are also very different;
thus, we theoretically need a relatively high sampling rate.
However, if we can find some characteristic parameters with
significant differences and then classify or stratify them, then
the sampling rate will decrease correspondingly to address
the high investigatory costs. Nevertheless, it is urgent that
scholars can clearly put forward the sampling rates for cities
of different population sizes to balance scientific quality and
investigatory costs. With the family visit survey method
still commonly used in China, this text will put forward a
stratified sampling method aimed at the differences in the
characteristics of residential areas with the background of
rapid urbanization in China, examining the selection and
setting of the sampling rate. It is expected that the results
can improve the present situation, in which mainland areas
of China lack methods for determining the sampling rate of
resident travel surveys.

2. Stratified Method

2.1. Main Factors Affecting Size of the Sampling Rate. The
sample size is mainly decided by the following [6, 7]: (1) the
degree of variation of the survey objects; (2) requirements
and the allowable size of error, that is, accuracy requirements;
(3) the required confidence coefficient, which, in general,
is taken as 95%; (4) the population; and (5) the sampling
method. The more complex the studied question is and the
larger the degree of variation is, the larger the sample size
must be. The higher the required accuracy is, the larger
the sample size should be. The larger the population is,
the larger the corresponding sample size should be, but the
relationship is not linear. At the same time, the sampling
method also determines the sample size. Commonly used
methods include random sampling and stratified sampling.



Discrete Dynamics in Nature and Society 3

The concept of the former is obvious. So-called stratified sam-
plingmeans dividing the parent population into several types
or layers and then sampling randomly from each layer, not
sampling randomly directly from the parent population. The
advantage of this method is it narrows the difference between
different types of individuals through classification, which is
conducive to extracting representative samples and reducing
the sample size.Therefore, compared with random sampling,
stratified sampling has relatively remarkable advantages, but
the precondition is how to classify [8, 9].

2.2. Proposal of Stratified Sampling Method. The research of
this text focuses on stratifying based on the characteristics of
residential areas and so below focuses on the link between
the characteristics of residential areas and resident travel
characteristics.

Resident travel investigations include many items, but
the most important data needed in transportation planning
should be the average frequency of trips per capita (if all
members of a family are investigated, then it should be the
average frequency of trips per family), trip mode structure,
and resident travelODmatrix. If we execute sampling surveys
with the same proportion for the whole region, then the
all-day OD matrix should be the OD matrix, which is
obtained from the investigation, divided by the sampling rate.
If we execute sampling surveys with different proportions
corresponding to different traffic analysis zones, the all-day
ODmatrix should be the integrated data of all zones through
the OD travel data surveyed for each zone divided by the
corresponding sampling rate; thus, we can also obtain the
complete ODmatrix.Therefore, the complete ODmatrix has
nothing to do with whether we use the same sampling rate;
perhaps the method of using the same sampling rate in the
whole region in the past is too “rigid.” Thus, is the sampling
rate meeting the accuracy conditions selected according to
the regional characteristics of each zone practicable? Next,
we will further analyze the two important sets of indicators
of the frequency of trips per capita (or family) and trip mode
structure.

In China, newly developed houses are usually equipped
with sufficient parking lots, and the house prices are relatively
high, which makes both the household income of families
moving in and the car ownership rate generally high. There-
fore, the proportion of car travel in such residential areas is
relatively high. In addition, for such families, because of the
high cost of living and the busyness of work, the number
of home-based work trips is low, whereas the number of
nonhome-based work trips is relatively high and the number
of leisure and entertainment trips is also relatively high.
In general, the frequency of trips per day is higher. Under
normal circumstances, there are two types of other residential
areas in a city. One is multilayer dwelling houses built a
certain period of time ago (such as the residential buildings
built in the eighties and nineties of the last century), and the
other is one-story houses or neighborhoods built even earlier
(generally located in the city’s Old TownDistrict, such as Hu-
tong in Peking). For the former residential area, the desire of

residents there to buy cars is enormously smaller; thus, the
proportion of trips by car is not high, and the low proportion
of car ownership is an important reason for the relatively
low elastic travel frequency there; therefore, as a whole, the
average frequency of trips there is lower than that of newly
developed residential areas. For the latter, it is more difficult
to park cars, and the residents there are mostly the aged;
thus, the proportion of trips by car in such areas is extremely
low. Some residents only drop around and walk within the
neighborhood for shopping. Walking and bicycle travel time
do not meet the basic conditions of the scientific definition of
a trip; so the average frequency of trips there is relatively low.

From the above analysis, it is not difficult to observe
that the average frequency of trips and the trip mode
structures of these three types of residential areas (i.e., newly
developed areas in the city, multilayer dwelling houses built a
certain period of time ago, and neighborhoods in Old Town)
are totally different; thus, it is very appropriate to create
reasonable divisions according to their differences and use
the stratified sampling method to do resident travel investi-
gations. This text proposes a residential-area stratified-based
sampling investigation method for resident travel. Because
we still use random sampling to select the respondents of
each layer after classification, in the following paragraphs,
the potential variance of random sampling for each layer and
other parameters are taken into consideration in the study of
the stratified investigation sampling rate.

3. Study on the Stratified Survey
Sampling Rate

3.1. Study on the Sample Variance of Each Layer. Obviously,
the sampling rate of each layer is related to the variance of
variables in the layer. Next, we will discuss the variance for
random sampling for each layer. To use the Mathematical
Statistic Method to study the sampling rate, we should
introduce a random variable; here, we use a relatively simple
and intuitive variable, daily average frequency of trips, as
the random variable. We use capital letter𝑀 and lowercase
letter 𝑚 to, respectively, stand for the parent population and
the sample. 𝑀 = (1/𝑁)∑

𝑁

𝑖=1
𝑀
𝑖
stands for the population

mean, and𝑚 = (1/𝑛)∑𝑛
𝑖=1
𝑚
𝑖
stands for the samplemean. For

random sampling, when there is no population information
that can be used, we can take 𝑚 as the estimate of 𝑀. To
obtain the variance formula of 𝑚, we should introduce the
following two lemmas (due to the limited space, see literature
[10] for the reasoning process).

Lemma 1. If one extracts a simple random sample with a
sample size of 𝑛 from a population with size 𝑁, then the
sampled probability of each specific cell in the population is 𝑛/𝑁
and the probability of two cells being sampled is 𝑛(𝑛−1)/𝑁(𝑁−
1).

Lemma 2. If one extracts a simple random sample with a
sample size of 𝑛 from a population with size 𝑁, then one
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can introduce a random variable 𝑎
𝑖
for each unit 𝑀

𝑖
in the

population as follows:

𝑎
𝑖
= {
1, if 𝑀

𝑖
is taken into the sample

0, if 𝑀
𝑖
is not taken into the sample, 𝑖 = 1, 2, . . . 𝑁.

(1)

Obviously, each 𝑎
𝑖
obeys a two-point Distribution (or Bernoulli

Distribution) [11, 12]; according to Lemma 1, 𝐸(𝑎
𝑖
) = 𝑛/𝑁 and

𝐸(𝑎
𝑖
𝑎
𝑗
) = 𝑛(𝑛 − 1)/𝑁(𝑁 − 1) (𝑖 ̸= 𝑗); thus, 𝑉(𝑎

𝑖
) = 𝑛

2

(𝑛 −

1)/𝑁
2

(𝑁−1) and cov(𝑎
𝑖
, 𝑎
𝑗
) = 𝐸(𝑎

𝑖
𝑎
𝑗
)−𝐸(𝑎

𝑖
)𝐸(𝑎
𝑗
) = −𝑛(𝑁−

𝑛)/𝑁
2

(𝑁 − 1).

With the above two lemmas, we can prove that, for ran-
dom sampling, the variance of𝑚 is as follows:

𝑉 (𝑚) =
𝑆
2

𝑛
(1 −

𝑛

𝑁
) , (2)

where 𝑆2 is the population variance of 𝑀, which can be
replaced by the sample variance 𝑠2 during calculation: 𝑆2 =
(1/(𝑁 − 1))∑

𝑁

𝑖=1
(𝑀
𝑖
−𝑀)
2.

To prove [13], we introduce randomvariable 𝑎
𝑖
(themean-

ing is idem). Thus,

𝑉 (𝑚)

= 𝑉[
1

𝑛

𝑁

∑

𝑖=1

𝑎
𝑖
𝑀
𝑖
] =

1

𝑛2
[

[

𝑁

∑

𝑖=1

𝑀
2

𝑖
𝑉 (𝑎
𝑖
) + 2

𝑁

∑

𝑖<𝑗

cov (𝑎
𝑖
, 𝑎
𝑗
)]

]

=
𝑁 − 𝑛

𝑛𝑁2
[
𝑁

𝑁 − 1

𝑁

∑

𝑖=1

𝑀
2

𝑖
−
1

𝑁 − 1
(

𝑁

∑

𝑖=1

𝑀
2

𝑖
)]

=
𝑁 − 𝑛

𝑛𝑁 (𝑁 − 1)

𝑁

∑

𝑖=1

(𝑀
𝑖
−𝑀)
2

=
𝑆
2

𝑛
(1 −

𝑛

𝑁
) .

(3)

3.2. Study on Stratified Survey Sampling Rate. We continue to
take the daily average frequency of trips as the random vari-
able. According to formula (2), we can obtain the following
variance estimator formula of population mean [14–16]:

𝑉 (𝑦st) = 𝑉(
𝐿

∑

ℎ=1

𝑊
ℎ
𝑦
ℎ
) =

𝐿

∑

ℎ=1

𝑊
2

ℎ

𝑆
2

ℎ

𝑛
ℎ

(1 − 𝑓
ℎ
) , (4)

where𝑉(𝑦st) is the variance estimator of the populationmean
𝑌 (st stands for stratified);

𝑊
ℎ
: is the layer weight (=

𝑁
ℎ

𝑁
) ; (5)

𝑁
ℎ
is the total number of units of layer ℎ; 𝑦

ℎ
is the

sample mean of layer ℎ; 𝑛
ℎ
is the sample size extracted

from layer ℎ; 𝑆2
ℎ
is the population variance of layer ℎ (=

∑
𝑁
ℎ

𝑖=1
(𝑌
ℎ𝑖
− 𝑌
ℎ
)
2

/(𝑁
ℎ
− 1)), which can be replaced by sample

variance 𝑠2
ℎ
during calculation; and

𝑓
ℎ
is the sampling rate of layer ℎ (=

𝑛
ℎ

𝑁
ℎ

) . (6)

The mathematician Feller had proved the following [17, 18]:
for any infinite population, the distribution of its sample
mean tends to be a normal distribution as 𝑛 increases, as long
as its standard deviation is limited; thus,

𝑉 (𝑚) = (
𝑑

𝑢
𝛼

)

2

(7)

was derived. We rewrite formula (7) as𝑉(𝑦st) = (𝑑/𝑢𝛼)
2, and

we can obtain the following formula by combining formulas
(7) and (4):

𝐿

∑

ℎ=1

𝑊
2

ℎ

𝑆
2

ℎ

𝑛
ℎ

(1 − 𝑓
ℎ
) = (

𝑑

𝑢
𝛼

)

2

. (8)

We usually useNeymanAllocation (or OptimumAllocation)
to concretely determine the population sampling rate and
stratified sampling rate [19]. The resident travel investigation
fee follows the following formula: 𝐶 = 𝐶

0
+ ∑
𝐿

ℎ=1
𝑐
ℎ
𝑛
ℎ
, where

𝑐
ℎ
is the average investigation fee of each sample unit of layer
ℎ and 𝐶

0
is the fixed fee. Then, we can obtain the Optimum

Allocation of each sample size as follows:

𝑛
ℎ

𝑛
=

𝑊
ℎ
𝑆
ℎ
/√𝑐ℎ

∑
𝐿

ℎ=1
𝑊
ℎ
𝑆
ℎ
/√𝑐ℎ

. (9)

The Optimum Allocation 𝑛
ℎ
is obviously directly propor-

tional to𝑊
ℎ
and 𝑆
ℎ
and inversely proportional to √𝑐ℎ. Thus,

the sample size in a layer should be larger when it contains
more, the degree of variation in the layer is larger, or sampling
from that layer costs less. In the investigation of resident
travel, the investigation fee of each sample is almost the same;
so formula (9) can be simplified to the following:

𝑛
ℎ

𝑛
=

𝑊
ℎ
𝑆
ℎ

∑
𝐿

ℎ=1
𝑊
ℎ
𝑆
ℎ

. (10)

According to formulas (5) and (6), we can obtain the
following:

𝑓
ℎ
= 𝑓

𝑆
ℎ

∑
𝐿

ℎ=1
𝑊
ℎ
𝑆
ℎ

. (11)

The population sampling rate can be obtained by combining
formulas (8) and (11):

𝑓 =

(∑
𝐿

ℎ=1
𝑊
ℎ
𝑆
ℎ
)
2

∑
𝐿

ℎ=1
𝑊
ℎ
𝑆
2

ℎ
+ 𝑁(𝑑/𝑢

𝛼
)
2
. (12)

If the 𝑊
ℎ
and 𝑆2

ℎ
of each layer are known, the population

sampling rate can be found according to formula (12) under
a certain accuracy (i.e., 𝑑, 𝑢

𝛼
); thus, the sampling rate of each

layer can be found according to formula (11).

4. Example

We will illustrate the operability of the research method
with the example of the main urban area of Kunshan City,
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Jiangsu Province, China. The main urban area is the center
of Kunshan City and the city’s business service center,
which serve the important functions of education, health,
culture, finance, administration, and so forth. The total area
is approximately 6.1 square kilometers, with a population
of approximately 134 thousand. We will find the population
sampling rate and stratified sampling rate according to the
resident travel investigation method, which is based on
stratifying the residential area.

4.1. Investigation Method. The main urban area includes 24
communities with an average population of approximately
5500 (see Figure 1). At present, the residential areas in the
main urban area of Kunshan City can be classified into three
categories, that is, newly developed areas (first category),
residential buildings built from20 to 30 years ago (second cat-
egory), and one-story houses constituting old neighborhood-
type residential areas (third category). According to the field
survey, we classify the 24 communities as follows according to
their characteristics: Gaobanqiao, Xinkun, Yufeng, Daximen,
Baimajing, and Cangjijie are lumped into the first category;
Chaoyangmen and Zhengyang Road are lumped into the
third category; and others are lumped into the second
category. We use the family visit survey method and give
out questionnaire forms, taking the community as a unit. We
must be sure to give out questionnaire forms evenly to all
plots and residential buildings to improve the representative-
ness and make each part of the parent population included
uniformly in the sample.

4.2. Determining the Sampling Rate. According to (11) and
(12), 𝑑, 𝑢

𝛼
, 𝑊
ℎ
, and 𝑆2

ℎ
are the key parameters for the

calculation of the population sampling rate and stratified
sampling rate.These parameters will be discussed one by one
in the following paragraphs.

The relationship between the allowable absolute error 𝑑
and the relative error 𝐸 is 𝑑 = 𝐸𝑥, where 𝑥 stands for the
sample mean of the control indexes. For different control
indexes, the sampling rate is usually different. For the daily
average frequency index of trips selected above, the relative
error 𝐸 is generally less than 1%. The daily average frequency
of trips is usually between 2.4 and 2.8; so 𝑑 can be from 0.024
to 0.028. 𝑢

𝛼
is the bilateral 𝛼 quantile of the standard normal

distribution, which has something to do with the confidence
coefficient.The confidence coefficient is usually 95%; thus, 𝑢

𝛼

can be 1.96. Based on the statistic population of each com-
munity, we can obtain the population layer weight for each
residential area, namely,𝑊

1
= 0.22,𝑊

2
= 0.68, and𝑊

3
= 0.10.

There are two common ways to determine 𝑆2
ℎ
. One is to

carry out a preinvestigation in a small area and obtain the
variance through the analysis of data from the preinvestiga-
tion; the other is to obtain the variance through the analysis
of the existing resident travel data from similar cities. The
essence of the two methods is the same; the former increases
the investigation cost, and the latter requires a large number
of known data. The stratified sampling investigation method
is rarely used in mainland China. Moreover, it is possible that
the information about the characteristics of residential areas
in similar cities was not obtained synchronously during the

investigation; thus, it is difficult to use the second method.
We chose one community from the three types of residential
areas in the main urban area of Kunshan City and then
carried out a preinvestigation; we gave out 810 questionnaires
in total, and 689 effective forms were received. Statistical
analysis showed that the three variances are 0.85, 1.4, and 1.0,
respectively.

Using formula (12), we obtain the population sampling
rate 𝑓 = 5.30%. According to formula (11), the investigation
sampling rates of resident travel for the three types of
residential areas are 4.41%, 5.66%, and 4.80%, respectively. Of
course, we had to be sure to pay attention to form omissions,
work faults, and so forth in the process of sampling for the
survey, form recycling and computer input, which may cause
a reduction in the actual sampling rate; thus, we should
increase the preliminary designed population sampling rate
and stratified sampling rate appropriately. If we only take
the 15% impairment of the preinvestigation segment into
account, the population sampling rate is 6.24%. The investi-
gation sampling rates of resident travel for these three resi-
dential areas are 5.19%, 6.66%, and 5.65% and the numbers of
people investigated are 1522, 6069, and 767, respectively.

5. Conclusions

Comparing the sampling rate of the main urban area of Kun-
shan City with Table 1, we find that investigation workload is
greatly reduced in themethod proposed in this text compared
with the requirements of North America on sampling rate.
However, we can see that certain cities in mainland China
were somewhat careless when they determined the investi-
gation sampling rate. For instance, For Taicang City, which
is of a similar size, even with random sampling, its sampling
rate is smaller than the stratified sampling rate of Kunshan
City calculated in this text. The main advantages of stratified
sampling are that parameter estimation of each layer can be
obtained; the sample for stratified sampling is more represen-
tative than that for random sampling, thereby improving the
accuracy of the parameter estimation; and it greatly reduces
the investigation sample size compared with random sam-
pling. Both random sampling and stratified sampling require
a certain workload of preinvestigation beforehand to obtain
the variance and to further determine the sampling rate.

The resident travel survey is the most basic and most
important investigation in urban transportation planning.
The main aim is to obtain individual travel characteristics
to understand the laws of travel activity. Resident travel
surveys require a great deal of manpower, physical resources,
and financial resources. The investigation cost per capita in
mainland China is approximately from RMB 60 to 80 Yuan.
It is much higher in the 14 cities in America, including Los
Angeles, San Francisco, and Chicago, where it costs up to 90
US dollars per capita [20, 21]. Completing the investigation
at a minimum workload and cost under the precondition
of satisfying project accuracy is the desire of every person
in charge of travel surveys and planning projects. Based on
differences in the characteristics of residential areas, this text
puts forward the concrete idea of stratified sampling and
provides methods of calculation for the population sampling



6 Discrete Dynamics in Nature and Society

Tinglin

Yufeng

Hongfeng

Xiaotaoyuan
Zhuang
yuanjie

Daximen

Baimajing

Cangjijie

Xinkun

Bailu

Zhenchuan

Cailian

Xinyang

Chaoyangmen

Yuejinlu
Chaoyang

xincun

Penducun
Xiqiao

Xiaoyuan

Xupu

Yanjiajiao

Zhengyanglu

Lishe

Gaobanqiao

First category
Second category
Third category

Figure 1: Community distribution map of the main urban area of Kunshan City.

rate and stratified sampling rate.This text is based on effective
theory and methods for resident travel investigation and
creates a more scientific investigation sampling rate.

Conflict of Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The work is supported by the Natural Science Foundation of
China (no. 51308281) and the Natural Science Foundation of
Jiangsu Province in China (no. BK2012728).

References

[1] M. D. Meyer and E. J. Miller, Urban Transportation Planning:
A Decision-Oriented Approach, McGraw-Hill, New York, NY,
USA, 2001.

[2] G. Giuliano, Directions for Understanding Transportation and
Land Use, Institute of Transportation Studies, University of
California, Berkeley, Calif, USA, 1988.
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Since 2007, Beijing Metro started to use track geometry car to measure quality of its tracks under wheel loading conditions. The
track quality measurement data from the track geometry car were only used to assess local track quality bymeans of scoring 1000m
long track segments based on track exceptions. Track quality management experience of national railroads of China shows that,
in addition to local track quality assessment, an overall track quality assessment method should be employed. The paper presented
research results funded by Road Administration of Beijing Municipal Commission of Transport. The paper proposed an overall
track quality assessment method for Beijing Metro and determined the overall track quality standards by means of a statistical
method which was proposed in the paper. The standards are necessary for the proposed method to be applied and have been
approved by Road Administration of Beijing Municipal Commission of Transport and put into practice.

1. Introduction

Metro systems prove to be an efficient transport mode to
mitigate traffic congestion inmetropolitan areas of large cities
[1], for example, Beijing, Shanghai, New York city, Chicago,
and so forth. The history in metro development in those
developed countries dates back to over 100 years, whereas
that in China began only 40 years ago [2]. The first metro
line in China is line #1 of Beijing and it commenced to serve
passengers on October 1st, 1969 [2].

Advanced inspection instruments (e.g., track geometry
car) were introduced to metro only within the recent 10
years [3]. For instance, Nanjing Metro started to use track
geometry car on 2007 to measure quality of tracks under
wheel loading conditions, andBeijingMetro introduced track
geometry car into its trackmanagement practice also on 2007.
Differently, Nanjing Metro’s track geometry car was designed

and manufactured by China Academy of Railway Science,
whereas Beijing Metro’s was imported from ENSCO INC. of
USA.

Because these metro companies’ exposure to track geom-
etry car is for only several years, more reasonable use of
data from these advanced inspection instruments is still
under study [3]. For example, Beijing Metro only used data
from its track geometry car to assess local track irregularity
condition (i.e., track geometry exceptions). But experience
of track condition management within national railroads of
China shows that track condition management should be
based on both local and overall quality assessment [4]. In
other words, an overall track quality assessment method
has to be developed for Beijing Metro. Considering this,
Road Administration of Beijing Municipal Commission of
Transport funded this research presented in this paper.
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The results of this research include a method to divide
a metro track into track segments, a method for assessing
the overall track quality of a track segment, and management
standards of track quality index resulting from the overall
track quality assessment method.

The rest of the paper is organized as follows. For better
understanding of the paper, Section 2 gives definitions for
these technical terms used in this paper. Existing overall track
quality assessment methods are documented in Section 3.
Based on characteristics of Beijing Metro tracks, Section 4
presents the developed overall track quality assessment
method. Based on the track quality measurement data for the
recent 3 years, Section 5 uses a statistic method to determine
management standards of the track quality index resulting
from the proposed assessment method. Remarks regarding
the research in the paper and future research directions are
concluded in Section 6.

2. Track Quality Definitions

Track quality is characterized by deviations of rail positions
in a three-dimensional space from their designed ones in
terms of gauge, cross level, left and right surface (usually
called longitudinal level in European countries), left and
right alignment, and twist [4–7]. Usually they are collectively
referred to as track irregularities. In practice, track irregular-
ities are measured with track geometry car, track geometry
trolley, and some other manual tools. Track geometry car
is used to measure irregularity condition of track under
wheel loading conditions, whereas the other two kinds of
instruments measure that of track without wheel loading on.
In addition to track irregularity parameters, track geometry
car simultaneously measures track response parameters to
wheel loading such as vertical and lateral accelerations of
car body and axle. The focus of the paper is on track
irregularities measured with Beijing Metro track geometry
car (hereafter is abbreviated as TGC-Beijing). Because of its
unique characteristics compared with national rail tracks,
Metro system usually has a third rail to supply electricity
to metro trains. Consequently, TGC-Beijing also measures
third rail geometry deviations including 3rd rail gauge and
cross level. Additionally, TGC-Beijing has a rail profile
measurement system.

During its inspection run at the speed of around 30–
40 km/h, TGC-Beijing samples these three categories of
condition parameters at an interval of 0.25m. In other words,
there are 4000 sampling positions over a 1 km long track
segment. Figure 1 shows an example of measurement data by
TGC-Beijing. As mentioned in Section 1, measurement data
fromTGC-Beijing should be used to evaluate track condition
with two different methods (i.e., local and overall quality
assessment methods).

The local quality assessment method is based on track
geometry exceptions that are described with quality param-
eter, position in km (i.e., milepoint) after which the quality
parameter exceeds its lowest exception class limit, length
in m, maximum amplitude over the exception length, track
position where the quality parameter takes the maximum
amplitude value, and exception class (e.g., I, II, III, and IV)

Figure 1: Measurement data example.

[4].Those over a 1 km long track segment are summed up into
a score based on weighting coefficients for exception classes.
The higher the exception class, the larger the weighting
coefficient.

The overall quality assessment method is based on statis-
tics of all quality parameter measurement values over a track
segment of a certain length which depends on track man-
agement and maintenance practices. Because these statistics
are directly related to quality of a whole track segment, they
are usually referred to as track quality index. Section 3 will
document most of those existing track quality indices.

3. Existing Track Quality Indices

There are mainly eight statistics being adopted throughout
the world to assess track quality of a whole track segment [3].

3.1. SD Index. SD index consists of seven standard deviations
{𝜎
𝑖
, ∀𝑖 = 1, 2, . . . , 7}, each of which is associated with a track

quality parameter and is calculated frommeasurement values
for the parameter over a track segment, as formulated in (1).
The larger the SD index is, the worse the track segment is in
some aspect representedwith the quality parameter. Consider
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where 𝜎
𝑖
is the standard deviation of a quality parameter in

mm, 𝑥
𝑖𝑗
the measurement value in mm for the parameter at

the jth sampling point in the track segment, and 𝑛 the number
of sampling points in the track segment.

Track quality indices of United Kingdom, Australia, and
so forth are like the SD indices. Differently, they apply (1) to
different lengths of track segments.

3.2. Q Index. ProRail of Netherlands converts the SD index
into a more universal form across different classes of tracks,
as shown in (2) (where 𝑁 denotes the Q index for a quality
parameter over a 200m long track segment, 𝜎

𝑖
is the standard

deviation for the quality parameter, and 𝜎80
𝑖

represents the
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80th percentile of standard deviations for 200 m long seg-
ments in a maintenance section ranging in length from 5
to 10 km). The Q index ranges from 10 to 0. The larger the
Q index, the better the track quality of a 200 m long track
segment. Consider

𝑁 = 10 ∗ 0.675
𝜎
𝑖
/𝜎
80

𝑖 . (2)

3.3. P Index. P index is adopted by Japanese railroads and
is the ratio of the number of sampling points whose quality
parameter measurements fall outside ±3mm to the number
of all sampling points in a track segment. There are two
lengths of track segments over which P index is applied,
100m and 500m. The larger the P index, the worse the track
segment in some quality aspect.

3.4. Track Roughness Index. Track roughness index was
proposed in 1998 by America Amtrak. It is the average of
squared measurement values for a quality parameter over a
track segment, as shown in

TRI
𝑖
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𝑛

∑
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(𝑥
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)
2

𝑛
. (3)

3.5. Track Geometry Index. Track geometry index TGI
𝑖
uses

the measurement value space curve length 𝐿
𝑖
for a quality

parameter over a track segment to quantify the quality of the
track segment, as shown in (4). A larger TGI

𝑖
indicates that

the track segment has a worse quality. Consider
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where 𝐿
𝑖
is the measurement value space curve length for a

quality parameter over a track segment, 𝐿
0
the length of the

track segment, and 𝑦
𝑗
the milepoint of the jth sampling point

on the track segment.

3.6. CN’s Track Quality Index. Canadian National Railway
Company (CN) uses a 2nd order polynomial equation of the
standard deviation 𝜎

𝑖
of measurement values for a quality

parameter over a track segment to assess its partial quality, as
formulated in (5) (where𝐶 is a constant and takes on the value
of 700 for themain line tracks).Theoverall quality assessment
is achieved by averaging six partial quality indices for gauge,
cross level, left (right) surface, and left (right) alignment.
Consider

TQI
𝑖
= 1000 − 𝐶 ∗ 𝜎

2

𝑖
. (5)

A larger track quality index implies the track segment has a
better quality.

3.7. SNCF’s Mean Deviation Indices. SNCF’s indices are dif-
ferent from the above introduced indices. They are not based
on standard deviations but on weighted moving average over
a track segment, as illustrated in
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1
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0

300
) 𝑑𝑦, (6)

where 𝑦
0
is the maximum milepoint value in the track seg-

ment and 𝜂𝑖(𝑦) themeasurement data for a quality parameter
at the milepoint 𝑦.

3.8. Chinese Track Quality Index. Like SD index, both
national railroads and Nanjing Metro in China mainland use
the sum of standard deviations of seven quality parameters
to assess the overall track quality of a track segment, as
formulated in (7). There are two lengths for the overall track
quality assessment, 200m and 500m. The track length of
500m is applied to high-speed railroads. Of course, the track
length of 200m is at the same time adopted for track segment
quality assessment.The larger the value of TQI, the worse the
track segment in the overall track quality. Consider
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4. Track Quality Index for Beijing Metro

Track quality index is intended to guide mechanized main-
tenance. That means establishing a track quality index for
Beijing Metro has to accord with its track characteristics and
mechanized maintenance practice.

4.1. Track Characteristics of Beijing Metro. There are three
main characteristics distinguishingmetro tracks and railroad
tracks. The first one is that metro tracks are more sharply
curved than the counterpart. As shown in Tables 1 and 2,
compared with the allowable minimum curve radius for class
I and II railroad tracks, metro tracks have much sharper
allowable curves. Secondly, curved tracks constitute about
1/3 of Beijing Metro tracks, whereas the curved track length
for national railroads of China only is only 24.56 percent of
the total mileage. Finally, the operational speed on Beijing
Metro tracks is extremely different from that on national
railroads.The operational speed is around 40 km/h for metro
trains, whereas the operational speed for existing normal
speed railroads is far over 60 km/h.Therefore, BeijingMetro’s
track quality index has to be established according to its
own management and maintenance practices. And it is
unreasonable to borrow the overall track quality standards
from both national railroads and other metro companies.
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Table 1: The allowable minimum curve radius for class I and II railroad tracks shared by passenger and freight trains [8].

Permissible travelling speed (km/h) 160 140 120 100 80

Surrounding conditions General 2000 1600 1200 800 600
Difficult 1600 1200 800 600 500

Table 2: The allowable minimum curve radius on metro tracks [9].

Track category General conditions Difficult conditions
Trains of group A Trains of group B Trains of group A Trains of group B

Main line
𝑉 ≤ 80 km/h 350 300 300 250
80 km/h ≤ 𝑉 ≤ 100 km/h 550 500 450 400

Connection and siding tracks 250 200 150
Yard tracks 150 110 110

TQI TQI TQI TQI TQI TQI TQI

Figure 2: Procedure of splitting a track into consecutive 200 m long segments.

4.2. Establishment of Track Quality Index for Beijing Metro.
Section 3.8 shows that by now although metros of China do
not develop their own track quality index for the overall
track quality assessment, Nanjing Metro’s practices in using
the national railroads’ track quality index for the last six
years give us some help. The overall track quality assessment
method (i.e., Section 3.8) extensively adopted within national
railroads is capable of accomplishing the overall track quality
assessment task for metros of China; however they have to
establish their own standards.

What is more, experts from Beijing Metro, Beijing MTR,
and China Railway Corporation were invited together on
December 12th, 2012, to share their knowledge regarding
track maintenance management. Because track quality quan-
tities calculated according to the extensively adopted method
are intuitive and are convenient for railroaders to manage
track quality. They all suggested adopting the method to
assess the overall track quality of track segments. The length
of track segments was suggested to be 200m.

The application of the proposed method consists of two
steps. The first is to split a track of interest into consecutive
200m long track segments, as shown in Figure 2.The second
is to calculate track quality quantities from track quality mea-
surement data collected by TGC-Beijing. This requires that
milepoint measurements of those track quality measurement
data have to be fair accurate. Our methods in [10, 11] were
successively used to process the track quality measurement
data before they are used to calculate track quality quantities.

5. Recommended Track Quality Standards

The track quality measurement data collected by TGC-
Beijing after its upgrade on May of 2010 were all gathered
and were processed with the methods in [10–12].This section
will use all those track quality quantities to determine
track quality standard recommendations associated with the
adopted method for Beijing Metro.

5.1. The Method for Determining Track Quality Standard Rec-
ommendations. As mentioned in Section 3, the overall track
quality assessment is mainly used to schedule mechanized
track maintenance. Therefore, a better way to determine
track quality standard recommendations is based on available
maintenance resources (i.e., how long track could Beijing
Metro each year conduct mechanized maintenance on?).
The distribution of track quality quantities for each quality
parameter over each metro track or over all metro tracks
is useful for track quality standard determination based on
available maintenance resources.

Figure 3 shows distributions of track quality quantities for
five quality parameters over all metro tracks. Left and right
surface standard deviations are treated together as surface
ones and plotted on Figure 3(b). The same procedure is
applied to left and right alignment standard deviations. In
addition to the distributions for all metro tracks as a whole,
these distributions over each metro track are also plotted. All
these distributions will be used in the following section to
determine track quality standard recommendations.
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Figure 3: Distributions of track quality quantities for track quality parameters.
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Table 3: The 70th percentiles of track quality quantities over each track.

# Track Surface Alignment Gauge Cross level Twist TQI
1 10# right 2.20 × 2 2.09 × 2 1.31 1.80 1.49 13.19
2 10# left 2.07 × 2 1.99 × 2 1.17 1.60 1.23 12.12
3 East 13# upgoing 2.13 × 2 1.49 × 2 1.15 1.74 1.61 11.72
4 East 13# downgoing 2.03 × 2 1.56 × 2 1.08 1.40 1.32 10.97
5 West 13# upgoing 2.20 × 2 1.91 × 2 1.50 1.76 1.42 12.90
6 West 13# downgoing 2.05 × 2 1.64 × 2 1.40 1.78 1.36 11.92
7 1# upgoing 2.37 × 2 2.19 × 2 1.59 1.54 1.55 13.81
8 1# downgoing 2.61 × 2 2.08 × 2 1.55 1.67 1.69 14.29
9 2# inner circle 2.29 × 2 2.06 × 2 1.65 2.64 1.82 14.79
10 2# outer circle 2.02 × 2 2.26 × 2 1.63 2.56 1.63 14.38
11 5# upgoing 1.84 × 2 2.12 × 2 1.14 1.43 1.28 11.77
12 5# downgoing 2.00 × 2 2.24 × 2 1.14 1.52 1.27 12.41
13 Ba-Tong upgoing 2.27 × 2 1.68 × 2 1.26 1.36 1.09 11.61
14 Ba-Tong downgoing 2.38 × 2 1.85 × 2 1.28 1.36 1.21 12.31

0
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Figure 4: Five percentiles of TQIs for all metro tracks.

5.2. Track Quality Quantities. Five percentiles (70th, 75th,
80th, 85th, and 90th) of track quality quantities for the five
parameters over each metro track are obtained according to
distributions like those onFigure 3 and are tabulated inTables
3, 4, 5, 6, and 7, respectively.

Beijing Metro set up a project department for each metro
line (including two tracks) to perform routine inspection and
maintenance and to coordinate with the mechanized mainte-
nance department. The percentiles in Tables 3–7 are helpful
for project departments to schedule routine inspection and
maintenance.

TQI values at a given percentile for the 14 metro tracks
are plotted on Figure 4. It is clear that different tracks
have different TQI values for a given percentile (i.e., track
managers have the same percentage ofmaintenance resources
available to all metro tracks). But from the perspective of
maintenance resource allocation, Beijing Metro would like
to allocate resources based on the quality of each track in
order to keep the 14-track balance in track quality. Therefore,
those percentiles for the five parameters over all the tracks as
a whole are calculated and tabulated in Table 8.

5.3. Track Quality Standard Recommendations. We consulted
Beijing Metro’s experts and track managers from Beijing
Municipal Commission of Transport about available mainte-
nance resources. Each year Beijing Metro can only carry out
mechanized maintenance on 20 percent of its track length.
Therefore, the 80th percentiles (i.e., Table 5 and the third row
in Table 8) will be reasonable and acceptable track quality
standard recommendations associated with the presented
track quality index for Beijing Metro.

6. Conclusions and Future Research Directions

Since 2007 Beijing Metro started to use track geometry
car (TGC-Beijing) to measure quality of its tracks under
wheel loading conditions. After each inspection run of TGC-
Beijing’s, measurement data are only used to assess local track
quality by means of scoring 1 km long track segments based
on track exceptions (as detailed in Section 2). Track quality
measurement experience from national railroads of China
shows that, in addition to local track quality assessment,
overall track quality assessment has also to be employed.
Differently from local track quality assessment, this kind
of assessment is based on all measurement data over the
track segment of interest. But no such assessment method is
available for Beijing Metro.

The research presented in the paper was funded by
Road Administration of Beijing Municipal Commission of
Transport to propose an overall track quality assessment
method and to establish the corresponding management
standards so that the research results can be applicable.
This paper documented those extensively used overall track
quality assessment methods throughout the world. Based on
Nanjing Metro’s practices in applying track quality index of
national railroads, and experience of experts from Beijing
Metro and China Railway Corporation, an overall track
quality assessment method is chosen for Beijing Metro. A
statistical method was proposed to determine the overall
track quality standards associated with the method. Based
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Table 4: The 75th percentiles of track quality quantities over each track.

# Track Surface Alignment Gauge Cross level Twist TQI
1 10# right 2.31 × 2 2.23 × 2 1.41 1.88 1.55 13.92
2 10# left 2.18 × 2 2.14 × 2 1.28 1.72 1.32 12.95
3 East 13# upgoing 2.23 × 2 1.59 × 2 1.25 1.83 1.69 12.40
4 East 13# downgoing 2.14 × 2 1.67 × 2 1.18 1.53 1.36 11.70
5 West 13# upgoing 2.31 × 2 2.02 × 2 1.68 1.88 1.50 13.72
6 West 13# downgoing 2.16 × 2 1.75 × 2 1.51 1.92 1.44 12.69
7 1# upgoing 2.51 × 2 2.32 × 2 1.70 1.83 1.65 14.83
8 1# downgoing 2.75 × 2 2.22 × 2 1.65 1.86 1.78 15.23
9 2# inner circle 2.38 × 2 2.16 × 2 1.78 2.81 1.88 15.55
10 2# outer circle 2.11 × 2 2.39 × 2 1.80 2.74 1.72 15.25
11 5# upgoing 1.95 × 2 2.26 × 2 1.30 1.50 1.34 12.55
12 5# downgoing 2.13 × 2 2.38 × 2 1.22 1.61 1.34 13.19
13 Ba-Tong upgoing 2.39 × 2 1.78 × 2 1.33 1.44 1.14 12.24
14 Ba-Tong downgoing 2.50 × 2 1.98 × 2 1.35 1.43 1.25 12.99

Table 5: The 80th percentiles of track quality quantities over each track.

# Track Surface Alignment Gauge Cross level Twist TQI
1 10# right 2.45 × 2 2.37 × 2 1.63 1.93 1.65 14.83
2 10# left 2.30 × 2 2.28 × 2 1.53 1.85 1.38 13.92
3 East 13# upgoing 2.33 × 2 1.68 × 2 1.40 1.94 1.78 13.15
4 East 13# downgoing 2.25 × 2 1.79 × 2 1.47 1.65 1.42 12.64
5 West 13# upgoing 2.41 × 2 2.17 × 2 1.78 2.13 1.62 14.68
6 West 13# downgoing 2.28 × 2 1.88 × 2 1.76 2.02 1.55 13.65
7 1# upgoing 2.64 × 2 2.44 × 2 1.82 1.96 1.77 15.71
8 1# downgoing 2.91 × 2 2.33 × 2 1.78 1.95 1.89 16.11
9 2# inner circle 2.47 × 2 2.26 × 2 2.00 3.00 1.95 16.42
10 2# outer circle 2.19 × 2 2.52 × 2 2.19 2.89 1.76 16.26
11 5# upgoing 2.06 × 2 2.40 × 2 1.45 1.59 1.38 13.33
12 5# downgoing 2.25 × 2 2.53 × 2 1.30 1.70 1.41 13.97
13 Ba-Tong upgoing 2.51 × 2 1.88 × 2 1.46 1.62 1.18 13.04
14 Ba-Tong downgoing 2.61 × 2 2.12 × 2 1.46 1.55 1.32 13.80

Table 6: The 85th percentiles of track quality quantities over each track.

# Track Surface Alignment Gauge Cross level Twist TQI
1 10# right 2.57 × 2 2.52 × 2 1.97 2.06 1.80 15.99
2 10# left 2.42 × 2 2.40 × 2 1.85 1.99 1.47 14.96
3 East 13# upgoing 2.46 × 2 1.79 × 2 1.75 2.03 1.86 14.13
4 East 13# downgoing 2.40 × 2 1.92 × 2 1.72 1.81 1.53 13.69
5 West 13# upgoing 2.52 × 2 2.28 × 2 1.97 2.29 1.75 15.62
6 West 13# downgoing 2.39 × 2 2.01 × 2 2.04 2.13 1.67 14.63
7 1# upgoing 2.77 × 2 2.57 × 2 2.02 2.38 1.91 16.99
8 1# downgoing 3.12 × 2 2.47 × 2 1.97 2.24 2.04 17.44
9 2# inner circle 2.57 × 2 2.37 × 2 2.30 3.24 2.08 17.50
10 2# outer circle 2.28 × 2 2.66 × 2 2.43 3.08 1.81 17.20
11 5# upgoing 2.19 × 2 2.55 × 2 1.76 1.72 1.47 14.41
12 5# downgoing 2.38 × 2 2.70 × 2 1.53 1.86 1.52 15.06
13 Ba-Tong upgoing 2.64 × 2 1.99 × 2 1.62 1.72 1.23 13.82
14 Ba-Tong downgoing 2.77 × 2 2.30 × 2 1.63 1.69 1.42 14.86
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Table 7: The 90th percentiles of track quality quantities over each track.

# Track Surface Alignment Gauge Cross level Twist TQI
1 10# right 2.72 × 2 2.71 × 2 2.38 2.31 1.96 17.53
2 10# left 2.64 × 2 2.62 × 2 2.31 2.15 1.62 16.58
3 East 13# upgoing 2.57 × 2 1.91 × 2 2.07 2.14 2.01 15.19
4 East 13# downgoing 2.54 × 2 2.07 × 2 2.03 1.96 1.69 14.89
5 West 13# upgoing 2.66 × 2 2.40 × 2 2.35 2.44 1.92 16.83
6 West 13# downgoing 2.53 × 2 2.24 × 2 2.31 2.48 2.00 16.32
7 1# upgoing 2.94 × 2 2.82 × 2 2.29 2.88 2.11 18.80
8 1# downgoing 3.36 × 2 2.59 × 2 2.28 2.74 2.25 19.16
9 2# inner circle 2.66 × 2 2.55 × 2 2.68 3.46 2.24 18.80
10 2# outer circle 2.38 × 2 2.79 × 2 2.69 3.42 1.89 18.33
11 5# upgoing 2.31 × 2 2.73 × 2 2.16 1.95 1.59 15.79
12 5# downgoing 2.51 × 2 2.92 × 2 1.75 2.13 1.65 16.38
13 Ba-Tong upgoing 2.79 × 2 2.48 × 2 1.96 1.87 1.32 15.68
14 Ba-Tong downgoing 2.89 × 2 2.45 × 2 1.91 1.88 1.52 16.00

Table 8: Percentiles of track quality quantities over all the 14 tracks as a whole.

# Percentile Surface Alignment Gauge Cross level Twist TQI
1 70th 2.18 × 2 1.97 × 2 1.36 1.61 1.44 12.70
2 75th 2.29 × 2 2.11 × 2 1.48 1.76 1.51 13.55
3 80th 2.41 × 2 2.26 × 2 1.65 1.91 1.61 14.51
4 85th 2.55 × 2 2.43 × 2 1.88 2.13 1.73 15.70
5 90th 2.70 × 2 2.63 × 2 2.25 2.49 1.87 17.27

on the track quality measurement data for the recent three
years, the track quality standard recommendations were
proposed. The recommendations have been approved by
Road Administration of Beijing Municipal Commission of
Transport and put into practice.

The proposed method for determining overall track
quality standards can be applied to other subways if track
condition measurement data of their track geometry cars are
available.
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Information Display Board is used to design an experimental survey and dynamic decision process data are retrieved under a
multimode choice scenario with car, bus and subway, and park and ride. It is concluded that car travelers who will switch to
choosing park and ride needmore decision time to compare it with the existingmodes (car, bus and subway) and tend tomainly use
compensatory decision strategies in the decision process. The most commonly used decision strategy for travelers is the combined
strategy under the multimode choice scenario. Correlation analysis shows that the influencing factors of age, whether the travelers
have ever used park and ride, and decision time highly correlate with decision strategy choice. These conclusions have a certain
reference value for theory research of decision process under multimode choice.

1. Introduction

With the increasing traffic congestion in many big cities,
governments have given more priority to the development of
public transport system. As a car and public transit united
travel mode, park and ride can attract more private car
travelers to transfer to using public transit such as railway
and bus rapid transit into the city center area, thus alleviating
traffic congestion in the city center area. Park and ride
facilities have been built in many big cities all over the world
and achieved very good results. Scholars have done much
research on multimode choice. The central focus is to study
how to encourage more people to use public transit through
factor analysis and policy making.

Using analysis method of decision process, this paper will
conduct a deep study of multimode choice process. These
include the comprehensive consideration and tradeoff of
various factors in the decision process, measurement index of
decision strategies and decision strategy choice for different
travelers. These analyses will help to grasp the decision
mechanism under multimode choice and to provide the basis
for the formulation of traffic demand management policy.

2. Literature Review

Decision is a process to choose one from two or more than
two alternatives [1].

In many studies of multimode choice behavior, the most
widely used research method is random utility theory. Many
researchers such as Hole [2], Shirgaokar and Deakin [3], and
Eric and Ilona [4] have conducted a preference survey for
multimode choice including park and ride and established
disaggregate modes choice models to analyze the travel
choice behavior. The random utility theory is an economic
method. It is regarded as a black box model which cannot
explain the psychological decision process and the effect of
decision strategy choice on decision behavior. Therefore, it
is necessary to use the analytic methods of decision process
and decision strategy choice to study the multimode choice
behavior.

Currently, the related research on decision process and
decision strategy choice is as follows.

Weber and Johnson have reviewed the decision research
in the past 50 years. The research conclusion indicates that
different decision results may have the same psychological
decision process. The process model can give a definitive
explanation for these decision phenomena [5].
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Eliahu has studied drivers’ reactions to congestion under
time pressure using DFT (Decision Field Theory). Decision
rules of lane switching on a congested road are tested
at different levels of time pressure. The results show that
people driving under congestion have an increasing use
of noncompensatory decision strategy. The exogenous time
pressure has effects on both the deliberation process and the
use of information [6].

Bettman et al. have studied constructive consumer choice
processes. Their research results indicate that consumer
choice is inherently constructive. Due to limited processing
capacity, consumers often do not have well-defined existing
preferences but construct them using a variety of strategies
contingent on task demands [7].

Chu and Spires have researched on perceptions of accu-
racy and effort of decision strategies. Their research results
indicate that participants as a group understood the accuracy
and effort dimensions of decision strategies. There was sub-
stantial variation across individuals in perceptions of various
decision strategies [8].

Hey and Knoll have studied strategies in dynamic deci-
sion making. An experimental design is used to infer the
decision strategy that people are using. A number of distinct
decision heuristics were identified. These decision heuristics
can be embodied into the economic models of dynamic
decision process [9].

Elrod et al. have described and tested a model that cap-
tures conjunctive, disjunctive, and compensatory judgment
and choice strategies, as well as selected hybrid combina-
tions of these. The proposed model can be estimated solely
from nonexperimental outcome data. The model is truly
noncompensatory and allows decisionmakers to use different
strategies across attributes. It provides a more plausible
account of behavior than competing models [10].

Riedl et al. have presented a classificationmethod that can
detect different important decision strategies that people use
in nonrisky multiattribute decision tasks. The classification
method incorporates a multimethod approach that combines
elements of both structural modeling and process tracing.
For nine common characteristics of decision strategies, six
of them can be used to develop one outcome-based and
three process-based metrics in conjunction with a measure
for direction of search [11].

Christopher has proposed a multiple-step transition
method to analyze the more complex, longer transitions
in decision process. It can provide a multivariate profile
of the strategy. Empirical results show that the advantages
of a multiple-step transition analysis are over single-step
transition indices [12].

In summary, this paper will analyze decision process
and decision strategy choice under a multimodes decision
scenario with park and ride, car, and bus and subway using
a decision process experimental survey.

3. Decision Process Survey for
Multimode Choice

3.1. Survey Method. Travel mode choice is a decision process
that individual continues processingof information. Strate-

gies are used and reflected in the decision process. Due to
the complexity of the decision process and the constraints
of experimental means, accurate records of the psychology
decision process for travelers are more difficult. Phenomena
in information processing are the main research object in
decision process analysis. The most direct, effective way
is process tracing approach which is based on cognitive
processing theory [13]. It uses a variety of process tracing
technologies to analyze decision activities and understand the
effect of various psychological factors on the decision process.
There are three main types of process tracing technol-
ogy including Protocol Analysis technology, Eye Movement
Tracing technology, and Information Display Board (IDB)
technology [14].

Protocol Analysis required participants to report all their
thoughts in the decision process. These reported contents
can be used to analyze the decision psychological process by
encoding and processing. The actual operation difficulty and
analysis work of this method are very large. It is also difficult
to guarantee the reliability and validity.

Eye movement tracing is based on eye movement record-
ing, fixation time, and the number of fixation, saccade
distance, and pupil size data. These process data can be used
to further analyze the intrinsic cognitive psychology process.
This method can guarantee the truth of decision process and
the scientificity of the data analysis. However, the eye tracker
is expensive and complicated to operate.

Information Display Board (IDB) is the latest process
tracking technology. It is simple and intuitive and can make
a detailed record of the inner psychological activities in
the decision process. Therefore, Information Display Board
(IDB) technology is chosen to design the decision process
survey in this paper. It is presented by an 𝑚 × 𝑛 information
matrix. 𝑚 denotes the number of alternatives and 𝑛 denotes
the number of attributes of alternatives. Each cell of the
matrix represents the corresponding attribute values.

The Information Display Board (IDB) technology is
improved and implemented in a custom electronic ques-
tionnaire using program software. Participants can make a
final mode choice through the search and comparison of
various alternatives and attributes. The recorded data can be
used to analyze decision process and decision strategy choice
behavior.

3.2. Survey Design. The survey content includes some aspects
as follows.

3.2.1. Personal Information andDaily Travel Information. The
personal information includes gender, age, and income.

Daily travel information includes whether the participant
has ever used park and ride facilities.

3.2.2. Decision Scenario Design. Given a multimode choice
decision scenario, the travel is assumed from home (Penglai
apartment in Changping district) to work place (Xidan book
center in Xicheng district) in Beijing. A screenshot of Beijing
electronicmapmarked with the above home, work place, and
park and ride facility is presented to the participants. The



Discrete Dynamics in Nature and Society 3

Figure 1: Decision scenario design.

optional travel modes are assumed to be three: car, bus and
subway, and park and ride. Participants will search, compare,
and analyze the information of different travel modes and
then make a travel mode choice. The influencing factors, as
shown in Table 1, include comfort level, driving time, riding
time, transfer, walking and waiting time, number of transfers,
fuel cost, bus or subway ticket cost, parking fee, and traffic
congestion level. These influencing factors and their values
are given according to the survey data for park and ride users
in Beijing, China, in June 2010 [15].

3.2.3. Survey Procedure. As shown in Figure 1, the informa-
tion for each cell of the matrix is invisible at first. Then, the
participant needs to click the information cell of influencing
factors one after another to reveal the corresponding infor-
mation.When the participant clicks next information cell, the
information in the previous cell will hide.

There is no time limit for the information search, contrast
and analysis process until the participant can make the final
mode choice according to the viewed information. At this
time, the participant can click on the “next” button in the
bottom and choose a travel mode [16].

In order to make the participants familiar with the
information search interface and operation process, a simple
example of mobile phones choice is given as a practice before
the formal experiment.

The interface has the necessary explanations and descrip-
tions and participants can use the computer mouse to
complete the whole experiment.

The experimental data is automatically recorded into a
specified Excel file in the experimental process. It includes the
mode choice result, decision time, and the viewed sequence
for information cells.

3.3. Survey Implementation. The survey object is people who
own at least one car and used to drive a car.

The survey is carried out in 2012. The electronic software
package is sent to the participants. They use their own
computer to complete the experiment content and return the
result file at the appointed time.

The retrieved sample is 124 and the effective sample is 107.
According to the experimental data, 68% of the partici-

pants are men and 90% of them are between 21 and 40 years
old. 83% of the participants have monthly income between

2000 and 10000 yuan. 13% of participants have ever used the
park and ride facility.

4. Analysis of Decision Strategy
Choice Behavior

Decision strategies are used in the decision process when
individuals extract attribute information and prior knowl-
edge to make a choice in the decision task.

4.1. Types of Decision Strategies. Decision strategies for mul-
tiattribute andmultimode decision task are generally divided
into two categories: compensatory strategy and noncompen-
satory strategy.

Compensatory strategy is that decision makers inves-
tigate all the attributes of each option in the information
search process. For different attributes of the same option, a
deficiency of one attribute can be compensated by the advan-
tages of the other attributes. The final decision will be made
after a comprehensive comparison of all options. The basic
assumption is that the attributes of options are independent
of each other and mutual compensation between different
attributes. Compensatory strategies include linear model and
cumulative difference model.

Noncompensatory strategy is that decision makers will
not investigate all the attributes of each option in the
decision process. For different attributes of the same option,
a deficiency of one attribute can not be compensated by the
advantages of other attributes. Decisionmakers used tomake
a subjective assessment for the importance of each attribute
or develop minimum acceptance criteria for each attribute.
Then they compare and eliminate options on the basis of
these main principles. Noncompensatory strategies include
satisfaction strategy, elimination by aspects, lexicographic
strategy, and majority of confirming dimensions strategy.

In addition, in the face of complex decisionmaking tasks,
individuals may use two or more kinds of strategies, namely,
the combined strategy.

4.2. Measurement Indices of Decision Strategies. Decision
strategies used in the decision process can be identified
through the following indices.

4.2.1. Decision Time. Decision time refers to the total time of
psychological decision process spent in a travel mode choice
and is measured in seconds. The decision process includes
from searching information to making a final choice. The
longer the decision time, the more complex the decision
process.

Figure 2 shows the decision time distribution. Partici-
pants whose decision time is between 10 s and 20 s have the
highest proportion, accounting for 25%. The next is between
30 s and 40 s and between 40 s and 50 s and the proportion is
16%, respectively. Altogether, there are 72%of the participants
whose decision time is between 10 s and 50 s. There is also a
part of the participants whose decision time is relatively long.
The proportion of participants whose decision time is above
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Figure 3: Distribution of information search depth.

60 s is 9%.This indicates that some travelers’ decision process
is complex.

4.2.2. Information Search Depth. Information search depth
refers to the ratio of the information cells searched to the total
attribute information cells. Its computation does not consider
the number of times that the information cell has been repeat-
edly opened and viewed. The range of information search
depth is between 0 and 1. High information search depth
indicates that the participants have analyzed, compared, and
weighed information many times in the decision process and
compensatory decision strategies are often used. Conversely,
when the information search depth is low, the participants are
more likely to use noncompensatory decision strategies.

The distribution of information search depth is shown
in Figure 3. It can be seen that the highest proportion of
information search depth is between 0.9 and 1. This indicates
that 22%of participants search for almost all information cells
andmake a decision process including analyzing, comparing,
and weighing information before the final mode choice
reached. The information search depth which is between 0.1
and 0.2 and between 0.4 and 0.5 has a higher proportion,
accounting for 15%, 14%, respectively. Overall, there are
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Figure 4: Distribution of information search pattern.

70% of the participants whose information search depth is
between 0.2 and 0.7.

4.2.3. Search Pattern for Information. The search pattern for
conversion between different options is that the participants
search all the attributes of one option and then search all
the attributes of the other option in the decision process.
The search pattern for conversion between different attributes
is that the participants search all the options on the same
attribute and then search for another attribute of all the
options. Search pattern = (the times of move between options
− the times of move between attributes)/(the times of move
between options + the times ofmove between attributes).The
range of search pattern is between −1 and 1. Positive search
pattern value indicates that information process is mainly
based on options. Negative search pattern value indicates
that the information process is mainly based on attributes.
The search pattern based on options will be dominant with
the increasing of the search pattern value [17]. Option based
information search pattern is widely regarded as one inwhich
the compensatory decision strategy will be used.

As shown in Figure 4, there are 39% of participants whose
search pattern value is between −1 and 0. There are 18% of
participants whose search pattern value is between −1 and
−0.8. This indicates that they mainly used the search pattern
based on attributes. There are 61% of participants whose
search pattern value is between 0 and 1. There are 19% of
participants whose search pattern value is between 0.8 and 1.
This indicates that they mainly used the search pattern based
on options.

There are 14% of participants whose search pattern value
is between 0 and 0.2 in the middle position. This search
pattern can be considered to be a mixed one including both
compensatory and noncompensatory strategies used in the
decision process.

4.2.4. Variability of the Information Search. Variability of
information search refers to the standard deviation of infor-
mation search amount for different options. When the
information search amount for each option is the same, the
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Figure 5: Distribution of variability of information search.

variability value of the information search is zero.The higher
the variability value, the more the noncompensatory strategy
will be used.

As can be seen from Figure 5, there are 42% of partici-
pants whose variability of information search is between 0
and 0.02 and 22% of them are between 0.02 and 0.04. These
indicate that there is little difference among each option in the
information search quantity for most participants.

As shown in Table 2, for decision time, the participants
who choose park and ride cost more decision time and those
who chose bus and subway cost less decision time.Thismeans
that car travelers who will transfer to choosing park and ride
are more likely to take longer time to search for and process
information and make decisions.

The mean of the information search depth shows that
there is small difference for participants who choose different
travel mode in the decision process.

For the information search pattern, the participants who
choose park and ride tend to mainly use the decision strategy
based on options and those who choose bus and subway tend
to mainly use the decision strategy based on attributes.

The participants who choose park and ride have the
maximum variability of information search and its value is
0.0521.

In general, if park and ride facility is provided as a new
united travelmode, car travelerswhowill transfer to choosing
park and ride needmore decision time to compare it with the
existing travel modes (car, bus and subway) and mainly use
compensatory decision strategies based on options.

4.3. Analysis of Decision Strategy Choice. Information search
pattern and variability of information search are usually
used to determine different decision strategies in decision
process [18]. (1) When the search pattern is based on options,
the variability value is equal to 0, representing the linear
additive strategy, while the variability value is greater than
0, representing the combined strategy; (2) when the search
pattern is based on attributes, the variability value is equal
to 0, representing the cumulative difference strategy, while
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Figure 6: Distribution of decision strategy choice.

the variability value is greater than 0, representing the
elimination by aspects strategy.

As can be seen from Figure 6, the choice proportion for
combined strategy is the most, followed by the cumulative
difference strategy and linear additive strategy. The choice
proportion of elimination by aspects strategy is the least.
Combined strategy is mainly used for participants who
choose park and ride, and the choice proportion is 46%.
The participants who choose bus and subway mainly use
combined strategy and cumulative difference strategy and the
choice proportion is 35%, 35%, respectively.

Gender, age, income, and whether the participant has
ever used park and ride are chosen as important influencing
factors to make a correlation analysis with decision strategy
choice. The decision strategies of the linear additive strategy,
combined strategy, cumulative difference strategy, and elimi-
nation by aspects strategy are assigned to 1, 2, 3, 4.

As shown in Table 3, the influencing factors of age,
whether the participants have ever used the park and ride,
and decision time highly correlate with decision strategy
choice. Age has a significant negative correlation with deci-
sion strategies choice. This indicates that the older are
more likely to use search pattern based on options and
compensatory decision strategies. The factor that whether
the participants have ever used park and ride and deci-
sion strategy choice is negatively correlated. This indicates
that participants who have ever used park and ride are
more likely to use search pattern based on attributes and
noncompensatory decision strategies. Decision time has a
negative correlation with decision strategy choice.The longer
the decision time is, the more the participants tend to use
search pattern based on options and compensatory decision
strategies. In addition, decision time has a positive correlation
with decision depth. The longer the decision time, the more
the amount of information searched.

5. Conclusions

In this paper, Information Display Board is used to design
a multimode experimental survey and dynamic decision
process data are retrieved under amultimode choice scenario
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Table 2: Summary for the mean of decision process indices.

Mode Decision time (s) Search depth Search pattern Variability of search
Car 32.091 0.5822 0.0640 0.0294
Bus and subway 23.147 0.5539 −0.1024 0.0429
Park and ride 34.458 0.5434 0.1066 0.0521

Table 3: The relation between influencing factors and decision strategy choice.

Factors Relation index Decision time Decision depth Decision strategy

Gender (male 1, female 2) Pearson correlation 0.066 0.060 0.075
Sig. (2-tailed) 0.528 0.563 0.473

Age Pearson correlation 0.202 0.164 −0.286∗∗

Sig. (2-tailed) 0.050 0.115 0.005

Income Pearson correlation 0.059 −0.017 −0.080
Sig. (2-tailed) 0.572 0.870 0.445

Ever used park and ride (yes, 1, no, 2) Pearson correlation 0.186 0.124 −0.210∗

Sig. (2-tailed) 0.073 0.235 0.042

Decision time Pearson correlation 1 0.512∗∗ −0.234∗

Sig. (2-tailed) 0.000 0.023

Decision depth Pearson correlation 1 −0.171
Sig. (2-tailed) 0.100

∗Correlation is significant at the 0.05 level (2-tailed).
∗∗Correlation is significant at the 0.01 level (2-tailed).

with car, bus and subway, and park and ride. Some conclu-
sions can be drawn from the above analysis.

Under the existing travel modes (car, bus and subway),
car travelers who will transfer to choosing park and ride need
more decision time to compare it with the existing modes
and mainly use compensatory decision strategies based on
options.

Among the decision strategies, combined strategy is the
most commonly used, followed by the cumulative difference
strategy and linear additive strategy.

Correlation analysis shows that the influencing factors of
age, whether the participants have ever used the park and
ride, and decision time highly correlate with decision strategy
choice.

These conclusions have a certain reference value for
theory research of decision process under multimode choice.
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Residence location and workplace are the two most important urban land-use types, and there exist strong interdependences
between them. Existing researches often assume that one choice dimension is correlated to the other. Using the mixed logit
framework, three groups of choice models are developed to illustrate such choice dependencies. First, for all households, this paper
presents a basic methodology of the residence location and workplace choice without decision sequence based on the assumption
that the two choice behaviors are independent of each other. Second, the paper clusters all households into two groups, choosing
residence or workplace first, and formulates the residence location and workplace choice models under the constraint of decision
sequence. Third, this paper combines the residence location and workplace together as the choice alternative and puts forward the
joint choice model. A questionnaire survey is implemented in Beijing city to collect the data of 1994 households. Estimation results
indicate that the joint choice model fits the data significantly better, and the elasticity effects analyses show that the joint choice
model reflects the influences of relevant factors to the choice probability well and leads to the job-housing balance.

1. Introduction

Integrated land-use and transportation models are most
important for both urban planning and transportation plan-
ning, and many researches have explored the interdepen-
dences between land-use and transportation systems. In
the urban land-use pattern, one most important type is
residence location, as well as the workplace. These two land-
use types influence households’ trip pattern greatly. Based on
the personal trip survey (PT survey) data of more than 10
Chinese cities, such as Beijing, Shanghai, and Dalian, more
than eighty percent of household daily trips are commute
trips; that is, these trips depart from residence location and
are directed to workplace, or vice versa. Therefore, it is very
important to reveal the inherent mechanism of residence
location and workplace choice behavior, especially for fast
developing Chinese cities.

As an important behavior analysis approach, discrete
choicemodel has been extensively used in the location choice
researches. Lerman [1] and McFadden [2] have formulated
residential location choice models using discrete choice

method more than 30 years ago. Based on the above pioneer-
ing researches, Timmermans et al. [3], Waddell [4], Waddell
[5], Ben-Akiva and Bowman [6], Sermons and Koppelman
[7], Sermons [8], and Sermons and Koppelman [9] have
further developed many models to describe households’
residence location choices using discrete choice approaches
too.

In more recent years, Bhat and Guo [10],
Miyamoto et al. [11], Bhat and Guo [12], Guo and Bhat
[13], and Jiao and Harata [14] have also proposed several
residential location choice models using different discrete
choice methods. Bhat and Guo [10] put forward a mixed logit
model to analyze the residential location choice behavior
and considered random taste variations in their model, as
well as the spatial correlations among different residential
locations. Miyamoto et al. [11] also proposed a residential
location choice model using mixed logit method and used
a stochastic process to formulate the spatial correlation.
Bhat and Guo [12] formulated a joint mixed multinomial
logit-ordered model to present the residential sorting effects
and applied it to comprehensively examine the impact of
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the built environment, transportation network attributes,
and demographic characteristics on residential choice
and car ownership decisions. Guo and Bhat [13] explored
different conceptualizations to represent neighborhoods
in residential location choice models and described three
alternative ways to construct operational units to represent
neighborhoods. Jiao and Harata [14] presented a mixed logit
framework to identify residential location choice behavior
in different households and integrated a “direct parametric
representation” approach to capture the correlation between
spatial units, as well as a comprehensive structure of zonal
accessibility to reflect the effects of employment, school,
shopping, and recreational opportunities. Most recently,
Li et al. [15] formulated a multiobjective optimization
model to distribute residential spatial units integrating three
objectives. All the above models obtained rather significant
results.

As for workplace choice, it has also been extensively stud-
ied using similar methods in the framework of disaggregated
travel models, for example, Abraham and Hunt [16] and
Levine [17].

Most above models of residence location or workplace
choice often assume that one choice dimension is exogenous
to the other; that is, residence location choice is condi-
tional on predetermined workplace, or vice versa. However,
there exist strong interdependences between residence and
workplace locations, and such kinds of interdependences
have been studied in several existing researches. Waddell
[4] questioned it through an empirical study using data of
the metropolitan area of Dallas-Fort Worth (Texas, USA).
Waddell et al. [18] developed a discrete choice model of joint
residence location and workplace choice using methods of
latent market segmentation for one-worker households and
put forward a methodology for accommodating different
sequential decision-making processes. Li et al. [19] also
formulated a joint decision model of residence location and
workplace using nested logit method and applied it to Beijing
city. Ibeas et al. [20] specified a nested logit model and a
cross-nested logit model to investigate the existence of spatial
correlation between residence and workplace locations and
found out that the inclusion of spatial correlations in the
model fits the data significantly better.

To revise the residence location and workplace choice
models with the assumption that residential location and
workplace are chosen independently of each other, that is,
without decision sequence, one key feature of this paper is to
cluster the households into two groups, choosing residence
location first and choosing workplace first, and to formulate
the residence location and workplace choice models under
the constraint of decision sequence. Another key feature is
to further combine the residence location and workplace
together and to present the joint choice model.

The rest of this paper is organized as follows. The basic
models for all households without decision sequence are pro-
posed in Section 2. Clustering households into two groups,
the revised models with decision sequence are presented
in Section 3. The joint residence-workplace location choice
model is put forward in Section 4 based on the combined
choice alternatives. A questionnaire survey is implemented,

and the data is illustrated in Section 5. The estimation results
of three groups of models are reported and compared in
Section 6, aswell as the elasticity effects analyses. Conclusions
and further researches are summarized in the last section.

2. Residence Location and Workplace Choices
without Decision Sequence

In this section, the residence location and workplace choices
are assumed to be independent of each other.

2.1. Residence Location Choice without Decision Sequence.
Essentially, the household decision behavior influences the
residential location choice greatly. Using the discrete choice
method, the random utility theory is employed to describe
such decision behavior.The following equation is formulated
to indicate whether a household will choose a location as the
residence place or not:

𝐼
ℎ𝑖
= {

one if 𝑈
ℎ𝑖
≥ 𝑈
ℎ𝑗

for 𝑗 = 1, . . . , 𝐾
zero otherwise,

(1)

where 𝐼
ℎ𝑖

is an indicator to denote whether household ℎ
selects spatial unit 𝑖 to reside or not; 𝑈

ℎ𝑖
is the utility for

household ℎ to select spatial unit 𝑖; 𝐾 is the total number of
spatial units in the choice set.

Usually, the utility function 𝑈
ℎ𝑖
may be divided into two

items: the systematic item 𝑉
ℎ𝑖
and the random item 𝜀

ℎ𝑖
:

𝑈
ℎ𝑖
= 𝑉
ℎ𝑖
+ 𝜀
ℎ𝑖
. (2)

In a mixed logit formulation, the deterministic term 𝑉
ℎ𝑖

can be further represented as below:

𝑉
ℎ𝑖
=

𝑀

∑

𝑚=1

𝛼
𝑚
𝑧
ℎ𝑖𝑚

+

𝑁

∑

𝑛=1

𝜃
𝑛
𝑥
ℎ𝑖𝑛
, (3)

where 𝛼
𝑚
and 𝜃

𝑛
are parameters to be estimated, 𝛼

𝑚
is the

fixed parameter, 𝜃
𝑛
is the unfixed parameter subject to a log-

arithmic normal distribution; 𝑧
ℎ𝑖𝑚

and 𝑥
ℎ𝑖𝑛

are explanatory
variables, for example, spatial unit information, household
information, travel related information, and so forth; 𝑀 is
the number of explanatory variables corresponding to the
fixed parameters; 𝑁 is the number of explanatory variables
corresponding to the unfixed parameters.

Based on the above formulations, the choice probability
for household ℎ to choose spatial unit 𝑖 is presented as amixed
logit formulation:

𝐿
ℎ𝑖
=

exp (𝑉
ℎ𝑖
)

∑
𝐾

𝑗=1
exp (𝑉

ℎ𝑗
)

=

exp (∑𝑀
𝑚=1

𝛼
𝑚
𝑧
ℎ𝑖𝑚

+ ∑
𝑁

𝑛=1
𝜃
𝑛
𝑥
ℎ𝑖𝑛
)

∑
𝐾

𝑗=1
exp (∑𝑀

𝑚=1
𝛼
𝑚
𝑧
ℎ𝑗𝑚

+ ∑
𝑁

𝑛=1
𝜃
𝑛
𝑥
ℎ𝑗𝑛
)

.

(4)

Using 𝑓(⋅) to represent the density function of the
logarithmic normal distribution, the unconditional choice
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probability for householdℎ to choose spatial unit 𝑖 is therefore
the integral of 𝐿

ℎ𝑖
over all possible variables of 𝜃

𝑛
:

𝑃
ℎ𝑖
= ∫

∞

−∞

[

[

exp (∑𝑀
𝑚=1

𝛼
𝑚
𝑧
ℎ𝑖𝑚

+ ∑
𝑁

𝑛=1
𝜃
𝑛
𝑥
ℎ𝑖𝑛
)

∑
𝐾

𝑗=1
exp (∑𝑀

𝑚=1
𝛼
𝑚
𝑧
ℎ𝑗𝑚

+ ∑
𝑁

𝑛=1
𝜃
𝑛
𝑥
ℎ𝑗𝑛
)

]

]

⋅ 𝑓 (𝜃) 𝑑𝜃.

(5)

According to the factors households paymost attention to
when they make the residence location choice, the explana-
tory variables include the following:

TT
𝑖
: household travel time between residence loca-

tion and workplace;
TD
𝑖
: household travel distance between residence

location and workplace;
TC
𝑖
: household travel cost between residence location

and workplace;
HP
𝑖
: regional housing price around residence loca-

tion;
PO
𝑖
: regional population around residence location;

ZD
𝑖
: number of regional rail transit stations around

residence location;
FAR
𝑖
: regional floor area ratio (FAR) around resi-

dence location.

According to several estimation experiments, TT
𝑖
and

TD
𝑖
are assumed to be corresponding to the unfixed param-

eters 𝜃
𝑛
.

Therefore, (5) can be further represented as
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ℎ𝑖
= ∫
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(exp (𝜃
1
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+ 𝜃
2
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2
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+𝛼
4
ZD
𝑗
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5
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))

−1

]

]

⋅ 𝑓 (𝜃) 𝑑𝜃.

(6)

In this model, the unfixed parameter 𝜃
𝑛
is assumed to

follow the following logarithmic normal distribution:

𝜃
𝑛
(𝑠
𝑘
, 𝜉
𝑛
, 𝜂
𝑛
) =

1

2√𝜋𝜂
𝑛

exp[−(
ln (𝑠
𝑘
) − 𝜉
𝑛

𝜂
𝑛

)

2

] , (7)

where 𝑠
𝑘
is the random variable, and 𝜉

𝑛
and 𝜂

𝑛
are the

expectation and variance of ln(𝑠
𝑘
), respectively.

2.2. Workplace Choice without Decision Sequence. Similar to
the residence location choice model, the mixed logit method
is employed to model the workplace choice.

According to the factors households pay most attention
to when they make the workplace choice, the explanatory
variables include household travel time TT

𝑖
, household travel

distance TD
𝑖
, household travel cost TC

𝑖
, and

INC
𝑖
: household annual income;

EMP
𝑖
: number of regional employment opportunities

around workplace;
GS
𝑖
: regional gross sale of consumer goods around

workplace.

Based on several estimation experiments, TT
𝑖
andTD

𝑖
are

also assumed to be corresponding to the unfixed parameters
𝜃
𝑛
.
Therefore, the workplace choice model without decision

sequence is represented as

𝑃
ℎ𝑖
= ∫
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(exp (𝜃
1
TT
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2
TD
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1
TC
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2
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exp (𝜃
1
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2
TD
𝑗
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1
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𝑗
+ 𝛼
2
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𝑗
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3
EMP
𝑗
+ 𝛼
4
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𝑗
))

−1

]

]

⋅ 𝑓 (𝜃) 𝑑𝜃.

(8)

In this model, the unfixed parameters 𝜃
1
and 𝜃

2
are also

assumed to follow the logarithmic normal distribution as
shown in (7).

3. Residence Location and Workplace Choices
with Decision Sequence

In the above two models, we assume that residence location
choice and workplace choice are independent of each other;
that is, people choose locations without decision sequence.
However, some households tend to choose workplace first
and then choose residence location according to the con-
straint of workplace, or vice versa. Both of these sequential
choice processes are present in the population in a proportion
that is unknown to the analyst. Fortunately, the cluster
analysis provides an effective method to differentiate them.
In this section, we relieve the strong assumption, cluster
all households into two groups, and formulate the resi-
dence location and workplace choice models with decision
sequence.

In this research, a large amount of information about the
households is collected through a questionnaire survey, and
seven groups of preference data are extracted to represent
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the households’ preferences when they choose residence and
workplace locations, including the following:

(1) residence location is adjacent to workplace;

(2) traffic is convenient;

(3) commute is convenient;

(4) housing price is acceptable;

(5) there are good schools nearby;

(6) geographic position is good;

(7) residential community environment is excellent.

Based on the above 7 groups of preference data, cluster
analysis is then implemented to cluster all households into
two categories, choosing workplace first, and then choosing
residence location conditional on workplace, or vice versa.
The detailed data and clustering results are described in
Section 5.

Using survey data of clustered households, we can formu-
late the residence location and workplace choice models with
decision sequence, respectively. For the convenience of com-
parison between different models, we use the same explana-
tory variables here as models without decision sequence.
Therefore, the residence location choice model with decision
sequence is the same as (6), while the workplace choice
model with decision sequence is the same as (8). Here the
unfixed parameters 𝜃

1
and 𝜃
2
are also assumed to follow the

logarithmic normal distribution as shown in (7).

4. Joint Residence-Workplace Location Choice

As stated above, there exist strong interdependences between
residence and workplace locations, and in most time they
influence each other, and households tend to consider these
two choice problems together. It is often unreasonable to
simply assume that households choose residence location or
workplace first. Therefore, we assume that both residence
location and workplace choices are made simultaneously as
an instantaneous bundle and then model the interdepen-
dence based on such assumption.

In this model, we take the residence-workplace location
pairs as new choice alternatives. To model the joint loca-
tion choice behavior, all explanatory variables influencing
residence location and workplace choices are incorporated
within the joint choice model

𝑃
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⋅ 𝑓 (𝜃) 𝑑𝜃.

(9)

The definitions of all variables in (9) are the same as the
above, and the unfixed parameters 𝜃

1
and 𝜃
2
are also assumed

to follow the logarithmic normal distribution as shown in
(7). Since the residence-workplace location pairs are taken as
the choice alternatives, the number of alternatives increases
dramatically.

5. Data

To testify the above three groups of models, we collected
the field data of 1994 households in Beijing city through a
questionnaire survey. The residence and workplace locations
in the data cover all districts of Beijing city, including 6 urban
districts and 10 suburban districts.

Table 1 provides a summary of household characteristics
in the survey data used, and the distributions of household
structure, household income, car ownership, and commuting
mode are included.The clustered result of households choos-
ing residence or workplace first is also shown in the table.

From Table 1 we can find out that now more than 60%
of Chinese households in Beijing own one or more cars. The
rail transit and bus modes are clearly the superior modes of
transport structure in this case study.

Furthermore, for estimation of models with decision
sequence, all 1994 households were clustered into two groups
using the cluster analysis method based on 7 kinds of
preferences in Section 3.The clustering results are also shown
at the bottom of Table 1.

In addition to the questionnaire survey data, three other
data sets associated with Beijing city were used: land use
data, demographic data, and census data. The land use
data was obtained from Beijing Municipal Commission of
Urban Planning and was used to get the acreage of each
residence and workplace location. The demographic data
and census data came from Beijing Municipal Bureau of
Statistics and were used to compute the regional housing
price, regional population, number of regional rail transit
stations, regional floor area ratio (FAR), household income,
number of regional employment opportunities, and regional
gross sale of consumer goods for each residence location or
workplace.

All the above data provide a rich set of variables for
consideration in model specification.
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Table 1: Household characteristics of the survey sample.

Characteristic Number of
samples

Sample
shares

Sample size 1994 100%

Household structure
Single 393 19.7%

Single living with parents 359 18.0%

Couple 578 29.0%

Couple living with children 586 29.4%
Three generations living under one
roof 78 3.9%

Household income (Chinese Yuan)
<50,000 586 29.4%

50,000–100,000 923 46.3%

100,000–150,000 303 15.2%

150,000–200,000 118 5.9%

>200,000 64 3.2%

Car ownership
0 774 38.8%

1 1025 51.4%

≥2 195 9.8%

Commuting mode
Car 253 12.7%
Rail transit 879 44.1%
Bus 626 31.4%
Taxi 66 3.3%
Walk/bicycle 150 7.5%
Others 20 1.0%

Clustered decision sequence
Residence first 1242 62.2%
Workplace first 752 37.8%

6. Estimation Results and Elasticity
Effects Analyses

6.1. Estimation Results. Estimations of the abovemodels were
implemented with maximum simulated likelihood (MSL)
method proposed by Bhat and Guo [10]. Randomly scram-
bled Halton method in Bhat [21] was used to achieve the
random draws for MSL estimation.

The MSL estimations in this paper were carried out
based on the GAUSS platform. Since the scrambled Halton
sequence has been coded using GAUSS language and proved
very efficient in Bhat [21], we simply borrowed the code and
integrated it into the MSL estimation.

The estimated mean values of all the coefficients of five
models are reported in Table 2, respectively.

In Table 2, the 𝑡-statistics are also presented in parenthe-
ses to show the significance of all explanatory variables. For
unfixed parameters, mean values and standard deviations are
both reported.

The residence location and workplace choice models
without decision sequence are estimated as though all house-
holds in the sample choose location independently, based on
all sample data. The residence location and workplace choice
models with decision sequence are estimated as though some
households in the sample choose residence conditional on
a prior choice of workplace, while other households choose
workplace conditional on a prior choice of residence, based
on the clustered two groups of data, respectively. The joint
residence-workplace location choice model is estimated as
though residence and workplace influence each other, and all
households in the sample consider the choice of two locations
simultaneously.

From Table 2 we can find out that the signs and signif-
icances of all estimated parameters are generally consistent
with prior expectations.

For commonparameters in both residence andworkplace
choice models, the travel time, travel distance, and travel
cost between residence location andworkplace have expected
negative signs, indicating that proximity to employment
location is an important factor in residential location choice,
and proximity to residence location is also an important
factor in workplace choice.

For specific parameters in residence location choice
models, the housing price has the expected negative sign,
indicating that households tend to reside in area with low
housing price under other fixed conditions.The positive sign
of zonal population shows that households are more likely to
locate in zones with high population, which reflects the pop-
ulation clustering effect. The number of rail transit stations
has the expected positive sign; that is, households tend to
live in zones with good accessibility to activity opportunities.
The negative sign of FAR shows that households are also
more likely to locate in zones with low residential density and
comfortable community environment.

For particular parameters in workplace choice models,
the household income has the expected positive sign; that
is, households tend to choose the workplace which brings
high income to them. The positive sign of employment
opportunities shows that the number of available jobs is a
rather important factor influencing theworkplace choice.The
gross sale of consumer goods also has the expected positive
sigh, indicating that households are more likely to work in
those zones with good shopping environment.

To further observe the parameters of single choice mod-
els, one can find out that, for all models, the magnitudes
of travel distance and number of rail transit stations are
both much bigger than other parameters. It shows that these
two factors are much more important for household loca-
tion choices. Further comparison between choices with and
without decision sequence indicates that there is a modest
improvement in the log-likelihood of themodel with decision
sequence, which underlines the significance of identifying the
sequence of choosing residence and workplace locations.

For the joint residence-workplace location choice model,
the basic pattern of results is consistent with the residence
location choice models without and with decision sequence,
and the estimated parameters are also rather significant from
𝑡-statistics. The travel distance and number of rail transit



6 Discrete Dynamics in Nature and Society

Table 2: Estimation results of five models.

Variables Residence location choice Workplace choice Joint choice
Without d-s With d-s Without d-s With d-s

Travel time
(M)

−0.2869
(−7.89)

−0.2962
(−7.92)

−0.1352
(−21.55)

−0.1134
(−17.03)

−0.3011
(−6.88)

Travel time
(S.D.)

0.3752
(7.41)

0.3921
(8.09)

0.0517
(6.29)

0.0604
(7.36)

0.2744
(8.11)

Travel distance
(M)

−0.8255
(−8.76)

−0.8403
(−8.92)

−0.4948
(−23.88)

−0.4706
(−19.85)

−0.6602
(−8.95)

Travel distance
(S.D.)

0.4385
(7.42)

0.5035
(7.95)

0.1071
(7.38)

0.2251
(5.66)

0.3849
(6.77)

Travel cost −0.1233
(−5.04)

−0.1022
(−4.47)

−0.0323
(−11.55)

−0.0396
(−10.34)

−0.0371
(−4.61)

Housing price −0.2363
(−3.22)

−0.4623
(−6.47) \ \

−0.4437
(−4.78)

Population 0.0417
(3.25)

0.0217
(2.01) \ \

0.0214
(2.14)

Number of rail transit stations 0.4449
(4.22)

0.5012
(5.66) \ \

0.3706
(3.21)

FAR −0.0388
(−1.99)

−0.0488
(−2.93) \ \

−0.0841
(−2.07)

Household income \ \
0.2624
(3.88)

0.4607
(5.25)

0.3329
(4.16)

Employment opportunities \ \
0.0224
(5.24)

0.0274
(6.44)

0.0271
(4.21)

Gross sale \ \
0.1122
(2.01)

0.2101
(3.11)

0.0866
(3.71)

Number of observations 1994 752 1994 1242 1994
log-likelihood at convergence −1304 −1263 −1279 −1154 −1089
Here d-s means “decision sequence”; M means “mean value”; S.D. means “standard deviation.”

stations are again significant and in the expected direction,
with the same pattern of relatively larger magnitude than
other parameters. The negative sign of the travel distance
indicates that the shorter the travel distance between resi-
dence location and workplace, the more the likelihood of the
zone being chosen as the residence location.

Again, the pattern of estimation results of the joint choice
model is generally consistent with the workplace choice
models without and with decision sequence, and also the
estimated parameters are rather significant from 𝑡-statistics.
The largest magnitude of travel distance again shows its
importance for the workplace choice.

From the log-likelihood at convergence, we can further
find out that the index of the joint choice model is the
largest among all five models. It means that the joint choice
of residence location and workplace is the most similar to
household natural choice behavior mechanism.

6.2. Elasticity Effect Analyses. Since the coefficients in a
complex choice models are not straightforward to under-
stand, we further implement three groups of elasticity effects
analyses for the joint choice model. To extract the different
characteristics between urban and suburban households,the

choice alternatives are classified into two groups: urban area
and suburban area.

The following explanatory variables are used.

(1) Number of Rail Transit Stations. Seven scenarios are
developed based on the number of rail transit stations: −50%,
−30%, −10%, base 0%, +10%, +30%, and +50%. The choice
probabilities of 7 scenarios are shown in Figure 1.

Figure 1 shows that, with the same number of rail transit
stations, the choice probability in suburban area is higher
than that in urban area. With the decrease of the number of
rail transit stations, the choice probability of suburban area
decreasesmore dramatically than that of urban area. All these
show that suburban households pay more attention to rail
transit than urban households.

(2) Housing Price. Seven scenarios are also developed based
on the housing price: −50%, −30%, −10%, base 0%, +10%,
+30%, and +50%. The choice probabilities of 7 scenarios are
shown in Figure 2.

With the increase of housing price, the choice probability
of suburban area drops more sharply than that of urban area.
It means that suburban households are more sensitive to
housing price.
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Figure 1: Elasticity effect based on number of rail transit stations.
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Figure 2: Elasticity effect based on housing price.

(3) Household Income. Seven scenarios are further developed
based on the household income: −50%, −30%, −10%, base
0%, +10%, +30%, and +50%. The choice probabilities of 7
scenarios are shown in Figure 3.

Comparing with the above two variables, the household
income is the most sensitive index. Obviously, with the
increase of household income, the choice probability of urban
area rises more dramatically than that of suburban area. It
shows that households tend to live and work in urban area
to improve their income.

7. Conclusions

This paper addresses five mixed logit models concerning
location choices: residence location choice model without
decision sequence, residence location choice model with
decision sequence, workplace choice model without decision
sequence, workplace choice model with decision sequence,
and the joint residence-workplace location choice model. We
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Figure 3: Elasticity effect based on household income.

first assume that residence and workplace choice behaviors
are independent of each other and formulate two basic choice
models without decision sequence. Then we cluster house-
holds into two groups, choosing residence or workplace first,
and propose two choice models with decision sequence; that
is, residence location choice is conditional on predetermined
workplace, or vice versa.We further put forward a joint choice
model to combine the residence location and workplace
together. A questionnaire survey is implemented in Beijing
city to collect the data of 1994 households. Estimated param-
eters show that the travel distance and number of rail transit
stations are the most important two factors for household
location choices. The log-likelihood at convergence indicates
that choice models with decision sequence are much more
significant than models without decision sequence, and the
joint choice model is the most reasonable. Further elasticity
effects analyses show that the joint choice model reflects the
influences of relevant factors to the choice probability very
well.

This research is further directed towards two aspects.
The first is to take into account the differences among male,
female, and children and to model the choice behaviors of
households with different family structures. The second is to
capture the dynamics of household residence location and
workplace changes using panel data.
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“Discrete choice model with structuralized spatial effects for
location analysis,” Transportation Research Record, no. 1898, pp.
183–190, 2004.

[12] C. R. Bhat and J. Y. Guo, “A comprehensive analysis of built
environment characteristics on household residential choice
and auto ownership levels,” Transportation Research B, vol. 41,
no. 5, pp. 506–526, 2007.

[13] J. Y.Guo andC. R. Bhat, “Operationalizing the concept of neigh-
borhood: application to residential location choice analysis,”
Journal of Transport Geography, vol. 15, no. 1, pp. 31–45, 2007.

[14] P. Jiao and N. Harata, “Residential location choice for different
households:methodology and case study,” Journal of the Eastern
Asia Society for Transportation Studies, vol. 7, pp. 1280–1295,
2007.

[15] X. Li, C. Zhuge, X. Zhang, J. Gao, andH. Zhang, “Multiobjective
optimization model of residential spatial distribution,” Mathe-
matical Problems in Engineering, vol. 2014, Article ID 167495, 9
pages, 2014.

[16] J. E. Abraham and J. D. Hunt, “Specification and estimation
of nested logit model of home, workplaces, and commuter

mode choices by multiple-worker households,” Transportation
Research Record, no. 1606, pp. 17–24, 1997.

[17] J. Levine, “Rethinking accessibility and jobs-housing balance,”
Journal of the American Planning Association, vol. 64, no. 2, pp.
133–149, 1998.

[18] P. Waddell, C. R. Bhat, N. Eluru, L. Wang, and R. M. Pendyala,
“Modeling interdependence in household residence and work-
place choices,” Transportation Research Record, no. 2003, pp.
84–92, 2007.

[19] X. Li, C. Shao, and L. Yang, “Simultaneous estimation of
residential, workplace location and travel mode choice based
on nested logit model,” in Proceeding of the 7th International
Conference on Fuzzy Systems and Knowledge Discovery (FSKD
'10), vol. 4, pp. 1725–1729, Yantai, China, August 2010.
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When left-turning vehicles are released from the multiple left-turning lanes at the signalized intersection, there will be conflicts
among them, and the conflicts will affect the traffic operation and safety. In order to solve the problem, by extracting running
trajectories of left-turning vehicles and analyzing distribution characteristics of trajectories, velocity changing characteristics, and
flow changing characteristics, the left-turning vehicle’s trajectory model was established. On the basis of the above research, taking
an example of quadruple left-turning lanes, the idea of setting left-turning guide line at the intersection was proposed. Through
instance verification, we could get the conclusion that themethod of using left-turning guide line to control vehicles’ turning process
can effectively reduce traffic conflicts and delay and improve traffic efficiency.

1. Introduction

In most places of China, there is no lane guidance and
constraint within the intersection, and many drivers want
to enter the target lane as soon as possible under the
psychological drive. When left-turning vehicles go through
the stop line and enter the intersection,many turning vehicles
often change driving route randomly. The phenomenon of
vehicles’ scattering randomly within the intersection causes
serious conflicts among vehicles and makes vehicles not able
to run smoothly. It reduces traffic efficiency and safety. Thus,
by analyzing and researching the trajectories of left-turning
vehicles at the intersection, the method of setting guide line
was proposed.Themethod of guiding vehicles turning in line
appears to be necessary and feasible for improving the level of
left-turning vehicles’ efficiency and safety at the intersection.
It has a certain theoretical and practical value.

In the recent years, in order to reduce the delay of
left-turning vehicles at the intersection and improve traffic
operational performance, many scholars have done some
studies about it from different angles. For example, Ma and

Yang [1] studied the crowded and noncrowded intersection’s
left-turning group coordinated design approach, consider-
ing both phase coordination and spatial coordination, and
established optimizationmodel in order tominimize the total
delay; Kikuchi et al. [2] studied the effect of dual left-turning
lanes’ lengths on operating. Shen [3] studied the relationship
between vehicle’s average delay and merging section length.
And she proposed a method to determine the minimum
merging section lengths for triple left-turning lanes whose
downstream lanes was less than the entrance lanes. Eyler
[4] studied the problem of triple left-turning lanes which
were used at large intersections and caused high crash rates
and traffic delays. And the arterial interchange concept was
proposed. Wu et al. [5] extracted the left-turning vehicles
trajectories data using the video method and proposed a
translating method of the image coordinates and the world
coordinates. Kyte et al. [6] proposed the IQA method for
estimating the left-turning delay. Qi et al. [7] used different
models to estimate the left-turning queue length, and the
results of a simulation-based method were compared with
others. Yao [8] Yao and Zhang [9] studied the signal timing
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and lane space design of short left-turning lanes at the isolated
intersection or the two adjacent intersections; Liu et al. [10]
studied the drivers’ choice behavior on the left-turning lanes
and pointed out themain factors on outside left-turning lanes
selection. Moussa et al. [11] used augmented reality vehicle
(ARV) system to study the maneuver of left-turning traffic.
A lot of virtual objects, such as pedestrians, vehicles, and
others, could be seen while driving in a real traffic envi-
ronment. By the experiment result, the “ARV” system could
improve drivers’ performance effectively. Alhajyaseen et al.
[12] recorded individual vehicle paths, using Euler spiral
curve and circle curve and considering intersection geometry,
different vehicle type, and speed. Alhajyaseen et al. noted that
vehicle paths were very important in analyzing drivermaneu-
ver. Li et al. [13] studied the impact factors of major left-
turning delay on signal setting. Sando andMoses [14] investi-
gated 15 triple left-turning lanes intersections and studied the
influence of geometric factors on the operation of left-turning
traffic. Wu et al. [15] optimized left-turning phases to reduce
delay. These research results have some effects on reducing
left-turning delay, conflicts, and so on. However, when left-
turning vehicles go through the stop line and enter the inter-
section, the problem of vehicles interfering with each other
has not gotten a good solution. Vehicles randomly change
their lines, which affects the left-turning vehicles’ safety
level and operational performance in their turning process.
Wang et al. [16] proposed novel cell transmission model to
simulate the oversaturated traffic conditions of left-turning
blockages. Cooner et al. [17] put forward the preliminary
thought of using guide lines for triple left turns and dual right
turns in Texas. Bie et al. [18–20] studied the prediction of bus
arrival and other relevant research contents, which could be
used in the formulation of signal control strategy of multiple
left-turning lanes intersection in the future.

On the basis of existing studies, the paper summarized
predecessors and studied the vehicles’ turning trajectories
inside the intersection deeply. From the perspective of both
reducing traffic conflicts and improving efficiency, we want
to adopt some measures to guide turning flow and restrain
vehicles’ lane changing.

2. The Left-Turning Trajectory Extraction

On the basis of summarizing the existing literature, the
current research adopts the method of video detection to
extract vehicles’ turning trajectories and studies the char-
acteristics of turning vehicles. The current study intends to
build a turning trajectory model which could be used to
show the characteristics of turning vehicles and exhibit the
turning process of vehicle. Therefore, the process of conflicts
of turning vehicles could be illustrated vividly and further
studied. Because of the existence of serious conflicts among
multiple left-turn vehicles, the suggestion of setting guide line
at the multiple left-turn lanes intersection is proposed. The
logical framework is shown in Figure 1.

2.1. Extraction of Vehicle Center and Correction of Camera
Lens Distortion. The trajectories of the vehicles can effec-
tively reflect the changes of their spatial locations, velocity,

Turning trajectory
extraction

Track distribution
characteristics

Velocity changes
characteristics

Flow changes
characteristics

Turning trajectory
model

Figure 1: The establishment process of the trajectory model.

acceleration, the conditions of traffic flow, and the density of
vehicles at a particular time state. And the trajectories could
provide experimental data for vehicles interaction model,
such as acceptable gap model, following model, and lane
changing model. In this paper, video detection measures
are used to achieve real-time trajectories of the left-turning
vehicles inside the intersection. Firstly, the centers of the
turning vehicles inside the intersection are extracted by using
complex extraction algorithm. And then their centers are
tracked, the center position coordinates at various times are
recorded. Considering the camera’s lens distortion, its center
is corrected. At last, the corrected image coordinates are
converted into world coordinates, and the trajectories of the
vehicles are gotten.The center of turning vehicle is calculated
by the following equations:
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are intersection coordinates of

polygon scan line and the 4 sides of target area. 𝑤, 𝑙 are
defined as the center line of the image in the 𝑥-direction and
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Figure 2: Extraction of left-turning vehicles’ trajectories schematic
diagram.

𝑦-direction length and 𝛽
𝑥
, 𝛽
𝑦
are offset scale factors, which

are calculated as

𝛽
𝑥
=

8 (𝑥


− 𝑥


)

𝑤𝑛 (2 + 𝑛)
,

𝛽
𝑦
=

8 (𝑦


− 𝑦


)

𝑙𝑚 (2 + 𝑚)
.

(3)

Using the abovemethod, left-turning vehicles’ trajectories
at the intersection could be extracted. Taking the intersection
of Tongzhi Street and Ziyou Road in Changchun City as an
example, we extracted left-turning vehicles’ trajectories from
east to south and one of the images is shown in Figure 2.

2.2. Extraction of Displacement of Vehicle and Estimation of
Velocity. Based on the extraction of the centers of vehicles
and camera lens distortion correction, the improved method
of Kalman filtering is used to track the centers of turning
vehicles and record the changing of the centers’ position,
which could determine the coordinates of the centers of the
vehicles in each time. Since the change time of each frame
image is 0.04 s, in this very short time the changes of vehicle’s
center position are very small. Thus, every five frames time is
0.2 s, which are selected as a time interval for studying in the
calculation process. Therefore, displacement of vehicle in the
time interval can be expressed as

Disp = sqrt ((𝑥
𝑘+1

− 𝑥
𝑘
)
2

+ (𝑦
𝑘+1

− 𝑦
𝑘
)
2

) . (4)

The average speed of the vehicles within this time interval
can be expressed as

V =
Disp
Nof ∗ 𝑡

, (5)

where Nof is the number of image frames which is contained
in the driving displacement corresponding to the time inter-
val and 𝑡 is the time of each frame image, which is 0.04 s in
the paper.

By extracting the displacement of vehicle in the turning
process, recording vehicles’ turning time, and the number of

turning vehicles, the average velocity of turning vehicles can
be calculated as

V =
veh.𝑛 ∗ ∑𝑚

𝑖=1
Disp
𝑖

∑
veh.𝑛
𝑗=1

𝑡
𝑗

. (6)

The calculation of average turning velocity of the vehicles
can be used to measure the traveling efficiency of vehicles
under different conditions of setting guide line or without
setting diversion line.

3. Left-Turning Vehicle Trajectory Model

3.1. Turning Characteristics of Left-Turning Vehicles. Based on
a long-term observation and research of types of intersec-
tions’ vehicles, some characteristics of left-turning vehicles
are found which are shown at the process of turning, through
the extraction, and summarizing the characteristics of the
turning vehicles, in-depth understanding of the turning
process. In order to establish the model of left-turning
vehicles’ objectively and effectively, some basic preparations
are provided. Left-turning vehicles’ characteristics will be
elaborated from three aspects as follows.

(1) Distribution of Trajectories. In the same period of a green
phase time, from the beginning of green to the end, the
vehicles’ tightly wrapped layer by layer from outside to inside
and from sparse to dense, which could form an envelope sur-
face. After the left-turning vehicles’ trajectories of 120 cycles
were extracted and researched, the same conclusion could
be got. As shown in Figure 3, with the order of the queue
turning vehicles’ trajectories going through the intersection is
extracted, at a left-turning green phase time. In order to easily
distinguish the trajectories of different vehicles, different
colors are used to mark different order trajectories, such as
red, yellow, and blue. Trajectory distribution characteristics
could provide a reference for the choice of guide line setting
area.

(2) TurningVelocity VariationCharacteristics. By tracking and
monitoring the velocity of left-turning vehicles, we could
discover that when left-turning vehicles change their lanes
during their turning progress, the rear vehicle’s velocity will
show obvious pause or slow down. On the contrary, if all the
left-turning vehicles do not change their lanes during their
turning progress, the fluctuation of velocity will be small and
the traffic release will be stable and efficient. So it is necessary
to guide the vehicles’ turning progress and reduce the lane
changing behavior.The velocity changes reflect the severity of
conflicts between left-turning vehicles and drivers are forced
to take measures to ensure personal security. On the other
side, the extraction of velocity could be used to calculate the
vehicles’ turning angle in the process of trajectory modeling.

(3) FlowDistributionCharacteristics of Different Cross Section.
From the intersection’s entrance, diagonal, export three sec-
tions, and the distribution characteristics of flow with time
are studied when a left-turning flow entered the intersection.
From the change of each section in flow over time diagram,
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(a) Intersection of R&Z (b) Intersection of Z&T

Figure 3: Vehicles’ trajectories inside a green phase.
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Figure 4: The relationship between flow and time in different sections.

the discrete characteristics can be understood in the vehicles’
turning process and the flow changes may also be reflected
in the condition of the vehicles’ lateral conflicts. Make a
left-turning green phase at the intersection, for example,
which demonstrates the changes in flow over time in different
cross-section, as shown in Figure 4. When there are conflicts
between vehicles and traffic block, the flow of every section
will change accordingly.

3.2. Development of the TrajectoryModel. During the process
of turning, the vehicles’ position continuously changes with
the change of angles, velocities, and displacements. Different
vehicles’ turning trajectories may have some types of dif-
ference. But at the same intersection whose channelization

scheme is fixed, the trajectories of the turning vehicles
show some regularity. And according to the principle of
optimization, the trajectories of the turning vehicles always
tend to a reasonable path.The left-turning trajectory diagram
can be seen as shown in Figure 5.

According to the knowledge of probability and statistical
analysis, a large number of turning vehicles’ trajectories
are extracted and counted. Combined with the left-turning
characteristics, such as trajectory distribution, velocity dis-
tribution characteristics, the trajectories whose distribution
is abnormal are removed and the trajectories which are
produced by the big velocity fluctuation vehicles should also
be removed. Therefore, the vehicle trajectory samples which
are formed in the normal turning conditions are obtained.
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Figure 5: Left-turning vehicle’s trajectory diagram.

Covered with these trajectory samples, the region formed a
geometric figure. And then, the geometric figure’s center line
is extracted from the entrance to the exit lane direction. After
the center line is processed smoothly, a reasonable path for
left turn vehicles is shown. Establishmodel for the reasonable
path trajectory and take the intersection in Figure 5 as an
example; the reasonable path of the left-turning vehicles
is shown as AB arc. Let the number of lanes in east-west
direction at the intersection be EW.ln, let lanewidth be EW.lw,
and let green belt be EW.grw; and the number of lanes in
south-north direction is SN.ln, lane width is SN.lw, and green
belt is SN.grw. Safety lateral clearance is 𝛼

1
and 𝛼

2
. Point 𝑂

was regarded as the turning center, which is located at the
lower left corner of the intersection. ds is the vertical distance
from the outermost lane boundary of the west entrance to the
point𝑂.𝑂𝐴,𝑂𝐵, which are the turning radius of the arc start
and end, are defined as 𝑅

𝑠𝑙
and 𝑅

𝑤𝑙
which are calculated as

𝑅
𝑠𝑙
= SN.lw × (SN. ln+0.5) + SN.grw + 𝛼

1
,

𝑅
𝑤𝑙
= EW.lw × (EW. ln+0.5) + EW.grw + ds + 𝛼

2
.

(7)

When the left-turning vehicle position changes, the turn-
ing radius of the arc may be expressed as

𝑅
𝑙
= Sqrt ((𝑅

𝑠𝑙
× Sin (𝜃 (𝑘)))2 + (𝑅

𝑤𝑙
× Cos (𝜃 (𝑘)))2) . (8)

The start turning angle is 𝜃 (𝑘) = 0 and the start point is
Arc𝐴 = 𝐴.

Let vehpos.𝑥(𝑘) be vehicle’s 𝑋 coordinates at 𝐾moment;
let vehpos.𝑦(𝑘) be vehicle’s 𝑦 coordinates at 𝐾 moment. The
position of the left-turning vehicle is decided by the start

Figure 6: Left-turning guide line setting.

and end turning radius, the start and end positions, speed,
vehicle’s locations, and turning angles, which is calculated as

vehpos.𝑥 (𝑘 + 1) = Arc𝐴.𝑥 + 𝑅
𝑙
∗ sin 𝜃 (𝑘 + 1) ,

vehpos.𝑦 (𝑘 + 1) = 𝑅
𝑙
∗ cos 𝜃 (𝑘 + 1) ,

𝜃 (𝑘 + 1) = 𝜃 (𝑘) +
vehSpeed

𝑅
𝑙

,

(9)

where vehSpeed is the average velocity of vehicles from the 𝑘
to 𝑘 + 1moment, which can be calculated by extracting data
of the trajectory model. The trajectory model could be used
not only in the single left-turning lane but also in themultiple
left-turning lanes.

4. Left-Turning Guide Line Setting at
the Intersection

Based on the extraction of the left-turning trajectories and
modeling, we can learn that conflicts among vehicles, as a
universal phenomenon, exist if there are no guide lines at the
intersection. Thus, some restraint measures should be taken.
And setting guide lines for multiple left-turning lanes at the
intersection is proposed which could be used to guide the
traffic. Take a quadruple left-turning lanes intersection, as an
example, which is shown in Figure 6.

Left-turning guide lines are set between the inlet and
outlet sidewalks inside the intersection, which is mainly
from the following two considerations. On one hand, the
end of the guide line ends at the exit of left-turning of the
sidewalk closed beta, which can give left-turning vehicles
enough freedom in choosing the exit road. Driver could
choose a reasonable road timely to leave the intersection fast,
according to the driving conditions and space situation in
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Table 1: The calculation results.

The same left lane Setting guide
lines

Without guide
lines

Average driving delay (s) 0.1 0.21
Average driving velocity (km/h) 32.6 15.8

front of the vehicle. On the other hand, in giving the left-
turning vehicles’ freedom to choose exit lane to turn, at the
same time, a certain limit is generated on left-turning path at
the process of turning. The setting of guide line could reduce
conflicts between left-turning vehicles, because of changing
lanes randomly during the progress of turning left, and ensure
the turning vehicles driving fast and efficiently in the guiding
of diversion line.

Vehicles of the left-turning lanes go through the stop line
and crosswalk into the intersection; because of the in front
guide lines’ guiding and binding effect, the left-turning vehi-
cles’ flow generally will not appear as dispersed phenomenon.
So the starting point of diversion line can be disposed inside
the crosswalk.When any vehicle drives to the end of the guide
line, the driver will make a decision to choose a suitable path,
according to the destination location, driving conditions
goals, and the running state of target lane in front of the
vehicle. The diversion line is set in this way, which could
make left-turning vehicles run orderly and quickly under the
constraints, without losing the flexibility and freedom.

The intersection of Figure 6 has quadruple left-turning
lanes. Before the setting of guide line, and conflicts between
vehicles will happen in the progress of release which will
affect the traffic efficiency. After the guide lines are set, the
majority of vehicleswill follow the guide line, and the quantity
of conflicts will be reduced.

After the left-turning guide lines are set, vehicles will
intent to follow the guiding of guide lines. From both the
perspective of the binding of regulations and the view of
psychology, the majority of drivers will travel along the
route of guide line and form a very neat turning queue. The
phenomenon of vehicles changing their route randomly can
be greatly reduced, the state of vehicles disorderly distributed
inside the intersection could also be improved, and the
conflicts between left-turning vehicles will be reduced. Left-
turning traffic flow will accelerate in the process of traveling
from entering the intersection to exit the intersection, which
will improve the efficiency of the turning vehicle traffic.

5. Instance Discussion

A long-term investigation has been done about the intersec-
tion of Yatai Street and Nanhu Road which has quadruple
left-turning lanes in Changchun China, as shown in Figure 7.
The average traffic delay and driving velocity were contrasted,
between the two states of lane changing and without lane
changing. Here, we assumed that the state of without lane
changing was just like the state of setting guide line. And the
calculation results are as shown in Table 1.

FromTable 1, we can see that the delay of no lane changing
or setting guide lines is lower than that without setting guide

Figure 7: The quadruple left-turning lanes intersection.

lines and the average driving velocity of setting guide lines
is higher than that without setting guide lines. So guide
line’s setting can reduce left-turning vehicles’ delay at the
intersection and improve traffic efficiency.

6. Conclusion

This paper applies the method of video detection to realize
real-time extraction and tracking of turning vehicles’ tra-
jectories at the intersection. The distribution characteristics
of trajectories, the changing characteristics of velocity, and
the changing characteristics flow are analyzed in depth. And
the trajectory model of left-turning vehicles is established.
Considering the vehicles’ turning characteristics and the
trajectory model, the method of setting guide line is pro-
posed. The intersection with quadruple left-turning lanes is
demonstrated as an example. Finally, the intersection of Yatai
Street and Nanhu Road is used to verify the effect of setting
guide lines at the intersection. The result shows that, under
the guiding of guide line, vehicles’ mutual interference could
be reduced effectively. Thus, the study provides a theoretical
basis for the traffic channelization of intersection and has a
good application prospect.

For further issues, we will consider how to set the guide
line in other states. For example, when the number of left-
turning entrance lanes is less than the number of exit lanes,
we should adopt which method to set the guide line. And we
will also study the conflict mechanism among vehicles at the
intersection.
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Activity-travel behaviors of women and men are different because they have different social and household responsibilities.
However, studies concerning gender differences are mainly limited in developed countries.This paper concentrates on gender role-
based differences in activity-travel behavior in a typical developing country, namely, China. Using data from 3656 cases collected
through surveys conducted in Shangyu, data processing, method choice, and descriptive analysis were conducted. Binary and
ordered logistic regression models segmented by gender were developed to evaluate the mechanism through which individual
sociodemographics, household characteristics, and activity participations affect the number of trip chain types and activities for
women and men. The results show that women aged 30 to 50 perform less subsistence activities. However, the difference between
the different age groups of men is not as significant. In addition, men with bicycles and electric bicycles have more subsistence and
maintenance activities, whereas women do not have these attributes. Moreover, women with children under schooling age make
more maintenance trip chains but less leisure trip chains and activities, whereas men are free from this influence. Furthermore,
both women and men perform more subsistence activities if the duration increases, and men have less influences than women do.

1. Introduction

At the turn of the 21st century, China was in a revolution [1].
Since the “Reform and Opening-up” policy to the western
world in the late 1970s, this revolution has brought rapid
economic boom and continuous improvement of female
social status and educational level. Consequently, gender
differences have become more complex, requiring special
attention and additional research. Women and men have
varying roles in the society because of their different social
and household responsibilities. As a result, gender differences
exist in their activity-travel behavior concerning the influence
of individual sociodemographics, household characteristics,
and activity participations. Pas [2] found that gender is a
significant factor for daily travel-activity behavior. Levinson
and Kumar [3] assumed that the increase in trip chaining
is an adjustment to higher family incomes and less time
as women have already entered the workforce. Through

statistical analysis, Elias et al. [4] concluded that demographic
factors differently affect the tour frequency for women and
men.

Various studies have been conducted in western coun-
tries, such as America and Germany, and in developed
Asian countries, such as Japan and Korea, to determine
the effect of individual/household sociodemographics and
activity participations on daily activity-travel behaviors of
women and men. McGuckin and Murakami [5] found that
women, especially those with children in the household, are
more likely to undertake chain household-sustaining trips
when going to and fromwork. Based on theNational Personal
Transportation Survey, Strathman and Dueker [6] stated
that women are more likely to form complex commutation
and nonwork chains than men. Furthermore, Vance and
Iovanna [7] found that employment status, age, number of
children, automobile availability, and proximity to public
transit exert significantly different effects on the probability
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of nonwork car travel between women and men. In Japan,
Kawase [8] disclosed that daughters are forced into long-
distance commuting from their parents’ homes because of
the Japanese traditional idea that parents should not allow
their daughters to live alone. In Korea, Jang [9] discovered
that males prefer automobiles and females prefer public
transportation and walking. Moreover, males have more
activity time than females.

In developing countries, studies have focused on gen-
der role-based differences in the activity-travel behavior of
women and men. Yang et al. [10] analyzed gender-based
differences in mode choice by comparing the interactions
among sociodemographics, time-use patterns, and mode
choices. Cao and Chai [11] concluded that males dominate
outside work-related activities, whereas females dominate
outside household-related activities. In addition, they jointly
participate in nonwork activities. Yang et al. [12] assumed that
male in-home activity participation has a positive effect on
the length and number of female trip chains, and vice versa.

Previous studies havemainly focused on developed coun-
tries. Unlike in developing countries, gender differences in
terms of activities and travel behaviors are relatively less
emphasized. Although several studies dealing with gender
have been conducted, most have merely focused on the
travel itself. Limited research has been conducted on gender-
based analysis to determine the influence of individual
sociodemographics, household characteristics, and activity
participations on the different types of trip chains and
activities. Therefore, understanding and quantifying gender
role-based differences in activity-travel behavior in devel-
oping countries are urgently needed. The present research
will provide a deeper comprehension of the activity-travel
behavior in China, thereby promoting contrastive studies
between developed and developing countries.

Based on an activity-travel survey of Shangyu residents,
the main objective of this paper is to explore gender-based
differences in the following two aspects: first, analyze gender
differences in various impact factor influences on subsistence
number, maintenance, and leisure trip chains; and second,
generate gender-based comparisons and analyses on how
the influential variables affect the number of subsistence,
maintenance, and leisure activities of women and men.

This paper consists of five sections. Section 2 presents the
methodology of the binary logistic regression and ordered
logistic regression. Section 3 discusses the data collection
and processing methods. The criteria for the method eval-
uation are also explored, and descriptive analyses of the 13
independent and 6 dependent variables are made based on
the gender differences. Section 4 presents the preliminary
analysis and results, as well as the evaluation of relevant
models. This section also mainly discusses the gender role-
based differences in subsistence, maintenance, and leisure
trip chains and activities. Finally, the conclusion and future
directions are discussed.

2. Methodology

This study uses binary and ordered logistic regression
models segmented by gender to evaluate how individual

sociodemographics, household characteristics, and activity
participations affect the number of trip chain and activity
types of women and men.

In binary logistic regression, 𝑦 is usually coded with
values of 0 and 1, representing a binary choice or state.
Several independent variables or predictors are included and
defined as 𝑥

1
, 𝑥
2
, . . . , 𝑥

𝑛
. Thus, the binary logistic model can

be expressed as follows:

𝑝 (𝑦 = 1 | 𝑥) =
1

1 + exp [− (𝛼 + ∑𝑛
𝑖=1
𝛽
𝑖
𝑥
𝑖
)]
, (1)

where 𝑝 is the predicted probability when 𝑦 = 1 and 𝛼 and 𝛽
are the intercept parameter and slope parameter, respectively
[13].

Odds express the likelihood that an event would occur.
Odds can be calculated using the following equation:

Ln (odds) = Ln(
𝑝

1 − 𝑝
) = 𝛼 +

𝑛

∑

𝑖=1

𝛽
𝑖
𝑥
𝑖
. (2)

Through this logit function, themodel can be constructed
and the variables can be estimated via an iterative maximum
likelihood procedure and then used to analyze the influence
of various impact factors by comparing the odds and odds
ratio output [13].

Unlike the binary logistic regression, the ordered logistic
regression is generally used for categorical responses with
three or more values. The definition is as follows:

𝑦
∗

= 𝛼 +

𝑛

∑

𝑖=1

𝛽
𝑘
𝑥
𝑘
+ 𝜀, (3)

where 𝑦∗ is the exact but unobserved dependent variable and
𝛽 (𝛽
1
, 𝛽
2
, . . . , 𝛽

𝑛
) is the vector of regression coefficients that

we wish to estimate [14].
Although directly observing 𝑦∗ is impossible, its cate-

gories of 𝑦∗ can be examined through the following:

𝑦 =

{{{{

{{{{

{

0, 𝑦
∗

≤ 0

1, 0 < 𝑦
∗

≤ 𝜇
1

⋅ ⋅ ⋅

𝑁, 𝜇
𝑁−1
< 𝑦
∗

,

(4)

where 𝜇 represents the cut-off score set by the model [14].
By observing 𝑦, the ordered logit technique could be used

to fit parameters 𝛼 and 𝛽. It can also be used to analyze the
influence of impact factors.

3. Data and Descriptive Analysis

3.1. Data Collection and Processing. The selected city in this
study is Shangyu, which is a typical small city located in
the hinterland of the Yangtze River Delta and is one of the
fastest growing regions in Eastern China. The city has a
population of about 204,900 (average town population in
China is 930,475) and covers an area of 111 square kilometers
with a central district of 18.2 square kilometers. The survey
was implemented to formulate an overall transportation plan
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in Shangyu, and the plan was implemented in areas where
the urbanization level has reached a considerably high degree.
Data collection was conducted through questionnaires, ran-
dom sampling method (sampling rate is approximately 3%),
and face-to-face interviews. The response rate of the 5550
distributed forms is 89.7%. After the preliminary test, 4761
forms became available after the data were uploaded into
the access database. With household as a unit, the survey
involves all members in a household, except children under
school age. The survey has three sections, namely, household
characteristics, individual sociodemographics, and travel-
activity attributes [10].

Two test rules have been set to remove the incorrect data.

(1) Considering that not all respondents thoroughly
understand the survey, this test rule includes the
following three common mistakes in the database.

(i) Several items or attributes, such as job and
family income, were left out in the form.

(ii) Several attributes are incorrectly filled. For
example, in the original questionnaire, the job is
coded with values from 1 to 6, which represent
the different levels of family income status.
In several cases, the value of family income
is 0. These items should be deleted from the
database.

(iii) Several attributes in an individual’s daily activ-
ities contradict each other. For instance, we
consider two typical mistakes. First, an indi-
vidual’s trip purpose is to go home but his/her
destination for the same trip is the shopping
mall. Second, the destination of an individual’s
last journey does not agree with the source of
his/her next journey.

(2) The number of an individual’s total activities should
be more than or equal to the total number of his/her
trip chains. In addition, an individual should have
more subsistence activities than her/his subsistence
trip chains; the same should be the case for his/her
maintenance and leisure activities.

Students were excluded from this study because they
always routinely travel. Finally, 3656 valid cases that can be
used for further analysis were selected based on the above
criteria.

The different types of activities and trip chains were
then classified. Pas [15] placed all out-of-home activities
in the three broad categories of subsistence, maintenance,
and leisure. He defined work and school as subsistence,
and shopping and personal businesses as maintenance [16].
This study excludes students and naturally categorizes work
and several work-related affairs as subsistence activities; this
research views shopping, picking up the children, and other
personal business as maintenance activities. Bowman [16]
defined leisure as optional activities for enjoyment. In this
study, sports and other leisure entertainments were regarded
as leisure activities.

A trip chain or tour is defined as the travel from home to
one or more activity locations and back to home [17]. Each of
these tours visits a number of stops or destinations. Within
these destinations, several rankings of importance could be
assumed [18]. In this study, the trip chain type was defined
based on the type of primary destination, identified as “the
destination at which the longest amount of time was spent”
[18]. When focusing on a trip chain with multiple activities,
we refer to a count of tours.That is, as all tours can be regarded
as round-trip journeys, we need to calculate the number of
complete home-based trip chains an individual has made in a
day.The result is viewed as the number of his/her trip chains.

After classifying the different types of trip chains and
activities, the dependent variables are processed as follows.
First, personal trip chains should be removed from survey
records. That is, based on the purpose of an individual’s
trip, the records per day are treated as different types of trip
chains, such as H-W-H or H-S (shopping-) H. Then, the
number of the trip chains and activities is calculated. Finally,
all the dependent variables are coded with the proper values
based on their distribution frequency (original values of these
variables and detailed processingmethod are discussed in the
next section).

Ultimately, independent variables should be processed
based on their types. For the discrete independent variables,
this paper uses several statistical characteristics that code
these variables with proper values. The results are presented
in Table 1. With respect to the continuous independent
variables, this paper uses the total time an individual spends
on a certain activity (“activity duration” equals “departure
time” minus “arrival time”).

3.2. Method Choice. Theprocedure for coding the dependent
variables with specific values is an essential step for the final
method selection. Figure 1 shows the frequency distributions
of each variable. In terms of the number of subsistence trip
chains, most people have no or only one trip chain (more
than 99%); therefore, combining the second and third groups
becomes a necessity. Considering the number ofmaintenance
trip chains, individuals who undertake two or more trip
chains do not account for an adequate proportion to separate
them from the second group. Focusing on the number of
leisure trip chains, the case is the same as themaintenance trip
chain. That is, two groups are naturally classified. However,
results change because the three parts of these numbers
evidently occupy the majority of the number of subsistence
activities.Therefore, individuals that have no trip chain, those
that have one or two trip chains, and those that have three or
more trips are coded with values 1, 2, and 3, respectively. For
the number of maintenance activities, although individuals
who have three or more maintenance activities do not have
the proportion to separate them from the others, careful
calculation will result in changes as the ratio of women
becomes 14.4% and that of men becomes 7.8%. For women,
14.4% is a relatively large proportion. Men usually have only
a few maintenance activities, so 7.8% is also a relatively large
ratio. This factor is truly significant for the analysis of the
men who have more “unexpected” trip chains. Finally, by
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Table 1: Classification and description of independent variables.

Attributes Classification Description Female Male

Individual sociodemographics

Job None 1, 0 otherwise 42.7% 24.8%
At least one Reference category 57.3% 75.2%

Age
Under 30 1, 0 otherwise 10.9% 7.8%
30–50 1, 0 otherwise 58.6% 60.0%
Over 50 Reference category 30.5% 32.2%

Driving license Has not held 1, 0 otherwise 92.0% 60.8%
Already held Reference category 8.0% 39.2%

Educational level
Low 1, 0 otherwise 44.8% 30.3%

Middle 1, 0 otherwise 38.3% 40.0%
High Reference category 17.0% 29.7%

Household characteristics

Bicycles and electric vehicles None 1, 0 otherwise 12.9% 13.5%
At least one Reference category 87.1% 86.5%

Motorcycles None 1, 0 otherwise 74.0% 71.7%
At least one Reference category 26.0% 28.3%

Cars None 1, 0 otherwise 88.2% 81.8%
At least one Reference category 17.8% 18.2%

Annual family income
Under 20,000¥ 1, 0 otherwise 22.9% 22.7%
20,000-50,000¥ 1, 0 otherwise 44.1% 44.8%
Over 50,000¥ Reference category 33.0% 32.5%

Children under school age None 1, 0 otherwise 76.4% 76.1%
At least one Reference category 23.6% 23.9%

Activity participations
Duration of subsistence activities
Duration of maintenance activities

Duration of leisure activities

concentrating on the number of leisure activities, the number
can be divided into two because individuals who have no
leisure activities account for most of the sample (more than
80%).

All the dependent variables have been coded with specific
values, so we can now discuss the method selection. The
number of subsistence, maintenance, and leisure trip chains
is coded with 0 (none) and 1 (one or more). In this sense,
they can be viewed as binary variables (whether an individual
“has” or “does not have” a trip chain). Therefore, binary
regression is the best choice for these variables. The same
principle applies to the dependent variable “number of leisure
activities.” The number of subsistence and maintenance
activities is coded with 1 (none), 2 (one or two), or 3 (three
or more). Therefore, we can group the three categories as
none, usual number, and greater number. Ordered logistic
regression is suitable to group these variables.

3.3. Descriptive Analysis. In Table 1, the 13 independent vari-
ables are divided into two groups, namely, discrete and
continuous groups. The discrete groups have two general
types, namely, individual sociodemographics and household
characteristics.

Considering the individual sociodemographics, 49.5% of
women participated in the survey compared with 50.5% of
men. Notably, 42.7% of the women do not have jobs, whereas
24.8% of the men are working, indicating that men might
have higher levels of formal work engagement. Considering

the ages, about three-fifths of the women and men are aged
30 to 50 years, revealing slight gender differences in the age
distribution. Another evident difference can be observed in
their driver’s license. About 39.2% of men and only 8.0% of
women have a driver’s license, making it necessary for the
latter to rely on other transportation modes, such as buses
and “electric bicycles,” which is a form of transportation in
China that resembles a bicycle in appearance but uses electric
batteries. In addition, the education level of women is lower
compared with that of men, but the gap decreases, especially
in the middle education level.

In terms of household characteristics, most women and
men have at least one bicycle or electric bicycle, but only
about one-fourth of these individuals have motorcycles.
Moreover, cars are not widely used, with a ratio of 18%,
although the annual family income is relatively high. Nearly
24% of the families have school-aged children, so parents face
larger constraints on travel.

Activity participation includes information on frequency,
intensity, and duration of physical activities in all main
domains [19]. This paper considers the duration of subsis-
tence, maintenance, and leisure activities as three continuous
independent variables that reflect the influence of the activity
participations on the trip chains and activities. Table 2 shows
that the average time of subsistence activities for women
is about 0.28 h less than that of men, although 39.1% of
women have no subsistence activities, which is consistent
with the above-mentioned job ratio.This finding also suggests
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Figure 1: Distribution of trip chain numbers and activities between male and female.

that men are more burdened with formal work engagements
than women. Furthermore, the durations of the maintenance
and leisure activities are significantly lower than that of the
subsistence activities. However, the number of women who
have no maintenance activities is nearly 20% lower than that
of men, indicating that women have more important roles in
nonwork household activities than men.

We now focus on the six dependent variables that include
the number of subsistence, maintenance, and leisure trip
chains, and the number of subsistence, maintenance, and
leisure activities. Table 3 shows that men have 17% more
subsistence trip chains and activities than women. However,
in the maintenance trip chain and activities, women are
20% higher. This finding indicates that men have more
work engagements, whereas women are burdened with more
household responsibilities. In addition, no significant gender
difference in the leisure trip chain and activities is observed
partly because most people in the city engage in minimal
leisure activities, and the small figure fills up the gap. This

finding is distinct from the situation in developed countries.
Data from the 2000 Behavioral Risk Factors Surveillance
System suggest that only 27% of adults in the US are not
engaged in any leisure physical activity [20].

4. Analysis of Gender Role-Based Differences
in Activity-Travel Behavior

4.1. Preliminary Tests. This paper used binary and ordered
logistic regression methods. Testing the significance of the
discrete and continuous independent variables is important.
Using the Pearson chi-square test, we can determine the
significance of the discrete variables and decide whether they
are potential candidates as independent variables. Moreover,
by using the logistic regression for single variables and by
determining the Wald value, we can select the candidates as
continuous independent variables for subsequent models.

After selecting the candidates for the discrete and contin-
uous independent variables, a combined stepwise method is
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Table 2: Statistical descriptions of continuous independent variables.

Mean (h) Std. deviation Percentage of zero
Female Male Female Male Female Male
∗ ∗∗ ∗ ∗∗ ∗ ∗∗ ∗ ∗∗

Duration of subsistence activities 4.85 7.96 6.44 8.24 4.21 2.08 3.90 2.15 39.1% 21.8%
Duration of maintenance activities 0.80 1.68 0.71 2.67 1.79 2.29 2.11 3.38 52.4% 73.3%
Duration of leisure activities 0.28 1.70 0.28 1.87 0.86 1.46 0.95 1.74 83.3% 84.9%
∗: Total cases are included, ∗∗: only nonzero cases are included.

Table 3: Classifications and values of independent variables.

Dependent variables Classification Values Female Male

Number of subsistence trip chains None 0 38.8% 21.1%
One or two 1 61.2% 78.9%

Number of maintenance trip chains None 0 58.0% 77.6%
One or more 1 42.0% 22.4%

Number of leisure trip chains None 0 83.8% 84.9%
One or more 1 16.2% 15.1%

Number of subsistence activities
None 1 38.8% 21.1%

One or two 2 34.4% 45.8%
Three or more 3 26.8% 33.1%

Number of maintenance activities
None 1 50.3% 71.5%

One or two 2 35.3% 21.0%
Three or more 3 14.4% 7.5%

Number of leisure activities None 0 82.9% 84.3%
One or more 1 17.1% 15.7%

used to pick the final variables needed in the model. Tables
4 and 5 show the results. The gender-based differences and
policy applications related to the subsistence, maintenance,
and leisure trip chains and activities are discussed in the
following sections.

4.2. Gender Differences in Number of Subsistence, Mainte-
nance, and Leisure TripChains. Table 4 shows that among the
individual sociodemographics variables, nonwork negatively
affects the subsistence trip chain, suggesting that nonworkers
have less subsistence trip chains than employed individuals.
In addition, jobs are more significant predictors for women,
with odds ratios of –3.584 (women) and –2.720 (men). This
finding can be attributed to the fact that females account
for a relatively small proportion of the total number of
workers and therefore are more sensitive to this variable.
When considering age, women aged 30 to 50 years have
less subsistence than those less than 30 years. However, the
difference between the age groups ofmen is not as significant.
This observation can be attributed to women who have more
nonwork responsibilities after marriage. Another significant
gender difference lies in the educational level. This predictor
is positive for womenwho reached low andmiddle education
levels but is insignificant for men in the maintenance trip
chain. This finding can be explained through the two follow-
ing aspects. First, the number of women who receive higher
education is increasing. Thus, we can deduce that highly
educated women have substantially more different lifestyles

and after-work schedules compared with those who achieved
lower education levels.This difference is naturally considered
into the maintenance trip chain. Meanwhile, most of the men
with low and middle education level still undertake more
financial responsibility than women and, thus, focus on their
work rather than their maintenance trip chain.

Considering household characteristics, low annual family
incomes indicate that men with low or middle income tend
to have less subsistence trip chains, whereas women with
the same income have a different subsistence trip chain. In
other words, the subsistence trip of women is not significantly
affected because the increasing household income will make
them stay at home and care more about their family affairs.
However, for men, an increasing income is usually related to
an increasing workload and, consequently, more subsistence
trips. Moreover, when the family income increases, the life
standard will also increase, resulting in the need to work
harder for a better salary and cope with the new living
standard. Children under school age do not significantly
influence men in terms of all the three types of trip chains
because they are relatively free from the responsibility to take
care of the children. However, childless women are negatively
affected in the maintenance trip chain. This finding indicates
that women seem tomake lessmaintenance trip chains before
they have a child. However, as their responsibilities for raising
children increase, women deal with more affairs regarding
their children’s everyday life. Therefore, they make more
maintenance trip chains, such as shopping, to better raise
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Table 4: Binary logistic regressions for number of subsistence, maintenance, and leisure trip chains.

Number of subsistence trip chain Number of maintenance trip chain Number of leisure trip chain
Female Male Female Male Female Male
𝐵 Wald 𝐵 Wald 𝐵 Wald 𝐵 Wald 𝐵 Wald 𝐵 Wald

Job-none −3.584 263.391 −2.720 123.034 — — — — — — — —
Age 57.583 46.300 12.72 7.750 8.106 21.219
Under 30 2.884 25.320 1.540 6.975 −1.035 7.232 −0.631 2.166 −1.346 6.662 −1.750 4.888
30–50 1.528 46.832 1.801 44.193 −0.168 0.622 −0.590 7.266 −0.633 6.998 −1.439 19.245
Driving license-Has not
held — — — — — — — — 1.279 6.549 — —

Educational level 50.883 19.916 9.819 — 5.318 6.772
Low −2.842 37.221 −1.565 19.762 0.854 9.322 — — −1.304 3.965 −0.825 5.046
Middle −1.771 14.253 −1.285 13.401 0.530 3.957 — — −0.347 0.520 −0.825 5.256
Bicycles and electric
bicycles-none — — −0.658 5.332 — — −0.303 4.433 — — — —

Cars-none 0.729 4.371 — — — — 0.309 4.572 — — — —
Annual family income — 8.842 — — — —
Under 20,000¥ — — −0.978 8.767 — — — — — — — —
20,000-50,000¥ — — −0.575 3.536 — — — — — — — —
Children under school
age-none — — — — −0.368 6.993 — — 1.246 7.593 — —

Duration of subsistence
activities — — — — −0.295 137.471 −0.254 89.400 −0.144 8.799 −0.392 6.023

Duration of
maintenance activities −1.256 95.551 −1.340 138.619 2.346 211.291 2.361 208.790 — — — —

Duration of leisure
activities −0.847 32.149 −1.015 70.220 — — — — 5.924 240.154 5.380 227.134

Constant 4.232 56.310 5.012 126.814 −0.495 4.119 −0.432 5.284 −4.346 20.770 −1.784 25.264
Nagelkerke 𝑅2 0.831 0.789 0.797 0.682 0.818 0.807
The omitted parameter is set to zero because it is treated as reference category.

the children. For the leisure trip chain, Tillberg Mattsson [21]
stated that an essential impact of children on women’s leisure
trips is that the norm of organized child leisure results in
a high degree of time-space adaptation on the part of the
parents, especially the mothers. In this study, this impact
appears as a positive predictor for women with no children.
Based on these findings, we can conclude that women put less
time and effort on the leisure trip chain when they have a
child.

We now focus on the variables reflecting activity par-
ticipations. The duration of the subsistence activities shows
negative effects on the number of leisure trip chains for
both women and men. However, the influence level differs
between women and men, with odds ratios of –0.144 and
–0.392, respectively. In other words, when the duration of
the subsistence activities increases by 1 h, the likelihood for
a leisure trip chain will decrease by 14% (1 − exp(−0.144))
for women and by 32% (1 − exp(−0.392)) for men because
men usually work longer than women do. As a result, longer
working hours for men decrease the time spared for the
leisure trip chain, indicating that subsistence activities have
a higher effect on men by making them devote more time

for work.Therefore, men should weigh and balance work and
leisure.

4.3. Analysis for Gender Role-Based Subsistence, Maintenance,
and Leisure Activities. Table 5 shows the impacts of the
sociodemographic variables. Age is a positive impact factor
for both middle-aged women and men in the subsistence
activities but has a different influential degree with odds
ratios of 1.109 and 0.432. This finding suggests that middle-
aged women are more likely to perform subsistence activities
compared with men, with odds of 3.03 (women) and 1.54
(men). Considering the educational level, the likelihood of
low-educated women who undertake subsistence activities is
less than that ofmen.This finding can be attributed to the fact
that men are burdened with more financial responsibilities
and, therefore, would always try to performmore subsistence
activities to better support the family despite their low
education level. This observation is consistent with findings
in the subsistence trip chain analysis.

Among the household characteristics, men without
bicycles and electric bicycles notably have a negatively
affected subsistence and maintenance activities. This mode is
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Table 5: Logistic regressions for number of subsistence, maintenance, and leisure activities (binary).

Number of subsistence activities Number of maintenance activities Number of leisure activities
Female Male Female Male Female Male

Estimate Wald Estimate Wald Estimate Wald Estimate Wald 𝐵 Wald 𝐵 Wald
Job-none −1.516 85.099 −1.595 99.451 1.564 91.747 1.690 113.168 — — — —
Age-under 30 1.014 19.620 0.176 1.756 −1.080 22.257 0.160 1.599 −2.629 7.078 −2.290 6.046
Age-30 to 50 1.109 40.594 0.432 10.804 −1.168 45.580 −0.459 12.374 −0.997 6.638 −1.741 23.493
Educational level-low −0.624 15.226 −0.552 14.885 0.607 14.490 0.549 14.916 −0.997 4.043 −1.237 9.333
Educational level-middle −0.208 4.114 −0.339 7.765 0.192 2.802 0.370 9.376 −0.227 1.240 −0.877 51.186
Bicycles and electric
bicycles-none — — −0.351 5.608 — — −0.351 5.715 — — — —

Annual family
income-under 20,000¥ — — −0.397 6.693 — — −0.365 6.977 — — — —

Annual family
income-20,000-50,000¥ — — −0.084 1.508 — — −0.170 4.363 — — — —

Children under school
age-none — — — — −0.161 5.672 — — 2.736 5.215 — —

Duration of subsistence
activities 0.219 107.581 0.067 12.858 −0.231 122.596 −0.102 32.542 −0.209 5.826 −0.117 8.657

Duration of
maintenance activities −0.391 34.092 −0.658 98.864 0.364 31.269 0.586 87.155 — — — —

Duration of leisure
activities −0.353 12.070 −0.479 37.950 — — — — 7.979 40.745 6.791 176.224

Evaluation of the model
Valid cases 1810 1845 1810 1845 1810 1846
Nagelkerke 𝑅 square 0.681 0.574 0.638 0.656 0.911 0.844
The omitted parameter is set to zero because it is treated as reference category.

an insignificant impact factor for women. This special case
only occurs in several specific areas in China. To be exact, as
motorcycles are regulated and cars are not widely used (18%)
in Shangyu, bicycles, especially electric bicycles, have become
the major transportation mode in this city. As a result, men
are more inclined to perform subsistence and maintenance
activities using electric vehicles, whereas women might use
buses, thereby causing different influential degrees on these
two types of activities for women and men. Concerning
children under school age, having no children is a positive
predictor for women in terms of their leisure activities,
whereas it has no substantial effect on men. This finding can
be explained by the fact that childless women have more free
time to undertake leisure activities, whereas those who have
children are committed to raising their kids.This finding is in
good agreement with the influence of leisure trip chain.

With respect to the variables reflecting activity participa-
tions, the longer duration of subsistence activities indicates
that the individual could performmore subsistence activities.
Moreover, men seem to be less influenced by the additional
time compared with women, having odds ratios of 0.067
and 0.219, respectively. This finding can be explained by the
fact that most men shoulder a large part of the household
financial responsibility, and numerous men already have one
or more jobs to support their families. Therefore, an increase
or decrease in the duration of the subsistence activities
will not significantly increase the likelihood of having more

subsistence activities for men. Another gender difference lies
in the duration of the maintenance activities. This difference
shows a more evident negative effect on men in terms of
their number of subsistence activities. This finding indicates
that men are less likely to perform subsistence activities than
women when their time for maintenance activities increases.

5. Conclusions and Future Directions

This research focuses on the gender role-based differences
in activity-travel behavior in developing countries, such as
China. Using the travel data obtained from a survey in
the city of Shangyu, data processing, descriptive analysis,
and rigorous significance tests were conducted. Binary and
ordered logistic regression model segmented by gender were
developed to evaluate the mechanism through which indi-
vidual sociodemographics, household characteristics, and
activity participations affect the number of trip chain types
and activities of women and men.

The major findings for the gender differences in the
activity-travel behaviors are as follows.

(1) Individual sociodemographics: unemployed workers
make less subsistence trip chains, and this finding
is especially evident among women because of their
smaller proportion in the total number of workers.
Women aged 30 to 50 yearsmake less subsistence trips
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than those younger than 30 years. However, the differ-
ences between the age groups ofmen are insignificant.
Education level is not related to men’s maintenance
trip chain, but women with higher education levels
will make less maintenance trip chains. Men with
lower education level have more subsistence activities
than women who achieve the same level.

(2) Household characteristics:menwith lower household
income tend to have less subsistence trip chains,
whereas women with the same income perform
differently. Men with bicycles and electric bicycles
have more subsistence and maintenance activities
compared with women. Women with children under
school age havemoremaintenance trip chains but less
leisure trip chains and activities. By contrast, men are
not influenced by this attribute.

(3) Activity participations: a longer duration for the
subsistence activities leads to fewer leisure trip chains.
This factor is more significant among men. Both
women and men perform more subsistence activities
if the duration increases, but men are less influenced
than women. Men are less likely to perform sub-
sistence activities than women when their time for
maintenance activities is increased.

Several of our findings show potential implications for
traffic demand management (TDM) policies. One of the
most important aims of TDM programs is to directly or
indirectly persuade travelers to change their schedules, thus
affecting traffic congestion. For instance, the government in
Eastern China usually adjusts commuters’ work schedules
to ease road congestion. However, according to the findings
in this study, women with children under school age have
to deal with more affairs involving their children’s everyday
life and would naturally make more maintenance trips,
such as shopping, to better raise their children. Therefore,
for working women, domestic needs might decrease their
abilities to adapt to their expected work schedules, thereby
seriously affecting their normal lives. Another implication
lies in the quantity of the subsistence activities. By analysis,
men respond less significantly to changes in the duration;
therefore, men will show lower time or propensity to cut
down or change their subsistence activities if the duration
is decreased. Based on different degrees of influences of
the strategy, we can formulate different TDM policies to
decrease relevant working hours for women and men for
more flexible maintenance and leisure trips. In addition,
this proposal suggests that policy makers should be more
oriented toward women because they can easily change their
subsistence activities. Finally, this TDM strategy can result in
fewer regular and concentrated trips to avoid traffic jams.

Several future research directions can be deduced from
this study. First, many models, such as multinomial logit,
probit, and negative binomial regression models, can be
developed to compare the activity-travel behaviors investi-
gated in this study. Second, Shangyu is a typical small city in
China, so the research could be improved if other city scales
and types can be utilized to enhance and increase available
data. Third, along with gender, the sample population can

also be divided intoworkers andnonworkers to achieve better
comparison. Finally, more relevant investigations should be
designed and conducted to verify and discover potential
policy implications based on the analysis of gender-based
activity-travel behavior.
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This paper investigates the optimal road toll design problem from the perspective of sustainable development at network-wide
level. In this paper the sustainable development level of transportation system is quantitatively described with the total vehicular
emission, total fuel consumption, and total travel time in the network. In order to simultaneously consider the impacts of all these
three indicators on sustainability of transportation system, we integrate them into a sustainable development index (SD-index) by
a linear combination, and then we establish the corresponding bilevel optimization model. The upper level problem is the network
toll design problem to maximize the SD-index from the viewpoint of traffic managers, and the lower level problem is to depict
travelers’ route choice behavior under a certain road toll scheme. Finally, a combined genetic algorithm and gradient projection
algorithm (GA-GP) is used to solve the bilevel model, in which the GP algorithm solves the traffic assignment problem with road
toll scheme in the lower level. In order to verify the proposed model and algorithm, we take the Nguyen-Dupuis network for the
numerical example, and the computing results show that the model and algorithm are effective and efficient.

1. Introduction

Traffic congestion is a global problem that almost everyone
living in big cities has to face, which causes a great waste
of time for the urban commuters. At the same time, the
rapid development of transportation, especially the current
unrestrictive use of private cars, also brings about the severe
air pollution and energy crisis problem. It is well known
that all these traffic problems seriously restrict the further
development for the cities all over the world. And therefore,
there is clearly an urgent need for effective measures and
policies to combat all these issues caused by the unsustainable
transportation systems and then to develop a sustainable,
low-carbon, and energy-saving urban transportation sys-
tems.

Road toll pricing, which is a type of traffic demand
management measure, is widely recognized as a useful tool
for alleviating traffic congestion and reducing vehicular
emissions [1–6]. Recent developments in information and
communication technologies have made the implementa-
tion of road pricing schemes easier. There are some well-
known successful examples of electronic road pricing all over

the world, including the congestion charging schemes in
California, Singapore, and London [7, 8].

There is a substantial body of literatures on road toll
pricing, and the policy objectives of these works can be
generally summarized as follows:minimizing total travel time
of transportation networks with fixed travel demand [1–3,
9, 10], maximizing total social welfare of all travelers in the
network with elastic travel demand [11–14], maximizing the
network capacity [15], or maximizing the network travel time
reliability [16], and so on. For recent reviews on road tolls, see
[17, 18]. However, as the issues of society, environment, and
energy caused by traffic congestion become worse and worse,
improving the sustainability of the urban transportation
systems is nowadays the urgent concern of transportation
networkmanagement. In this paper, we attempt to investigate
the optimal road toll design problem from the perspective of
sustainable development of transportation system. In order
to quantitatively measure the sustainability of transportation
systemwith different network toll schemes, some quantitative
indicators must be adopted. In general, the sustainable
development level of transportation system can be described
from the aspects of transportation network efficiency and
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environmental pollution, as well as the energy consump-
tion. Consequently, in this paper we take the network-wide
total travel time, total vehicular emission, and total fuel
consumption as the measuring indicators of the sustainable
development level of transportation system, and further-
more, in order to simultaneously consider the impacts of all
these three indicators on the sustainability of transportation
system, we integrate all these three sustainability indicators
into a sustainable development index (SD-index) by a linear
combination. And thus, the optimization objective in the
road toll design problem is to maximize the SD-index of the
urban transportation system.

The remaining sections are organized as follows. Section 2
presents the bilevel programming model of optimal road
toll design problem from the perspective of sustainable
development. Section 3 introduces the solution approach, and
in this section we adopt a combined GA-GP algorithm to
solve the bilevel optimization model. In order to verify the
proposedmodel and algorithm, the Nguyen-Dupuis network
is taken as a numerical example in Section 4 and conclusions
are provided in Section 5.

2. Bilevel Programming Model

Since the sustainable development index (SD-index) is deter-
mined by the total weighted sum of the emitted vehicular
emission and the fuel consumption, as well as the total
travel time in the network, and, furthermore, these three
sustainability indicators can be largely affected by the link
flows, thus wemust figure out the relationships between these
sustainability indicators and link flows before getting into
the essential investigation; in other words, we must figure
out how these sustainability indicators change with respect
to the link flow volumes in the network. In fact, there are
many investigations having focused on deriving the desirable
function relationships to date, and some analytical function
expressions are obtained based on the realistic survey data
[4, 5, 19, 20]. In this paper, we adopted the emission function
used in TRANSYT-7F [4, 5, 19] and the fuel consumption
function derived in [20], as well as the commonly used BPR
function.

The optimal road toll design problem at network-wide
level from the perspective of sustainable development with
fixed demand static user equilibrium flow constraint is
formulated as follows:

max 𝐼 (x, 𝜏) = exp (−𝑍 (x, 𝜏)
10𝑚
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where x(𝜏) is the equilibrium flow pattern defined by the
following fixed demand static user equilibrium problem with
a certain road toll scheme imposed on the network:
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The notations are defined in Notations section.
In this bilevel model, the upper level describes leader or

policy problem and the lower-level model represents follower
or user’s behavioral problem. In the optimal road toll design
problem from the perspective of sustainable development, the
upper-level problem is to determine an optimal decision for
road toll scheme to make the sustainable development index
(i.e., SD-index) maximum. The lower-level problem repre-
sents a user equilibrium assignment problem that describes
travelers’ path-choosing behavior under a certain road toll
scheme.

The proposed bilevel model is generally difficult to solve
because evaluation of the upper-level objective functions
requires solving the lower-level subprogram. Besides, since
this bilevel model is a NP-hard problem and the upper
level is nonconvex and nondifferentiable in x which is
defined by the lower level model, therefore, the existing exact
solution algorithms are not available for solving this bilevel
model. Consequently, in this paper we adopt a combined
genetic algorithm and gradient projection algorithm (GA-
GP) to solve the proposed model; to be specific, the traffic
assignment problem with road toll in the lower level is solved
by GP algorithm while the toll design problem in the upper
level is solved by GA.

3. Solution Approach

Genetic algorithm (GA) is one of themost well-known search
heuristics for solving optimization problems [21–24]. GA
uses techniques such as inheritance, mutation, selection, and
crossover which are inspired by natural evolution and can
search for optimal or near-optimal solutions for an optimiza-
tion problemover the search domain. GA is implemented as a
computer simulation in which a population of chromosomes
of candidate solutions to an optimization problem evolves
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toward better solutions. Solutions can be represented in
binary or real-coded. The evolution usually starts from a
population of randomly generated individuals and happens
in generations. In each generation, the fitness value of every
individual in the population is evaluated;multiple individuals
are randomly selected from the current population (based
on their fitness value) and modified (recombined and pos-
sibly randomly mutated) to form a new population. The
new population is then used in the next iteration of the
algorithm. Commonly, the algorithm terminates when either
a maximum number of generations have been produced, or a
satisfactory fitness level has been reached for the population.

In this paper the chromosomes of the GA are designed in
this way: all the tolled links on the network are successively
numbered, and each gene in one chromosome represents
the toll level charged on the corresponding link. For the
chromosomes in the initial generation, all their genes are
randomly generated between 0 and 𝑈. And meanwhile,
since the optimal toll design variables in the upper-level
subprogram are real, we adopt the real-coded representation
to represent the design variables 𝜏

𝑎
, ∀𝑎 ∈ 𝐴 with a length

equal to the number of tolled links in the network. The value
of each gene represents the link toll level, which is constrained
by the upper and lower bound, that is,𝑈 and 0 in this paper. In
the following, a brief description of the GA implementation
procedure is provided.The implementation procedure of GA
is shown in Figure 1.

Step 1 (Initialization). A feasible search space should be
first defined, and all the chromosomes will be operated
and evaluated in this constrained space. Set the maximum
number of generations as 𝑇, population size as 𝑁, crossover
probability as 𝑃

𝑐
, and mutation probability as 𝑃

𝑚
. Then

set 𝑡 = 0, and create the original population [Pop(0)]
consisting of 𝑁 chromosomes, which can be denoted by
[𝑃𝑜𝑝(0)]

1
, [𝑃𝑜𝑝(0)]

2
, . . . , [𝑃𝑜𝑝(0)]

𝑖
, . . . , [𝑃𝑜𝑝(0)]

𝑁
. It is note-

worthy that these chromosomes are randomly generated
from the feasible region, the length of each chromosome
equals the number of the tolled links in the network, and each
gene of the chromosomes represents the corresponding link
toll level which lies in the interval between 0 and 𝑈.

Step 2. For each chromosome [𝑃𝑜𝑝(𝑡)]
𝑖
(𝑖 = 1, 2, . . . , 𝑁)

in the current population [Pop(t)], solve the lower level
program byGradient Projection (GP) algorithm and evaluate
the fitness value with the sustainable development index (SD-
index), which is the objective function of the upper level
program.

Step 3. If 𝑡 > 𝑇, then stop and output the optimal
chromosome; else set 𝑡 := 𝑡 + 1, and then go to next step
(Step 4).

Step 4 (Reproduction). In this process the chromosomes
reproduce according to their fitness values; that is, the bigger
the SD-index value is, the higher the chance becomes that the
chromosome will be chosen as the offspring chromosome.
And meanwhile, a simpler tournament selection is adopted
to decide whether or not a chromosome can reproduce

depending on SD-index value. The procedure of tournament
selection is that 𝑝

𝑟
⋅ 𝑁 chromosomes with maximum SD-

index values are added into the population and 𝑝
𝑟
⋅ 𝑁 chro-

mosomeswithminimumSD-index values are discarded from
the population. The resulting population has the same size
with the original one. After the selection, all chromosomes
are completely put in the mating pool.

Step 5 (Crossover). Since the chromosomes in the toll design
problem are coded using a real-coded representation, the
arithmetic crossover is used. This method randomly divides
the 𝑁 chromosomes into 𝑁/2 pairs, and each pair yields
two new chromosomes via a linear combination. Assume that
both 𝜏 and 𝜏 are selected and 𝑐 is a random number chosen
from 0 to 1. If 𝑐 > 𝑝

𝑐
, then the following crossover operations

for y and y are performed:

If 𝐼 (𝜏) > 𝐼 (𝜏)

then 𝜏 = 𝜏 + 𝜆 (𝜏 − 𝜏) , 𝜏


= 𝜏


+ 𝜆 (𝜏− 𝜏


) ;

Else 𝜏= 𝜏 + 𝜆 (𝜏− 𝜏) , 𝜏


= 𝜏


+ 𝜆 (𝜏


− 𝜏) ,

(3)

where 𝐼(𝜏) and 𝐼(𝜏) are, respectively, the fitness values of
chromosomes 𝜏 and 𝜏, while 𝜏 and 𝜏 are the resulting
children chromosomes, and 𝜆 ∈ [0, 1] is a random number
determining the crossover grade of chromosomes 𝜏 and 𝜏. If
𝑐 < 𝑝
𝑐
, no crossover operation is performed.

Step 6 (Mutation). With a lower probability, randomly
choose some genes from all the chromosomes in current
population, and then modify value of these genes by a
pseudorandom number between 0 and 𝑈. In this paper
the multiple mutation is adopted and only 𝑝

𝑚
⋅ 𝑁 random

chromosomes in the population [Pop(t)] are chosen to be
mutated. The formula of mutation operation for a selected 𝜏
is given by

𝜏new = 𝜏 + 𝛼𝜃, (4)

where 𝛼 is a small positive constant and 𝜃 is a random
perturbation vector to produce small disturbances on 𝜏. If
the resulting chromosome is outside the feasible region, the
original one is retained. This process may also generate some
new chromosomes.

Step 7. After the genetic operations of reproduction,
crossover, and mutation, a new offspring population will be
generated. And then go back to Step 2.

4. Numerical Example

In this section, an example demonstrates the performance of
the proposedmodel and algorithm for the optimal toll design
problem. The network used in the numerical experiment is
depicted in Figure 2, which was also used for numerical
examples in [25]. The road network consists of 13 nodes, 19
links, and 25 paths.There are 4O-Dpairs; that is, 1→2, 1→3,
4→ 2, and 4→ 3. The travel demands for each OD pair are
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Evaluate 
the fitness
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Figure 1: The implementation procedure of genetic algorithm.
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Figure 2: Nguyen-Dupuis network used in the example.

given in Table 1. The link travel time function is the standard
BPR function:

𝑡
𝑎
= 𝑡
0

𝑎
[1 + 0.15(

V
𝑎

𝐶
𝑎

)

4

] , 𝑎 = 1, 2, . . . , 19, (5)

where 𝑡
𝑎
, 𝑡0
𝑎
, V
𝑎
, and 𝐶

𝑎
are the travel time, free-flow travel

time, flow, and capacity of link 𝑎, respectively. All the link
related parameters are provided in Table 2.

Table 1: Travel demands of each OD pair (veh/hr).

O D
2 3

1 400 800
4 600 200

In this paper, Matlab GA Toolbox is applied to solve the
bilevel programming model, with the GA parameters set as
follows: 𝑇 = 100,𝑁 = 20, 𝑃

𝑐
= 0.65, and 𝑃

𝑚
= 0.01.

The optimal toll scheme and the equilibrium link flow
pattern under UE, as well as the corresponding link travel
times, are presented in Table 3. Besides, in order to compare
the results of the toll scenario with the no-toll scenario
and analyze the impacts of road toll on SD-index, we also
provide the UE solution of no-toll scenario in Table 3.
In addition, under UE with the optimal road toll scheme
the used equilibrium paths between each OD pair and the
corresponding path flows, as well as the resultant path costs
(in fact, the path cost is generalized path travel cost which
consists of the path travel time and the total toll charged on
that path), are given in Table 4. And meanwhile, the used
paths and the equilibrium path flows under UE without road
toll are also presented in Table 4.

As shown in Table 3, when there is no tolled
link in the network (i.e., no-toll scenario), it gives



Discrete Dynamics in Nature and Society 5

Table 2: Link related parameters of the example network (min, veh/hr, km).

Link 1 2 3 4 5 6 7 8 9 10
𝑡
𝑎

0 7 9 9 12 3 9 5 13 5 9
𝐶
𝑎

900 700 700 900 800 600 900 500 300 400
𝑙
𝑎

4.0 4.0 4.0 7.0 2.0 4.0 4.0 8.0 4.0 5.0
Link 11 12 13 14 15 16 17 18 19
𝑡
𝑎

0 9 10 9 6 9 8 7 14 11
𝐶
𝑎

700 700 600 700 700 700 300 700 700
𝑙
𝑎

5.0 6.0 5.0 4.0 5.0 4.0 4.0 9.0 6.0

Table 3: Optimal toll scheme and the corresponding link flow (min/0.5, veh/hr, min).

Toll
Link 1 2 3 4 5 6 7 8 9 10
𝜏
∗

𝑎
1.31 0.29 0.04 0.52 0.70 0.15 0.34 0.02 0.67 2.10

V∗
𝑎

800 400 245 555 752 293 621 131 245 376
𝑡
∗

𝑎
7.66 9.14 9.02 12.26 3.35 9.08 5.17 13.01 5.33 10.05

Link 11 12 13 14 15 16 17 18 19
𝜏
∗

𝑎
1.95 0.20 1.23 0.42 0.18 0.66 0.00 0.45 0.81

V∗
𝑎

645 355 493 486 355 507 0 400 493
𝑡
∗

𝑎
9.97 10.10 9.62 6.21 9.09 8.33 7.00 14.22 11.41

No toll
Link 1 2 3 4 5 6 7 8 9 10
V
𝑎

800 400 395 405 898 297 898 0 395 503
𝑡


𝑎
7.66 9.14 9.14 12.07 3.71 9.08 5.74 13.00 7.25 12.38

Link 11 12 13 14 15 16 17 18 19
V
𝑎

795 205 497 205 205 503 0 400 497
𝑡


𝑎
11.25 10.01 9.64 6.01 9.01 8.32 7.00 14.22 11.42

the result of deterministic user equilibrium solution
without implementing road pricing scheme. In this
situation, the SD-index is about 0.694, which indicates
that the sustainable development level in the no-toll
scenario is relatively not very high and may increase
to a higher level by imposing an appropriate road toll
scheme. In this example the optimal road toll scheme is
[𝜏
1
𝜏
2
𝜏
3
𝜏
4
𝜏
5
𝜏
6
𝜏
7
𝜏
8
𝜏
9
𝜏
10
𝜏
11
𝜏
12
𝜏
13
𝜏
14
𝜏
15
𝜏
16
𝜏
17
𝜏
18
𝜏
19
] =

[1.31 0.29 0.04 0.52 0.70 0.15 0.34 0.02 0.67 2.10
1.95 0.20 1.23 0.42 0.18 0.66 0.00 0.45 0.81], and the
corresponding UE link flow is [𝑥

1
𝑥
2
𝑥
3
𝑥
4
𝑥
5
𝑥
6
𝑥
7
𝑥
8
𝑥
9

𝑥
10
𝑥
11
𝑥
12
𝑥
13
𝑥
14
𝑥
15
𝑥
16
𝑥
17
𝑥
18
𝑥
19
] = [800 400 245 555 752

293 621 131 245 376 645 355 493 486 355 507 0 400 493], and
with this optimal toll scheme imposed in the network, the
SD-index is about 0.802, with an increasing ratio of 15.56%
compared to that in the no-toll scenario.

It can be seen from Table 4 that when the network flow
pattern reachesUE, the total travel costs on all the used routes
between the same OD pairs are equal to and less than the
costs on all the unused routes, which is entirely consistent
with theWardrop UE principle. Besides, from Table 4 we can
also find that when the optimal toll charge scheme is imposed
in the network, there are 3 equilibrium routes used between
OD pair (1, 3) under UE, while there are 2 equilibrium routes
used between the same OD pairs in the no-toll scenario. In
other words, it seems that the network flows under UE can

be more evenly distributed throughout the whole network,
and thus the traffic congestion in the road can be mitigated
if the road toll scheme is properly designed. In fact, the V/C
ratios in links 5, 9, 10, and 11 are all greater than 1 under UE in
the no-toll scenario, while the V/C ratios are all smaller than
1 under UEwith the optimal road toll scheme imposed on the
network, which shows that the appropriate toll charge scheme
can not only increase the SD-index of transportation system,
but also alleviate the road congestion simultaneously.

5. Conclusions

In this paper, the optimal road toll design problem (TDP)
from the perspective of sustainable development at network-
wide level has been studied. The TDP is formulated as a
bilevel programming model, and, specifically, the upper level
model is to determine the optimal road toll scheme with
the aim of maximizing sustainability level of transportation
system and the lower level model is to depict the users’ travel
behaviors under a certain network toll scheme.Moreover, this
paper integrates three measurable sustainability indicators
of transportation system, that is, total travel time, total fuel
consumption, and total vehicular emissions into a sustainable
development index (SD-index), which is the final optimiza-
tion objective of the bilevel programming model. Besides,
the combined genetic algorithm and gradient projection
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Table 4: Corresponding path flow and path cost (min, veh/hr).

(O, D) Toll No toll
Used paths Path flow Path cost Used paths Path flow Path cost

(1, 2) 2–18–11 400 38.72 2–18–11 400 34.62

(1, 3)
1–6–13–19 293.19 44.78 1–6–13–19 297.34 37.79
1–5–8–14–16 131.27 44.78 1–5–7–10–16 502.66 37.79
1–5–7–10–16 375.54 44.78 — — —

(4, 2) 4–12–14–15 354.52 40.28 4–12–14–15 204.86 37.10
3–5–7–9–11 245.48 40.28 3–5–7–9–11 395.14 37.10

(4, 3) 4–13–19 200 38.41 4–13–19 200 33.13

algorithm (GA-GP) is adopted to solve the bilevel model, in
which the gradient projection (GP) algorithm is mainly used
to solve the lower level traffic assignment problem with a
certain network toll scheme. In order to verify the proposed
model and algorithm, we take the Nguyen-Dupuis network
for the numerical example, and the computing results show
that the model and algorithm are feasible and efficient and
can be taken as a reference for the related research. Further
investigations will concentrate on the toll design problem
when there are multiple user groups, as well as the impacts
of demand uncertainty on the optimal toll scheme.

Notations

A: The set of links in the network
R: The set of origins
S: The set of destinations
K𝑟𝑠: The set of paths between OD pair

(𝑟, 𝑠), ∀𝑟 ∈ 𝑅, 𝑠 ∈ 𝑆

f : The vector of path flows,
𝑓 = [𝑓

𝑟𝑠

𝑘
], ∀𝑟 ∈ 𝑅, 𝑠 ∈ 𝑆

x: The vector of link flows, 𝑥 = [𝑥
𝑎
], ∀𝑎 ∈ 𝐴

𝜏: The vector of road toll level, 𝜏 = [𝜏
𝑎
], ∀𝑎 ∈ 𝐴

l: The vector of link length, 𝑙 = [𝑙
𝑎
], ∀𝑎 ∈ 𝐴

U: The vector of upper bound of road toll charged
on links 𝑈 = [𝑈

𝑎
], ∀𝑎 ∈ 𝐴

𝑚: Digit number of the function value 𝑍(𝑥, 𝜏), and
10
𝑚−1

⩽ 𝑍(𝑥, 𝜏) ⩽ 10
𝑚

t: The vector of link travel times,
𝑡 = [𝑡
𝑎
(𝑥
𝑎
, 𝜏
𝑎
)], ∀𝑎 ∈ 𝐴

𝐸
𝑎
: The emission per vehicle on link 𝑎

𝐹
𝑎
: 100 km fuel consumption per vehicle on link 𝑎

𝛿
𝑟𝑠

𝑎,𝑘
: The link-path incidence, 𝛿𝑟𝑠

𝑎,𝑘
= 1 if link 𝑎 is on

the 𝑘th route connecting origin 𝑟 and
destination 𝑠, and 𝛿𝑟𝑠

𝑎,𝑘
= 0 otherwise

𝜌: Value of time, which is assumed to be 0.5 for all
travelers in this paper

𝛼, 𝛽, 𝛾: The monetary conversion factors.
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Urban rail transit fare strategies include fare structures and fare levels. We propose a rail transit line fare decision based on an
operating plan that falls under elastic demand. Combined with the train operation plan, considering flat fare and distance-based
fare, and based on the benefit analysis of both passenger flow and operating enterprises, we construct the objective functions and
build an optimization model in terms of the operators’ interests, the system’s efficiency, system regulation goals, and the system
costs. The solving algorithm based on the simulated annealing algorithm is established. Using as an example the Changsha Metro
Line 2, we analyzed the optimized results of different models under the two fare structures system. Finally the recommendations
of fare strategies are given.

1. Introduction

In the urban rail system, fare strategies include fare structures
and fare levels. Fare structures are the relationship between
the fare amount and the trains’ travel distance, which includes
the flat fare and the graduated fare (distance-based, section-
based, and so on).

Savage [1] found from conducting a time-series analysis
of the bus operations of the Chicago Transit Authority from
1953 to 2005 that Chicago could improve social welfare by
reducing service frequencies and then by using the saved
money to lower fares for a given budget constraint. Using the
city of Haifa, Israel, as a case study, Sharaby and Shiftan [2]
focused on evaluating the impact of fare integration on travel
behavior and on transit ridership, which showed a significant
increase in passenger demand and ticket sales when a simple
fare system with free transfers, reducing fares for many
passengers was adopted. They found that fare reduction was
a significant factor in attracting transit users. Litman [3]
studied transit price elasticity and cross-elasticity wherein
he evaluated public transit benefits and costs (see also, [4]).
Some studies [5–7] showed that fare systems, service levels,
living standards, and travel demands would affect public
transit ridership. Winston and Maheshri [8] found, through
estimating the contribution of eachUSurban rail operation to

social welfare based on the demand for and cost of its service,
that with the exception of BART in the San Francisco Bay
area, every system actually reduces welfare and was unable to
become socially desirable even with optimal pricing or with
a physical restructuring of its network.

Li et al. [9] developed a profit maximization model
to optimize rail line length, number and the locations of
stations, the headway, and the fares. Chien and Tsai [10]
studied optimization of fare structure and service frequency
for maximum profitability of a rail line, while peak period
and off-peak period were considered, and they conducted
sensitivity analyses of fares and headways. Borndörfer et al.
[11] studied models for fare planning in public transport, and
the study included some objectives such as the maximization
of demand, revenue, profit, or social profit, and they proposed
a nonlinear optimization approach based on a detailed
discrete choice model of user behavior. Then they used the
resulting models to compute and to compare optimized fare
systems for the city of Potsdam, Germany. Lam and Zhou [12]
presented a bilevel model to optimize the fare structure for
transit networks with elastic demand under the assumption
of fixed transit service frequency, where the upper-level
problem seeks to maximize the operator’s revenue, whereas
the lower-level problem is a stochastic user equilibrium
transit assignment model with capacity constraints. Zhou et
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al. [13] also built a bilevel transit fare equilibrium model for
a deregulated transit system, where the upper-level problem
is to maximize the profit of each transit operator within an
oligopolistic market for there exists a generalized Nash game
between transit operators, and the lower-level problem is
stochastic user equilibrium assignment model with elastic
OD demand.

Obviously, the fare decision of urban rail transit systems is
a multiple objective problem. Studies from various objective
functions have shown the differences of fare strategies. In
this paper, we present the models of fare strategy under
some objective functions, including the two typical fare
structures, flat fare (FF) and distance-based fare (DBF).Then
we compare the optimal solutions of these models.

The remainder of this paper is organized as follows. In
the next section, we analyze the fare decision problem, which
includes the generalized travel costs of passengers and the
operator’s benefits. In Section 3 we discuss the constraints
and objective functions and present the optimization models
with various objective functions. In Section 4, we develop
a solution algorithm based on a simulated annealing (SA)
algorithm. In Section 5, the case of Changsha Metro Line 2
is used to illustrate the application of the proposed models
and of the solution algorithm. In particular, we analyze and
discuss the solutions of each fare structure under objective
functions. Finally, the conclusions and a recommended fare
policy are given in Section 6.

2. Problem Statements

Urban passenger flow typically exhibits an obvious charac-
teristic of elastic demand that is affected by generalized travel
costs determined by the train operation organization. So the
fare of urban rail transit must be optimized comprehensively
by combining with the train schedule.

For simplification, the following assumptions aremade in
this paper.

(A1) The research range is limited to an urban rail line for
the independence of operational and fare policy of
many urban rail transit lines.

(A2) The research time period is a travel time interval of
passenger flow (e.g., the morning or evening peak
hour).

(A3) The operation service of the urban rail line uses a long
train route and an all-stop schedule. And every train
has a uniform number of vehicles.

A transit line 𝑙(𝑁) = (𝑆, 𝐸) is represented by an ordered
sequence of stations 𝑆 = {1, 2, . . . , 𝐿

𝑆
}, and 1, 2, . . . , 𝐿

𝑆
is

arranged by the down direction. The sections are denoted by
𝐸 = {𝑒(𝑖, 𝑗) | 𝑖, 𝑗 ∈ 𝑆}, and the mileage of 𝑒(𝑖, 𝑗) is 𝑤(𝑒) and is
also denoted by 𝑤(𝑖, 𝑗) or by 𝑤. Down and up directions are,
respectively, denoted by 𝜛 = 0 and 𝜛 = 1.

Headway is denoted by𝐻minutes within given research
period 𝑇. The train speed is denoted by V and every train
consists of 𝑚 vehicles. The passenger load capacity and the
maximum allowable load rate of each vehicle are 𝑉 and 𝜆,
respectively.

The potential passenger demand and the actual passenger
demand between stations 𝑖 and 𝑗 are denoted by 𝑌

𝑖𝑗
and 𝑄

𝑖𝑗
,

respectively.
The fare of the two fare structures, 𝑓

𝑖𝑗
(𝑖, 𝑗 ∈ 𝑆, 𝑖 ̸= 𝑗), can

be expressed as

𝑓
𝑖𝑗
= {
𝑓 (Flat-fare)
𝑓
0

𝑤
+ 𝑓
𝑤

𝑤 (𝑖, 𝑗)
 (Distance-based) ,

(1)

where 𝑓 is the ticket price of the FF and 𝑓0
𝑤
and 𝑓

𝑤
are the

fixed and variable components of the DBF, respectively.

2.1. Analysis of Generalized Travel Costs. Generalized travel
costs of passengers are a weighted combination of fare
spending, time costs, and congestion costs. Fare cost is
decided by fare structure and its associated fare amounts.
Time costs are weighted by wait time at stations and by in-
vehicle time.

When arriving time follows a uniform distribution, the
average wait time, 𝑡

𝑤
, can be calculated by

𝑡
𝑤
=

𝐻

2 × 60
. (2)

In-vehicle time of passengers comprises train operation
time and stop time, 𝑡

0
(minutes), of each intermediate station.

So in-vehicle time between 𝑖 and 𝑗 stations, 𝑡
𝐼
(𝑖, 𝑗), is

𝑡
𝐼
(𝑖, 𝑗) =

𝑤 (𝑖, 𝑗)

V
+
𝑗 − 𝑖 − 1

 𝑡0
(3)

Congestion cost is related to the volume of passengers.
During period 𝑇, passenger flow of section 𝑒(𝑘, 𝑘 + 1) of
direction 𝜛, denoted as 𝑔(𝑘, 𝜛), is

𝑔 (𝑘, 𝜛) =

{{{{{{{{{{{{{{{{{{{{

{{{{{{{{{{{{{{{{{{{{

{

0

𝑘 = 1, 𝜛 = 1

0

𝑘 = 𝐿
𝑆
− 1, 𝜛 = 0

𝑔 (𝑘 − 1, 𝜛) +

𝐻
𝑆

∑

𝑗=𝑘+1

𝑄
𝑘𝑗
−

𝑘−1

∑

𝑗=1

𝑄
𝑗𝑘

2 ≤ 𝑘 ≤ 𝐿
𝑆
− 1, 𝜛 = 1

𝑔 (𝑘 + 1, 𝜛) +

𝑘−1

∑

𝑗=1

𝑄
𝑘𝑗
−

𝐻
𝑆

∑

𝑗=𝑘+1

𝑄
𝑗𝑘

1 ≤ 𝑘 ≤ 𝐿
𝑆
− 2, 𝜛 = 0.

(4)

Therefore, the corresponding congestion cost 𝐵
𝑘,𝑘+1

can be
given by

𝐵
𝑘,𝑘+1

(𝜛,𝐻) =

{{{{{{{{

{{{{{{{{

{

0

𝑔 (𝑘, 𝜛) ≤
60𝑇𝑉

𝐻

𝑎
1
𝑡
𝐼
(𝑘, 𝑘 + 1) (

𝐻 ⋅ 𝑔 (𝑘, 𝜛)

60𝑇𝑉
)

𝑎
2

60𝑇𝑉

𝐻
< 𝑔 (𝑘, 𝜛) <

60𝜆𝑇𝑉

𝐻
,

(5)

where 𝑎
1
and 𝑎
2
are dimensionless experience parameters.
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As shown by the cost equations, except for fare expenses,
the passengers’ time and the congestion costs are determined
by the train schedule. So passenger flow 𝑄

𝑖𝑗
within period 𝑇

can be defined as a function of potential passenger𝑌
𝑖𝑗
and the

generalized travel costs, used and specified as

𝑄
𝑖𝑗
= 𝑌
𝑖𝑗
[1 − 𝑎

𝑤
𝑡
𝑤
− 𝑎
𝐼
𝑡
𝐼
(𝑖, 𝑗) − 𝑎

𝑓
𝑓
𝑖𝑗
− 𝑎
𝐵
𝐵
𝑖𝑗
] , (6)

where 𝑓
𝑖𝑗
is the fare from station 𝑖 to 𝑗, and 𝑎

𝑤
, 𝑎
𝐼
, 𝑎
𝑓
,

and 𝑎
𝐵
are the parameters for the wait time, in-vehicle time,

fare, and congestion cost, respectively. In order to ensure
the nonnegativity of the passenger demand, the following
condition should be satisfied:

0 ≤ 1 − 𝑎
𝑤
𝑡
𝑤
− 𝑎
𝐼
𝑡
𝐼
(𝑖, 𝑗) − 𝑎

𝑓
𝑓
𝑖𝑗
− 𝑎
𝐵
𝐵
𝑖𝑗
≤ 1. (7)

2.2. The Operator’s Benefit. The operator’s benefit needs to
consider both operating income and operating expenses.
Operational income 𝑅 is the product of passenger flow and
its corresponding fare; that is,

𝑅 =

𝐿
𝑆

∑

𝑖=1

𝐿
𝑆

∑

𝑗=1

𝑓
𝑖𝑗
𝑄
𝑖𝑗
. (8)

Operational cost consists of the following three compo-
nents: train operating cost 𝐶

𝑂
, rail line cost 𝐶

𝐿
, and rail

station cost 𝐶
𝑆
. It is represented as

𝐶 = 𝐶
𝑂
+ 𝐶
𝐿
+ 𝐶
𝑆
. (9)

The train’s operating cost is directly related to the fleet size
𝐹where 𝐹 equals the turnaround time of passenger trains,Θ,
divided by headway 𝐻. So the number of serviceable cars 𝑁
within the period 𝑇 can be formulated as

𝐹 =
Θ

𝐻/60
. (10)

In addition to rervedents of vehicles above. the service
cars, the number of reserved and maintenance cars is 𝜀 times
the number of service cars (𝜀 is about 25% generally). Vehicle
operating costs accordingly comprise these three components
of the vehicles described above. That is,

𝐶
𝑂
= 𝑁𝑐
𝑈
+ 𝛽𝜀𝑁𝑐

𝑈
, (11)

where 𝑐
𝑈
is average car operating costs per one hour and

𝛽 (0 < 𝛽 < 1) is the cost parameter of reserved and
maintenance cars.

Rail line maintenance costs can be expressed as

𝐶
𝐿
= 𝛾
0
𝑤 (1, 𝐿

𝑆
) +
60𝛾
1

𝐻
, (12)

where 𝛾
0
is the fixedmaintenance costs per kilometer line and

𝛾
1
is the associated cost parameter related to headway𝐻.
The total rail stations cost can be expressed as

𝐶
𝑆
= ∑

𝑖∈𝑆

𝐶
𝑖

𝑆
= Λ
0
𝐿
𝑆
+ Λ
1
∑

𝑖∈𝑆

𝑄
𝑖
, (13)

whereΛ
0
is the fixedmaintenance cost of each station within

period 𝑇, Λ
1
is the service cost for per passenger in a station,

and 𝑄
𝑖
(i.e., 𝑖 (𝑖 ∈ 𝑆)) is the total volume of arrival and

departure passengers. It can be given by

𝑄 = ∑

𝜛=0,1

𝑄
𝑖
= ∑

𝑗 ̸=𝑖

𝑄
𝑖𝑗
+∑

𝑗 ̸=𝑖

𝑄
𝑗𝑖
𝑖, 𝑗 ∈ 𝑆. (14)

3. The Optimization Model

3.1. The Analysis of Constraints. The train frequency should
satisfy the constraint of tracking interval time 𝜏 and the
maximum headway 𝜏

0
for maintaining service levels, and the

train’s load capacity is limited by the maximum allowable
capacity rate 𝜆.

Maximum passenger flow of section (𝑘∗
𝜛
, 𝑘
∗

𝜛
+ 1) for the

direction 𝜛, 𝑄(𝑘∗
𝜛
, 𝜛), can be given by

𝑄 (𝑘
∗

𝜛
, 𝜛) = max

𝑘

{𝑔 (𝑘, 𝜛) | 1 ≤ 𝑘 ≤ 𝐿
𝑆
− 1} . (15)

Then, headway𝐻 should satisfy the constraint as

𝜏 ≤ 𝐻 ≤ min{ 60𝑇𝜆𝑉

𝑄 (𝑘
∗

𝜛
, 𝜛)
, 𝜏
0
} . (16)

Meanwhile, the fare of the whole line should be set for an
upper bound limited in operational costs and economic level.
The fare of upper bound for all fare structures is 𝑓, and 𝑓0

𝑤
is

the upper bound of fixed components of DBF. That is,

0 ≤ 𝑓
𝑖𝑗
≤ 𝑓 ∀𝑖, 𝑗 ∈ 𝑆, 𝑖 ̸= 𝑗 (17)

0 ≤ 𝑓
0

𝑤
≤ 𝑓
0

𝑤
. (18)

3.2. Objective Functions and Optimization Models. For the
problem of urban rail transit route fares, the selection of
the optimization objective functions needs to consider the
operators’ benefits, the passengers’ benefits, and the social
service function. In many literatures, the problem has been
studied as a multiobjective program. In the following, the
different models will be established according to different
optimization objectives in order to compare the effect of these
objective functions.

3.2.1. Analysis of the Operator’s Benefit. The direct benefit
of urban rail transit operators is the train’s operating profit,
which can be expressed as the operation revenue (ticket
income) minus the operation costs. The objective function of
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the operator’s direct operation benefit during the study period
𝑇 can be expressed as

Max𝜓
1
= 𝑃 = 𝑅 − 𝐶

= ∑

𝜛=0,1

𝐿
𝑆𝑠

∑

𝑖=1
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1
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𝑤

𝐻

60
− 𝑎
𝐼

× (
𝑤 (𝑖, 𝑗)

V
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𝑗 − 𝑖 − 1

 𝑡0)

− 𝑎
𝑓
𝑓
𝑖𝑗
− 𝑎
𝐵
𝐵
𝑖𝑗
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𝑖𝑗
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− (𝑚 (1 + 𝜀𝛽) 𝑐
𝑈

60Θ

𝐻
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0
𝑤 (1, 𝐿

𝑠
)

+
60𝛾
1

𝐻
+ Λ
0
𝐿
𝑠
+ Λ
1
∑

𝑖∈𝑆

𝑄
𝑖
(𝐻, 𝑓
𝑖𝑗
)) .

(19)

3.2.2. Objective Function of SystemBenefits. Urban rail transit
has the dual nature of public welfare and profitability. The
overall benefit of an urban rail transit system relates both to
the operator and to the passengers.The operator’s benefit can
be measured in its fare income. Passenger benefits 𝐸

𝑝
include

generalized travel cost and travel benefits; namely,

𝐸
𝑝
= 𝜎𝑄
𝑖𝑗
− 𝑄
𝑖𝑗
(𝑓
𝑖𝑗
+
𝑎
𝑤

𝑎
𝑓

𝑡
𝑤
+
𝑎
𝐼

𝑎
𝑓

𝑡
𝐼
(𝑖, 𝑗) +

𝑎
𝐵

𝑎
𝑓

𝐵
𝑖𝑗
) . (20)

It should be pointed out that the value of 𝜎 can be understood
as the net profit value of rail transit in terms of service and
efficiency compared with other transportation models.

Therefore, the objective function of maximum system
benefits can be expressed as follows:

Max𝜓
2
= 𝜓
1
+ 𝐸
𝑝
. (21)

3.2.3. Objective Function of Urban Rail Transit Supervision.
Urban rail transit regulators pay attention to the sustainable
operation capacity and the traffic service functions of the
urban rail transit system. Thus, the operator’s benefit and the
volume of passenger turnover 𝑇

𝑚
provided by rail transit can

be used as the supervision objectives. Among them, 𝑇
𝑚
can

be expressed as

𝑇
𝑚
= ∑

𝜛=0,1
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𝑖𝑗
)) .

(22)

In order to make the two objectives of the operation
supervision into a single objective function, the relative
weight factor 𝜑 of passenger turnover is introduced, and then
the objective function can be expressed as

Max𝜓
3
= 𝜓
1
+ 𝜑𝑇
𝑚
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(23)

3.2.4. Analysis of the Minimum System Cost Objectives. The
cost minimization of a rail transit system can also be used
as an optimization objective of fare strategies. The objective
function is the sum of two part costs, operators’ costs, and
passengers’ generalized travel costs; namely,

Min𝜓
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= 𝐶 + 𝑄
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𝐵
𝑖𝑗
) .

(24)

Based on the above analysis, models (M1) through (M4)
consist of one of the objective functions (19) through (24),
respectively, and all the constraints (7), (16), (17), and (18).

4. Solution Algorithm Based on
Simulated Annealing

Each of the above models (M1) through (M4) is a nonlinear
optimization problem. Therefore, we have designed a SA-
based general solution algorithm, for every fare structure in
the models. The models (M1) through (M4) can be solved in
a uniform solution structure.

In the algorithm, the generation algorithm of the feasible
solution and the calculation method for travel ODmatrix are
each described here.

Algorithm 1. Generation algorithm of the feasible solution.

Step 1. Select randomly 𝐻 ∈ [𝜏, 𝜏
0
] and 𝑓

𝑖𝑗
∈ [0, 𝑓] (FF:

𝑓 ∈ [0, 𝑓] andDBF:𝑓0
𝑤
∈ [0, 𝑓0

𝑤
],𝑓
𝑤
∈ [0, (𝑓−𝑓

0

𝑤
)/𝑤(1, 𝐿

𝑆
)])
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under the constraints of (16) or (17) or (18) and set initial
congestion cost matrix 𝐵 as a zero matrix.

Step 2. Judge whether (𝐻, 𝑓
𝑖𝑗
) satisfies 0 ≤ 1 − 𝑎

𝑤
𝑡
𝑤
−

𝑎
𝐼
𝑡
𝐼
(𝑖, 𝑗) − 𝑎

𝑓
𝑓
𝑖𝑗
≤ 1. If it is not satisfied, return to Step 1.

Step 3. If (𝐻, 𝑓
𝑖𝑗
) is a feasible solution, then calculate the

corresponding OD matrix 𝑄 by Algorithm 2; meanwhile,
calculate the section of maximum passenger flow, 𝑄(𝑘∗

𝜛
, 𝜛).

Step 4. If all the elements in 𝑄 satisfy the nonnegative
constraints (7), then (𝐻, 𝑓

𝑖𝑗
) is a feasible solution. Otherwise,

return to Step 1.

Algorithm 2. Calculation method for OD matrix.

Step 1. Set𝑚 = 0 to represent the number of iterations and the
initial congestion costs matrix 𝐵0 is a zero matrix. Calculate
OD matrix 𝑄𝑚 with the solution (𝐻, 𝑓

𝑖𝑗
) and 𝐵𝑚 by (5).

Step 2. Calculate the passenger flow, 𝑔(𝜛, 𝑘)𝑚, of each section
based on (4). Then update congestion costs 𝐵𝑚+1 = 𝐵𝑚 and
calculate 𝑄𝑚+1 by (6).

Step 3. If 𝑄𝑚+1 and 𝑄
𝑚 are sufficiently close (e.g.,

max
𝑖,𝑗∈𝑆,𝑖 ̸=𝑗

{|𝑄
𝑚+1

(𝑖, 𝑗) − 𝑄
𝑚

(𝑖, 𝑗)| ≤ 1}), then take 𝑄𝑚+1
as the corresponding OD matrix of the solution (𝐻, 𝑓

𝑖𝑗
) and

terminate this algorithm. Otherwise, let 𝑚 = 𝑚 + 1 and
return to Step 2.

In order to realize a satisfied convergence speed, we
adopted a very fast generation mechanism of new solution
(VFSA; see [14]) which uses a quasi-Cauchy distribution
method, depending on the temperature. It is expressed as

𝑚
∗

𝑖
= 𝑚
𝑖
+ 𝑦
𝑖
(𝐵
𝑖
− 𝐴
𝑖
)

𝑦
𝑖
= Γ[(1 +

1

Γ
)

|2𝑢−1|

− 1] sgn (𝑢 − 0.5) ,
(25)

where 𝑚
𝑖
, 𝑚∗
𝑖
∈ [𝐴

𝑖
, 𝐵
𝑖
] are the element 𝐼 of current

solutions and neighboring solutions, respectively; 𝑢 is a
random number in the range of [0, 1]; Γ is the current
temperature.

Based on the above analysis, the general GA under every
fare strategy is as described below.

Algorithm 3. The general SA algorithm for all fare strategies.

Step 1. Initialization. Generate the initial feasible solution
(𝐻, 𝑓
𝑖𝑗
) under the initial temperature Γ

0
and then calculate

Ψ(𝐻, 𝑓
𝑖𝑗
). Let 𝑘 = 0 be the current running times of the outer

cycle, let 𝑛 = 0 be current running times of the inner cycle,
and let Γ = Γ

0
be the current temperature. Set Γmin as the

minimum temperature of the outer cycle and𝑄 as the number
of iterations at each temperature.

Step 2. Construction of neighborhood. Generate neighbor-
hood solutions (𝐻∗, 𝑓∗

𝑖𝑗
) by VFSA, and calculate the corre-

sponding Ψ(𝐻∗, 𝑓∗
𝑖𝑗
).

Table 1: Baseline values for parameters.

Symbol Value Unit Symbol Value Unit
𝑎
1

0.15 — 𝑉 210 Passengers
𝑎
2

4 — 𝜆 1.5 —
𝑎
𝐵

0.49 1/h 𝜀 25% —
𝑎
𝑓

0.1 1/h 𝛽 24% —
𝑎
𝐼

0.05 1/h 𝜎 0.8 —
𝑎
𝑤

1.2 1/h 𝛾
0

3800 ¥/km
𝑐
𝑈

325 ¥/h-veh 𝛾
0

525 ¥h
𝑚 6 Vehicle Λ

0
4200 ¥/km

𝑡
0

1/120 h Λ
1

0.5 ¥
𝜏
0

25 min 𝜏 2 min
V 40 km/h

Step 3. Metropolis sampling. When Ψ(𝐻∗, 𝑓∗
𝑖𝑗
) > Ψ(𝐻, 𝑓),

then let (𝐻, 𝑓) = (𝐻
∗

, 𝑓
∗

𝑖𝑗
); otherwise, if exp(ΔΨ/Γ) >

rand (i.e., rand is a random number in (0, 1) and ΔΨ is the
difference between these current and optimal solutions), then
let (𝐻, 𝑓) = (𝐻∗, 𝑓∗

𝑖𝑗
). Then set 𝑛 = 𝑛 + 1.

Step 4. Test of the termination criterion of the inner cycle. If
𝑛 = 𝑁, terminate the inner cycle and let 𝑘 = 𝑘 + 1; otherwise
return to Step 2.

Step 5. Cooling schedule. Calculate the temperature Γ(𝑘).

Step 6. Test of the termination criterion of the outer cycle.
When Γ(𝑘) ≤ Γmin, terminate this algorithm and output the
optimal solution output; otherwise, return to Step 2.

5. Numerical Studies in
Changsha Metro Line 2

Thefirst phase project ofMetro Line 2 in Changsha, China, of
which the total length is 21.36 km and includes 19 stations, is
planned to be completed in 2015. In this section, the morning
peak hour (7:00-8:00) of 2016 is chosen as the study period.

The baseline values for parameters are shown in Table 1.𝑓
and𝑓0
𝑤
are limited to 9.0 and 2.0¥. Take𝐾 = 100 and 𝛼 = 0.99

of the SA algorithm.
In the model of M3, because the objective function of

M3 is divided into two parts, the operator part 𝜓
1
and

the turnover volume part 𝑇
𝑚
, the factor 𝜑 needs to be

demarcated. For𝜑 ∈ [0, 1], different values of𝜑 are tested.The
change in these two parts of the objective function for various
𝜑 is shown as in Figure 1. A balance can be made between
these two parts when 𝜑 = 0.55 is taken as a reasonable value.
Table 2 shows the various results of the models from M1 to
M4 under the FF structure and under the DBF structure.

5.1. Comparison and Analysis on the Results of Models

5.1.1. Results Analysis of Two Fare Structures under Each
Model. When only the objective function values are taken
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Figure 1: Relationship between objective function value and 𝜑 in M3.

Table 2: Optimization results of different models.

Fare structure
Models

M1 M2 M3 M4
FF DBF FF DBF FF DBF FF DBF

Fare (¥) 5.05 2.00 + 0.28𝑤 8.45 1.98 + 0.27𝑤 3.44 2.00 + 0.05𝑤 8.45 0.35𝑤
Headway (min) 5.27 5.02 11.96 5.20 3.72 3.73 11.90 5.27
Demand (103 pass.) 57.35 74.04 3.30 75.07 80.78 94.94 3.40 92.75
Objective function value (103) 59.79 16.83 −181.63 −218.48 299.34 274.62 213.26 296.83
Fare rate (¥/pass.-km) 0.81 0.66 1.68 0.64 0.55 0.38 1.67 0.35
Maximum section demand
(103 pass) 14.34 16.52 0.72 16.85 20.25 23.30 0.75 20.50

Turnover volume (104 pass.-km) 35.97 38.89 1.66 39.91 50.85 58.32 1.72 48.49
Average riding distance (km) 6.27 5.25 5.03 5.32 6.29 6.14 5.06 5.23
Maximum passenger density of
section (103 pass.-km) 2.69 3.47 0.16 3.52 3.78 4.44 0.16 4.34

Maximum section load rate (%) 94.85 109.23 11.47 111.42 94.56 108.80 9.87 135.57

into consideration, the results of the FF structure are always
better than those of the DBF structure. Under Model M1,
the objective function value of the FF structure is far better
than that of the DBF structure. But for Models M2 to M4,
the difference of the objective function value is smaller. The
objective function value of Model M2 is negative. This is
because the costs of passengers and of the operators are
both taken into consideration, especially the effect of the
passengers’ generalized travel costs.

The volume of passenger demand and the maximum
section load rate between these two fare structures varies
enormously in these models. The DBF structure is more
attractive to the demand as the fare rate of the FF structure is
always higher than that of the DBF structure. Taking the M1
for example, the headway of these two structures is almost
equal, but the difference between the objective functions is

extraordinarily notable because the difference of the fare rate
is significant, 0.15¥/passenger-km.

For the following parameters, the parameter value of
the DBF structure is always better than that of the FF
structure: the total passenger volume, the turnover volume,
the maximum section load rate, the line load, and the
maximum section-passenger volume. It is clear that the FF
structure has an inhibitory effect on passenger flow volume,
especially for the short-distance passengers. Meanwhile, it is
indicated that the DBF structure can make full use of the
transportation capacity.

The parameter values of average riding distance under
Models M2 and M4 are nearly equal. For Models M2 and
M4, the average riding distances are shorter than those of
the other models, and the average riding distance of the FF
structure is shorter than that of the DBF structure. But in
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Models M1 and M3, the average riding distances of the FF
structure are longer than those of Models M2 and M4.

5.1.2. Comparison of Fare under DifferentModels. For the fare
of the FF structure, Models M1 and M3 are both lower; the
fares are ¥5.05 and ¥3.44, respectively. Their average riding
distances are similar, while, the lower fare inModelM3would
attract more passengers than wouldModelM1. InModelsM2
and M4, the fares are both ¥8.45, but the values of the two
parameters, the maximum section load rate, and passenger
demand, are not reasonable. This is because the FF structure
cannot correctly reflect the relationship between the riding
distance and the passengers’ and operators’ costs and benefits.

For the DBF structure, the fare of M1 almost equals the
fare of M2, in which the former is 2.00 + 0.28𝑤 and the latter
is 1.98 + 0.27𝑤. But forModel M3, the results of the DBF tend
to be the FF structure because 𝑓

𝑤
= 0.05 is near to zero. For

Model M4, 𝑓0
𝑤
= 0. In general, the full fares of the whole

Changsha Metro Line 2 in Models M1, M2, and M4 are all
about 7.5¥, and the full fare is 3.07¥ in Model M3.

5.1.3. Comparison of Train Operation Schedules in Optimal
Strategies. Model M1 under the two fare structures and
Models M2 and M4 under the DBF structure have similar
headways, at about 5.2 minutes.

But the headways of Models M2 and M4 on their own
two fare structures are greatly different. TakeM2 for example:
the headway on the FF structure is 11.96 minutes, and it is
5.2 minutes on the DBF structure. This is because the fare for
the DBF structure is fairer than the fare for the FF structure.
The DBF structure has an encouraging effect on passenger
trips. However, the inhibition effect of the FF structure on
passenger volume is more obvious. So the headways in the
FF structures of Models M2 and M4 reach a very high level.

For Model M3, the headways on the two fare structures
are both about 3.7 minutes.They are lower than the headways
of the other models, a difference that reflects the fact that the
regulator encourages the operator to provide a high level of
service to attract a greater volume of passengers.

5.2. The Parameter Analysis of the Optimization Model.
For Model M2, the effect of different parameters 𝜎 on
the optimization results is shown in Figure 2. When 𝜎 ∈

[1.173, 1.174], the fare and the headway have undergone a
drastic change. 𝜎 ≤ 1.73 and 𝜎 ≥ 1.73 represent two
competition cases of multiple urban traffic modes: the other
urban traffic modes can have an obvious substitution effect
on rail transit and vice versa. The former reflected a market-
oriented strategy of fare and operation; the latter showed a
welfare-oriented strategy of fare and operation. There is a
significant difference between the two cases.

At the same time, in the case of M1, the spacing distri-
bution of passenger flow is shown in Figure 3. As we can
see, whether FF or DBF, the riding distance of 60% of the
passengers is mainly concentrated in 0 to 6 km. Through
a comprehensive comparison of the optimization results of
every model, it can be found that the average distances
in the DBF are less than those in the FF, which indicates
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that the inhibition effect of the FF system on short-distance
passengers is more obvious.

6. Conclusions

In this paper, for the two typical fare structures (FF and
DBF), we present the models of fare decision under different
objective functions, respectively, and build a solution algo-
rithm based on GA algorithm. From the comparison and
the analysis for the optimization results of multiple models,
the following conclusions for Changsha Metro Line 2 can be
drawn.

In general, the optimization result of M1 is relatively
reasonable in the FF structure, and the fare should be taken as
5.05¥.The fare level in the DBF structure is 2+0.25𝑤 (forM1-
M2) or 0 + 0.35𝑤 (for M4), and passenger fares on the whole
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travel are about 7¥. However, rail transit operation regulators
tend toward the lower fares scheme (3.44¥ in the FF structure
or in the DBF structure 2 + 0.05𝑤; the full fare is 3.07¥).

The FF structure has an obvious inhibitory effect on
short-range passenger flow, which, generally, is not recom-
mended. The flat fare will be under consideration only when
the government would like to supply the enough financial
subsidy or economic support so that the low price policy is
available.

Considering the fact that the passenger percentage of
riding distance from 0 to 6 km accounts for roughly 60% of
the total demand, the DBF structure or some of its simplified
structures had better be taken to attract more short-haul
passengers.
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Risk assessment of roads is an effective approach for road agencies to determine safety improvement investments. It can increases
the cost-effective returns in crash and injury reductions. To get a powerful Chinese risk assessment model, Research Institute of
Highway (RIOH) is developing China Road Assessment Programme (ChinaRAP) model to show the traffic crashes in China in
partnership with International Road Assessment Programme (iRAP). The ChinaRAP model is based upon RIOH’s achievements
and iRAP models. This paper documents part of ChinaRAP’s research work, mainly including the RIOH model and its pilot
application in a province in China.

1. Introduction

With the fast urbanization and motorization in China, the
highway network is expanding quickly. By the end of 2011,
the total length of operating technical highways is more
than 35.37 million km including 85,000 km expressways [1].
However, China is also facing huge traffic safety challenge
as a result of blasted traffic volume and complex traffic
compositions. In 2012, about 60,000 persons lost their lives in
traffic accidents in China [2]. The accidents have also caused
huge economic loss.

Since traffic safety issue is a world disaster, many research
and actual countermeasures have been performed to improve
traffic safety conditions. In current traffic safety theory
system, traffic safety management and traffic safety risk
assessment [3] are two main systematic tools to direct actual
traffic safety projects. Among these two tools, traffic safety
risk assessment has been shown to be an effective method
to evaluate the highway network safety level. It also makes
economic plan based on benefit to cost (𝐵/𝐶) analysis,
which is the ratio of the estimated safety benefit to the cost
of actual countermeasures. Traffic safety risk assessment is
an integration of historical effective achievements including
accident prediction model, countermeasure effect appraisal,
and economy analysis. Many methods have been used to
predict the relationship between accidents and roadway

geometric characters as well as traffic related explanatory
factors, such as multiple linear regression, Poisson regression
and negative binomial regression, the zero-inflated Poisson
model, and the generalized estimating equations [4–9]. To
make decisions on appropriate treatments selection, know
the estimated effects of such countermeasures and support
the address of crash problem based on the expected crash
reduction. Many safety countermeasure effect appraisals are
performed including empirical and statistic (such as EB
model) methods and the results eventually are expressed
as crash reduction factors [10–13]. The main objective of
economy analysis is to express the crash loss in economic
index which can match the cost and benefit very well [14].

iRAP model has been undertaken in many countries all
over the world as a sophisticated risk assessmentmethod.The
iRAPmethod includes data collection, survey, coding, assess-
ment, and economic appraisal phrases [4]. The building of
the “China Road Assessment Program (ChinaRAP)” project
was undertaken in partnership between the RIOH and iRAP,
and the objective was to develop road infrastructure risk
assessment models that draw on iRAP and RIOH knowledge
for application in China. During the pilot project, both
RIOH and iRAP risk assessment models were used, and this
paper introduces the RIOH method in the research. This
paper shows the basic framework of RIOH model, its pilot
application procedure, and the assessment results.
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Table 1: RIOH standard of safety levels.

Level Standard scope (injury accidents per km)
5 0.00 to 0.24
4 0.24 to 0.35
3 0.35 to 0.51
2 0.51 to 0.85
1 >0.85

2. RIOH Risk Assessment Model

TheRIOH risk assessmentmodel is an integration of research
achievements by RIOH, including safety audit theory, acci-
dent predicationmodel, countermeasure effect appraisal, and
accident loss economy analysis.

RIOH risk scores are indicated by the injury accident rate
calculated by basic accident rate and the influence of actual
traffic safety factors. The values of the influence of actual
traffic safety factors are generated from statistical models and
some before-and-after analysis results. To express the safety
condition, 5 levels are used in which 1 is the worst and 5 is
the best, as shown in Table 1. In the safety level map, green
is the lowest risk and black is the highest risk. Based on the
analysis of risk scores, the economic analysis provides some
estimation of the benefit of countermeasures and 𝐵/𝐶 rate.

In RIOH model, highways are separated into general
segments, village segments, and intersections. To show the
framework of RIOH model, an example for all accidents cal-
culation of general segments is illustrated below. It includes
a basic safety condition (showed in Table 2 for general
segments) and safety index of actual factors:
𝑃
𝑐𝑞
= expo × 𝐵𝑃

𝑐𝑞
× 𝑃
𝑐𝑞𝑟
= expo × 𝐵𝑃

𝑐𝑞
× 𝑃
𝑐𝑞1
⋅ ⋅ ⋅ × 𝑃

𝑐𝑞𝑚
,

(1)

where 𝑃
𝑐𝑞

is all accidents rate of general segment, expo =
(365 × 𝑧𝑟 × 𝑦)/1000000, 𝑧𝑟 is traffic volume, 𝑦 is year, 𝐵𝑃

𝑐𝑞

is basic accident rate of 𝑃
𝑐𝑞
, 𝑃
𝑐𝑞𝑟

is actual accident rate of 𝑃
𝑐𝑞
,

and 𝑃
𝑐𝑞𝑚

is the actual mth factor of 𝑃
𝑐𝑞
, such as for lighting.

For total accidents of general segments, 𝐵𝑃
𝑐𝑞
= 0.69.

The basic road condition of general segments is shown in
Table 2.

3. Model Application on Road Network
3.1. Road Network. In total, 374.1 km of 9 roads in China
was surveyed and fully assessed for the pilot project. Table 3
summarizes the length of class of each road. For the purpose
of this study, the informal name of “class 2a” is given to roads
that are typically class 2 but have been upgraded to have two
lanes of traffic in each direction and do not have median
separation.

3.2. Road Survey Data. To match the basic data require-
ment of assessment, data collection and survey work was
performed on the road network. Data collection included
traffic volume, typical countermeasure costs, and economics
and demographics data. Road network was surveyed using
RIOH’s existing surveymethod, including two video cameras,

Table 2: Basic road condition of general segments.

Attributes Description
Design speed Low (≤30 km/h)
Segment character Not bridge or tunnel
Surface character Pitch surface
Directing signs No
Warning signs No
Lighting No
Medial marking No
Edge marking No
Pedestrian crossing line No
Linked to village No
Turing angle Straight
Gradient Plain
Bicycle percentage Average (3%)
Bus percentage Average (10%)
Motorcycle percentage Average (7%)
Driveway density No

GPS, and recording of observations by road engineers.
For using the survey videos and GPS, road attributes on
building ChinaRAP network were coded at 0.1 km intervals.
A summary of the road attributes by road class is shown in
Table 4.

4. Pilot Application Procedure and Results
Based on the coding data and some other basic data such
as countermeasure cost, the risk assessment is performed.
The actual application procedure includes 3 stages: model
assessment to produce risk maps, investment plan analysis
to order the countermeasures by 𝐵/𝐶 rate, and the predictive
effect analysis to direct the location where we will get best
accident reduction.

4.1. Model Assessment Results. Model assessment results
include two parts; one is total assessment results and the
second is results for every segment to produce the risk map.
Table 5 shows the predicted accident density on pilot road
network. It is noted that although 17 attributes were used
to set the baseline accident rate for general segments (as
shown in Table 4) and a total of 18 attributes were used for
all segment types (common, village, and intersection), for the
purposes of this pilot application, a total of ten attributes were
used.

The predictive accident density of all users is showed in
Table 6, whose total predictive injury accident numbers are
226.6 injury accidents. The actual injury accident number
with accurate location in the network is about 153.4 per year
(accident density is 0.41 per km). However, as there are only
63% accidents which have detailed location information, the
total accident number is actually about 242.3 per year, which
shows that RIOH results underestimate the level of risk on the
roads.

Table 6 shows the predicted accident densities according
to the thresholds discussed earlier (as shown in Table 12).

Figure 1 shows the accident densities in map form.
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Table 3: Network surveyed.

Road name Class 1 (km) Class 2a (km) Class 2 (km) Class 3 (km) Urban (km) Total (km)
Road 2 36.3 5.2 4.7 46.2
Road 9 31.1 31.1
Road 3 11.6 32.1 43.7
Road 4 44.3 44.3
Road 1 1.0 58.0 59.0
Road 5 6.0 13.6 19.6
Road 6 7.2 14.2 31.4 52.8
Road 7 27.8 27.8
Road 8 49.6 49.6
Total 55.1 20.4 235.4 49.6 13.6 374.1

Figure 1: RIOH all occupants of accident density map.

4.2. Investment Plan. Economy analysis is based on the calcu-
lation of life cost and countermeasure cost together with
the difference of risk score before-and-after countermeasures
are implemented, which can measure economic invest and
accident loss in the same way. To match the model skeleton
and express it simply, the safety effect of countermeasures
was calculated individually, and no relation is thought for
complex countermeasures. For the purposes of this pilot,
six kinds of countermeasures were appraised, as shown in
Table 7.

Table 8 shows a summary of the investment plan results,
in which center marking, pedestrian crosswalk, and roadside
marking are with the highest benefit cost ratios. Table 8 indi-
cates that an investment of approximately RMB 130,246,350
could prevent 86.34 serious accidents per year in the 10-year
future. Over 10 years, more than RMB 130,246,350 in injury
crash costs could be saved, leading to a benefit cost ratio of
15.96 : 1.

4.3. Predictive Results. It is important to pinpoint the loca-
tions where we can get the biggest accident reduction effects
in actual improvement projects. Figure 2 map shows the
locations where injury accidents rate (per km per year for
all users) could be prevented over the next 10 years if the
investment plan is implemented. Levels 1 and 2 sections of
road are where the most injury accidents could be prevented

Figure 2: RIOH predicted accident rate decreasing map.

Figure 3: RIOH all occupants of risk rating map with countermea-
sures performance.

(Table 9). Levels 3, 4, and 5 sections are where the fewest
could be prevented.

The percentage summary of future injury accidents
decreasing levels if countermeasures are performed is shown
in Table 10.

The Figure 3 map below shows the predicted risk rating
map with countermeasures performance under the same
standard in Table 11.

The predictive safety effects for all users if countermea-
sures are performed without changing traffic factors are
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Table 4: Key data and road attributes.

Attribute Category Class
1 2a 2 3 Urban

Length (km) 55.1 20.4 235.4 49.6 13.6
AADT 11305 9606 8013 3855 4006

Motorcycle flow (% of AADT)

21%–40% 0% 0% 0% 100% 0%
11%–20% 87% 40% 52% 0% 0%
6%–10% 13% 60% 36% 0% 0%
1%–5% 0% 0% 13% 0% 100%

Bicycle flow Low 100% 100% 100% 100% 100%

Pedestrian flow (along)

High 0% 0% 7% 2% 0%
Medium 48% 19% 43% 24% 63%
Low 49% 77% 46% 74% 37%
None 3% 4% 3% 0% 1%

Delineation Poor 96% 69% 60% 59% 84%
Adequate 4% 31% 40% 41% 16%

Intersection quality Poor 53% 66% 78% 95% 67%
Good 47% 34% 22% 5% 33%

Lane width Medium 13% 47% 15% 0% 0%
Wide 87% 53% 85% 100% 100%

Curvature
Sharp curve 0% 0% 1% 4% 0%

Moderate curvature 5% 2% 14% 20% 6%
Straight or gently curving 95% 98% 86% 76% 94%

Overtaking demand

High 0% 0% 83% 0% 0%
Medium 0% 0% 0% 99% 0%
Low 0% 100% 14% 1% 84%
None 100% 0% 3% 0% 16%

Side friction
High 0% 0% 0% 1% 1%

Medium 2% 3% 2% 0% 1%
Low 98% 97% 98% 99% 99%

Pavement condition
Poor 0% 0% 0% 53% 0%

Medium 4% 1% 5% 29% 0%
Good 96% 99% 95% 18% 100%

Roadside severity (right)

Cliff 0% 0% 1% 0% 0%
Motorcyclist friendly barrier 1% 0% 0% 0% 1%
Distance to object >10m 0% 0% 1% 0% 0%
Distance to object 5–10m 0% 0% 0% 0% 29%
Distance to object 0–5m 57% 74% 73% 20% 53%

Steep fill embankment slopes 0% 0% 4% 17% 0%
Deep drainage ditches 38% 24% 18% 60% 7%

Cut 2% 0% 1% 2% 8%
Safety barrier 1% 2% 3% 1% 1%

Pedestrian crossing quality Poor 62% 39% 39% 100% 36%
Adequate 38% 61% 61% 0% 64%

Speed
80 km/h 60% 44% 29% 0% 0%
70 km/h 3% 53% 32% 98% 90%
60 km/h 37% 2% 40% 2% 10%
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Table 5: Accident density (injury accident per km per year).

Road number General segments Village segments Intersection All
Road 1 0.67 0.72 0.14 0.51
Road 2 1.39 1.81 0.07 1.09
Road 3 0.84 0.39 0.03 0.42
Road 4 0.52 0.61 0.03 0.39
Road 5 0.35 0.14 0.01 0.16
Road 6 0.48 0.47 0.03 0.33
Road 7 0.89 0.63 0.03 0.52
Road 8 0.54 0.51 0.11 0.39
Road 9 0.00 0.64 0.05 0.23

Table 6: Safety risk level summary results.

Level Percentage (%)
Road 1 Road 2 Road 3 Road 4 Road 5 Road 6 Road 7 Road 8 Road 9

5 10.46 6.54 4.94 5.52 34.90 22.97 24.91 7.68 3.26
4 2.57 0.00 0.00 0.00 27.60 25.15 0.00 3.84 0.00
3 12.35 0.00 49.18 43.68 37.00 16.00 13.00 68.69 0.00
2 65.00 4.58 14.12 49.00 0.00 36.00 34.00 17.17 95.44
1 10.00 89.00 32.00 2.00 0.00 0.00 28.00 3.00 1.00

Table 7: Basic condition of countermeasures.

Countermeasures Unit Cost (Yuan) Life cycle
Center marking Per linear km 7500 2
Roadside marking Per linear km 6000 2
Angle adjustment Location 200000 10
Lighting Per linear km 660000 10
Pedestrian crosswalk Location 960 2
Roadside barriers Per linear km 400000 10

Table 8: Investment plan summary.

Countermeasures Length
(km)

Accident number
decreased per year

Accident benefit of 10
years (Yuan)

Cost per year per
km

Total cost
(Yuan) 𝐵/𝐶

Center marking 185.3 33.32 802138853.79 37500 6948750 115.44
Roadside marking 234.4 13.43 323290641.76 30000 7032000 45.97
Angle adjustment 33.6 17.36 417883207.71 200000 67200000 6.22
Lighting 53.2 12.10 291371924.31 660000 35112000 8.30
Pedestrian crosswalk 5.7 0.94 22611161.78 4800 273600 82.64
Roadside barriers 34.2 9.19 221229629.94 800000 13680000 16.17
Total 86.34 2078525419.30 1792300 130246350 15.96

Table 9: Standard of injury accidents decreasing levels.

Road
user

Accident decreasing
level

Standard scope
(injury accidents decrease per km)

All

5 0.000–0.048
4 0.048–0.201
3 0.201–0.435
2 0.435–0.896
1 >0.896

shown in Table 12, which indicates that there will be more
levels 4 and 5 roads. In these 9 roads, road 2will get the biggest
results to decrease the level 1 segments, and road 1, road 2, and
road 9 will get evident results to reduce low level segments.

5. Conclusions and Prospects
China is facing huge traffic safety problems with the increase
of roadway length, traffic volume, and complex traffic com-
position. As a systematic method to determine road safety
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Table 10: Summary of injury accidents decreasing levels in network.

Decreasing level Percentage (%)
Road 1 Road 2 Road 3 Road 4 Road 5 Road 6 Road 7 Road 8 Road 9

5 9.43 3.05 4.94 15.40 17.71 29.50 23.47 7.68 7.49
4 21.61 3.27 44.71 40.46 41.67 19.01 19.86 29.29 28.99
3 30.19 9.37 16.24 21.84 14.00 26.00 15.00 15.96 49.19
2 33.00 42.48 22.82 22.00 27.00 15.00 24.00 47.07 14.33
1 5.00 42.00 11.00 1.00 0.00 10.00 18.00 0.00 0.00

Table 11: Safety risk level summary results for all users with countermeasures performance.

Decreasing level Percentage (%)
Road 1 Road 2 Road 3 Road 4 Road 5 Road 6 Road 7 Road 8 Road 9

5 35.33 29.85 18.82 27.82 83.33 47.13 61.73 81.21 16.61
4 27.62 10.68 62.59 25.52 16.67 24.75 0.36 11.92 45.93
3 15.95 3.27 4.24 24.37 0.00 21.00 9.00 4.85 31.92
2 18.00 14.60 10.35 22.00 0.00 7.00 27.00 1.82 4.89
1 3.00 42.00 4.00 0.00 0.00 0.00 2.00 0.00 1.00

Table 12: Safety risk level difference results for all users with countermeasures performance.

Decreasing level Percentage (%)
Road 1 Road 2 Road 3 Road 4 Road 5 Road 6 Road 7 Road 8 Road 9

5 24.87 23.31 13.88 22.30 48.44 24.16 36.82 73.54 13.36
4 25.04 10.68 62.59 25.52 −10.94 −0.40 0.36 8.08 45.93
3 3.60 3.27 −44.94 −19.31 −37.50 4.95 −4.69 −63.84 31.92
2 −47.34 10.02 −3.76 −26.67 0.00 −28.71 −6.50 −15.35 −90.55
1 −6.17 −47.28 −27.76 −1.84 0.00 0.00 −25.99 −2.42 −0.65

treatments for the agencies to ensure the most cost-effective
returns in crash and injury reductions, traffic safety risk
assessment has been researched and used widely all over the
world. To match the actual safety conditions in China, RIOH
is building ChinaRAP cooperating with iRAP in the pilot
projects. Both RIOHmodel and iRAP model are used to find
the model adaption, and this paper shows the RIOHmethod
in the research, including the brief introduction of the model
framework, the model procedure, and some initial results.

Under the pilot application, it is considered that total
assessment result for whole road network is similar to the
actual accident. For the investment plan, center marking,
pedestrian crosswalk, and roadside marking are found to
have the highest benefit cost ratios, which can reduce the
injury accident evidently, such as road 2; about 47.28% level 1
roads will be upgraded to higher safety level roads, especially
road 1, road 2, and road 9 which will get evident results to
reduce low level segments.

Initially, ChinaRAP can be put into application to pro-
duce useful and helpful safety projects in China. However,
building ChinaRAP must be a hard and long time work aim-
ing for actual application. For example, limited by the traffic
safety research of countermeasure effects, especially before-
and-after analysis, it is still difficult to get actual risk scores
for some safety factors, and we cannot simply use foreign
results without test in Chinese condition. In future works,

the assessment results will be compared directly to actual
accident distribution characteristic and then the deeply test
and the adjustment of risk scores. Also large amount of traffic
safety data accumulation, especially accident data, should be
increased in order to direct before-and-after analysis and get
more reasonable results.
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Traffic conflict between turning vehicles and pedestrians is the leading cause of pedestrian fatalities at signalized intersections. In
order to provide a solution for evaluating intersection safety for vulnerable road users, this paper first determines themost important
factors in analyzing pedestrian-vehicle conflict and puts forward a pedestrian safety conflict index (SCI) model to establish a
quantitative standard for safety evaluation of two- or multiphase intersections. A safety level system is then designed based on
SCI to help categorize and describe the safety condition of intersections applicable to the model. Finally, the SCImodel is applied to
the evaluation of two intersections in the city of Changchun, the result of which complies with expectation, indicating the model’s
potential in providing an improved approach for pedestrian-vehicle conflict evaluation study.

1. Introduction

Pedestrian traffic comprises a large proportion of the total
mixed traffic flow at urban intersections in China [1, 2].
Crash data consistently show that collisions with pedestrians
occur far more often with turning vehicles than with straight-
through traffic [3, 4]. Conflict between crossing pedestrians
and left-turn vehicles is the leading cause of pedestrian-
related crashes [5]. Left-turn vehicles are more often involved
in pedestrian accidents than right-turn vehicles, partly
because drivers are not able to see pedestrians to the left as
well [6, 7]. Therefore, it bares great importance to study the
mechanism of left-turn vehicle and pedestrian conflict and
establish sound safety evaluation systems in order to better
protect vulnerable road users and develop a safer and more
efficient road traffic environment.

Two prominent methods for evaluating traffic safety at
intersections are (1) direct evaluation based on traffic conflict
and (2) indirect evaluation based on traffic accident [8–
11]. When conducting traffic conflict research with regard
to pedestrian-vehicle safety evaluation, some researchers

choose to calculate one ormore traffic conflict index numbers
through processing field data and use the index numbers
as the basis for intersection safety evaluation [12], whereas
others would approach the same problem following mainly
two paths, the first of which is by devising a conflict proba-
bility model [11, 13] and the second by establishing a conflict
index (or hazard index) [14–16]. In either case, the majority
of the researches are based on the premise of acquiring traffic
conflict data beforehand. However, traffic data collection
in China, at the moment, mainly depends on subjective
observation and judgment from survey conductors. Human
factor is one major reason for the lack of consistency when
integrity of data is concerned.

This paper introduces the concept of pedestrian safety
conflict index and establishes a safety level system for eval-
uating the safety of crossing pedestrians based on the study
of the mechanism of left-turn vehicle and pedestrian conflict
at signalized intersections, with the hope of providing an
improvement to pedestrian safety evaluation at signalized
intersections.
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Conflict area

Left-turn vehicle
traffic

Pedestrian traffic

Figure 1: Illustration of left-turn vehicle and pedestrian conflict.

2. Mechanism of Left-Turn Vehicle and
Pedestrian Conflict

At intersections that allow left turning, left-turning vehicles
often start at the same moment as or shortly after (e.g.,
leading pedestrian interval) through traffic and crossing
pedestrians, which leads to conflict between turning vehicles
and pedestrians, as illustrated in Figure 1.

The conflict area can be defined as an area in which
collisions may occur if pedestrians and vehicles maintain
their respective original state of movement.

As a left-turn vehicle approaches the crosswalk, its path
intersects with crossing pedestrians walking in both direc-
tions. If both parties keep their respective original state of
movement, that is no deceleration, acceleration or bypassing
maneuvers, they would collide within the conflict area, as
shown in Figure 2. 𝐷

𝑥(V) is the distance between the nearest
side of the vehicle and curb;𝐷

𝑦(V) is the distance between the
front of the vehicle and the nearest side of the conflict area;
and𝐷

𝑥(𝑝)
is the distance between the crossing pedestrian and

curb.

3. Safety Analysis of Left-Turn Vehicle and
Pedestrian Conflict

3.1. Data Collection and Methodology. The data collection
process is as follows, including the time and location chosen,
as well as the methodology invested.

First, the collection of data was conducted through
filming at all entrances and exits at three four-way signalized
intersections in the city of Changchun. Four-way intersec-
tions make up the vast majority of signalized intersections in

China. Investigating as many types of intersection as possible
is doable but unnecessary at this stage of the study. The
intersections chosen are located at (A) West Democracy St.-
West Zhonghua Rd., (B) West Chaoyang Rd.-Construction
St., and (C) Wanbao St.-Liberation Rd. The filming was
carried out on two consecutive weekdays, each with 6 hours
of actual filming time at 7:00–9:00 a.m. in the morning,
11:00 a.m.–13:00 p.m. at noon, and 16:00–18:00 p.m. in the
afternoon.

During the collection, action that meets at least one
of the following categories was defined as one conflict: (1)
pedestrian decelerates or halts to dodge vehicle; (2) pedes-
trian accelerates to dodge vehicle; (3) pedestrian bypasses
to dodge vehicle; (4) vehicle decelerates or halts to dodge
pedestrian; (5) vehicle accelerates to dodge pedestrian; (6)
vehicle bypasses to dodge pedestrian.

In determining the factors of conflict, this paper focuses
on pedestrian volume, density, average travel speed, and the
volume and ratio of left-turn vehicles. All data is collected
in Table 1. 𝐶V is number of left-turn vehicle and pedestrian
conflicts; 𝑄

𝑝
is pedestrian crossing volume per hour; 𝐾

𝑝
is

dynamic pedestrian density;𝑉
𝑝
is pedestrian travel speed;𝑄V

is volume of left-turn vehicles;𝑄
𝑠
is volume of through traffic;

𝑉V is average spot speed of left-turn vehicles.

3.2. Design of Pedestrian Safety Conflict Index. Among the
many factors involved in analyzing left-turn vehicle and
pedestrian conflict, some have determining importance,
while others only play insignificant roles that can be ignored.
This paper analyzes the data in Table 1 to examine the impor-
tance of each individual conflict factor and to determine the
most important ones.
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Figure 2: Illustration of conflict area.

Table 1: Table of collected data.

Number Intersection crossing 𝐶
𝑣
per hr 𝑄

𝑝
(p/h) 𝐾

𝑝
(p/m2) 𝑉

𝑝
(m/s) 𝑄

𝑣
(Veh/h) 𝑄

𝑠
(Veh/h) 𝑉

𝑣
(km/h)

1 A, morning peak 15 129 0.1185 1.21 84 398 20.96
2 A, noon peak 41 136 0.1326 1.14 71 328 19.36
3 A, afternoon peak 38 158 0.1554 1.13 66 382 22.82
4 B, morning peak 23 121 0.1430 1.41 77 — 23.80
5 B, noon peak 19 108 0.1295 1.39 98 — 24.76
6 B, afternoon peak 98 153 0.2107 1.21 197 — 25.64
7 C, morning peak 30 141 0.1618 1.13 67 314 21.70
8 C, noon peak 26 83 0.0996 1.08 50 325 21.80
9 C, afternoon peak 47 169 0.1872 1.17 72 327 22.12

Many of the major factors can be extracted from Table 1
directly, such as 𝐶V, 𝑄𝑝, 𝑉𝑝, and 𝑄V. Here introduced the
pedestrian coefficient of spatial distribution [11], represented
as𝐷:

𝐷 =
1

𝐾
𝑝

, (1)

and disadvantaged groups percentage, represented as DG.
𝑁DG is the number of elderly and underage crossing pedes-
trians per unit time, and 𝑁

𝑡
is the number of total crossing

pedestrians per unit time; therefore

DG =
𝑁DG
𝑁
𝑡

. (2)

In order to simplify the calculation and analysis process,
units of pedestrian travel speed and vehicle spot speed are

both converted to km/h, using the following equations:

𝑉


𝑝
= 3.6 × 𝑉

𝑝
, 𝑉



V = 3.6 × 𝑉V. (3)

A multiple linear regression calculation was conducted
on 𝐶V, 𝑄𝑝, 𝑉



𝑝
, 𝑄V, 𝐷, and DG. And a conclusion was

drawn through an analysis of each factor’s coefficient, the
result of which is that left-turn vehicle volume has the most
influence on conflict, with a coefficient of 0.811.The other two
determining factors are the volume and density of crossing
pedestrians. On the other hand, variations in speed factors,
including pedestrian travel speed and left-turn vehicle speed,
made little difference to the final result. If any factor does
notmeet the significance standard, another regression should
be done with speed factors removed. In the test, 𝑅2 returns
a value of 0.893, which implies that the result is desirably
fitted. However, the degree of significance is 0.075, larger than
0.5, rendering the regression equation invalid [12]; therefore,
there is no need to conduct further significance tests.
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Regression calculation with speed factors removed
returns a value of 0.87 for 𝑅2, which is larger than 0.85, and
the overall significance is 0.012, smaller than 0.05, rendering
the regression valid. Regression equation is shown in the
following equation:

𝐶V = −257.54 + 0.327𝑄𝑝 + 811.596𝐾𝑝 + 15.656𝐷

+ 0.324𝑄V + 0.575DG.
(4)

Equation (4) is the result of regression; to make sure it
is greater than 0, reflecting the number of conflicts in the
real word, the values of 𝑄

𝑝
and 𝑄V should always be actual

volumes of pedestrian and turning vehicles.
Pedestrian safety conflict index (SCI) was designed based

on conflict analysis of left-turn vehicles and pedestrians
at signalized intersections, the range of which is 0 to 1.
The purpose of SCI is to provide a system of standards
for evaluating signalized intersection safety; the higher the
index number is, the safer the pedestrians are, when crossing
streets.

When establishing the SCI model, (4) can be simplified.
From the previous regression, the relation coefficient of 𝑄

𝑝

and𝐷 is −0.817, with a degree of 80%; therefore, after another
regression, a new equation with 𝑄

𝑝
and𝐷 is as follows:

𝐷 = −7.72 ln𝑄
𝑝
+ 45.22. (5)

Also because

𝐾
𝑝
=
1

𝐷
=

1

−7.72 ln𝑄
𝑝
+ 45.22

(6)

equation (4) can be transformed to

𝐶V =
933.1(ln𝑄

𝑝
)
2

− 8942.8 ln𝑄
𝑝
+ 20368.2

−7.72 ln𝑄
𝑝
+ 45.22

+ 0.327𝑄
𝑝
+ 0.324𝑄V + 0.575DG.

(7)

From (7), we can draw the following conclusion that con-
flict between left-turn vehicles and pedestrians at two-phase
intersections is determined by 3 main factors: pedestrian
volume, left-turn vehicle volume, and disadvantaged group
factor.Their coefficients can be represented by constants 𝑎, 𝑏,
𝑐, and 𝑑; hence there is

𝐶V = 𝑎 ⋅ 𝑄𝑝 + 𝑏 ⋅ 𝑄V + 𝑐 ⋅ DG + 𝑑. (8)

SCI, being established with the purpose of evaluating
safety conditions of signalized intersections—the higher the
value, the less the incidents of conflict and the safer the
intersection— is calculated as follows:

SCI = 𝐴𝐶V = 𝐴𝑎⋅𝑄𝑝+𝑏⋅𝑄V+𝑐⋅DG+𝑑
, 𝐴 ∈ (0.1) . (9)

Coefficient 𝐴 is determined by SCI and the number of
conflicts. All the surveyed crossings are on service level 𝐴;
therefore the defined SCI index number should be larger than
80%.The left-turn vehicle and pedestrian conflict at the three
data-gathering periods after regression calculation are listed
in Table 2.

In equation (9),𝐴 equals 0.9971 when SCI is given 0.8 and
the maximum number of conflicts is 77.

The relation between SCI and the number of conflicts is
(10) and shown in Figure 3. Consider the following:

SCI = 0.9971𝐶V . (10)

Bringing (7) into (10), SCI can be expressed as follows:

SCI = 0.9971((933.1(ln𝑄𝑝)
2

−8942.8 ln𝑄
𝑝
+20368.2)/(−7.72 ln𝑄

𝑝
+45.22))+0.327𝑄

𝑝
+0.324𝑄V+0.575DG

. (11)

From the SCI model, it can be concluded that the vol-
ume of pedestrians and left-turn vehicles and the ratio of
disadvantaged group to the crossing population play the
most determinative roles in the study of pedestrian-vehicle
conflict.

However, the model does not apply to all types of signal-
ized intersections. When the number of pedestrians is fixed,
as the number of left-turn vehicles increases, SCI decreases,
but when the number of turning vehicle is fixed, even if
pedestrian number increases, SCI decreases at first instead of
increasing. And onlywhen the number of pedestrians reaches
115 p/h, SCI complies with the result of the survey. So 𝑄

𝑝
≥

115/h is always needed for the model to work.
In conclusion, the four requirements of the SCI model

are as follows. (1) Arrival of pedestrians and vehicles should
be random. This is due to the fact that if the traffic flow

is continuous the behavioral and psychological activities of
pedestrians will be affected, causing inconsistency between
the model’s perdition and survey observation. (2) Pedestrian
volume should be at least 115 p/h. (3) Right-turning vehicles
should have limited to no interference with the crossing
pedestrians. The SCI model was established with the premise
of ignoring right-turn interference, so the model does not
apply to heavily interfered intersections. (4) The model only
applies to two- or multiphase signalized intersections where
the majority of crossing pedestrians abide by traffic rules and
where there are no severe traffic law violations.

3.3. Intersection Safety Levels Based on SCI. When conditions
of SCI model are met and the model applied to two- or mul-
tiphase intersections, the safety condition of an intersection
can be evaluated with SCI.
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Table 2: Regression table of left-turn vehicle and pedestrian conflict.

Number 1 2 3 4 5 6 7 8 9
𝐶V (rounded) 25 31 41 22 35 77 26 23 49

SCI

1

0 77

0.8

C�

Figure 3: Graph of relationship between SCI and 𝑃-𝑉 conflict.

12 14 16
22

28 31 35
27 25 23

0
10
20
30
40

1 2 3 4 5 6 7 8 9 10

Figure 4: SCI distribution.

The SCI distribution is calculated by bringing 𝑄
𝑝
, 𝑄V,

and DG values into the SCI equation, and the distribution is
shown in Figure 4.

As the figure illustrates, SCI follows the normal distribu-
tion, which agreeswith expectation and survey data. Based on
the distribution, SCI can be divided into 4 levels, described in
Table 3.

The 4-leveled system can provide a quantitative measure-
ment for the evaluation of crossing pedestrians at intersec-
tions.

4. Application

The SCI model was applied to the safety evaluation of inter-
sections on West Chaoyang Rd.-Construction St. and Free
Rd.-Comrade St. Time of survey was during morning and
afternoon peak hours, with 15 minutes of filming intervals.
Thewhole process lasted for 2 hours.Data is shown inTable 4.

And the SCIs of the two intersections are

SCI
1
= 0.8787; SCI

2
= 0.7014. (12)

According to Table 3, the safety level at the West
Chaoyang rd.-Construction St. intersection is A, and B at the
Free Rd.-Comrade St. Therefore, a theoretical conclusion is
that the former intersection is safer for pedestrians to cross
than the latter. As a matter of fact, the Free Rd.-Comrade
St. intersection is situated in a population-dense area, with
great volume of vehicles and pedestrians. And there are no
dedicated signals for pedestrians, causing frequent violations
of traffic rules, increasing the possibility of conflict and
danger.

Table 3: Safety level of pedestrians.

SCI Safety level Description
>0.8 A Very few conflicts, very safe

0.5–0.8 B Relatively severe conflicts, potential
danger

0.3–0.5 C Severe conflicts, intersection redesign
required

<0.3 D Severe conflicts, great danger, redesign
required

Table 4: Factor comparison.

Intersection 𝑄
𝑝
(p/h) 𝑄V (Veh/h) DG

(1) West Chaoyang
Rd.-Construction St. 169 72 7.10

(2) Free Rd.-Comrade St. 220 105 14.10

5. Conclusions

Conflict between left-turn vehicles and pedestrians at sig-
nalized intersections has increasingly become a safety threat
to roadway traffic operation, especially in fast-developing
countries like China. This paper, based on the study of
pedestrian-vehicle conflict mechanism at signalized inter-
sections and sufficient survey data, introduced the SCI
model and safety level system, established a systematic and
quantitative method of intersection safety evaluation from
the perspective of traffic conflict.

Although there is still much space for improvement on
the model, which requires pedestrian volume to be above
115 persons per hour and the intersection having limited to
no interference from right-turning vehicles, the SCI model
is applicable to the majority of city intersections which
are mostly two- or multiphase, and the safety level system
provides a quantitative way of categorizing the safety level
of an intersection, as well as an intuitive way of describing
their safety conditions. Together, the SCImodel and the safety
level system build a holistic framework for intersection safety
evaluation and its study.
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