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Effectiveness and efficiency have been accepted as the measures for the transportation system as well as its components performance. However, highlighted by the concept
of sustainability, environmental impacts of the transportation system must be standardized for traffic participants,
roads, and infrastructure from planning to operation. With
consideration of the road transport accounting for 75% of
the world’s total carbon dioxide emissions from fossil fuel
combustion and the transportation systems being responsible
for more than 20% of world energy consumption, statistical
results raise the following problems: what efforts should
we make to solve such environmental problems and what
countermeasures should we conduct to balance the energy
saving and the demand of mobility? Within the sustainable
approaches, green traffic and green transportation system are
now widely discussed.
Green vehicles, smart road, C-2-X communications for
green intelligent transportation systems control, and green
urban traffic are proved to have considerable effectiveness.
Green vehicles, with new alternative energy as their key feature, are intended to be more environmentally friendly than
conventional internal combustion engine vehicles running on
gasoline or diesel. Electricity, hybrid electricity, compressed
air/natural gas, biofuel, solar power, and so forth can be used
as the embodied energy of the vehicles which represent the
different types of green vehicles. The development of green
vehicles triggers the challenges not only in the manufacture,
but also in the use of vehicles and the service provided by
traffic system.
Smart road; C-2-X communications including communications between/among vehicles, roadways, roadside, backend infrastructure, and so forth; and the assistance systems

based on driver-vehicle unit lay the foundation of the traffic
information network and enable a smooth, efficient, and
accident-free traffic. The ongoing information system in ITS
and driver assistance systems will provide guidance to the
road users and, moreover, contribute to the emission control
and safety.
The overbuilt cities experience the consequence of overloaded traffic demand and the worsening environment. Walking and cycling traffic are encouraged by enhancing the role
of public transport in order to control CO2 , air pollution,
and noise. Focusing on the improvement of traffic conditions,
productivity of cities will benefit from green urban traffic
by mitigating the traffic congestions and delay. Furthermore,
user-oriented urban traffic will contribute to the safety of
vulnerable road users.
It is believed that the green transportation system (GTSS)
will be a prime target for obtaining eco-friendly transportation systems and safety.
Wuhong Wang
Geert Wets
Heiner Bubb
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Nowadays, both travel guidance systems and traffic signal control systems are quite common for urban traffic management. In order
to achieve collaborative effect, different models had been proposed in the last two decades. In recent years, with the development of
variable message sign (VMS) technology, more and more VMS panels are installed on major arterials to provide highly visible and
concise graphs or text messages to drivers, especially in developing countries. To discover drivers’ responses to VMS, we establish
a drivers’ en route diversion model according to a stated-preference survey. Basically, we proposed a cooperative mechanism and
systematic framework of VMS travel guidance and major arterials signal operations. And then a two-stage nested optimization
problem is formulated. To solve this optimization problem, a simulation-based optimization method is adopted to optimize the
cooperative strategies with TRANSIMS. The proposed method is applied to the real network of Tianjin City comprising of 30
nodes and 46 links. Simulations show that this new method could well improve the network condition by 26.3%. And analysis
reveals that GA with nested dynamic programming is an effective technique to solve the optimization problem.

1. Introduction
In recent years, China has entered the stage of quickened
urbanization process. However, traffic problems such as
traffic congestions and the deterioration of air quality are
getting increasingly serious. Since the obvious unbalance
between the rapidly growing traffic demand and the limitation of traffic resources, traffic management is becoming an
increasingly serious concern. During the last two decades,
how to alleviate traffic congestion by better urban traffic
management strategies has captivated consistent attention
from both traffic operators and engineers.
To reach this goal, various strategies have been developed for urban traffic management [1, 2]. One important
branch of such approaches is traffic flow guidance. Many
researches have been conducted on traffic flow guidance
by providing drivers with real-time information (e.g., traffic
information broadcasting, on-board navigation systems, and

variable message sign). Among them, the variable message
sign installed on the roadside is designed to improve road
network performance by providing such highly visible and
concise information to drivers, especially congested conditions [3]. Instead of being installed on highways in America
and European countries, VMS are developed to provide en
route information for major arterials in developing countries.
The application of VMS technology in congested urban
road network in developing country can potentially ease
traffic congestion. It was revealed that the key of effective
utilization of VMS is to capture the relationship between
variable messages and drivers’ behavior [4]. Therefore, sound
investigations of drivers’ responses to VMS should be carried
out at first.
Another common urban traffic management method is
traffic signal operational strategy, which provides a realtime traffic flow control approach [5]. Obviously, there exist
interactions and interdependence between travel guidance

2
and traffic signal control. Consequently, analytical models or
simulation evaluation seems inspiring by using traffic signal
control system or travel guidance system separately. On the
contrary, adopting traffic signal control and travel guidance
simultaneously does not always succeed. Nowadays, more
and more serious urban congestion problem in developing
countries requires researchers’ additional insights into the
optimization of cooperative strategies.
In previous attempts, the cooperative mechanism related
to traffic signal control and travel guidance is one of hotspots
for researchers. In the early stage, most research integrates
traffic signal control with user equilibrium [6–8] or dynamic
user equilibrium (DUE) [9–11]. The key postulated in these
studies is that all users have the same choice criterion
and complete information. Taking this hypothesis, we find
that this integration different from drivers’ en route routechoice process neglects specific drivers’ behaviors. More
importantly, it is impossible to provide complete dynamic
information for all drivers on urban road network. The
researches on joint optimization of traffic signal control and
UE or DUE cannot be put into practice so far.
To solve the aforementioned problems, some researches
have been conducted on cooperation of en route travel
guidance and traffic signal control. Among en route travel
guidance approaches, advanced on-board navigation systems
or traffic information broadcasting can provide real-time
information and guidance advice for users. However, there
are still some problems needed to be solved before using in
developing countries: users of navigation systems only cover
a tiny proportion of total travelers in developing countries;
and it is isolated from signal control system. In general,
these systems designed for travellers have to be separated
from signal control systems for security reasons. Different
with above approaches, the VMS strategically located on the
roadside can directly affect drivers’ en route choice. Moreover,
VMS technique allows the information communication with
road detectors and traffic signal controllers.
In recent years, several studies on VMS travel guidance
and traffic signal control have been carried out for urban traffic management in developing countries [12, 13]. Moreover,
Lin further proposed a collaborative model integrating traffic
control with VMS in a sudden disaster [14]. Nevertheless,
these previous studies place emphasis on logistic steps and
framework. In addition, only text messages (e.g., diversion
advice and congestion information) are considered in previous attempts. In order to avoid the fluctuation of traffic
flow, diversion advice should be published only if detour
path owns obvious advantage. In other words, the diversion
advice owns lag characteristic. To improve the effectiveness of
travel guidance, we propose an active travel guidance method
by a dynamic graphical display of the traffic status with
colors in this paper. The application of VMS will definitely
induce distributions of traffic flow in different paths. As a
result, not considering the response of travellers may actually
increase network-wide congestion. Therefore, we establish a
valid driver diversion model on a behavioral survey before
implementing the cooperative strategy.
In this paper, we first establish a logit model of drivers’
responses to graph and text information on VMS panels
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based on a stated-preference survey. And then a cooperative
strategy and systematical framework of VMS and traffic
signal control are proposed for major arterials. Within this
framework, the optimization of the cooperative strategy can
be represented as a two-stage nested optimization problem.
We name this optimization problem the VMS guidance
and signal coordination (VGSC) problem. The desired road
status display, diversion advice, and arterial signal parameters
(i.e., cycle times and green times) are updated in the firststage optimization problem by using genetic algorithms.
Subsequently, arterial signal offsets are optimized by dynamic
programing method in the second-stage. Considering the
complexity of interactions between vehicles and signalized
or unsignalized intersections on a large network, we further
develop a simulation-based optimization (SBO) software
package with TRANSIMS to solve the two-stage nested
optimization problem.
To explain the mechanism and application of the cooperative strategy, the rest of this paper is organized as follows.
Section 2 builds the driver diversion model on the basis
of a behavioral survey and propose the active travel guidance approach in detail. Section 3 proposes the cooperative
strategy and establishes the two-stage nested optimization
model. Section 4 presents the simulation-based optimization
method to solve the optimization problem. Computational
results on a particular network are presented in Section 5.
Finally, Section 6 concludes our findings.

2. Drivers’ Diversion Model
2.1. Stated-Preference Behavioral Survey. Many studies have
investigated the impact of VMS on drivers’ behavior [15,
16] and verified that the text message on VMS panels is a
significant factor for route choice. The stated-preference (SP)
survey is an effective tool to test the behavior of individuals. However, these SP surveys are not suitable for VMS
installed in urban areas. Due to different scenarios including
different message content, applied places, and traffic status,
drivers’ route choices would be quite different. Therefore, it is
essential to carry out a sound behavioral survey for modeling
drivers’ behaviors.
In developing countries, VMS are widely used in urban
road network. These VMS panels allow releasing information
on “congestion scale,” that is, road network with different
colors. The “congestion scale” is a classification of average
speed calculated by travel time (i.e., red means congested road
segment; yellow means heavy traffic volume segment; and
green means low-traffic segment). In detail, for major arterials, red represents the real-time speed lower than 20 km/h;
yellow represents 20 km/h–40 km/h; and green represents
higher speed than 40 km/h. (see Figure 1) Previous research
focuses on drivers’ response to typical text messages while
neglecting the graphical information on VMS panels.
To solve existing problems of drivers’ responses to graphical information, we carried out a stated-preference (SP)
survey, which is coded into pad computers. Considering
road segments with different colors and detour distances that
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Table 1: Summary of selected personal attributes.
N

Personal attributes
Gender
Age

Personal salary
D

B

Recommend a detour through
road CD to B

Figure 1: An illustration of VMS panel.

drivers might face in the urban area, various variables including distances of pretrip path (AB) and detour route (ACDB),
diversion advice, and colors were changed randomly.
Multiple factors vis-à-vis VMS have been considered in
the SP survey and the collected information can be classified
in the following categories:
(1) personal information: age, gender, and salary; and the
personal attributes which define drivers’ characteristics have been identified in Table 1;

Percentage (%)
44.94
55.06
39.33
58.43
2.25
15.73
21.35
20.22
11.24
16.85
1.12
4.49
1.12
7.87

Male
Female
18–29
30–49
50–69
<50,000
50,001–100,000
100,001–150,000
150,001–200,000
200,001–250,000
250,001–300,000
300,001–350,000
350,001–400,000
>400,000

(3) route length: the length of routes AB and ACB,
denoted as 𝑙AB and 𝑙ACB ;
(4) advice: a dummy variable which is equal to zero if the
VMS shows the advice and one otherwise;
(5) YLRAB/ACB : yellow link ratio in routes AB and ACB;
(6) RLRAB/ACB : red ratio in routes AB and ACB. And, we
have
RLR =

𝐿𝑟
,
𝐿𝑦 + 𝐿𝑔 + 𝐿𝑟

YLR =

𝐿𝑦
𝐿𝑦 + 𝐿𝑔 + 𝐿𝑟

,

(1)

(2) preference information:
(a) a drivers’ acceptability of VMS;
(b) a drivers’ response to information on VMS;
(3) dynamic information on VMS panels:
(a) distances: original route and alternative routes;
(b) colors: yellow and red segment ratios;
(c) diversion advice.
2.2. A Binary Logit Model of Drivers’ Diversion Choice. On the
basis of the SP survey, drivers’ response to VMS is typically
modeled by a binary logit model. There are two alternatives,
which are denoted by 0 or 1 (i.e., 0 means keeping original
route and 1 means choosing to divert). In order to recover all
related factors, we take multiple variables into consideration,
as follows:
(1) age: the drivers’ ages;
(2) gender: a dummy variable, which is equal to zero if
the driver is male and one otherwise;

where 𝐿 𝑔 , 𝐿 𝑦 , and 𝐿 𝑟 denote the length of green
(smooth), yellow (heavy volume), and red (congested) links.
By analysis of collected behavioral data, we managed
to find a set of significant factors. A binary logit model
is presented in Table 2. The estimated coefficients of the
variables are all significant at 95% confidence level. The
likelihood of diversion has been positively affected by certain
factors, for example, age, length of routine route 𝑙AB , diversion
advice, red segment ratio on the routine route RLR0 and
passively affected by length of diversion route 𝑙ACD , and red
segment ratio on the diversion route RLR1 .
In addition, the utility function is formulated as
𝑉𝑛 (𝐶) = 𝑉𝑛 (1) − 𝑉𝑛 (0)
= exp (𝛽0 + 𝛽1 ⋅ Age + 𝛽2 ⋅ 𝑙AB + 𝛽3 ⋅ 𝑙ACD
+ 𝛽4 ⋅ RLR0 + 𝛽5 ⋅ RLR1
+ 𝛽6 ⋅ Advice + const) .

(2)
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Table 2: Binary logit model for drivers’ responses to VMS.

Variables Coefficient
Age
𝛽1
𝛽2
𝑙AB
𝛽3
𝑙ACB
𝛽4
RLR0
𝛽5
RLR1
Advice
𝛽6
Constant
𝛽0

Estimates
0.044
0.965
−0.439
3.510
−6.240
0.431
−3.032

Standard.Error
0.017
0.096
0.076
0.606
1.371
0.211
1.314

Significance
0.010
0.001
0.001
0.000
0.000
0.041
0.021

The probability that individual 𝑛 chooses alternative route
can be further obtained in the following equation:
𝑃𝑛 (𝐶) =

𝑉𝑛 (𝐶)
.
1 + 𝑉𝑛 (𝐶)

(3)

3. The Cooperative Mechanism of
VMS and TSC

YLR𝑘 denote ratios on the 𝑘th route; 𝑑𝑘 is equal to 0 or 1 and
𝑑𝑘 = 1 represents giving out the diversion suggestion for 𝑘th
route; 𝐶𝑘 , 𝑔𝑘 , and Φ𝑘 denote the cycle times, green times, and
offsets of signal controllers on the 𝑘th route. We assume that
there are 𝑘 alternative routes which can be chosen for drivers.
Though the behavioral survey verifies the relation between
drivers’ behaviors and RLR, it is necessary to compute both
RLR and YLR in the joint optimization problem because the
two parameters determine the condition of an arterial road
together.
When it comes to the aforesaid first precondition, both
the VMS and TSC systems are installed and controlled by
transportation management agencies. The implementation
of the joint optimization for the two systems in the control
center is easy to complete.
On the other hand, when it comes to the second precondition, some if-then rules should be satisfied for the
optimization process. We assume that the control result is
𝑦𝑗+1 under the condition of 𝑥𝑗+1 (see (4)):

= [RLR0 , YLR0 , RLR𝑘 , YLR𝑘 ] ,
𝑥𝑗+1

In this section, we propose a cooperative mechanism of VMS
and traffic signal control system in urban areas. In order
to improve effectiveness of cooperation, a two-stage nested
optimization problem is formulated.

(5)

where the RLR0 , YLR0 , RLR𝑘 , and YLR represent the
estimation of the control results on pretrip route and other
routes:
if 𝑑𝑘 = 1

3.1. Cooperative Mechanism. Based on the proposed logit
model in Section 2, we found that the red segments ratios
of an arterial displayed on VMS have a profound impact on
the behavior of en route diversion decisions. Consequently, it
will be a reasonable and practical choice to take the dynamic
graph information as an active travel guidance tool (i.e., to
display arterial with colors predicted by a reasonable and
desirable method), instead of displaying current traffic status
passively. With the collaboration of traffic signal control, the
new VMS strategy method can not only distribute traffic flow
in desirable proportions but also provide traffic status more
closely to travellers’ driving feeling.
This important improvement of the active VMS strategy is
achieved by two preconditions: first, we allow the cooperation
of VMS and TSC systems instead of isolation ones; second
and more importantly, we can find a desirable solution by
joint optimization in a short term and the solution has to
be consistent with drivers’ driving feelings for a sustainable
effectiveness in a long-term use. This approach strikes a very
nice balance between accessibility and effectiveness.
By considering signal cycle length and the location of
VMS panels, the control period 𝑇 can be determined at
first. As mentioned above, during the jth control interval
(𝑡𝑗−1 , 𝑡𝑗 ), the cooperative strategy engenders a feasible and
desired solution for the next control interval (𝑡𝑗 , 𝑡𝑗+1 ). And
the solution for (𝑗 + 1)th control interval, denoted as 𝑥𝑗+1 , is
a group of control variables:
𝑥𝑗+1 = [RLR0 , YLR0 , RLR𝑘 , YLR𝑘 , 𝑑𝑘 , 𝐶𝑘 , 𝑔𝑘 , Φ𝑘 ]𝑗+1 ,

(4)

where RLR0 and YLR0 denote the red segments ratios and
yellow segments ratios on the pretrip route and RLR𝑘 and

then RLR𝑘 < RLR0 ,
YLR𝑘 < YLR0
RLR𝑘

(6)

< RLR𝑘 ,

YLR𝑘 < YLR𝑘 ,
if 𝑑 (𝑘) = 0,

RLR𝑘 < RLR0 ,

YLR𝑘 < YLR0
then RLR𝑘 ≤ RLR𝑘 ,

(7)

YLR𝑘 ≤ YLR𝑘 .
Equation (6) ensures that the advice suggestions will be
consistent with the graph on VMS and traffic status on actual
road network. Equation (7) ensures that when there is no
suggestion on panels the graph also should be consistent with
traffic status on actual road network. Thus, the foremost aim
of the cooperative strategy is to generate a desired and feasible
traffic status on VMS panels in coordination with traffic signal
control system.
3.2. The Two-Stage Nested Optimization Problem. As the
mechanism mentioned above, how to find a desirable solution of VMS travel guidance and traffic signal control can
be represented as an optimization problem. We name this
optimization problem the VMS guidance and signal coordination (VGSC) problem. To solve this problem, traffic signal
parameters (i.e., cycle times, green times, and offsets) of
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arterials shown on the VMS panels should be optimized
simultaneously with these arterials’ colors and diversion
advice. In other words, all variables in (4) should be optimized during a control period.
Among those variables, the offsets need a special attention
to their optimization. For major arterials having a number
of signalized intersections, optimal offsets under fixed cycle
times and green splits need to be selected from a (𝑛 −
1)-dimensional solution space 𝐶𝑛−1 (where 𝐶 denotes the
cycle time). As a result, it is time-consuming to optimize
offsets conjunction with other parameters. For the shortage
of optimizing offsets with other parameters simultaneously, a
two-stage nested optimization model is formulated.
In the first stage, VMS parameters and arterial signal
parameters are optimized in order to minimize the total
travel time of travellers on a road network. The first-stage
optimization problem can be expressed in
𝑇

min

𝐹𝑡 = ∑ ∫ 𝑓𝑟𝑠 (𝑡) 𝜂𝑟𝑠 (𝑡) 𝑑𝑡,

(8)

∀𝑟𝑠∈𝑀 0

OD constraints,
s.t.

𝑑𝑟𝑠 (𝑡) = ∑ 𝑓𝑟𝑠𝑝 (𝑡)

∀𝑟, 𝑠, 𝑡,

𝑝∈𝑃𝑟𝑠

(9)

𝑓𝑟𝑠𝑝 (𝑡) ≥ 0 ∀𝑟, 𝑠, 𝑡, 𝑝 ∈ 𝑃𝑟𝑠 ,
VMS constraints in (5)-(6);
Signal control constraints,
𝐶𝑘 ∈ (𝐶min , 𝐶max ) ,

𝑔𝑘 ∈ (𝑔min , 𝐶𝑘 ) ,

∀𝑘,

(10)

where 𝑓𝑟𝑠 (t) is the flow on routes between 𝑟 and 𝑠; 𝜂𝑟𝑠 (𝑡)
denotes the travel time between 𝑟 and 𝑠; 𝑀 denotes all OD pairs on a road network; 𝑑𝑟𝑠 is the total travel demand
between 𝑟and 𝑠; 𝑝 represents path and 𝑃𝑟𝑠 denotes all paths
between 𝑟 and 𝑠. The VMS constraints have been explained
above. In addition, the arterial signal optimization owns its
specific constraints (see (10)).
In the secondstage, the optimization of Φ𝑘 can be
opt
regarded as a nested optimization problem. The Φ𝑘 can be
searched iteratively under the fixed 𝑦𝑗+1 . The second-stage
optimization problem can be expressed in
min

𝐺𝑡 = ∑ 𝜂𝑙 (𝑡) 𝑑𝑡,
∀𝑙∈𝑘

s.t. Φ𝑘 ∈ (0, C𝑘 ) ,

Section 4.1. Accordingly, the optimization algorithms used in
stage I and stage II are explained in detail (see Algorithms 1
and 2).
4.1. Systematic Framework. To better illustrate the cooperative mechanism, we propose a systematic framework in
Figure 2. In view of the complexity of network traffic flow
and interactions between different strategies, SBO methods
have been introduced to solve a few engineering optimization
problems, such as a decision support tool for mitigating
traffic congestion [17] and regional signal timing strategies
optimization [18].
With multiple decision variables in the two-stage optimization problem, the interdependence between VMS and
traffic signal control is hard to evaluate by a traditional
optimizer. In addition, a microscopic traffic simulator can
give a relatively accurate estimation of flow distribution,
average speeds, and interactions of vehicles.
Therefore, we adopt the SBO method to solve the aforementioned optimization problem. In Figure 2, the strategy
module concerns operational strategies: VMS travel guidance
and traffic signal control. Based on the inputs (e.g., network,
demand, and strategies), the simulation module in TRNSIMS
can produce detailed outputs including accurate traffic conditions and traffic flow assignment with the driver diversion
module. Within the framework, the optimization module
is designed to solve the first-stage optimization problem
by using genetic algorithms (GAs). And the second-stage
optimization problem is solved by dynamic programming
method.
The SBO framework aims to obtain the feasible optimal
strategies that minimize total travel time of all travellers. And
the simulation-based algorithms are explained in detail as
follows.
4.2. Stage I: Genetic Algorithm for Joint Optimization. As
previously mentioned, the optimization of VMS and TSC
is difficult to find optimal solution mathematically. As suggested in [19], biological evolution, the essence of GA, is an
appealing source of inspiration for addressing computational
problems. In this paper, genetic algorithm (GA) is adopted
to reduce computation time. The evaluation function, control variables, constraints, and termination condition are
explained as follows.

(11)
(12)

where 𝜂𝑙 (𝑡) denotes the average travel time of link 𝑙 on the 𝑘th
path.

4. Simulation-Based Method for the Two-stage
Nested Optimization Problem
In this section, we provide a simulation-based-optimization
(SBO) method for the two-stage nested optimization problem. A SBO systematic framework is put forward in

4.2.1. Evaluation Function. As indicated in (8), the objective
function of the first-stage problem is the total travel time of
all travellers, which can be directly obtained from the output
of microsimulator module in TRANSIMS.
After simulation of each individual, the fitness function
is applied to each solution indicating how close it meets
the overall specification. Based on cellar automata approach,
microsimulator can produce specific information for every
traveller. Therefore, the temporal summary of total travel time
and average speed over a segment of link can be aggregated in
given time increments. It allows us to compute the objective
function and constraints.
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Simulation-based optimization of VMS and TSC
VMS strategy

TSC strategy

Microscopic
simulation

Diversion
advice

Traffic signal
control strategy

Driver diversion
model

Desired traffic
status in next
control interval

Dynamic
programming

TranSims

Optimization
Objective
function
Constraints
No updated strategy

Genetic
algorithm

Approximate
optimal
solution

Convergence
Yes

Each control
interval T
Real traffic system

Figure 2: A SBO framework for the VGSC Problem.

Initialize 𝑦𝑗+1 = [RLR0 , YLR0 , RLR𝑘 , YLR𝑘 , 𝑑𝑘 , 𝐶𝑘 , 𝑔𝑘 ]𝑗+1 as well as
opt
Φ𝑘 = {0} (the first time) or Φ𝑘 (optimization result in stage II).
DO the following procedure iteratively:
Find the optimal 𝑦𝑗+1 by solving the optimization problem;
Compute of objective function by (8) with respect to the optimal offsets
opt
Φ𝑘 that is obtained in the second stage;
Filter solutions by constraints in (8)–(10)
Update 𝑦𝑗+1
Until satisfy the convergence criteria
Algorithm 1: The optimization procedures of stage I.

Initialize 𝑦𝑗+1 as well as Φ𝑘
DO the following procedure iteratively:
Find the optimal Φ𝑘 under the condition of 𝑦𝑗+1 ;
Compute of objective function by (11)
Filter solutions by constraints in (12)
Update Φ𝑘
Until satisfy the termination criteria
opt
Return Φ𝑘
Algorithm 2: The optimization procedures of stage II.

Mathematical Problems in Engineering

7

4.2.2. Control Variables. In a genetic algorithm, a population
of candidate solutions is evolved toward better solutions.
Each candidate solution has a set of variables (i.e., VMS
parameters: RLR0 , YLR0 , RLR𝑘 , and YLR𝑘 , 𝑑𝑘 ; signal parameters: 𝐶𝑘 and 𝑔𝑘 ).
4.2.3. Constraints. Because of the nature of genetic algorithms, wrapping or truncating individuals in a generation
has great influence on optimization performance. In order
to deal with the constraints mentioned above without noises,
we take advantage of a penalty scheme to the evaluation
function. It provides a penalty to the fitness, which is
proportional to the constraint violation.
4.2.4. Termination Condition. The iterative process is
repeated until a termination condition has been reached. The
terminating conditions are as follows.

(5) By repeating the above 3 steps for each link, the opti𝐶,𝑔
mal offset sequence Φopt can be finally determined
under the given cycle time and green time.
(6) A sum of average travel times for the set of links in the
arterial is a significant parameter for evaluating the
arterial signal control effectiveness. Corresponding
𝐶,𝑔
to the optimal offset sequence Φopt , the minimum
travel time can be obtained by microsimulator in
TRANSIMS:
𝐶,𝑔

TTmin = 𝑓 (Φ1 , . . . , Φ𝑖 ) .

(14)

5. Application of Methodology

(i) Max generation: reach the max generation.
(ii) Convergence criteria: reach a plateau that successive
iterations no longer produce better results.
4.3. Stage II: Dynamic Programming for Offsets Optimization.
The second-stage optimization problem was the arterial
signal offsets optimization under the condition of fixed green
time and cycle time. A recent research by Gartner and Rahul
developed a dynamic programming (DP) model which is
suitable for signal offsets optimization [20]. On this basis,
we further integrate this DP model with simulations in
TRANSIMS. In detail, the basic procedure of DP model in
a five-intersection arterial is described as follows.
The arterial signalized intersection is denoted as node =
0, 1, 2, 3, 4. Correspondingly, the arterial links are defined
as link = 1, 2, 3, 4. For simplicity, we do not show the
branches in Figure 3 while taking into account traffic flows of
branches when simulating in TRANSIMS. The set of offsets
for different nodes is defined as Φ = [Φ1 , Φ2 , Φ3 , Φ4 ].
Initialization. The DP model needs original input parameters
including cycle time (𝐶) and green time (𝐺) and other basic
inputs for simulations.
Dynamic Programming. A process of DP is illustrated in
Figure 4.
(1) By setting offset interval 𝛿offset , there are 𝑁𝑗 offsets for
node 𝑗 and 𝑁𝑗 can be determined by 𝑁𝑗 = 𝐶𝑗 /𝛿offset .
(2) Every connection in Figure 4 means the average travel
time on links. For link 𝑗 (𝑗 = 2, 3, and 4), offset Φ𝑗
between nodes 𝑗 and 𝑗 − 1 will be associated with
former offset sequence:
Φ𝑗−1 = [Φ1 , . . . , Φ𝑗−1 ] .

(4) By comparing this average travel time, we could
obtain the offset Φ𝑗 and get a temporary optimized
offset sequence from Φ1 to Φ𝑗 .

(13)

(3) The average travel time on link 𝑗 can be further
computed by TRANSIMS, which can be denoted as
TT𝑗 .

5.1. Network Topology. The proposed methodology is applied
in the actual road network of Tianjin Binhai Hi-Tech Industrial Development Park (T.H.I.P, China). This site is located
3 km west to Tianjin urban area, with a two-square-kilometer
core area. As a connection to the Tianjin municipal area, road
network in this core area is almost filled with heavy traffic
flow during rush hours of working days.
In this area, more than 80 percent traffic is due to daily
commuters, who work in T.H.I.P. Moreover, traffic management rules and traffic signals are properly maintained, while
daily traffic congestions still trouble travelers. Therefore, the
road network of T.H.I.P is selected for the proposed study
(as shown in Figure 5). It has 30 nodes and 46 unidirectional
links. Among them, there are two arterials, Fukang Road
(Path 1, 1.97 km, in Figure 6) and Yingshui Road (Path 2,
3.9 km, in Figure 6), which carry the most traffic volume
from the Tianjin urban area to T.H.I.P during morning peak
hours which remain from 8:00 to 10:00. Besides the links and
nodes inside this area, we also set some external zones (blue
trapezoids in Figure 6) on the boundary of the road network
which are connected with external links to the major traffic
flow.
Subsequently, the study site network was coded into
TRANSIMS manually by using GIS networks. The network
creation required static information including zone, node,
link, pocket lane, and vehicle composition. Among them,
the vehicle composition contains vehicle type, size, capacity,
maximum speed, and acceleration. The traffic signal timing
plan for arterial signal control consists of cycle time, green
time, yellow time, red time, offset, and phase sequence. And
the timing plan can be revised by signal control module
dynamically.
If the initial simulation result indicates that default
parameters of microsimulator module in TRANSIMS are not
acceptable, the parameter calibrations are necessary. In this
paper, calibrations for the AM and PM peak time periods
were conducted. And the urban arterial network mentioned
above was calibrated against field measured traffic count data
and travel times by video cameras at signalized intersections.
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Figure 3: Offsets and travel time functions on a five-intersection arterial.
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Figure 4: An illustration of dynamic programming of offsets.

Based on the basic steps of parameter calibration in TRANSIMS proposed by Park and Kwak [21], we introduce the
calibration procedures in detail as follows.

5.1.1. Selection of Calibration Parameters. The first step is the
selection of calibration parameters including lane-changing
and car-following parameters. In brief, we take the following
5 key calibration parameters as examples.
Maximum Speed. The maximum speed is defined as the
10 km/h above the limited speed.
Slow-Down Probability. The slow-down percentage defines
the likelihood that a vehicle will slow down for no apparent
reason. The default value is zero (i.e., no random slow-down).
Slow-Down Percentage. The slow-down percentage defines
the amount a vehicle will randomly slow down. The default
value is zero.
Maximum Waiting Time. The maximum waiting time defines
when a vehicle is removed from the simulation. If the vehicle
has not moved for this amount of time, the vehicle is removed

from the link and moved to the destination parking lot. The
default value is 60 minutes.
Maximum Swapping Speed. To avoid deadlock situations, a
cooperative lane swapping concept permits the vehicles to
continue their trips. This parameter defines the maximum
speed at which lane swapping will be allowed. The default
value is 37.5 m/s.

5.1.2. Experimental Design and Multiple Runs. Subsequently,
ranges of calibration parameters are determined and multiple
sets of calibration parameters are generated. In detail, slowdown probability ranges from 0 to 50%; slow-down percentage ranges from 0 to 50%; maximum waiting time ranges
from 60 to 200 minutes; and maximum swapping speed
ranges from 0 to 30 m/s. And then 1000 simulation runs are
performed for each parameter set.

5.1.3. Feasibility Test. The distribution of simulation results
is compared to travel times and volumes generated by
field video cameras in order to determine whether current
parameter ranges are feasible. As a result, the parameters are
calibrated and the results are that the slow-down probability
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Figure 5: Map of T.H.I.P with land use.
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3

5.1.4. Evaluation of Calibrated Parameters. In the end, it is
necessary to conduct 1000 simulation runs to consider the
variability of the parameter set.

1

4
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5

Figure 6: Road network topology of T.H.I.P.

is 25.3%, slow-down percentage is 34.5%, maximum waiting
time is 83 minutes, and maximum swapping speed is 11.5 m/s.

5.2. Simulation-Based Optimization Process on TRANSIMS.
TRANSIMS is a travel demand modeling software package
that was initially developed by the Los Alamos National Laboratory (LANL) [22]. TRANSIMS separates the simulation
process into two stages.
Traffic Assignment. The router module performs traffic
assignment using a time-dependent minimum impedance
path algorithm based on travel time of links.
Microscopic Simulation. Load travel plans, from the router
module, and further computes the time-space information of
vehicles second by second.
The open-source software package allows the user to
develop new function and customize features of the simulation model. In order to optimize the joint strategy, we develop
the driver diversion module, traffic signal control module,
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Figure 7: Flowchart of simulation program in TRANSIMS.

and optimization module in Python 2.7. Through integrating with postprocessor of TRANSIMS written in C++, the
developed three modules can perform various functions.
A flowchart in Figure 7 shows the developed procedure in
TRANSIMS to solve the joint optimization problem.
At first, the driver diversion module extracts driver spacetime information from snapshots files to find drivers who
can see the VMS panels. Subsequently, the driver diversion
model determines if drivers will make a detour under the
influence of VMS information, personal features, and other
factors identified previously.
Subsequently, the traffic signal control module can revise
signal timing table under the direction of dynamic programming. And total average travel time on arterial links
provides a feedback to the signal controllers to evaluate its
effectiveness.
The optimization module is developed to evaluate the
joint optimization by using genetic algorithm. And the statistical analysis of the simulation results was done to validate
the feasibility of solutions and compute the objective value of
solutions. The algorithm was implemented in Python using
the Pyevolve module [23] and Networkx module [24]. In
addition, parallel implementation of the GA is carried out in
the optimization process in order to improve the computation

effectiveness. Because of the independence of individuals in a
generation, the optimization module can submit population
to job manager and evaluate the simulation results after all
individuals have completed simulations.
In this network, all 30 nodes are signalized nodes. Among
them, 15 nodes on the two arterials (i.e., path 1 and path 2) can
be controlled under the direction of optimization module,
and other intersections used the fixed timing table. By using
the arterial signal control method, we assume that the cycle
time and green time for intersections on an arterial are the
same. To make faster computation, we further restrict the
range of variables’ values, as follows.
(1) Cycle times: minimum cycle time 𝐶min is assumed to
be 80 s and maximum cycle time 𝐶max is assumed to
be 130 s.
(2) Phase sequence: phase sequence of a given node is
kept the same.
(3) Green time: minimum green time 𝑔min is assumed to
be 20 s and the maximum green time is assumed to be
𝐶 − 𝑔min .
(4) Offsets: minimum green time Φmin is assumed to be
0 s and the maximum green time is assumed to be 𝐶.
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Figure 8: Convergence process of the genetic algorithm.

5.3. Simulation Results and Analysis. According to the size of
study network, we set the control interval as 5 minutes. And
the 12 optimum solutions can be obtained during 8:00-9:00 in
the morning peak time. During each interval, 7 variables are
optimized in the first-stage GA optimization, including the
desired yellow ratios on the two arterials, the cycle times and
green times for each arterial, and diversion advice. Moreover
the offsets of 10 signalized intersections on the two arterials
are optimized by the second-stage dynamic programing.

By the multiruns of the three control methods under
traffic demand during the morning peak time, we present the
mean values of 20 groups. The comparison of improvement
of traffic condition by different strategies is shown in Table 3.
The improvement by adopting the active VMS strategy with
fixed signal control is 10.2%, while the cooperation of both
strategies reaches 26.3%.
The convergence process of each control interval is further explained in Figure 8. Obviously, there exists an obvious
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Table 3: Comparison of minimum values of objective function.
Control method
Pretimed signal control
without VMS
Pretimed signal control
with VMS strategy
The cooperative strategy
of VMS and arterial
signal control

Index
Objective function
Improvement
values
84756.77

/

76118.13

10.2%

analytical methods will be researched in this cooperative
mechanism to reduce computation costs.
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26.3%

trend of convergence with the generation increase as shown
in Figure 8(a). The maximum number of generations is set
to 20; the mutation rate is 0.02; and the crossover rate is
0.9. When the optimization comes to the 10th generation,
the standard deviation is close to 0, which satisfies the
convergence criteria in GA in Figure 8(b). It can be explicitly
displayed that the objective function values of each individual
from the 10th generation are kept the same as shown in
Figure 8(c).

6. Conclusion and Future Work
In this paper, we study variable message sign (VMS) widely
deployed on major arterials in developing countries. In
order to appropriately describe drivers’ response to VMS,
we propose an en route diversion model based on a statedpreference behavioral survey. The vital significance of this
new model lies in well considering drivers’ responses to
graphical road with colors.
On this basis, we propose a cooperative mechanism
of VMS travel guidance and arterial signal control for
urban traffic management. In this mechanism, traffic control
parameters and VMS parameters are optimized together.
Particularly for arterial signal control, a two-stage nested
optimization problem is formulated. To find the optimal
solution, we apply a simulation-based optimization framework for solving this two-stage nested optimization problem.
In this cooperative strategy, we allow the communication
between VMS and TSC systems to find a desirable and
feasible solution during each control interval.
As shown in Table 3, the cooperation strategy managed
to reduce total travel time of all travellers when compared to
pretimed signal control without VMS strategy and pretimed
signal parameters with VMS strategy. Moreover, we examine
the convergence process of each interval in Figure 8. It shows
that this simulation-based method strikes a very nice balance
between accessibility and effectiveness. And the convergence
performance is quick and effective.
Besides, it should be pointed out that this simulationbased-optimization method requires relatively high computation source by utilizing microscopic traffic simulation. For
future works, we will focus on testing the proposed method
for more complex networks of intersecting arterials to investigate effectiveness of the cooperative strategy. In addition,
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In order to explore stable route safety evaluation indicators, this study discusses the relationship between the heart rate variability
(HRV) and other factors, such as design speed, operating speed, acceleration rate, and velocity gradient through a lot of experiments.
The results show that operating speed coordination and velocity gradient (𝐺V ) outperform others as road safety indicators. Speed
coordination evaluation criteria: |Δ𝑉85 | ≤ 10 km/h, good coordination; 10 km/h ≤ |Δ𝑉85 | ≤ 20 km/h, general coordination, route
indicators of adjacent sections should be adjusted, so that the speed difference is not more than 10 km/h; |Δ𝑉85 | ≥ 20 km/h, poor
speed coordination, it needs to readjust the design of the adjacent sections. Speed gradient evaluation criteria: 𝐺V ≤ 0.10, good
road safety; 0.10 ≤ 𝐺V < 0.15, common road safety; 𝐺V > 0.15, poor road safety and the adjacent sections need to readjust. The
conclusions provide the theoretical reference for highway safety evaluation.

1. Introduction
In order to improve road safety, research abroad explored
the relationship between speed statistics and accident rate.
Kloeden et al. studied the country road (or national highway) and concluded that the decline of the average speed
rather than the decline of velocity gradient contributes to
traffic safety [1]. Garber and Gadiraju concluded that the
accident rate is proportional to the variation of velocity which
increases as the accident rate increases [2]. However, Lassarre
in France concluded that the influence of velocity variance on
the safety is not significant [3]. Lave found that the influence
of velocity variance on accident rate is more significant than
that of average velocity [4]. Baruya and Finch studied the
relationship between average velocity, velocity gradient, and
personal injury accidents and found that average velocity
and velocity gradient greatly affect the accident rate [5].
Although the findings discussed above are not consistent
and sometimes even contradictory, they indicate that the
relationship among average velocity, velocity gradient, and
velocity variance to accident rate remains uncertain.
In China, many research results have the same characteristic, which are trying to establish the relationship between

speed and accident number. Unfortunately, the traffic accident data in China was kept by the police departments, so it
is not easy to obtain original accident data. Even if accident
data can be gained, it cannot meet needs of research. The
data from the traffic police department on the cause of the
accident, morphology, and classification are not the same
with the researchers, that is, not consistent with standard
statistical accident. In addition, in recent years, China is in the
large-scale construction period, and the roads expansions are
very frequent, resulting in shorter service life of road and the
lack of stable long-term accident statistics. So the convincing
results are scarce, and it is difficult to evaluate the safety of a
new road.
Considering the above issues, this study investigates
the relationship between road safety and speed statistics,
with physiological aspects on drivers through a series of
experiments.

2. Materials and Methods
A transportation network consists of human beings, vehicles,
roads, and traffic control devices. Any change of these factors

will affect drivers’ reactions. While the external reaction
may be observed by abnormal driving behavior (such as
acceleration), the inner one appears in driver’s psychological
changes (such as HRV). Therefore, the studies on road
safety associated with driving psychological changes become
popular in recent years.
Brookhuis and de Waard studied the relation between the
driver’s psychological pressures and ECG and EEG changes,
respectively, in the crowded city ring Expressway and the
free flow of Expressway and concluded that psychological
pressure can be obtained in the ECG and EEG responses
[6, 7]. Pan studied the relationship among drivers’ heart rate,
blood pressure, and radius of horizontal curve, curve length,
curve angle, and so forth in the mountain road test road in
a certain speed [8, 9]. Qiao studied the key parameters of
the two-lane highway in mountainous area based on driver
factor analysis (parameters of what) and put forward the
design parameters to enable driving comfortably on twolane highway in mountainous area [10]. Related literatures
selected the changes of the driver real-time heart rate variability, namely, HRV to indicate workload of the drivers and
divided its threshold [11–15]. HRV is a balanced and effective
detection index between the characterization of sympathetic
and vague nerves, measures the continuous sinus heartbeat
interval (instantaneous heart rate) of the tiny fluctuations of
ECG changes, and is more sensitive to describe physiological
index of the driver [16, 17]. Wang et al. proposed a composite
measure consisting of three physiological measures, facial
skin temperature, eye blinks, and pupil dilation [18]. J. Lee and
S. Lee develop a model for evaluation of highway alignment
design with a new evaluation index as vehicle spacing [19].
The above literatures studied the traffic safety problems based
on EEG and ECG reactions of the drivers, and conclusions
show that there was some relationship between the driver’s
physiological reactions and traffic safety and route parameter.
Because the experiments were all drawn in the fields,
taking into account that the EEG anti-interference ability was
poor, the heart rate variability (HRV) was chosen as the index.
The experiments were drawn to study the stable and reliable
relationship between the driver of HRV and different safety
evaluation index of the road. Combination of all researches
and road safety evaluation indicators include speed consistency, speed coordination, speed reduction coefficient, and
speed gradient.
2.1. Data Collection. The devices for the experiments include
a test vehicle, high precision GPS, KF2 dynamic multiple
physiological parameters detection apparatus (KF2), and a
camera. The test vehicle is Santana 2000, and the high
precision GPS instrument selected Novatel dynamic GPS to
acquire speed change and coordinate continuous velocity
and acceleration and other related indicators, corresponding
to the road alignment. KF2 dynamic multiple physiological
parameters detection can obtain the drivers’ HRV indicator
at any time, and road traffic environment is recorded by
camera, and manual recording special conditions and data
processing should be removed without the free-flow speed
data. Test sections selected two-lane highways in Jiangxi

Mathematical Problems in Engineering

HRV

2
20
18
16
14
12
10
8
6
4
2
0
50

60

70
80
Speed (km/h)

90

100

Figure 1: Speed versus heart rate variability.

Yichun Anfu, Xinjiang Kuitun-Karamay, Xinjiang alar-hotan,
and Xinjiang Akesu-Kuche. Yichun Anfu section is located in
the mountainous area, and the remaining roads are in plain
area. The total mileage of test sections is about 800 km. The
sample size of each type is greater than 50.
At the beginning of experiments, the basic information
of drivers, the installation of test equipment, including KF2,
GPS, and camera, and the time of opening KF2 should be
recorded. After installing the device, drivers were required
to obtain a calm state. Then the driver drove on the test
section and turned on the GPS and camera to record driving
conditions and road traffic environment until the end of the
test. The records should be marked for the special moments
point and the traffic environment change time point (section)
for further data processing. In order to eliminate noises, data
for 3 minutes before and after tests are excluded.
2.2. Relationship between Road Safety
Evaluation Indicators and HRV
2.2.1. Design Speed Consistency and HRV. At present in the
routine design, design speed is still selected as the control
index in China. For the same type highways of terrain, the
design speed is a constant value. For example, on two-lane
highways in plain areas, it needs to use the design speed
of 80 km/h, and 60 km/h in the mountainous areas. The
benefits of design speed concept are easy to use. According
to the “Guidelines for Safety Audit of Highway,” design speed
consistency is defined as the absolute value of the difference
between the operating speed and design speed. Figure 1 shows
a scatter plot between the speed and the driver of HRV test
vehicle in two-lane highway.
In Figure 1, design speed increasing, namely, the design
speed consistency increasing, the drivers’ HRV trend is
not obvious, and the distribution range has no significant
diffusion difference. There is not a similar trend between
design speed consistency and HRV did not show an obvious
consistent trend. It is concluded from psychological results
that it is not inappropriate to select design speed consistency as a road safety evaluation index. Drivers tends to
prefer a higher operating speed because of a better roadway
alignment, while poor road alignment forces drive at lower
speed, and only in poor route linear design speed will play a
role. The minimum value, in the route design specifications
only limits the design standard for the most unfavorable

ΔHRV
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Figure 2: Operating speed coordination versus ΔHRV.

situation. For two-lane highways of the western plains region,
average speed of good road sections is much higher than
the design speed. The increase of speed consistency does not
bring a corresponding increase in the accident rates. It is
also the same in some foreign speed limit sections. From the
experimental results it is illustrated that it is not appropriate
to choose the design speed consistency to measure road
safety.
2.2.2. Operating Speed Coordination and HRV. The operating
speed coordination is the absolute value of the operating
speed difference between adjacent sections. The sections
are divided and grouped according to the different design
elements within the section. Firstly nonfree flow data is
removed. Then the whole road is divided into small sections
as the straight section of the circular curve sections, longitudinal slope sections, and curved section in accordance with
the Guideline. Sections with various features are found out
and the corresponding speed value at the right time is selected
from GPS. Thirdly, the operating speed coordination is
calculated by speed difference between the adjacent sections.
HRV data is obtained by KF2 from physiological indicators
of the corresponding time. ΔHRV and the Δ𝑉 data are then
obtained. Δ𝑉 is the operating speed difference between the
adjacent sections and ΔHRV is the HRV difference between
the adjacent sections. The relationship between operating
speed coordination and ΔHRV is shown as Figure 2.
In Figure 2, ΔHRV increases significantly when the
operating speed coordination is increasing. When operating
speed coordination is less than 10 km/h, the average value of
ΔHRV is about three. When operating speed coordination is
enlarged to 10–20 km/h, the average ΔHRV grows up to about
7. And when operating speed coordination expanded to more
than 20 km/h, HRV values are all greater than 10. Results
show that the speed of coordination is directly proportional
to ΔHRV.
During the driving process, changes of adjacent operating
speed will lead to the change of HRV, and especially the
dramatic change of adjacent running speed can cause strong
reaction of drivers’ psychology. Therefore it is appropriate to
select the operating speed coordination to measure the safety
of the highway and it is also secure to select 20 km/h as an
evaluation threshold in the Guideline.

2.2.3. Speed Reduction Coefficient and HRV. Drivers will
change acceleration or deceleration transformation according to the environment and road conditions during the
running. According to statistics, the speed acceleration of the
vehicle in the process of smooth driving generally remains
between −0.15 and 0.15 m/s2 . If the speed acceleration is
due to good traffic environment and roadway conditions,
it is usually considered to be a safe behavior. In contrast,
deceleration process, in particular severe deceleration, is
often considered to be not safe. It means that a sudden
change of road conditions occurs, and if the deceleration
behavior cannot meet the road traffic needs, traffic accidents
will occur. The statistics results show that traffic accidents
account for a large proportion of accidents. Removing the
nonfree-flow speed data, figuring out the speed and acceleration in the process of moving test vehicle, relationship
between the acceleration and deceleration acceleration and
HRV is analyzed, respectively. And the results are shown in
Figure 3.
Derived from Figure 3, in the process of acceleration
(Figure 3(a)), there is little correlation between the driver
HRV and the acceleration of the vehicle. As the acceleration
increases, HRV does not change significantly, reflecting the
smaller driver psychological changes. It follows that the
acceleration process is safe. This is consistent with the
conclusion of the above analysis. In the process of deceleration (Figure 3(b)), as the acceleration increases, HRV
also increases rapidly. When the acceleration is greater than
1.5 m/s2 changes in HRV will be more intense, reflecting that
the sudden deceleration behavior can result in strong psychological reaction. And the conclusion is consistent; namely,
the deceleration process especially the sudden deceleration
process is insecure.
During acceleration, the acceleration value of the driver
is generally less than 1.0 m/s2 , and the maximum acceleration is up to 1.5 m/s2 . But during deceleration process, the
acceleration value of the driver is generally below 1.5 m/s2 ,
and the maximum acceleration is about 2.5 m/s2 . It shows
that the response of drivers’ deceleration is bigger than that
of acceleration. In the course of the research on deceleration, according to Moscow State University conclusions,
the acceleration process is divided into the three intervals
0–0.5 m/s2 , 0.5–1.5 m/s2 , and 1.5–2.5 m/s2 . The relationship
between speed reduction coefficient and the accident rate was
studied in the three cases, and we came to the conclusion
that safety would be greatly reduced when the acceleration
was more than 1.5 m/s2 . Deceleration greater than 1.5 m/s2
is defined as the sudden deceleration behavior, and is often
caused due to sudden changes in the road. It is very unsafe.
Choosing adjacent sections in which deceleration is
greater than 1.5 m/s2 , and figuring out the speed reduction
coefficient (the speed difference between first section and the
latter sections and its own ratio), get the relationship between
speed reduction coefficient and HRV, as shown in Figure 4.
From the diagram, HRV increases with speed reduction
coefficient increasing. When the speed reduction coefficient
is more than 0.25, which is the speed of a sudden decrease of
more than 25%, HRV changes rapidly.
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Figure 5: Relation between speed gradient and HRV.

From Figure 4, it is concluded that it is appropriate
to measure road safety with speed reduction coefficient.
Because trend of HRV is more obvious when speed reduction
coefficient of the adjacent sections is more than 0.25, and then
0.25 is selected as the critical value (threshold) of the speed
coefficient. Compared to the speed at the feature points of
previous sections, if the speed coefficient of the latter section
reduced more than 0.25, it is considered that the routine
design has potential security risks and needs to be improved.

dramatic rate and a 300-meter radius circular curve may
lead to a slower decrease. Although two sections from the
coordination of all belong to the general safety section, the
previous is clearly larger than the latter on the driver’s sudden
reaction reflection. Therefore, an index named speed gradient
is constructed to describe the above differences as follows:

2.2.4. Speed Gradient and HRV. The above analysis shows
that operating speed coordination and speed reduction coefficient are closely related with the change of driver’s HRV.
Both indicators can be measured by the amount of change in
operating speed of adjacent sections; the two conclusions are
certainly consistent. However, there exists a common defect
that they cannot measure how much operating speed changes
in alignment curve in unit length sections.
For example, a straight section is followed by a circular curve segment and roads operating speed difference
is 15 km/h. the psychological reactions of the driver are
different on different lengths of the curve. For drivers, the
100-meter radius circular curve may lead to a decline at a

𝐺V = 2 ×

Δ𝑉85
,
𝐿

(1)

where 𝐺V is the speed gradient; 𝐿 is curve length, assuming
that the deceleration of the vehicle completes in the first half
of the curve.
After removing non free-flow data, deceleration speed,
which is used to study the relationship between speed
gradient and HRV, is calculated by speed of adjacent sections.
Statistical analysis is shown as in Figure 5.
It can be obtained from Figure 5 that as the velocity
gradient increases, HRV is also gradually increasing, and
both approximate logarithmic. When the speed gradient
is less than 0.1, HRV growth trend is more gentle; when
the speed gradient is over 0.10, HRV increasing trend has
accelerated very fast; and when the velocity gradient exceeds
0.15, HRV increasing trend is very fast, reflecting strong
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psychological reactions of drivers. It shows that there is a
strong correlation between the velocity gradient changes and
changes of HRV.

3. Results and Discussion
It can be concluded from the above analysis that the changes
in speed gradient and HRV are closely related and HRV
increases as speed gradient increases. Speed gradient can be
divided into three intervals: less than 0.10, 0.10∼0.15, and
more than 0.15, three security descending order. And greater
than 0.15 speed gradients in the design should be avoided.
In summary, correlation is not strong between design
speed consistency and HRV. From the point of view of drivers’
physiological responses, it is not suitable to be regarded as
a safety evaluation indicator; speed coordination is closely
correlated with HRV. 20 km/h as the critical threshold of
safety evaluation is also appropriate, and guideline about
the speed coordination regulation is reasonable. During the
deceleration of the vehicle, the speed reduction coefficient
and the deceleration of the adjacent sections and the security have close relationship. Speed reduction coefficient is
more than 0.25 and the deceleration greater than 1.5 m/s2
is considered a potential safety risk; velocity gradient and
HRV changes are closely related. According to the analysis
the speed gradient should be divided into three groups as
less than 0.10, 0.10–0.15, and more than 0.15, and the speed
gradient of greater than 0.15 in the design should be avoided.
Because the speed reduction coefficient and operating
speed coordination are similar, in order to maintain consistency with the guideline, operating speed coordination is
chosen as one audit index. The speed gradient measures road
safety from the aspects of unit length of road section, avoiding
the defect that operating speed coordination is the unique
index. In general, the speed coordination measures the speed
variation amplitude of adjacent sections, and the speed
gradient measures how fast of the change of the adjacent
section, which can be used in combination to evaluate the
safety of route.
Operating speed coordination |Δ𝑉85 | is the speed difference of adjacent sections. Speed coordination |Δ𝑉85 | is evaluation standard: when |Δ𝑉85 | ≤ 10 km/h, good route design;
10 km/h < |Δ𝑉85 | < 20 km/h, common route design, when
conditions permit, adjacent sections of technical indicators
should be appropriately adjusted, in the condition that the
operating speed difference is less than or equal to 10 km/h;
|Δ𝑉85 | ≥ 20 km/h means bad route design and the design of
adjacent sections need to be adjusted.
The speed gradient evaluation standard: when 𝐺V ≤
0.10, road safety is good; 0.10 ≤ 𝐺V < 0.15, road safety
is common, when conditions permit adjacent sections of
technical indicators should be appropriately adjusted; 𝐺V >
0.15, road safety is poor and route indicator of adjacent
sections need to be adjusted.

4. Conclusions
The paper studied the relationship among drivers heart
rate variability of the vehicle in the running process and
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design speed consistency, operating speed coordination,
speed reduction coefficient, and speed gradient. Then their
relationship with safety is obtained from speed statistics.
From analysis, operating speed coordination and the speed
gradient can be chosen as indicators to measure traffic
security. Conclusion provides a strong theoretical support for
road safety evaluation.
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Public transit priority is very important for relieving traffic congestion. The connotation of dynamic public transit priority and
dynamic stochastic park and ride is presented. Based on the point that the travel cost of public transit is not higher than the travel cost
of car, how to determine the level of dynamic public transit priority is discussed. The traffic organization method of dynamic public
transit priority is introduced. For dynamic stochastic park and ride, layout principle, scale, and charging standard are discussed.
Traveler acceptability is high through the analysis of questionnaire survey. Dynamic public transit priority with dynamic stochastic
park and ride has application feasibility.

1. Introduction
There is a fact that public transit cannot compete with car and
travelers are not willing to initiatively reduce car use. Public
transit travelers make effort for relieving traffic congestion,
but they do not benefit from their behaviors. Car travelers
increase traffic congestion degree and they benefit from
their behaviors. Because of the above reason, travelers are
reluctant to actively cooperate with government and traffic
administration. For travel behavior intervention, there is a
large gap between actual effect and expected effect. Some
tough intervention measures on car use are adopted for
relieving congestion, but tough intervention measures are
easily to cause traveler’s antipathy and cannot guide traveler
to initiatively reduce car use.
The effective travel intervention measure should be able
to make public transit to compete with car. Also, it should be
able to make government, traffic administration, and public
transit traveler (including travels who initiatively reduce car
use) to compete with traveler who do not reduce car use.
Therefore, it is needed that public transit traveler are willing
to actively cooperate with government and traffic administration. The premise of this cooperation is that public transit

travelers benefit from choosing public transit. But at present
time, public transit traveler cannot benefit from choosing
public transit because of very low comfort level and low
carrying speed. Therefore, other travel behavior intervention
model is needed to be studied based on enhancing public
transit travel service level. It should increase public transit
competiveness with car and it should ensure that travelers
are willing to accept it. It can promote traveler actively to
cooperate with government and traffic administration. The
start point of this intervention model is based on the fact that
public transit travel cost is not higher than car travel cost.

2. The Existing Problem
2.1. The Existing Problem of Current Public Transit Priority.
There are many researches on public transit priority from
a different point. Tirachini et al. [1] have studied restating
modal investment priority with an improved model for public
transport analysis. Eichler and Daganzo [2] have researched
Bus lanes with intermittent priority. Koehler and Kraus Jr. [3]
have studied simultaneous control of traffic lights and bus
departure for priority operation. Sun et al. [4] have studied
bus detection based on sparse representation for transit signal
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priority. Wahlstedt [5] analyzed the impacts of bus priority
in coordinated traffic signals. Liu et al. [6] proposed an
Elastic analysis on urban public transport priority in Beijing.
Zyryanov and Mironchuk [7] studied intermittent bus lane
and bus signal priority strategy by simulation. Vedagiri and
Arasan [8] discussed on estimating modal shift of car travelers to bus on introduction of bus priority system. The above
researches play an important role on public transit priority,
but some problems exist. The above researches mainly focus
on public transit priority measures, but the research on public
transit priority level for specific city is absent. The researches
on public transit priority are not discussed from the point
of public transit travel cost comparing with car travel cost,
which results in low acceptance level of car user on public
transit. Then the expected effect of public transit priority
cannot be achieved.
Public transit priority policy has been implemented in
China for more than ten years, it enhances public transit
travel proportion in a certain extent, but traffic congestion is
not relieved and car travel proportion during peak period is
still increasing. Instead, public transit priority attracts slow
travel group to public transit. The nature reason of this result
lies in that public transit travel service level is far lower than
cars during period. There is no reference point for public
transit priority and what priority extent should be achieved
for specific city is not discussed, which directly results in no
goal of public transit priority and little effect of easing traffic
congestion. The key reason is that how to attract car traveler
to choose public transit is not considered from traveler point.
Simply low fare is proved to be insufficient. Therefore, public
transit travel service level should be enhanced through public
transit priority. Since passenger crowd level is difficult to be
eased in a short period, enhancing carrying speed of public
transit is an important goal of public transit priority. Also,
carrying speed enhancement for public transit is relative
to car carrying speed, rather than simply comparing with
carrying speed of public transit itself. It is obvious that public
transit carrying speed should dynamic change according
to car carrying speed and actual traffic volume. Therefore,
dynamic public transit priority theory is needed.
2.2. The Present Situation and Existing Problem of Intervention on Car Use. The intervention on car use includes
policy intervention and driving behavior intervention. For
driving behavior intervention, Wang et al. [9, 10] discussed
model-based digital driving dependability and safety-based
behavioural approaching model. This study focuses on policy intervention. The current policy intervention measures
include restriction pass, congestion charging, and increasing
parking fee. These measures play a certain role to ease traffic
congestion in a short period, but they are not suitable for
long period because they are difficult to make traveler to
initiatively voluntarily cooperate with traffic administration.
Borjesson et al. [11] analyzed the Stockholm congestion
charges, 5 years on effects, acceptability, and lessons learnt.
But current research neglects the study of traveler acceptance
on intervention measures. Traveler has low acceptability on
intervention measures and is easy to form psychological
resistance. These measures are not analyzed from convenient
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travel perspective. Also, because public transit service level is
too low, there is no travel mode which car traveler can accept
when reducing car use is required or car use is restricted in
certain time interval. Therefore, other intervention measures
on car use with higher traveler acceptability should be studied
and dynamic public transit priority combined with dynamic
stochastic park and ride is an intervention measure with high
studying value.
2.3. The Present Situation and Existing Problem of Park and
Ride. There are many researches on park and ride from a
different point. Holguın-Veras et al. [12] studied user rationality and optimal park-and-ride location under potential
demand maximization. Aros-Vera et al. [13] discussed pHub approach for the optimal park-and-ride facility location
problem. Farhan and Murray [14] used a multiobjective
spatial optimization model for siting park-and-ride facilities.
Meek et al. [15, 16] analyzed UK local authority attitudes to
park and ride and evaluating alternative concepts of busbased park and ride. Kepaptsoglou et al. [17] analyzed optimizing pricing policies in park-and-ride facilities: a model
and decision support system with application. Qin et al. [18]
analyzed park-and-ride decision behavior based on Decision
Field Theory. Hounsell et al. [19] studied enhancing park and
ride with access control.
The above researches focus on the layout around rail
transit station of urban peripheral or some public transit hub.
This layout model plays a certain role for reducing car volume
of driving into city center, but it is not conducive for traveler
to stochastic selecting park and ride according to their travel
demand. Therefore, it can influence the proportion of actual
park and ride to possible park and ride. The layout and scale
of park and ride should be hierarchical and classified in order
to be adapted to dynamic stochastic park and ride demand
for car traveler.

3. Dynamic Public Transit Priority Theory
3.1. The Connotation of Dynamic Public Transit Priority.
Dynamic public transit priority dynamically adjusts spacetime resources for public transit according to road traffic
volume and saturation, public transit vehicle volume, and
intersection saturation. It includes public transit lane allocation on road, intersection entrance lane, and pass time
allocation for public transit at intersection. Its purpose is
to ensure that public transit carrying speed is so high that
public transit can compete with car. When travelers select
public transit, their profits are not lower than car traveler,
or public transit travel cost is not higher than car travel.
The connotation of dynamic public transit priority can be
concretely expressed as follows.
(1) For unit travel distance, the proportion of public
transit travel profit to cost is not lower than car travel.
(2) For same travel distance, public transit travel cost is
not higher than car travel cost.
Dynamic public transit priority theory is conducive to promote car traveler to reduce car use and shift to public transit.
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3.2. The Level of Dynamic Public Transit Priority. The level
of dynamic public transit priority refers to what real-time
dynamic priority level should be provided for public transit
according to dynamic traffic demand under certain road
traffic facilities conditions. That is how to dynamically allocate time and space for public transit priority pass. At the
same time, dynamic public transit priority is relative to car
travel service level (an average carrying speed of car). The
purpose of dynamic public transit priority is to realize that
public transit travel cost is not higher than car travel cost.
Therefore, the key of dynamic public transit priority is to
determine the proportion of public transit carrying speed to
car carrying speed. Because car carrying speed is influenced
by the saturation of road and intersection, the carrying speed
of public transit dynamic changes too. This is the essential
connotation of dynamic public transit priority.
3.2.1. The Equilibrium Point of Public Transit Priority Carrying Speed (The Minimum Carrying Speed). Judging current
public transit priority, key factor influencing public transit
priority effect is carrying speed. Enhancing public transit
carrying speed is a powerful measure for enhancing public
transit competitiveness. Therefore, dynamic public transit
should ensure that public transit carrying speed is higher than
car carrying speed. Because car speed is influenced by traffic
saturation, the carrying speed of dynamic transit priority also
should be depended on specific traffic saturation.
Assume that public transit travel and car travel have
same travel OD and approximate same travel path. That is
travel distance of two travel modes is approximately equal.
From the point of travel cost, what carrying speed should be
provided for public transit is analyzed under certain roadtraffic facilities and traffic saturation.
The travel cost of choosing public transit is 𝐶𝑃 . It includes
time cost 𝐶𝑃𝑡 (including walking time of arriving at station,
away from station, transfer, and waiting time) and ticket cost
𝐶𝑃𝑒 , the energy consumption cost caused by the crowd in
public transit and energy consumption cost per unit time
𝐶𝑃𝑛 , without considering energy consumption cost of walking
(this walking can be regarded as a kind of physical training).
The travel cost of choosing car is 𝐶𝐶. It includes time cost
𝑓
𝑝
𝑡
𝐶𝐶, fuel cost 𝐶𝐶, and parking cost 𝐶𝐶.
Note that travel distances are 𝐿, walking distance of
choosing public transit is 𝐿 𝑊, walking speed is 𝑉𝑊, public
transit carrying speed is 𝑉𝑃 , car carrying speed is 𝑉𝐶, and fuel
𝑓
cost of per km is 𝐶0 .
For the same traveler, per time cost of choosing public
transit and car is equal. Assume that Per time cost is 𝐶0𝑡 , then
travel cost of choosing public transit is as shown in (1):
𝐶𝑃 = 𝐶𝑃𝑡 + 𝐶𝑃𝑒 + 𝐶𝑃𝑛 ⋅
= 𝐶0𝑡 ⋅ (

𝐿 − 𝐿𝑊
𝑉𝑃

𝐿𝑊
𝐿 − 𝐿𝑊
𝐿 − 𝐿𝑊
+ 𝑇𝑊 +
) + 𝐶𝑃𝑒 + 𝐶𝑃𝑛 ⋅
.
𝑉𝑊
𝑉𝑃
𝑉𝑃

(1)

Travel cost of choosing car is as shown in (2):
𝑓

𝑝

𝐶𝐶 = 𝐶𝐶𝑡 + 𝐶𝐶 + 𝐶𝐶 = 𝐶0𝑡 ⋅

𝐿
𝑓
𝑝
+ 𝐶0 ⋅ 𝐿 + 𝐶𝐶.
𝑉𝐶

(2)

Under real-time dynamic traffic flow conditions, the relationship model between 𝑉𝑃 and 𝑉𝐶 is obtained in (3) according to
𝐶𝑃 = 𝐶𝐶:
𝑉𝑃 =

(𝐶0𝑡 + 𝐶𝑃𝑛 ) ⋅ (𝐿 − 𝐿 𝑊) 𝑉𝑊𝑉𝐶

.
𝑓
𝑝
𝐶0𝑡 𝐿𝑉𝑊 + [(𝐶0 𝐿 + 𝐶𝐶 − 𝐶𝑃𝑒 − 𝐶0𝑡 𝑇𝑊) 𝑉𝑊 − 𝐶0𝑡 𝐿 𝑊] 𝑉𝐶
(3)

Car speed is average speed and it is related to road traffic flow
density and waiting time at intersection. The model between
𝑉𝐶 and road traffic flow density 𝐾 and waiting time 𝑇𝐷 at
intersection will be constructed. Assume that speed is a linear
relationship with density, which is shown in (4). Limitation
Assume that high speed of urban road is 𝑉𝑓 , jam density is
𝐾𝑗 , and the travel speed of car is 𝑉𝑅 , then
𝑉𝑅 = 𝑉𝑓 (1 −
𝑉𝐶 =

𝐾
),
𝐾𝑗

𝐿𝑉𝑓 (𝐾𝑗 − 𝐾)
𝐿𝐾𝑗 + 𝑇𝐷𝑉𝑓 (𝐾𝑗 − 𝐾)

(4)

.

(5)

Put (5) to (3), then
𝑉𝑃 = ((𝐶0𝑡 + 𝐶𝑃𝑛 ) ⋅ (𝐿 − 𝐿 𝑊) 𝑉𝑊 ⋅
𝑓

𝐿𝑉𝑓 (𝐾𝑗 − 𝐾)
𝐿𝐾𝑗 + 𝑇𝐷𝑉𝑓 (𝐾𝑗 − 𝐾)

)

𝑝

× (𝐶0𝑡 𝐿𝑉𝑊 +[(𝐶0 𝐿 + 𝐶𝐶 − 𝐶𝑃𝑒 − 𝐶0𝑡 𝑇𝑊) 𝑉𝑊 − 𝐶0𝑡 𝐿 𝑊]

⋅

𝐿𝑉𝑓 (𝐾𝑗 − 𝐾)
𝐿𝐾𝑗 + 𝑇𝐷𝑉𝑓 (𝐾𝑗 − 𝐾)

−1

) .
(6)
𝑝

From the above model, it is shown that if parking cost 𝐶𝐶,
𝑓
walking distance 𝐿 𝑊, walking speed 𝑉𝑊, and fuel cost 𝐶0 of
per km and ticket cost are invariable, when the travel cost
of choosing public transit and choosing car is equal for the
same travel distance, public dynamic 𝑉𝑃 is determined by
car flow density, car waiting time at intersection, and energy
consumption cost per unit time. Energy consumption cost
per unit time is the function of crowding degree 𝐽 in public
transit. Therefore, 𝑉𝑃 is the level of dynamic public transit
priority.
3.2.2. The Public Transit Priority Demand Based on Minimum
Carrying Speed. According to above priority level, road
lane numbers of one direction, intersection form, entrance
lane, and passing time for public transit priority can be
determined. For public transit, the necessary driving speed
on road and allowable waiting time at intersection can be
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The space way of public transit vehicle queue is 𝑙𝐵 . The model
used to determine 𝐿 𝑇 is as shown in (9):

Social vehicle
Social vehicle
Bus lane
Prestop line

𝐿𝑇 =
LT

Figure 1: Traffic organization design sketch of dynamic public
transit priority.

deduced from public route number 𝑁, departure interval
𝜏, stop time 𝑆𝑇 at station, and average spacing between
intersection. Necessary public transit lane number can be
determined by the necessary driving speed on road and
public transit volume. The pass rule for public transit priority
can be determined by allowable waiting time at intersection.
For public transit, the available passing time 𝑇𝑅 on road
and waiting time 𝑇𝐽 at intersection are analyzed firstly:
𝑇𝑅 + 𝑇𝐽 =

𝐿
𝐿
− ⋅ 𝑆𝑇 .
𝑉𝑃 𝑑

(7)

Actually, the travel speed of public transit on public transit
lane can reach 𝑉𝑅 , thus,
𝑇𝐽 =

𝐿
𝐿
− ⋅ 𝑆𝑇 − 𝑇𝑅 .
𝑉𝑃 𝑑

It is obvious that available waiting time 𝑇𝐽 at intersection is
related to carrying speed 𝑉𝑃 and stop time 𝑆𝑇 . The longer
𝑇𝑅 and 𝑆𝑇 are, the shorter 𝑇𝐽 is. Intersection signal timing is
mainly determined by 𝑇𝐽 .
Generally, one public transit lane is enough on road
and two public transit lanes is needed at intersection under
general condition. Stop line in advance is designed for public
transit and car. Specific traffic organization and design is
showed as Figure 1.
3.3. Dynamic Traffic Organization and Design of Dynamic
Public Transit Priority. The dynamic traffic organization and
design of dynamic public transit priority mainly include
variable public transit lane design, pass space, and stop rule
design at intersection and signal timing design. Variable
public transit lane design is deduced from above model,
with setting variable public transit lane sign and releasing
information about variable public transit lane in advance
in order to enable car traveler to select appropriate path or
park and ride in advance. Two stop lines are adopted at
intersection entrance lane. Vehicle firstly stops at stop line
far away intersection for prewaiting. Vehicle which will pass
intersection in next green signal waits before stop line near
intersection. Specific organizational design is as shown in
Figure 1.
The distance 𝐿 𝑇 between two stop lines is determined by
public transit vehicle volume 𝑄𝐵 , which needs to pass intersection during one green time and entrance lane numbers 𝑛
(relating to permit through rule influenced by signal timing).

(9)

3.4. Model Analysis. The equation of 𝐶𝑃 = 𝐶𝐶 is the basic
requirement of dynamic public transit priority. The aim of
dynamic public transit priority is to make traveler initiative
to choose public transit, but the equation of 𝐶𝑃 = 𝐶𝐶
cannot make sure that traveler will prefer to choose public
transit, therefore, the equation of 𝐶𝑃 = 𝐶𝐶 is adjusted as
𝐶𝑃 = 𝐾𝐶𝐶. Here, 𝐾 is a coefficient. In order to determine
𝐾, questionnaire survey is carried out in Jiaozuo city. The
question is that when the total travel cost including travel
economic cost, travel time, and comfort is considered, 𝑅
is the ratio of public transit travel cost and car travel cost,
what value is 𝑅? you will prefer to choose public transit.
Two hundred questionnaires are carried out. Questionnaire
survey shows that 60% of travelers choose 70 percentage and
22% of travelers choose 80 percentage. Therefore, it is rational
to let 𝐾 = 0.7, then 𝐶𝑃 = 0.7𝐶𝐶. That is,
𝐶0𝑡 ⋅ (

𝐿𝑊
𝐿 − 𝐿𝑊
𝐿 − 𝐿𝑊
+ 𝑇𝑊 +
) + 𝐶𝑃𝑒 + 𝐶𝑃𝑛 ⋅
𝑉𝑊
𝑉𝑃
𝑉𝑃

=
(8)

𝑄𝐵 𝑙𝐵
.
𝑛

0.7 (𝐶0𝑡

𝐿
𝑓
𝑝
⋅
+ 𝐶0 𝐿 + 𝐶𝐶) .
𝑉𝐶

(10)

Here, 𝐿 is average travel distance, 𝑇𝑊 is waiting time. For
Jiaozuo city, average travel distance is 6 km, 𝐿 𝑊 is 0.6 km, 𝑇𝑊
𝑓
𝑝
is 12 min, 𝐶𝑃𝑒 is 1 yuan, 𝐶0 is 0.7 yuan, 𝑉𝐶 is 22.9 km, 𝐶𝐶 is
5 yuan, 𝐶0𝑡 is 10 yuan, and 𝐶𝑃𝑛 is 8 yuan. Then according to
(10), 𝑉𝑃 can be calculated. 𝑉𝑃 = 25.116 km/h. It is the level of
dynamic public transit priority when the car carrying speed
is 22.9 km.
But according to survey, actual 𝑉𝑃 is 12.92 km/h. Now, 𝑉𝑃
is difficult to be increased in Jiaozuo city; according to (10),
𝑝
𝐶𝐶 should be raised to 10 yuan.

4. Dynamic Stochastic Park and Ride Theory
4.1. The Connotation of Dynamic Stochastic Park and Ride.
Current park and ride generally lies in urban peripheral.
For urban center with serious traffic congestion, firstly, it
is necessary to encourage traveler to reduce car use as far
as possible, secondly, park and ride should be provided for
traveler who have selected car when they feel too crowd.
Also when dynamic public priority is carried out, some
traveler of using car will want to park and ride because car
carrying speed is lower than public transit carrying speed,
then it is needed to provide parking facility for park and ride.
This park and ride facility is located around general public
transit station, with smaller scale comparing with general
park and ride facility. Therefore, it is different from general
park and ride. When dynamic public priority is carried out,
not only public transit carrying speed is guaranteed, but also
other choices are provided for car traveler on road. This
intervention measures can be willingly accepted by traveler.
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from 𝑖 (𝑖 = 2, . . . , 𝑁) intersection combined with travel
destination at congestion area is investigated and its ride
volume at each park and ride facility is 𝑃𝑄𝑖𝑗 (𝑗 = 𝑖, . . . , 𝑁),
then the park and ride volume of 𝑖 park and ride facility is as
shown in (11):

Congestion
area
Public transit station

Figure 2: The layout sketch of dynamic stochastic park and ride.

𝑖

𝑃𝑅𝑖 = 𝑃𝑄𝑖 = ∑𝑃𝑄𝑗𝑖

(𝑖 = 1, . . . , 𝑁) .

(11)

𝑗=1

When traveler has selected car and drives on road, at the
beginning stage of travel, traveler is not sure that park and
ride is necessary. If park and ride is needed, which site will
be selected is not clear too. These are related to real-time
dynamic traffic condition. That is, whether park and ride is
needed and which park and ride site is selected is determined
by dynamic traffic condition, which means that this park and
ride has dynamic. Also it is obvious that this park and ride
has uncertainty, which means it is stochastic. Therefore, this
park and ride is called dynamic stochastic park and ride. At
the same time, the above dynamic public transit priority will
promote travel behavior of dynamic stochastic park and ride.
4.2. The Layout and Scale of Dynamic Stochastic Park and
Ride. Dynamic stochastic park and ride layout is generally
close to public transit station and corresponding road with
more traffic volume will be priority selected. Figure 2 is layout
sketch.
For dynamic stochastic park and ride, the closer it is to
congestion area, the smaller the scale is. The diminishing size
method mainly lies in two reasons. First, the closer it is to
congestion area, the greater the difficulty of arranging park
and ride land is. Second, traveler is encouraged and guided
to park and ride in advance as far as it is possible in order
to release traffic pressure of road and intersection close to
congestion area.
The specific size of dynamic stochastic park and ride is
determined by car volume of peak period and corresponding
traffic volume with travel destination in congestion area.
The corresponding traveler is investigated for park and ride
proportion and site. Then, the park and ride volume for
each station can be obtained and the park and ride scale
for park and ride facility is determined. For car travel
destination investigation, license plate photo can be adopted.
Each road with park and ride facility should be investigated
by license plate photo. The car volume with travel destination
at congestion area is analyzed and for each car, whether
park and ride will be adopted and which station will be
selected are analyzed. If the station number with park and
ride facility is 𝑁, corresponding road section number is 𝑁
and corresponding intersection number is 𝑁. The layout
sketch and charging standard for different site of dynamic
stochastic park and ride are shown for car traveler during
investigation (delivering card and feedback).
When investigation is completed, the car volume with
passing road Section 1 and travel destination at congestion
area are obtained, the park and ride volume at each park
and ride facility of this volume, respectively, is 𝑃𝑄1𝑗 (𝑗 =
1, 2, . . . , 𝑁). Car volume entering investigation road section

Therefore, the 𝑖 park and ride facility scale can be preliminary
determined as ashown in (11).
After 𝑃𝑅𝑖 is determined, the car volume of each road
section during peak period is 𝑄𝑖 = (𝑖 = 1, . . . , 𝑁); when car
traveler selects park and ride, the car volume of 𝑖 road section
reduces to as shown in (12):
𝑖

𝑄𝑃𝑖 = 𝑄𝑖 − ∑𝑃𝑄𝑗𝑖

(𝑖 = 1, . . . , 𝑁) .

(12)

𝑗=1

This model can be directly used to analyze 𝑉𝑃 of dynamic
public transit; that is the relationship between dynamic public
transit priority and dynamic stochastic park and ride volume
is established.
4.3. Charging Standard of Dynamic Stochastic Park and Ride.
The charging principle of dynamic stochastic park and ride
is lower than charging standard of central area. For park and
ride facility, the closer it is to congestion area, the higher the
charging standard is. Charging standards of park and ride can
be based on the charge standard of congestion area and it is
reduced according to the distance of park and ride apart from
congestion area. The charging standard of congestion area is
𝐹𝐽 yuan per hour. The charging standard of the park and ride
with large scale at urban peripheral is 𝐹𝐸 yuan per hour and
its distance apart from congestion area is 𝐿 𝐸𝐽 km; dynamic
stochastic park and ride distance apart from congestion area
is 𝐿 𝑃𝐽 km, then corresponding charging standard for park and
ride is as shown in (13):
𝐹𝑃𝐽 = 𝐹𝐽 −

𝐹𝐽 − 𝐹𝐸
⋅ 𝐿 𝑃𝐽
𝐿 𝐸𝐽

yuan per hour.

(13)

4.4. The Guidance for Dynamic Stochastic Park and Ride. The
guidance for dynamic stochastic park and ride includes two
aspects. On the one hand, it is needed to guide travelers to
park and ride in advance as far as possible based on reducing
car volume on road; on the other hand, the closer it is to
congestion area, the smaller the scale of park and ride is, so,
it is needed to guide travelers to park and ride in advance
as far as possible based on park and ride capacity. When
dynamic public transit priority is carried out, the closer it is
to congestion area, the greater the car travel resistance is, and
the parking cost is very high in area close to congestion area
or in congestion area. The above two factors prompt traveler
to park and ride in advance. At the same time, marked sign
is set before each park and ride and propaganda slogan are
adopted with showing the benefits and charge standard of
park and ride. In order to provide convenience for park and
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Traveler owning car
10%

Traveler without owning car
19%
31%

50%
90%

Fully accept
Accept with a certain extent

Reducing car use
Choosing dynamic stochastic park and ride
Without changement

(a)

(b)

Figure 3: Traveler acceptability on dynamic public transit priority with dynamic stochastic park and ride.

ride traveler to transfer to public transit, public transit station
is set at dynamic stochastic park and ride with bigger transfer
demand.

5. Traveler Acceptability Analysis
The traveler acceptability on dynamic public transit priority
with dynamic stochastic park and ride includes public transit
traveler acceptability on dynamic public transit priority and
car traveler acceptability on dynamic public transit priority
with dynamic stochastic park and ride. Acceptability analysis
is conducted by questionnaire investigation. The goal of
dynamic public transit priority and charging standard of
dynamic stochastic park and ride is stated in questionnaire.
300 questionnaires are handed out. One hundred respondents own cars. The result from investigating on traveler
without owning car at present shows that ninety percent of
them fully accept dynamic public transit priority and ten
percent of them, who prepare to buy car recently, accept with
a certain extent.
The result from investigating on traveler owning car
shows that thirty-one percent of them intend to reduce car
use by choosing public transit in peak period, fifty percent
of them intend to choose dynamic stochastic park and ride,
and nineteen percent of them do not intend to change car use
pattern. The result is showed as in Figure 3.
It can be observed from above survey result that traveler
has higher acceptability on dynamic public transit priority
with dynamic stochastic park and ride. Therefore, dynamic
public transit priority with dynamic stochastic park and ride
has a good application prospect and it can relieve traffic
congestion.

6. Further Discussion on Dynamic Public
Transit Priority
The above discussion on dynamic public transit priority is
mainly from the point of carrying speed, which is mainly
from the point of dynamic space-time priority. But sometimes, the expected level of dynamic public transit priority

cannot be achieved because of many factors, such as road
and traffic condition and car user acceptance. Then, other
measures should be adopted in order to achieve the expected
level of dynamic public transit priority. Other measures can
also be obtained from the point that the travel cost of using
public transit is not higher than travel cost of using car. If
congestion charging 𝐶𝐶𝑐 is considered, the travel cost of using
car can be modified as follows:
𝑓

𝑝

𝐶𝐶 = 𝐶𝐶𝑡 + 𝐶𝐶 + 𝐶𝐶 + 𝐶𝐶𝑐 = 𝐶0𝑡 ⋅

𝐿
𝑓
𝑝
+ 𝐶0 ⋅ 𝐿 + 𝐶𝐶 + 𝐶𝐶𝑐 .
𝑉𝐶
(14)

According to 𝐶𝑃 = 𝐶𝐶,
𝐶0𝑡 ⋅ (

𝐿𝑊
𝐿 − 𝐿𝑊
𝐿 − 𝐿𝑊
+ 𝑇𝑊 +
) + 𝐶𝑃𝑒 + 𝐶𝑃𝑛 ⋅
𝑉𝑊
𝑉𝑃
𝑉𝑃

=

𝐶0𝑡

𝐿
𝑓
𝑝
⋅
+ 𝐶0 ⋅ 𝐿 + 𝐶𝐶 + 𝐶𝐶𝑐 .
𝑉𝐶

(15)

𝑝

In this equation, 𝐿 𝑊, 𝑉𝑃 , 𝐶𝑃𝑒 , 𝐶𝑃𝑛 , 𝑉𝐶, 𝐶𝐶, and 𝐶𝐶𝑐 can be
dynamically adjusted.
At present time, for most cities, the adjustable range of
𝐿 𝑊, 𝐶𝑃𝑒 , 𝐶𝑃𝑛 is very small; that is, in order to achieve the
𝑝
equation of 𝐶𝑃 = 𝐶𝐶, 𝑉𝑃 , 𝑉𝐶, 𝐶𝐶, 𝐶𝐶𝑐 should be key dynamic
adjustment parameter.
Based on traveler acceptance, 𝑉𝑃 and 𝑉𝐶 should be firstly
adjusted. When the equation of 𝐶𝑃 = 𝐶𝐶 cannot be achieved,
𝑝
𝐶𝐶 should be adjusted. The last adjustment parameter is 𝐶𝐶𝑐 .
For traffic management, the key of dynamic public transit
𝑝
priority is how to achieve the balance among 𝑉𝑃 , 𝑉𝐶, 𝐶𝐶, and
𝑐
𝐶𝐶 to make traveler to initiative accept it. This is the emphasis
of future research.

7. Conclusion
Based on the point that the travel cost of choosing public
transit is not higher than the travel cost of choosing car, the
real-time dynamic relationship model among public transit
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carrying speed, car carrying speed, and traffic density is
established. The model of determining the level of dynamic
public transit priority is constructed. For dynamic public
transit priority, if parking cost and congestion charge do not
reach a certain level, public transit carrying speed must be
higher than car carrying speed. Dynamic stochastic park and
ride is a matching measure for dynamic public transit priority
and its layout and scale have feasibility, with promoting car
traveler to dynamic stochastic transfer to public transit. Questionnaire survey shows that traveler has higher acceptability
on dynamic public transit priority with dynamic stochastic
park and ride and it illustrates that the application of dynamic
public transit priority with dynamic stochastic park and
ride is feasible. How to achieve the balance among public
transit carrying speed, car carrying speed, parking cost, and
congestion charging is the emphasis of future research.
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Evacuation time is a significant safety coefficient for Urban Metro Hubs (UMHs). Usually, a reasonable model for evacuation time
will effectively promote the safety for pedestrian when emergency incidents occur in UMHs. In this paper, we propose a pedestrian
evacuation time model for UMHs to improve the accuracy and reliability of its evacuation time. Firstly, we design an experiment
survey based on the multiple video sequences to analyze the characteristics of pedestrian flow. Then, we decompose the evacuation
process on the basis of the parameters, which involve the evacuation characteristics, the speed-density variation law, the pedestrian
drop-off time, the platform evacuation time, and the channel evacuation time. Finally, we take the Bei Da-jie metro hub in Xi’an
as an example, and verify the feasibility of the proposed pedestrian evacuation time model. The results show that the relative error
for the evacuation time between the experiment result and the actual data is only 1.90%, where the experiment time is 169.87 s and
the actual time is 166.64 s. Moreover, the proposed model strictly follows the Code for Design of Metro (GB 50157-003) and hence
it can provide a good theoretical guidance for innovating the evacuation efficiency and the design reasonability of UMHs.

1. Introduction
Transport plays an important role in enhancing the quality
of our living environment. The Urban Metro Hubs (UMHs),
known as a key node of the integrated transport system, are
the distribution center of passenger flow and play a crucial
role in providing multimodal access to people and services
in a manner that is convenient, safe, affordable, sustainable,
efficient, and enjoyable. With the steady and rapid growth
of passenger flow as well as the intensive transit, the closed
environment space, and the complex transfer networks, the
UMHs have become places vulnerable to extreme events,
such as fire, stampede, and delay. Therefore, a time model for
pedestrian evacuation is vital, for one thing, it can improve
the efficiency of pedestrian evacuation, for another, it also ensure the passengers’ life with a reasonable evacuation strategy.
In recent years, the pedestrian evacuation dynamics theory has become a hot topic in the academic field; they focus
their attention on the passenger distribution characteristics
and traffic behavior. It has made considerable progress since

the 1980s; the researchers observed the characteristics of
pedestrian movement regularity. With the deepening of the
research on the regularity in the pedestrian movement, some
also put physiological and psychological characteristics of
pedestrians as a factor into consideration and set up a large
amount of pedestrian simulation models, which is considered
to be a powerful tool for evaluating pedestrian flows in
facilities. These models can be classified as macroscopic and
microscopic models. These scholars who study macroscopic
models believe that pedestrian movement behavior is similar
to the flow of gas or liquid [1–3]. The early macroscopic
models include Game theory [4], Decision theory and Propagation model, Queuing model [5], Transformation Matrix
model [6], Stochastic model [7], and Route Choice Behaviors
model [8]. However, because the above models lack the
consideration of the self-organizing behavior of pedestrians, these models do not have accurate prediction results.
Therefore, some scholars turn their attention to microscopic
pedestrian simulation models [9]. References [10–14] study
normal state population self-organization phenomenon and

2
proposed the social force model; many phenomena were
simulated, which include the formation of the trail, oscillation
at the bottleneck, and sheep-flock effect. Hereafter, [15–
17] develop and improve the social force model to some
extent. Reference [18] puts forward cellular automata model
for the first time; it is fancied by most scholars because
of its advantage in simulating the microscopic behavior of
pedestrians. With the deepening of research some improved
models are put forward, such as two process model [19],
Prefixed Probabilities model [20], two floors model [21], and
lattice-gas model [22, 23]. In addition to the social model
and cellular automata model, [24] also puts forward magnetic force model, which has the characteristic of not using
empirical relationships crowd density and speed, whereas
it adopts Coulomb’s theorem describing pedestrians as the
object in magnetic field. With the development of computer
technology, the computer simulation of pedestrian evacuation process becomes possible. It can simulate pedestrians
directly in the moving process of the building and record the
different time of pedestrians position change and meanwhile
calculate the pedestrian evacuation time. There are about 22
pedestrian evacuation models, among them EVACNET [25,
26], Building EXODUS [27, 28], FIRECAM [29], SIMULEX
[30, 31], and HAZARD [32, 33] have received more attention
because of their relatively authentic reflection in pedestrians’
choice of escape routes and pedestrians’ choice evacuation.
In China, the study of pedestrian and evacuation dynamics theory is in early stages, which is mainly focused on
pedestrian traffic characteristics in urban traffic environment and the crowd evacuation in large public places or
buildings (e.g., a theatre, a stadium, or a shopping mall). In
the first part, [34] proposes the centrifugal force model of
pedestrian dynamics and simulates for pedestrian movement
process; [35] proposes a cellular automata-based alighting
and boarding microsimulation model for passengers in Beijing metro stations; [36, 37] propose an evacuation time
model for passengers in metro platforms from field data
by considering crowd density and physical characteristic of
stations; [38–40] investigate pedestrian traffic characteristics
of Chinese metropolis and get the basic data of pedestrian
traffic characteristics and level of service of crossing facilities
by establishing model. In the second part, [41] identifies
seven methodological approaches (e.g., cellular automata
models, lattice gas models, social force models, fluid-dynamic
models, agent-based models, game theoretic models, and
approaches based on experiments with animals) for crowd
evacuation which has been studied over the last decades; [42]
presents a new emergency evacuation system based on MultiAgent framework and Geographic Information System (GIS),
which can simulate human’s typical behaviors in multiexit
public place and present the public evacuation process and
in-time distribution during emergency; [43–45] investigate
the route choice of pedestrians during evacuation under
conditions of both good and zero visibility in a classroom and
build a microscopic pedestrians model with discrete space
representation.
Through analyzing the current research on pedestrian,
this paper maintains that the study of pedestrians and evacuation dynamics is more focused on a building (e.g., a theatre,
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a stadium, or a shopping mall), rather than the UMH. What
is more, these models do not consider the queuing delay
caused by limite dcapacity in stairs or escalator, gate and
China’s pedestrian characteristics are ignored. On the basis of
summarizing traditional evacuation time models, this paper
proposes to do research, respectively, on the character of the
UMHs structure and Chinese pedestrian traffic characteristics and meanwhile use queuing theory and fluid mechanics
simulation theory to establish a pedestrian evacuation time
model in UMHs, which includes the pedestrian drop-off
time, pedestrian evacuation time in platform, and pedestrian
evacuation time in the channel.

2. Experiment Survey Based on Multiple
Video Sequences
2.1. Experiment Design
(1) The Selection of Experimental Observation Time and Place.
The morning peak and evening peak are different to some
extent. Through the survey in the UMHs, the pedestrian
traffic volume in the evening peak is higher than the morning
peak; the trip by the metro is a commuter trip more often;
by contrast, the peak hour mainly focuses on the on and
off duty and business travel at the normal working day. The
survey time should choose the time in the tremendous traffic
demand. Hence, the normal working days are chosen. In
addition, through analysis of the pedestrian flow characteristics in the UMHs, business people travel mainly by elastic
travel, office people and living people mainly by rigid travel.
At the same time, the analysis period should be selected
in the maximum hour to analyze in the UMHs. Eventually,
we determine the survey period is evening peak. The time
of experiment survey based on multiple video sequences is
chosen in 17:00–19:00 on the working day and sums up to
2 hours in the evening peak. Moreover, for the purpose of
eliminating the influence of human factors, the measurement
of geometric parameters in the UMHs is selected at the time
of fewer flow. Through the live measurements on the UMHs
and analysis of the pedestrian flow characteristic, coupled
with the fact where there is only a transfer hub site in Xi’an,
that is, Bei Da-jie station, at the end, we select the Bei Da-jie
station as the best observation in the experiment survey, as
shown in Figure 1.
(2) The Specific Design Scheme. According to the Bei Da-jie
site’s CAD drawings of facility layout and the investigation,
the position of video cameras is determined, as shown in
Figure 2 (the circle is the video camera location); the multiple
video sequences can be obtained in the video cameras. In
the experiment survey, there are 21 video cameras in the Bei
Da-jie station, which record the evolution process of multiple
infrastructure in the evening peak.
A specific operation is as follows.
(1) At the exit: we select the video cameras, which
represent the purple circle1, the purple circle2, the
purple circle3, the purple circle4, and the purple
circle5, to observe the pedestrian flow’s parameters.
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Figure 1: Observational station (Bei Da-jie) for pedestrian flow.

(2) On the stairs and escalators: we select the video
cameras, which represent the blue circle1, the blue
circle2, the blue circle3, the blue circle4, the blue
circle5, and the blue circle6, to observe the pedestrian
flow’s parameters. Where the blue circle1, the blue
circle2, and the blue circle3 are used to observe the
parameters of down direction of the stairs and escalators, meanwhile, the blue circle4, the blue circle5, and
the blue circle6 are used to observe the parameters of
up direction of the stairs and escalators.
(3) In the TVM: we select the video cameras, which
represent the green circle1, the green circle2, the green
circle3, and the green circle4 to observe the pedestrian
flow’s parameters.
(4) In the auto gate: we select the video cameras, which
represent the red circle1, the red circle2, the red
circle3, and the red circle4 to observe the pedestrian
flow’s parameters.

(5) In the transfer channel: we select 1 video camera independently to observe the pedestrian flow’s parameters
in the transfer channel.
(6) On the platform: we select 1 video camera independently to observe the pedestrian flow’s parameters in
the platform.
2.2. Data Collecting and Data Processing
(1) Data Collecting. In order to obtain the pedestrian traffic
characteristics exactly in the Bei Da-jie hub, we use the video
camera method to obtain the multiple video sequences data,
to record video information to collect the pedestrian flow
parameter data, which is shown in Figure 3.
Video acquisition method, which is one of the widely
methods in the investigation. The advantage of the method is
convenient for storage and revisit detail information. At the
same time, the advantage of the method is almost collects all
of the multiple video sequence data in the pedestrian flow
characteristics. The observation pedestrian flow is used to
the video acquisition method such as speed, and density in
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Figure 2: The video camera layout drawing in Bei Da-jie hub.
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Figure 3: Data collection by the video camera.

the platforms, transfer channels, auto gates, stairs and escalators, exits, and so on.
(2) Data Processing. According to the multiple video sequence
data from the camera, every video is divided into framesin a
second and play video frame by frame in processing, then,
we record the correct time in the observation area between
the pedestrian getting into the observation area and leaveing
observation area.

The pedestrian speed is calculated by the length and time
of the observation area in the camera. In the observation, not
only record the speed but also the pedestrian density and the
corresponding pedestrian flow of the moment, and then put
all the multiple video data into the tables, for the purpose of
subsequent data analysis. In the process of data analysis, we
use the SPSS to fit the curve relationship of pedestrian flow
parameters, and we also test the fitting degree using the value
of R-squared.
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Figure 4: Decomposition process of safety evacuation in UMHS.

3. Pedestrian Evacuation Time Model
for UMHS

25.0

3.1. Pedestrian Drop-Off Time Model. Pedestrian drop-off
time refers to the train arriving at the station stably and
the time all passengers droping off from the train to the
platform. Drop-off time is related to drop-off numbers, getup numbers, and the width of the train gate door. Here we
suppose the pedestrian drop-off time is 𝑇1 (𝑠).
Through the analysis, we can conclude that the relationship between the single door drop-off time and the number of
passengers is different; it can be power exponent relationship,
linear relationship, exponential relationship, and natural
logarithm. Among them, the power exponent relationship’s
correlation coefficient (𝑅2 ) is the biggest, with the value
0.9924, as shown in Figure 5.
In Figure 5, the number of passengers and drop-off time
satisfy the following formula:
𝛽1
= 0.6311𝑥0.9884 ,
𝑇1 = 𝛼1 𝑥max

(1)

where 𝑥max : the largest passengers of drop-off passenger of
gate (person), 𝛼1 , 𝛽1 : Parameters for calibration.
3.2. Pedestrian Evacuation Time in Platform. Safety evacuation time in platform is described in metro design code in
China; namely, the width of the exit stairs and evacuation
corridor should guarantee the passengers both on the train
and the platform and staffs working in the station to escape
the fire disaster in 6 minutes. Specific safety evacuation time
in platform in metro specification can be seen as follows:
𝑇0 = 1 +

(𝑄1 + 𝑄2 )
.
{0.9 ⋅ [𝐴 1 ⋅ (𝑁 − 1) + 𝐴 2 ⋅ 𝐵]}

(2)

20.0
Passenger drop-off time (t)

Through the observation and analysis in Xi’an Bei Da-jie
hub, the walking speed and spaces characteristic are different
from each other; based on these differences between them,
we decompose the evacuation process, and the pedestrian
evacuation time (𝑇) is divided into three parts; the first part
is pedestrian drop-off time (𝑇1 ), the second part is safety
evacuation time in platform (𝑇2 ), and the third part is time
of pedestrian pass channel, stairway (or escalators) (𝑇3 ).
Safety evacuation time is shown in Figure 4, and detailed
description for every part of evacuation time is shown as
follows.

15.0
Logarithm
Y = −8.2374 + 6.9942∗log(x)

10.0

R2 = 0.8147

Linear
Y = 0.6636∗x − 0.6969
R2 = 0.9891
Power
Y = 0.6311∗x∗0.9884
R2 = 0.9924

5.0

Exponential
Y = 2.1902∗exp(0.0821∗x)
R2 = 0.9239

0.0
0

10
20
Number of passengers
Observed
Linear
Logarithmic

30

Power
Exponential

Figure 5: The function curve fitting between passenger number and
drop-off time.

The evacuation time in platform in metro specification
above only considers the biggest evacuation capacity of
different facilities and thinks little of the pedestrian density
and the impact of environment on pedestrian speed, and
the influence of guideline information (directional signs,
direction signs, radio evacuation command, radio evacuation
message, etc.) is also insightful and thinks little about the
factors that may affect traffic organization in the transport
hub, making the large deviation time between the theoretical calculation result and the actual evacuation. Hence,
in the process of channel (stairway, escalators) evacuation,
we consider the speed-density change law of the traffic
flow, taking wave theory as an example to simulate the
pedestrian flow, as well as considering the accumulation and
dissipation characteristic of pedestrian, compared to only
considering the evacuation capability on the platform which
has improved, further to improve the traditional evacuation
time model.
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Figure 6: Pedestrian evacuation process.

Platform evacuation time can be divided into three
phases, as shown in Figure 6. Here we suppose the final
pedestrian as the research object, as shown in the red circle in
the figure. The final pedestrian (red circle) of the evacuation
process can be divided into two stages. The first stage is
shown in Figures 6(a) and 6(b), at this period of time, the
speed of him is mainly influenced by the evanescent wave
which transmits from high density to low density, and the
evanescent wave is beginning to transform into the gathering
wave. During the forward process, there will be a speed
mutation point; the pedestrian (red circle) will suddenly
slow down at this point, which is due to the pedestrian
waiting in line in front of the evacuation platform, so the
flow density is very large and the corresponding speed is very
low; the second stage is shown in Figure 6(b) to Figure 6(c),
pedestrian (red circle) is mainly affected by the fluctuation of
the pedestrian flow, and the gathering wave is beginning to
transform into evanescent wave.
Here we suppose the safety evacuation time in platform is
𝑇2 (𝑠), pedestrian passing time to the stairway (or escalators) is
𝑇21 (𝑠), and pedestrian passing time in stairway (or escalators)
is 𝑇22 (𝑠). Thus the safety evacuation time mode in the
platform is shown below
𝑄𝑤1 =

(V1 − V2 )
,
(1/𝑘1 − 1/𝑘2 )

𝑄𝑤2 =

(V3 − V2 )
,
(1/𝑘3 − 1/𝑘2 )

𝑇21 = 𝑇1 ⋅

(3)

𝑄𝑤1
,
(𝑄𝑤1 − 𝑄𝑤2 )

𝑙1
,
V3

𝑇2 = 𝑇21 + 𝑇22 .

(4)

(5)

3.3. Pedestrian Evacuation Time in Channel (Stairway, Escalators). We suppose the time of pedestrian pass channel,
stairway (or escalators), is 𝑇3 (𝑠), the time of pedestrian pass
channel is 𝑇31 (𝑠), pedestrian dissipation time on auto gate is
𝑇32 (𝑠), and pedestrians pass time on stairway (or escalators)
is 𝑇33 (𝑠).
(1) Calculation of the Time of Pedestrian Pass Channel. Pedestrian speed in the corridor or stairway is largely influenced
by flow density. The pedestrians occupied smaller place when
the passenger flow volume is larger, and the pedestrian
speed is slower. While on the other hand, the smaller the
flow density, the faster the pedestrian speed. According to
the collected data in the Bei Da-jie station, we find the
relationship between speed and density in pass channel,
which is shown in Figure 7.
According to the fitting functions between the speed and
density of pedestrians, we can see that there is a strong
correlation between the speed and density of pedestrians in
a subway corridor or in the stairway (upward direction and
downward direction of the stairs), and they comply with
third-degree polynomial curve (𝑅2 is the biggest, with the
value 0.934), which is shown in Table 1.
Thus the time of pedestrian pass channel can be shown as
follows:
𝑇31 =

where 𝑄𝑤1 —wave flow of pedestrians aggregation wave
after getting off (p/(m⋅s)), 𝑄𝑤2 —wave flow of pedestrians
evanescent wave on stairway (or escalator) (p/(m⋅s)), V1 —
pedestrian normal walking speed after getting off the train
(m/s), V2 —pedestrian dissipation speed on stairway (or
escalators) (m/s), V3 —escalator running speed or pedestrians
speed climbing up the stairway (m/s), 𝑘1 —pedestrian density
under V1 state (p/m2 ), 𝑘2 —pedestrian density under V2 state
(p/m2 ), and 𝑘3 —pedestrian density under V3 state (p/m2 ):
𝑇22 =

where 𝑙1 —stairway (or escalator) length (m).
Thus the evacuation time in platform 𝑇2 is

𝑙2
𝑙2
=
,
3
V (𝑘) (𝛼2 𝑘 + 𝛽2 𝑘2 + 𝛾𝑘 + 𝐶)

(6)

where 𝑙2 —channel length (m), 𝑘—pedestrian density in
corridor (p/m2), and 𝛼2 , 𝛽2 , 𝛾, 𝐶—parameters for calibration.
(2) Calculation of Pedestrian Dissipation Time on Auto Gate.
Here we suppose the mean arrival rate of pedestrian flow is 𝜆
and the average service rate of auto gate is 𝜇; thus the traffic
intensity of auto gate is 𝜌. And we assume that the time of
the pedestrian pass through the auto gate meets the standard
M/M/1 model (Figure 8).
In the standard M/M/C and M/M/1/C model, the regulation of characteristics of those models is the same with
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Table 1: Model summary and parameter estimates.

Equation
Logarithmic
Cubic
Exponential

Model summary
𝐹
df1
236.71
1
276.576
3
516.655
1

𝑅 Square
0.795
0.934
0.894

df2
61
59
61

Sig.
0
0
0

Constant
1.228
1.651
1.836

Parameter estimates
𝑏1
𝑏2
−0.355
−0.229
−0.113
−0.349

𝑏3
0.022

The independent variable: density.
Dependent variable: speed.

Queue

Auto gate

1.50

𝜇1

Passengers

Speed (m/s)

1.25

𝜇2
..
.
𝜇c

..
.

Queueing system

1.00

(M/M/1/C model)

Figure 8: Passengers queuing at the auto gate.

0.75

Thus, pedestrian dissipation time on auto gate is 𝑇32

0.50

𝑇32 = 𝑊𝑠 .

0.00

1.00

2.00

3.00

Density (p/m2 )

Cubic
Exponential

Observed
Logarithmic

Figure 7: Create fit curve between speed and density.

(3) Calculation of Pedestrians Pass Time on Stairs (or Escalators). For escalator, the speed and width of it are fixed, and the
pedestrians are upward and downward with it automatically
without walking on it, so the time is basically fixed. As shown
in the following:
𝑇33 =

the standard M/M/1. In addition, specified the auto gates are
mutual independent and the average service rates are the
same; namely, 𝜇1 = 𝜇2 = the 𝜇𝑐 = 𝜇. So the average service
rate for the whole services agency is 𝑐𝜇(𝑛 ⩾ 𝑐) (𝑛𝜇(𝑛 < 𝑐)).
Similarly, we find
(a) the entire gates idle probability
−1

1 𝜆 𝑘 1
1
𝜆 𝑐
⋅( ) ] ,
𝑃0 = [ ∑ ( ) + ⋅
𝑘! 𝜇
𝑐! 1 − 𝜌
𝜇
𝑘=1
𝑐−1

(7)

(b) average number of customers in system 𝐿 𝑠
𝐿𝑠 = 𝐿𝑞 +

𝜆
𝜇

(8)

𝑇3 = 𝑇31 + 𝑇32 + 𝑇33 .

𝑛=𝑐+1

𝑐!(1 − 𝜌)

𝐿 𝑞 = ∑ (𝑛 − 𝑐) 𝑃𝑛 =

𝑃
2 0

𝐿𝑠
,
𝜆

(13)

3

𝑇 = ∑ 𝑇𝑖 .

(14)

𝑖=1

(9)
3.5. Example Verification

(d) expected value of stay time in the system
𝑊𝑠 =

(12)

3.4. Pedestrian Evacuation Time Model. The safety evacuation time of pedestrian is divided into three parts, and
with those three parts added up we can get the whole
evacuation time. Taking the pedestrian drop-off time, safety
evacuation time in platform, time of pedestrian pass channel,
and stairway (or escalators) into consideration, the safety
evacuation time model in UMHs is established and is shown
in what follows:

𝑐

(𝑐𝜌) 𝜌

𝑙1
,
V3

where 𝑙1 —stairway (or escalator) length (m).
The whole pedestrian evacuation time in the Urban Metro
Hub is as follows:

(c) average numbers of customer in the queue 𝐿 𝑞
∞

(11)

(10)

3.5.1. General Situation. In this paper, we take the Bei Dajie metro hub in Xi’an as an example, mainly based on two
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Table 2: Observed values of model parameters in various stages.

Number
1

Model name
Pedestrian drop-off time

2

Pedestrian evacuation time in platform

3

Pedestrian evacuation time in channel

S
E

Index name
𝑇1
V1
V2
V3
𝑘1
𝑘2
𝑘3
𝑙1
𝑘
𝑙2
𝑐
𝜇
𝜆

W
N

Observed values
20
1.495
1.05
0.93
1.167
1.193
2.181
28.24
1.314
100
6
0.5
1.35

Unit
—
(m/s)
(m/s)
(m/s)
(p/m2 )
(p/m2 )
(p/m2 )
m
(p/m2 )
m
—
(p/min)
(p/min)

Table 3: The observed pedestrian evacuation time in each stage.
Stage name
Pedestrian drop-off time
Pedestrian evacuation time in platform
Pedestrian evacuation time in channel
Total time

Observed time (s)
11.16
44.86
113.85
169.87

Table 4: The calculated pedestrian evacuation time in each stage.

Pedestrian flow in B3F
Pedestrian flow in B2F
Pedestrian flow in B1F

Off point
Split-flow point

Stage name
Pedestrian drop-off time
Pedestrian evacuation time in platform
Pedestrian evacuation time in channel
Total time

Calculated time (s)
12.23
42.76
111.64
166.64

Figure 9: Pedestrians’ walking flow lines.

reasons. On the one hand, the station is a typical “ten” shaped
metro interchange station, line 1 and line 2 meet here, line
1 site is side platform, line 2 site is an island platform, and
the pedestrians’ walking flow lines are shown in Figure 9. On
the other hand, the station is the only staggered floor transfer
station based on a ladder in Xi’an, which is characterized
by the shortest distance traveled by passengers; especially
in peak hours the transfer time is not more than one
minute. Therefore, a higher request for passenger transport
organization and train time interval coordinate should be put
forward.
3.5.2. The Relevant Data Measured. Before studying the
pedestrians’ transfer time model in Xi’an Bei Da-jie station,
some parameters are measured, which are shown in Table 2.

of the pedestrian evacuation time is shown in Table 3. The
total number of pedestrians is 317 that transfer to line 1 from
line 2, the last pedestrian used 172.82 seconds totally when he
arrived at line 1 platform.
(2) The Calculated Results. The established evacuation time
model in this paper is used to calculate each stage of the
pedestrian evacuation time; the result is shown in Table 4.
(3) Comparison Analysis. Comparing the observed time with
the calculated time, we can see that the error between them
is only 1.90%. What is more, the error in each stage is also
very tiny; the result is shown in Table 5. In the end, the
estimation results of the established model in the paper and
measured values are consistent; the applicability of the model
is reasonable.

4. Conclusions
3.5.3. Results
(1) The Observed Results. Transferring the case to the Bei Dajie when the peak hours of pedestrian flow is short, and a cycle
of pedestrian flow evacuation time is measured; each stage

(1) Through calculating the whole evacuation time in Xi’an
Bei Da-jie transfer hub, the observed results in the model
are 169.87 s, the calculated results in the model are 166.64 s
as well, and the relative error between them is 1.90%, where
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Table 5: The relative error analysis.

Stage name
Pedestrian drop-off time
Pedestrian evacuation time in platform
Pedestrian evacuation time in channel
Total time

Observed time (s)
11.16
44.86
113.85
169.87

we have the following. (a) The pedestrian drop-off time’s
measured value is 11.16 s, the value of calculation is 12.23 s,
and the relative error is −9.59%. (b) The value of measure in
platform evacuation time is 44.86 s, the value of calculation
is 42.76 s, and the relative error is 4.68%. (c) The value of
measure in channel evacuation time is 113.85 s, the value
of calculation is 111.64 s, and the relative error is 1.94%.
Compared to the Code for Design of Metro (GB 50157003) promulgated by Ministry of Housing and Urban-Rural
Construction of the People’s Republic of China (MOHURD),
the whole time is 166.64 s, less than the 6 min in Code for
Design of Metro (GB 50157-003), and the applicability of the
pedestrian evacuation time model was verified.
(2) In terms of the pedestrian drop-off time model,
through fitting analysis with the multiple video sequence
data, the four functions of the relationship are fitted between
passengers getting off them through a single door and a
number of alighting passengers; the fitting functions are
composed of the exponent relationship, linear relationship,
exponential relationship, and the natural logarithm relationship. The correlation coefficient of exponent relationship is the largest and the correlation coefficient (𝑅2 ) is
0.9924. The relationship between passengers getting off time
and the number of alighting passengers is an exponent
relationship. For the platform evacuation time model, the
pedestrian evacuation process obeys the wave theory. As an
improvement, compared to Code for Design of Metro (GB
50157-003), we consider the pedestrian flow speed-density
changing laws and combining with the flow wave theory, the
platform evacuation time model has been improved for better
reflection of the pedestrian flow distribution characteristics
in this paper.
(3) In terms of the channel evacuation time models, the
pedestrian evacuation time model has been split into the
time that pedestrians pass through the corridor, the auto
gate, and stairs or escalators. The research result indicates
that there is a strong quartic polynomial relation between
pedestrian flow velocity and density of the subway corridor
and upward direction and downward direction of the stairs.
The time of pedestrians through the auto gate is to meet the
standard M/M/C model. The actual evacuation time in the
hub corridor can be better reflected while comprehensively
considering the time, which consider pedestrians passing
through the corridor, the auto gate, and stairs or escalators
into the channel evacuation time model.
(4) In addition, as a future work, we only take the Bei
Da-jie transfer hub in Xi’an as an example and verify the
feasibility of the proposed pedestrian evacuation time model.
Next, we should do lots of experiment surveys, such as
other Urban Metro Hubs in Xi’an, verify and modified the

Calculated time (s)
12.23
42.76
111.64
166.64

Relative error
−9.59%
4.68%
1.94%
1.90%

model. In addition, could the Urban Metro Hubs (UMHs)
become a full-time laboratory? What if you could analyze
every transaction, capture insights from every passenger
interaction, and did not have to wait for months to get data
from the field? What if. . .? Big data are flooding in at rates
never seen before—doubling every 18 months. In the future,
how to set up the platform for big data, big discovery, and big
decision in the UMHs? The answer is technology. Technology
for capturing and analyzing big data is widely available at
ever-lower price points. With the recent developments of
sensing, networking, and computing technologies, more and
more UMHs-related big data and computational resources
become available.
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Train timetable stability is the possibility to recover the status of the trains to serve as arranged according to the original timetable
when the trains are disturbed. To improve the train timetable stability from the network perspective, the bilevel programming
model is constructed, in which the upper level programming is to optimize the timetable stability on the network level and the
lower is to improve the timetable stability on the dispatching railway segments. Timetable stability on the network level is defined
with the variances of the utilization coefficients of the section capacity and station capacity. Weights of stations and sections are
decided by the capacity index number and the degrees. The lower level programming focuses on the buffer time distribution plan
of the trains operating on the sections and stations, taking the operating rules of the trains as constraints. A novel particle swarm
algorithm is proposed and designed for the bilevel programming model. The computing case proves the feasibility of the model and
the efficiency of the algorithm. The method outlined in this paper can be embedded in the networked train operation dispatching
system.

1. Introduction
Train timetable is the fundamental file for organizing the
railway traffic, which determines the inbound and outbound
time of trains. Railways are typically operated according to
a planned (predetermined) timetable, and the quality of the
timetable determines the quality of the railway service. So it is
most important to map a high quality timetable for all kinds
of trains.
But there is a dilemma that we place as much as possible trains on the timetable chart, and simultaneously we
should enhance the possibility to adjust the timetable when
disruptions occur. The randomly occurring disturbances
may cause train delays and even disrupt the entire train
operation plan. In the railway network, every station and
section are planned to serve the trains according to the
schedule, often compactly. So a slightly delayed train may
cause a domino effect of secondary delays over the thorough
network. Although the buffer times added to the minimum

running time in the sections and minimum dwell at stations
in scheduled timetables may absorb some train delays and
assure some degree of timetable stability, the large buffer time
will reduce the capacity of the railway.
Therefore, to ensure both the capacity and the order of
the train operation, a reliable, stable, robust timetable, and
the feasible efficient rescheduling of the planned timetable
must be worked out. A superior quality timetable cannot
only decide the inbound and outbound time at stations, and
the more important, can offer the possibility to recover the
operation according to the planned timetable when the trains
are disturbed by accidents randomly. Timetable stability is
the index to measure the possibility. Timetable stability is
related to the train number assigned to the railway sections
and the buffer time distributed to each station and section,
the probability that the train is disrupted at the stations and
in the sections. In this paper, the buffer time refers to the time
added to the minimum running time in a section. It equals
the planned period of running minus the minimum running

2
time in the section. And it also refers to the time added to the
dwelling time at a station, which equals the planned dwelling
time at the station minus the minimum dwelling time.
So when assigning the trains paths and mapping out the
train schedule, the train number assigned to the sections and
buffer time distribution should be designed carefully, not only
considering the section capacity and station capacity, but also
the minimal running time at each section and the minimal
dwell on the station.
We define the networked timetable stability quantitatively, considering that the railway network with the goal is
to optimize the timetable stability to offer more possibilities
to reschedule the trains on the railway network to deal with
disturbs in the train operation process.
The outline of the paper is as follows. First, Section 2
proposes the literature review on timetable stability improvement. Section 3 builds the bilevel optimization model for
the networked timetable stability. Then Section 4 introduces
the hybrid fuzzy particle swarm algorithm, improving the
velocity equation. Section 5 applies hybrid fuzzy particle
swarm optimization algorithm in solving the bilevel model
for improving the networked timetable stability. The computing case is presented in Section 6. Finally, Section 7 gives
some conclusions.

2. Literature Review
It is a hot topic now to assure the reliability, safety, and
stability of the traffic control system as discussed in [1–3].
The timetable stability optimizing is a relatively new issue in
the field of railway operation research. The research work was
published in the 1990s.
The research experienced two developing periods. In
the earliest period, the focus was the timetable on the
dispatching section, according to the operation mode of the
railway and the basis to study the train timetable stability
is formed. A discrete dynamic system model was built to
describe the timetable with the max-plus algebra based on
the discussion of the timetable periodicity and analyzed the
timetable stability, as proposed by Goverde [4]. Carey and
Carville developed a simulation model to test the schedule
performance and reliability for train stations in [5]. Hansen
pointed out that the effect of the stochastic disturbance on
trains relied on the adjustment of the running time and
buffer time in the timetable and assessed the advantages and
the disadvantages of the capacity and stability of evaluating
model [6]. These researchers promoted the train timetable
stability theory from the perspective of the running time
in railway sections, the dwelling time on railway stations,
and the buffer time for running and dwelling. De Kort et
al. proposed a method to evaluate the capacity determined
by the timetable and took the timetable stability as a part of
the capacity; see [7]. The goal was tantamount to place train
running lines as much as possible, while taking the timetable
into consideration at the same time. Goverde presented a
method based on max-plus algebra to analyze the timetable
stability. He proved the feasibility of the method with data
of the Netherlands national railway timetable; see [8]. We
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defined and qualified timetable stability and took it as a goal
when rescheduling trains on the dispatching sections in [9].
So it is easy to understand that the time is the key factor
when studying the timetable of a dispatching railway section.
Focusing on the delay time, the behind schedule ratio, the
buffer time, and time deviation, researchers studied the
timetable adjustability, equilibrium, stability, using statistics
theories, max-plus algebra, and so forth.
Research on timetable stability progressively expanded to
the railway network, for the study focusing on the timetable
stability of dispatching cannot suit the networked timetable
design and optimization. Engelhardt-Funke and Kolonko
considered a network of periodically running railway lines.
They built a model to analyze stability and investments in
railway networks and designed an innovative evolutionary
algorithm to solve the problem in [10]. Goverde analyzed
the dependence of the timetable on the busy degree of the
railway network. He again hired the max-plus algebra, to
analyze the timetable stability of the railway network. On
this basis, he proposed a novel method to generate the
paths for the trains on a large-scale railway network; see
[11]. Vromans built a complex linear programming model to
optimize the timetable on the railway network level, taking
the total delayed time as the optimizing goal. And they
designed the stochastic optimization algorithm for the model;
see [12]. Delorme et al. presented a station capacity evaluating
model and evaluated the stability on the key parts of the
railway network: stations; see [13]. We analyzed the complex
characteristic analysis of passenger train flow network in
the former study work [14] and have done some research
work to support the networked train timetable stability
optimization, from transportation capacity calculation [15],
paths generating [16], and line planning [17], which can be
seen as the constraint of timetable stability optimizing.
And we can see that the networked timetable stability is
related to not only time but also the utilization coefficient
capacity of the railway network, as discussed in [11–13]. That
is to say, the networked timetable stability study requires the
combination of the railway network capacity utilization and
the buffer time distribution of the buffer time in the sections
and at the stations. However, most of the publications are
about the stability of the timetable for a definite dispatching
railway section. And there are limited publications about the
networked timetable stability. Furthermore, the research on
the timetable is in the stage of evaluating, mostly qualitative,
not the quantization of the timetable stability.

3. The Bilevel Optimization
Programming Model for Networked
Timetable Stability Improvement
Networked timetable stability must be studied from two
levels. The upper level is to study the relation between the
trains flow and the capacity of the sections and stations
and the ability to recover the timetable when an emergency
occurs determined by the relation. The lower level is to study
the distribution plan of the buffer time for each train in
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the sections running process and the stations dwelling, to
eliminate the negative effects of the disturbs.
The goal of the upper programming is to decide the
number of trains assigned on each railway section and at the
stations. The fundamental restriction is that the number of
trains assigned to the sections and stations must not exceed
the capacity of the sections and the stations. And the number
of trains received by the stations must be equal to the total
number of the trains running through the sections which are
connected to the relative station.
The lower programming is to determine the buffer time
distribution plan. The running time through a whole section
planned in the timetable is more than that it requires if it runs
at its highest speed. So there is a period of time called buffer
time that can be distributed for the sections running and
stations dwelling to absorb the delay caused by the random
disturbances. The restriction is that buffer time allocated to
each station and section must be longer than or equal to zero.
3.1. The Timetable Stability Improvement Programming on
the Network Level. To define the timetable stability on the
network level, the load on the sections and stations is the key
factor. So the load index numbers must be defined first.
Definition 1. The load index number of a station on the
railway network is
𝑍ST = Var (𝑒−𝜌𝑖 𝑤ST,𝑖 𝜌𝑖 −𝜌 ) ,

(1)

where Var is the function to calculate the variance of a vector,
𝜌𝑖 is the load of the 𝑖th station; the bigger 𝜌𝑖 is, the smaller the
stability value is. 𝜌𝑖 = 𝐹𝑖 /𝐵𝑖 , 𝐵𝑖 is the receiving and sending
capacity of the station. 𝐹𝑖 is the number of the receiving
and sending trains by the 𝑖th station according to the trains
distribution plan. 𝜌 is a threshold value of a station load. 𝑤ST,𝑖
is the weight of the 𝑖th station, and 𝐾 is the number of the
stations on the railway network.
The index number of the capacity of a station is
𝐼𝑋ST,𝑖 =

𝐵𝑖 𝐷𝑖
,
𝐾
∑𝑖=1 𝐵𝑖 𝐷𝑖

(2)

where 𝐷𝑖 is the degree of the 𝑖th station.
Then the station weight is
𝑤ST,𝑖 =

𝐼𝑋ST,𝑖
∑𝐾
𝑖=1

𝐼𝑋ST,𝑖

.

(3)

Definition 2. The load index number of a section on the
railway network is
𝑍SE = Var (𝑒−𝜆 𝑖 𝑤SE,𝑖 𝜆 𝑖 −𝜆 ) ,

(4)

where Var is the function to calculate the variance of a vector,
𝜆 𝑖 is the loaf of the 𝑖th section; the bigger 𝜆 𝑖 is, the smaller the
stability value is. 𝜆 𝑖 = 𝐺𝑖 /𝐶𝑖 , 𝐶𝑖 is the capacity of the section.
𝐺𝑖 is the number of the trains running through 𝑖th section
according to the trains distribution plan. 𝜆 is a threshold value

of a section load. 𝑤𝑖 is the weight of the 𝑖th section, and 𝐿 is
the number of the sections on the railway network.
The index number of the capacity of a section is
𝐼𝑋SE,𝑖 =

𝐶𝑖
.
𝐿
∑𝑖=1 𝐶𝑖

(5)

Then the weight of the section is
𝑤SE,𝑖 =

𝐼𝑋SE,𝑖
∑𝐿𝑖=1

𝐼𝑋SE,𝑖

.

(6)

Then with the load index numbers of the stations and
sections, the timetable stability on the network level is defined
as
𝑆NET = 𝑒−𝑍ST × 𝑒−𝑍SE = 𝑒−(𝑍ST +𝑍SE ) .

(7)

The goal of the upper programming is to optimize the
timetable stability on the network level, so 𝑆NET is taken as
the optimization goal. That is to say, the goal is to maximize
the timetable on the network level: 𝑆NET .
Restrictions require that the number of the trains running
through a section cannot be greater than the number of the
trains that the section capacity allows. Likewise, the total
trains number going through a station cannot exceed the
station capacity of receiving and sending off trains.
And the total numbers of the trains distributed on the
sections connected to the station must be equal to the number
of arriving trains at the station:
𝐹𝑖 ≤ 𝐵𝑖 ,
𝐺𝑖 ≤ 𝐶𝑖 ,

(8)

𝑈

𝐹𝑖 = ∑𝐺𝑖,𝑙 ,
𝑙=1

where 𝑈 is the number of sections connected to station 𝑖.
3.2. The Timetable Stability Improvement Programming on the
Dispatching Section Level. Take it for granted that there are 𝑀
trains going through section 𝑝, which is the result of the upper
programming. The running times of all the 𝑀 trains form a
𝑝
𝑝
vector 𝑇𝑅 = {𝑡𝑅,𝑖 }𝑀. The minimum running time of all the
𝑝,min
𝑝,min
= {𝑡𝑅,𝑖 }𝑀. Then the margin
𝑀 trains forms a vector 𝑇𝑅
𝑝
𝑝
𝑝
𝑝,min
vector of the 𝑀 trains is Δ𝑇𝑅 = {Δ𝑡𝑅,𝑖 }𝑀 = {𝑡𝑅,𝑖 − 𝑡𝑅,𝑖 }𝑀. Set
𝑝
𝑝
𝑝
the 𝐴 𝑅 = {Δ𝑡𝑅,𝑖 /𝑡𝑅,𝑖 }𝑀 to be the running adjustability vector.
To evaluate the equilibrium of the distribution of the buffer
time in the sections, the running adjustability dispersion is
defined as
𝑝
Var (𝐴 𝑅 )

𝑝

= Var (

Δ𝑡𝑅,𝑖
𝑝

𝑡𝑅,𝑖
𝑝

).

(9)

The smaller the value of the Var(𝐴 𝑅 ) is, the more balanced
the buffer time distribution plan is, and the timetable is more
stable.
Likewise, take it for granted that there are 𝑁 trains going
through station 𝑞, with stop or without stop. The planned
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dwelling time according to the timetable of the 𝑁 trains forms
𝑞
𝑞
a vector 𝑇𝐷 = {𝑡𝐷,𝑖 }𝑁. The minimal dwelling time of all the 𝑁
𝑝,min
𝑝,min
= {𝑡𝐷,𝑖 }𝑁. Then the
trains at 𝑞 also forms a vector 𝑇𝐷
𝑞
𝑞
𝑞
margin vector of the 𝑁 trains is Δ𝑇𝐷 = {Δ𝑡𝐷,𝑖 }𝑁 = {𝑡𝐷,𝑖 −
𝑞,min
𝑞
𝑞
𝑞
𝑡𝐷,𝑖 }𝑁. Set the 𝐴 𝐷 = {Δ𝑡𝐷,𝑖 /𝑡𝐷,𝑖 }𝑁 to be the dwelling adjustability vector. To evaluate the equilibrium of the distribution
of the buffer time at stations, the adjustability dispersion is
defined as
𝑞
Var (𝐴 𝐷)

𝑙 ≠
𝑖,

(15)

4.1. Fuzzy Particles Swarm Optimization Algorithm. Considerable attention has been paid to fuzzy particle swarm
optimization (FPSO) recently. Abdelbar et al. proposed the
FPSO [18]. Abdelbar and Abdelshahid brought forward
the instinct-based particle swarm optimization with local
search applied to satisfiability in [19]. Abdelshahid analyzed
variations of particle swarm optimization and gave evaluation
on maximum satisfiability; see [20]. Mendes et al. proposed
a fully informed particle swarm in [21]. Bajpai and Singh
studied the problem of fuzzy adaptive particle swarm optimization (FAPSO) for bidding strategy in uniform price spot
market in [22]. Saber et al. attempted to solve the problem
of unit commitment computation by FAPSO in [23]. Esmin
studied the problem of generating fuzzy rules and fitting
fuzzy membership functions using hybrid particle swarm
optimization (HPSO); see [24, 25].
Computation in the PSO paradigm is based on a collection (called a swarm) of fairly primitive processing elements
(called particles). The neighborhood of each particle is the
set of particles with which it is adjacent. The two most
common neighborhood structures are 𝑝𝑔 , in which the entire
swarm is considered a single neighborhood, and 𝑝𝑖 , in which
the particles are arranged in a ring, and each particle’s
neighborhood consists of itself, its immediate ring-neighbor
to the right, and its immediate ring-neighbor to the left.
PSO can be used to solve a discrete combinatorial
optimization problem whose candidate solutions can be
represented as vectors of bits; 𝑖 is supposed to be a given
instance of such a problem. Let 𝑁 denote the number of
elements in the solution vector for 𝑖. Each particle 𝑖 would
contain two 𝑁-dimensional vectors: a Boolean vector 𝑥𝑖 ,
which represents a candidate solution to 𝑖 and is called
particle 𝑖’s state, and a real vector V𝑖 , called the velocity
of the particle. In the biological insect-swarm analogy, the
velocity vector represents how fast, and in which direction,
the particle is flying for each dimension of the problem being
solved.
Let 𝐾(𝑖) denote the neighbors of particle 𝑖, and let 𝑝𝑖
denote the best solution ever found by particle 𝑖. In each time
iteration, each particle 𝑖 adjusts its velocity based on

𝑙 ≠
𝑖,

(16)

V𝑖+1 = 𝜔V𝑖 + 𝑐1 𝑟1 (𝑝𝑖 − 𝑥𝑖 ) + 𝑐2 𝑟2 (𝑝𝑔 − 𝑥𝑖 ) ,

𝑞

= Var (

Δ𝑡𝐷,𝑖
𝑞

𝑡𝐷,𝑖

).

(10)

𝑞

The smaller the value of the Var(𝐴 𝐷) is, the more balanced the buffer time distribution plan is, and the timetable
is more stable.
On the basis of considering of the running adjustability
dispersion and the dwelling adjustability dispersion, the
timetable stability on the dispatching section level is defined
as
𝑝

𝑞

𝑝

𝑝

𝑞

𝑞

𝑆DIS = 𝑒− Var(𝐴 𝑅 )×Var(𝐴 𝐷 ) = 𝑒− Var(Δ𝑡𝑅,𝑖 /𝑡𝑅,𝑖 )×Var(Δ𝑡𝐷,𝑖 /𝑡𝐷,𝑖 ) .

(11)

Then we take the timetable stability on the network level
as the optimizing goal of the upper programming:
max 𝑆DIS .

(12)

When rescheduling the trains on the sections, the minimum running time and the minimum dwelling time must be
considered. The rescheduled running time and dwelling time
must be longer than the minimum time, which is described
in (13) and (14). And the margins between inbound times
of different trains at the same stations must be bigger than
the minimum interval time to ensure the safety of train
operation. This constraint is defined in (15). Likewise, the
margins between outbound times of the trains at a station
have the same characteristic, as shown in (16). And the
number of the trains dwelling at a same station cannot be
bigger than the number of the tracks in a station, described
in (17):
𝑝

𝑝,min

𝑡𝑅,𝑖 ≥ 𝑡𝑅,𝑖 ,
𝑞
𝑞,min
𝑡𝑅,𝑖 ≥ 𝑡𝑅,𝑖 ,
𝑝 
𝑎𝑙,𝑗  > 𝐼𝑎−𝑎 ,


 𝑝
𝑎 −
 𝑖,𝑗
 𝑝

𝑑 − 𝑑𝑝  > 𝐼𝑑−𝑑 ,
𝑙,𝑗 
 𝑖,𝑗
𝐿𝑁𝑗 −

TN

𝑘
∑ ∑ 𝑛𝑝,𝑗
𝑝∈𝑃 𝑘=1

4. The Hybrid Fuzzy Particle Swarm
Optimization Algorithm

(13)
(14)

≥ 0.

(17)

3.3. The Networked Timetable Stability Definition. Depending
on the analysis in Sections 3.1 and 3.2, networked timetable
stability is defined with the following:
𝑆 = 𝑆NET × 𝑆DIS .

(18)

We can see that the networked timetable stability is
directly related to timetable stability on the network level and
the dispatching section level. The programming in Sections
3.1 and 3.2 can optimize the networked timetable stability,
through optimizing the stability on the two levels.

𝑥𝑖+1 = 𝑥𝑖 + V𝑖+1 ,

(19)

where 𝜔, called inertia, is a parameter within the range [0, 1]
and is often decreased over time as discussed in [26]; 𝑐1
and 𝑐2 are two constants, often chosen so that 𝑐1 + 𝑐2 = 4,
which control the degree to which the particle follows the
herd thus stressing exploitation (higher values of 𝑐2 ), or goes
its own way thus stressing exploration (higher values of 41);
𝑟1 and 𝑟2 are uniformly random number generator function
that returns values within the interval (0, 1); and 𝑝𝑔 is the
particle in 𝑖’s neighborhood with the current neighborhoodbest candidate solution.
Fuzzy PSO differs from standard PSO in only one respect:
in each neighborhood, instead of only the best particle in
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the neighborhood being allowed to influence its neighbors,
several particles in each neighborhood can be allowed to
influence others to a degree that depends on their degree of
charisma, where charisma is a fuzzy variable. Before building
a model, there are two essential questions that should be
answered. The first question is how many particles in each
neighborhood have nonzero charisma. The second is what
membership function (MF) will be utilized to determine level
of charisma for each of the 𝑘 selected particles.
The answer to the first question is that the 𝑘 best particles
in each neighborhood are selected to be charismatic, where
𝑘 is a user-set parameter, 𝑘 can be adjusted according to the
required precision of the solution.
The answer to the other question is that there are numerous possible functions for charisma MF. Popular MF choices
include triangle, trapezoidal, Gaussian, Bell, and Sigmoid
MFs; see [27]. The Bell, Gaussian, sigmoid, Trapezoidal, and
Triangular MFs
bell (𝑥; 𝑐, 𝜎) =

1
,
1 + ((𝑥 − 𝑐) /𝜎)2

1 𝑥−𝑐 2
gaussian (𝑥; 𝑐, 𝜎) = exp (− (
) ),
2
𝜎
1
sig (𝑥; 𝑐, 𝜎) =
,
1 + exp (−𝜎 (𝑥 − 𝑐))
triangle (𝑥; 𝑎, 𝑏, 𝑐) = max (min (

𝑎 < 𝑏 ≤ 𝑐 < 𝑑.
(20)
Let ℎ be one of the 𝑘-best particles in a given neighborhood, and let 𝑓(𝑝𝑔 ) refer to the fitness of the very-best particle
for the neighborhood under consideration. The charisma
𝜑(ℎ) is defined as
1 + ((𝑓 (𝑝ℎ ) − 𝑓 (𝑝𝑔 )) /𝛽)

2

(21)

= max (min (

𝑓 (𝑝ℎ ) − 𝑓 (𝑝𝑔0 )
𝑓 (𝑝𝑔 ) − 𝑓 (𝑝𝑔0 )

, 1,

𝑓 (𝑝𝑔1 ) − 𝑓 (𝑝ℎ )
𝑓 (𝑝𝑔1 ) − 𝑓 (𝑝𝑔 )

) , 0)
(25)

if the MF is based on Trapezoid function.
Because (𝑝ℎ ) ≤ 𝑓(𝑝𝑔 ), 𝜑(ℎ) is a decreasing function that
is 1 when 𝑓(𝑝ℎ ) = 𝑓(𝑝𝑔 ), and asymptotically approaches zero
as 𝑓(𝑝ℎ ) moves away from 𝑓(𝑝𝑔 ). To avoid dependence on the
scale of the fitness function, 𝛽 is defined as 𝛽 = 𝑓(𝑝𝑔 )/ℓ where
ℓ is a user-specified parameter. For a fixed 𝑓(𝑝ℎ ), the larger
the value of ℓ, the smaller the charisma 𝜑(ℎ) will be. 𝑓(𝑝𝑔0 )
and 𝑓(𝑝𝑔1 ) are two functional values that decide the verge of
the triangle and trapezoid function.
In Fuzzy PSO, velocity equation is

where 𝐵(𝑖, 𝑘) denotes the 𝑘-best particles in the neighborhood
of particle 𝑖. Each particle 𝑖 is influenced by its own best solution 𝑝𝑖 and the best solutions obtained by the 𝑘 charismatic
particles in its neighborhood, with the effect of each weighted
by its charisma 𝜑(ℎ). It can be seen that if 𝑘 is 1, this model
reduces to the standard PSO model.
4.2. Hybrid Fuzzy PSO. Hybrid rule requires selecting two
particles from the alternative particles at a certain rate. Then
the intersecting operation work needs to be done to generate
the descendant particles. The positions and velocities of
the descendant particles are as follows: according to the
intersecting rule, inheriting from the FPSO, see [28]
1
= 𝜔V𝑖1 + 𝑐1 𝑟1 (𝑝𝑖 − 𝑥𝑖1 ) + ∑ 𝜑 (ℎ) 𝑐2 𝑟2 (𝑝ℎ1 − 𝑥𝑖1 ) ,
V𝑖+1
ℎ∈𝐵(𝑖,𝑘)

1 𝑓 (𝑝ℎ ) − 𝑓 (𝑝𝑔 )
𝜑 (ℎ) = exp (− (
))
2
𝛽

1 + exp (−𝛽 (𝑓 (𝑝ℎ ) − 𝑓 (𝑝𝑔 )))

+ 𝑐1 𝑟1 (𝑝𝑖 −

(22)
2
V𝑖+1
=

if the MF is based on Gaussian function.
The charisma 𝜑(ℎ) is defined as
1

=

𝜔V𝑖2

1
V𝑖+1
=

2

if the MF is based on Sigmoid function.

𝜑 (ℎ)

2
V𝑖+1

if the MF is based on Bell function.
The charisma 𝜑(ℎ) is defined as

𝜑 (ℎ) =

if the MF is based on Triangle function.
The charisma 𝜑(ℎ) is defined as

(26)

𝑥−𝑎
𝑑−𝑥
, 1,
) , 0) ,
𝑏−𝑎
𝑑−𝑐

1

𝑓 (𝑝ℎ ) − 𝑓 (𝑝𝑔0 ) 𝑓 (𝑝𝑔1 ) − 𝑓 (𝑝ℎ )
,
) , 0)
𝑓 (𝑝𝑔 ) − 𝑓 (𝑝𝑔0 ) 𝑓 (𝑝𝑔1 ) − 𝑓 (𝑝𝑔 )
(24)

ℎ∈𝐵(𝑖,𝑘)

𝑎 < 𝑏 < 𝑐,

𝜑 (ℎ) =

= max (min (

V𝑖+1 = 𝜔V𝑖 + 𝑐1 𝑟1 (𝑝𝑖 − 𝑥𝑖 ) + ∑ 𝜑 (ℎ) 𝑐2 𝑟2 (𝑝ℎ − 𝑥𝑖 ) ,

𝑥−𝑎 𝑐−𝑥
,
) , 0) ,
𝑏−𝑎 𝑐−𝑏

trapezoid (𝑥; 𝑎, 𝑏, 𝑐, 𝑑) = max (min (

The charisma 𝜑(ℎ) is defined as
𝜑 (ℎ)

𝑥𝑖2 )

1
V𝑖+1
 1
V𝑖+1
1
V𝑖+1
 1
V𝑖+1

+ ∑ 𝜑 (ℎ) 𝑐2 𝑟2 (𝑝ℎ2 − 𝑥𝑖2 ) ,
ℎ∈𝐵(𝑖,𝑘)

2
+ V𝑖+1
 1 
V  ,
2   𝑖+1 
+ V𝑖+1

2
+ V𝑖+1
 1 
V  ,
2   𝑖+2 
+ V𝑖+1


1
1
𝑥𝑖+1
= 𝑥𝑖1 + V𝑖+1
,

2
2
𝑥𝑖+1
= 𝑥𝑖2 + V𝑖+1
,

(23)

1
1
2
𝑥𝑖+1
= 𝑝 × 𝑥𝑖+1
+ (1 − 𝑝) × 𝑥𝑖+1
,
2
2
1
𝑥𝑖+1
= 𝑝 × 𝑥𝑖+1
+ (1 − 𝑝) × 𝑥𝑖+1
.

(27)
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4.3. Adaptability and Applicability HFPSO. It can be seen
that the network timetable stability optimizing model is a
nonlinear one and it is an NP-hard problem. Generally, it
is very difficult to solve the problem with mathematical
approaches. Evolutionary algorithms are often hired to solve
the problem for their characteristics. First, its rule of the
algorithm is easy to apply. Second, the particles have the
memory ability which results in convergent speed and there
are various methods to avoid the local optimum. Thirdly,
the parameters which need to select are fewer, and there is
considerable research work on the parameters selecting.
In addition, the HFPSO hires the fuzzy theory and the
hybrid handling method when designing the algorithm. Thus
it has the ability to improve the computing precision when
solving the optimization problem. And it utilizes intersecting
tactics to generate the new generation of particles to avoid
the precipitate of the solution. It is adaptive to solve the
timetable stability optimization. And its easy computing
rule determines the applicability in the solving of timetable
stability optimization problem.

5. Hybrid Fuzzy Particle Swarm
Algorithm for the Model

(28)

5.2. The Particle Swarm Design for the Lower Level Programming. The size of the particle swarm is also set to be 30.
𝑝
𝑞
Δ𝑡𝑅,𝑖 and Δ𝑡𝐷,𝑖 are the decision variables. So a particle can be
designed as
1
1
1
, Δ𝑡𝑅,2
, . . . , Δ𝑡𝑅,𝑀
,
𝑝𝑎LO = {Δ𝑡𝑅,1
1
2
2
2
Δ𝑡𝑅,1
, Δ𝑡𝑅,2
, . . . , Δ𝑡𝑅,𝑀
,...
2
𝑖
𝑖
𝑖
, Δ𝑡𝑅,2
, . . . , Δ𝑡𝑅,𝑀
,...
Δ𝑡𝑅,1
𝑖
𝐿
𝐿
𝐿
Δ𝑡𝑅,1
, Δ𝑡𝑅,2
, . . . , Δ𝑡𝑅,𝑀
,
𝐿
1
1
1
Δ𝑡𝐷,1
, Δ𝑡𝐷,2
, . . . , Δ𝑡𝐷,𝑀
,
1

(29)

2
2
2
Δ𝑡𝐷,1
, Δ𝑡𝐷,2
, . . . , Δ𝑡𝐷,𝑀
,...
2
𝑗

𝑗
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Figure 1: The railway network in the computing case and the
original distribution plan of the trains.
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Figure 2: Planned operation diagram on path 1-2–5–7.

6. Experimental Results and Discussion

5.1. The Particle Swarm Design for the Upper Level Programming. The size of the particle swarm is set to be 30 to give
consideration to both the calculating degree of accuracy
and computational efficiency. For 𝐹𝑖 and 𝐺𝑖 are the decision
variables, 𝐿 is the number of the sections on the railway
network. 𝐾 is the number of the stations on the railway
network. So a particle can be designed as
𝑝𝑎UP = {𝐹1 , 𝐹2 , . . . , 𝐹𝐾 , 𝐺1 , 𝐺2 , . . . , 𝐺𝐿 } .

2

Stations

Thus, the HFPSO is built. In the model, 𝑥 is a position
𝑗
vector with 𝐷 dimensions. 𝑥𝑖 stands for the particle 𝑗 of
the 𝑖th generation particles. 𝑝 is a random variable vector
with 𝐷 dimensions which obeys the equal distribution. Each
dimension of 𝑝 is in [0, 1].

𝑗

Δ𝑡𝐷,1 , Δ𝑡𝐷,2 , . . . , Δ𝑡𝐷,𝑀𝑗 , . . .
𝐾
𝐾
𝐾
, Δ𝑡𝐷,2
, . . . , Δ𝑡𝐷,𝑀
},
Δ𝑡𝐷,1
𝐾

where 𝑀𝑖 is the number of trains going through section 𝑖 and
𝑀𝑗 is the number of the trains going through station 𝑗.

6.1. Computing Case Assumptions. There are 22 stations and
10 sections in the network, as indicated in Figure 1. We
assume that the 44 trains operate on the network from station
1 to station 7. The numbers in parentheses beside the edges
are the numbers of the trains distributed on the sections
according to the planned timetable and the section capacity.
And the planned operation diagram on path 1-2–5–7 is
shown in Figure 2, with 23 trains. The planned operation
diagram on path 1–3–6-7 is illustrated in Figure 3.
According to the networked timetable stability definition
in Section 3, the timetable stability value of the planned
timetable can be calculated out. Detailed computing data are
presented in Table 1.
According to Table 1(a), the 𝑍ST can be calculated with
𝜌𝑖 −𝜌
𝑍ST = Var(𝑒−𝜌𝑖 𝑤ST,𝑖
) = 1.047978, while 𝑍SC can be calculated
out with 𝑍SE = Var(𝑒−𝜆 𝑖 𝑤𝑖 𝜆 𝑖 −𝜆 ) = 7.1940742. Then the goal of
the upper programming 𝑆NET = 𝑒−𝑍ST × 𝑒−𝑍SE = 𝑒−(𝑍ST +𝑍SE ) =
0.000263.
6.2. The Upper Level Computing Results and Discussion. We
reallocate all the 44 trains on the modest railway network,
as shown in Figure 4, according to the computing results of
the upper level programming. The numbers in parentheses
beside the edges are the numbers of the trains allocated on
the sections according to the rescheduled timetable and the
section capacity. Based on the capacity of every section and
station, the computing result of the upper level programming
is presented in Table 2.

Mathematical Problems in Engineering

7

Table 1: Computing results of the planned timetable stability.
(a) Related computing results of 𝑍ST

Key nodes Trains number through station Nodes capacity
1
44
66.0
2
23
34.5
3
21
31.5
4
0
15.0
5
23
36.0
6
21
30.0

Load Capacity index Nodes degree Degree index Stations weight
0.6667
0.3099
2.0000
0.1111
0.2245
0.6667
0.1620
3.0000
0.1667
0.1760
0.6667
0.1479
3.0000
0.1667
0.1607
0.0000
0.0704
4.0000
0.2222
0.1020
0.6389
0.1690
3.0000
0.1667
0.1837
0.7000
0.1408
3.0000
0.1667
0.1531

(b) Related computing results of 𝑍SC

Trains number through section
23
21
0
23
0
21
0
0
23
21

Sections capacity
30.0
27.5
6.5
23.5
6.5
21.0
8.0
5.0
31.0
26.0

Load
0.7667
0.7636
0.0000
0.9787
0.0000
1.0000
0.0000
0.0000
0.7419
0.8077

1
e
f

1
a
2

3

b

Stations

Stations
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1–3
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3-4
3–6
4-5
4–6
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6-7
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6
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5

h

d

7
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10:00

11:00
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j
4
m
g
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T2
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0.1486
0.0351
0.1270
0.0351
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0.0270
0.1676
0.1405
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Figure 3: Planned operation diagram on path 1–3–6-7.
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q
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k

Figure 5: Rescheduled timetable of path 1-2–5–7 according to the
computing results of the lower level programming.

(24, 31)
d
7

(4, 5)

h
(20, 26)
6

Figure 4: Distribution plan of the trains according to the computing
results.

According to Table 2(a), the 𝑍ST can be calculated with
𝜌𝑖 −𝜌
𝑍ST = Var(𝑒−𝜌𝑖 𝑤ST,𝑖
) = 0.000223814, while 𝑍SC can be
calculated out with 𝑍SE = Var(𝑒−𝜆 𝑖 𝑤𝑖 𝜆 𝑖 −𝜆 ) = 0.002432614.
Then the goal of the upper programming 𝑆NET = 𝑒−𝑍ST ×
𝑒−𝑍SE = 𝑒−(𝑍ST +𝑍SE ) = 0.997.

6.3. The Lower Level Computing Results and Discussion.
According to the computing results of the lower level programming, we adjust the timetable, moving some of the
running lines of the trains. The two-dot chain line is the
newly planned running trajectory and the dotted line is the
previously planned trajectory. The timetable on path 1-2-5–7
is shown in Figure 5. Figure 6 is the timetable of path 2–4-5.
Figures 7 and 8 are the timetables on paths 1–3–6-7 and 3-4–6,
respectively.
From Figures 5 and 6 we can see that eight trains are
rescheduled on path 1-2–5–7, which are numbered 𝑇1 , 𝑇2 , 𝑇3 ,
𝑇4 , 𝑇5 , 𝑇6 , 𝑇7 , 𝑇8 . 𝑇1 , 𝑇3 , and 𝑇6 run on the original path as
planned, but the inbound and outbound times at the stations
are changed. 𝑇2 , 𝑇4 , 𝑇5 , 𝑇7 , and 𝑇8 modify the path when they
arrive at station 2. They run through path 2–4-5, with arriving
time 8:32, 9:12, 9:41, 10:25, and 10:48, respectively at station 2.
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Table 2: Computing results of rescheduled timetable stability.
(a) Related computing results of 𝑍ST

Key nodes Trains number through station Nodes capacity
1
44
66.0
2
23
34.5
3
21
31.5
4
10
15.0
5
24
36.0
6
20
30.0

Load Capacity index Nodes degree Degree index Stations weight
0.6667
0.3099
2
0.1111
0.2245
0.6667
0.1620
3
0.1667
0.1760
0.6667
0.1479
3
0.1667
0.1607
0.6667
0.0704
4
0.2222
0.1020
0.6667
0.1690
3
0.1667
0.1837
0.6667
0.1408
3
0.1667
0.1531

(b) Related computing results of 𝑍SC

2
i
j

Trains number through section
23
21
5
18
5
16
6
4
24
20

T2

T4

T5

Sections capacity
30.0
27.5
6.5
23.5
6.5
21.0
8.0
5.0
31.0
26.0

T7

T8

1
e
f


T12

4
n
q

T9

Capacity index
0.1622
0.1486
0.0351
0.1270
0.0351
0.1135
0.0432
0.0270
0.1676
0.1405


T14 T14

Sections weight
0.1622
0.1486
0.0351
0.1270
0.0351
0.1135
0.0432
0.0270
0.1676
0.1405




T11 T15 T15

T10

T12 T13 T16 T16

3
g
6
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T9

h

5
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0.7667
0.7636
0.7692
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0.7692
0.7619
0.7500
0.8000
0.7742
0.7692
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3-4
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4-5
4–6
5–7
6-7

9:00

10:00

11:00

Time

Figure 6: Rescheduled timetable of path 2–4-5 according to the
computing results of the lower level programming.

𝑇2 , 𝑇4 , and 𝑇5 leave arrive station 5 at 9:10, 9:48, and 10:18,
respectively, then finish the rest travel along Sections 5–7.
From Figures 7 and 8 we can see that eight trains are
rescheduled on path 1–3–6-7, which are numbered 𝑇9 , 𝑇10 ,
𝑇11 , 𝑇12 , 𝑇13 , 𝑇14 , 𝑇15 , 𝑇16 . 𝑇14 , 𝑇15 , and 𝑇16 run on the original
path as planned, but the inbound and outbound time at the
stations are changed. 𝑇9 , 𝑇10 , 𝑇11 , 𝑇12 , and 𝑇13 change the path
when they arrive at station 3. 𝑇9 , 𝑇10 , 𝑇11 , and 𝑇13 run along
path 3-4–6 with the arriving time 8:22, 9:16; 9:44, and 10:43
at station 3, respectively. 𝑇9 , 𝑇10 , and 𝑇11 arrive at station 6 at
8:53, 9:47, and 10:15, respectively. 𝑇12 runs along the path 3-45. It arrives at station 3 at 10:30 and at station 4 at 10:42. From
Figure 4 we can see that it runs along path 4-5 to finish the
rest travel.
The timetable stability on the dispatching section level is
𝑝
𝑞
𝑝
𝑝
𝑞
𝑞
𝑆DIS = 𝑒− Var(𝐴 𝑅 )×Var(𝐴 𝐷 ) = 𝑒− Var(Δ𝑡𝑅,𝑖 /𝑡𝑅,𝑖 )×Var(Δ𝑡𝐷,𝑖 /𝑡𝐷,𝑖 ) = 0.879.

7
8:00

T9

9:00

10:00

11:00

Time

Figure 7: Rescheduled timetable of path 1–3–6-7 according to the
computing results of the lower level programming.

Then, the networked timetable is 𝑆 = 𝑆NET × 𝑆DIS = 0.997 ×
0.879 = 0.876.

7. Conclusion
The bilevel programming model is appropriate for the
networked timetable stability optimizing. It comprises the
timetable stability of the network level and the dispatching
section level. Better solution can be attained via hybrid fuzzy
particle swarm algorithm in networked timetable optimizing.
The timetable is more stable, which means that it is more
feasible for rescheduling in the case of disruption, when
it is optimized by hybrid fuzzy particle swarm algorithm.
The timetable rearranged based on the timetable stability
with bilevel networked programming model can make the

Stations
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Figure 8: Rescheduled timetable of path 3-4–6 according to the
computing results of the lower level programming.

real train movements very close to, if not the same with,
the planned schedule, which is very practical in the daily
dispatching work.
The results also show that hybrid fuzzy particle algorithm
has significant global searching ability and high speed and it
is very effective to solve the problems of timetable stability
optimizing. The novel method described in this paper can
be embedded in the decision support tool for timetable
designers and train dispatchers.
We can do some microcosmic research work on the
timetable optimizing based on the railway network in the
future based on the method set out in the present paper,
enlarging the research field, adding the inbound time, and
outbound time of the trains at stations.
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As the current binary descriptors have disadvantages of high computational complexity, no affine invariance, and the high false
matching rate with viewpoint changes, a new binary affine invariant descriptor, called BAND, is proposed. Different from other
descriptors, BAND has an irregular pattern, which is based on local affine invariant region surrounding a feature point, and it
has five orientations, which are obtained by LBP effectively. Ultimately, a 256 bits binary string is computed by simple random
sampling pattern. Experimental results demonstrate that BAND has a good matching result in the conditions of rotating, image
zooming, noising, lighting, and small-scale perspective transformation. It has better matching performance compared with current
mainstream descriptors, while it costs less time.

1. Introduction
The local feature descriptor is the core of many computer vision technologies, such as object recognition, image
retrieval, and 3D reconstruction. How to design a local
feature descriptor that has excellent performance and low
complexity is an important and difficult research. Many
scholars have proposed a variety of descriptors in this area,
such as SIFT (Scale Invariant Feature Transform) [1–3], which
has good scale invariance and robustness to illumination
and viewpoint changes. Because of constructing scale space
and many other steps to improve accuracy, SIFT has high
computational complexity. All of these make it prohibitively
slow.
For these problems, many improved algorithms were proposed. SURF (Speeded Up Robust Features) [4] has similar
matching rate with much faster performance by describing key points with the responses of few Haar-like filters
compared with SIFT. PCA-SIFT [5] reduced dimensionality
of the descriptor from 128 to 36 by using the principal
component analysis, but the time of descriptor formation
was increased. The GLOH descriptor [6] used the circular
pattern in log-polar coordinates in order to enhance the
robustness and uniqueness of the descriptors, but it is also

more expensive to compute than SIFT. ASIFT descriptor [7]
achieved matching feature points well when there were large
changes in viewpoint.
To some extent, above-mentioned descriptors improved
the performances, but they still have high computational
complexity because of the local histogram statistics. Besides,
each dimension of the descriptor is a decimal number, which
makes them need a lot of memory. All of these make them
difficult to be achieved on a low-power, low-memory application. In recent years, many binary descriptors appear, such
as BRIEF (Binary Robust Independent Elementary Features)
descriptor [8], ORB (Oriented FAST and Rotated BRIEF)
descriptor [9], BRISK (Binary Robust Invariant Scalable
Keypoints) descriptor [10], RIFF (Rotation-Invariant Fast
Features) descriptor [11], and FREAK (Fast Retina Keypoint)
descriptor [12]. These binary descriptors need lower memory
than SIFT-like descriptors, and the similarity of descriptors
can be evaluated by computing the Hamming distance,
which is very efficient to be computed. But one of their
shortcomings is that the shape of pattern cannot be changed.
In other words, there are only circular pattern and rectangle
pattern, which makes them have no affine invariance. In
this case, the high false matching rate between different
viewpoints images will appear. Another shortcoming is that
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(a)

(b)

Figure 1: (a) is a circular pattern and (b) is an irregular shape one. The red balls are the sampling points.

Figure 2: Multidirectional rotation invariant builder. The arrows represent the five local orientations. We can see that the pattern is irregular.

one pattern only has one local orientation, and they are not
fast enough because of the histogram statistics. In this paper
we propose a new binary descriptor with low computational
complexity. The orientations of descriptor are found by the
five concentric circles, and the affine invariant regions are
found by 16 rays which are emanating from the feature point.
Experimental results show that the binary affine invariant
descriptor has good matching result in the conditions of
rotating, image zooming, noising, lighting, and small-scale
perspective transformation. In this paper we call this binary
descriptor BAND (Binary Affine Invariant Descriptor).

2. Method
We describe 3 key steps of BAND in this section, namely,
affine invariant radius builder, multidirectional rotation
invariant builder, and simple random sampling pattern
builder.
2.1. Affine Invariant Radius Builder. There are many algorithms that extract the local affine invariant regions, such as
MSER (Maximally Stable Extremal Regions) [13], EBR (EdgeBased Regions), IBR (Intensity Extrema-Based Regions) [14],
and Salient Region [15]. Here we refer to the idea of IBR. With
the aim of extracting local affine invariant regions, the 16 rays

which are emanating from the feature point are extracted.
The gray value of each sampling point located in the rays is
obtained through quadratic interpolation. Here we define the
affine invariant radius 𝑅𝑚 as
𝑅𝑚 = 𝑇 ⋅ max (𝑅1 , 𝑅2 ) ,
𝑖

𝑅1 = 𝐿 min (abs ∫ (𝑔𝑖 − 𝑔𝑐 ) 𝑑𝑟) ,
𝑐

(1)

𝑖

𝑅2 = 𝐿 max (abs (∫ (𝑔𝑖 − 𝑔𝑐 ) 𝑑𝑟)) ,
𝑐

where 𝑅𝑚 is the affine invariant radius in the direction of 𝑝, 𝑖 is
the Euclidean arc length along the ray 𝑅𝑚 , 𝑔𝑖 is the gray value
of the radius at the position 𝑖, abs(𝑥) is the absolute value of
the 𝑥, 𝐿 min(𝑦) is the minimum value of the distance between
local minimum of the 𝑦 and the feature point, 𝐿 max(𝑦) is the
maximum value of the distance between local maximum of
the 𝑦 and the feature point, and 𝑇 is a constant, and we use a
value of 0.76, which is determined by experiments.
By calculating the affine invariant radius, the original
circular pattern is deformed into irregular shape pattern. It
is shown in Figure 1.
2.2. Multidirectional Rotation Invariant Builder. In order to
get the rotation invariant property, existing algorithms need
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(a) Tress

(b) Ubc

(c) Rome

(d) Leuven

(e) Office

(f) Day Night

Figure 3: Datasets used for evaluation: blur (Trees), JPEG compression (Ubc), rotation (Rome), and brightness changes (Leuven, Office, and
Day Night).

to determine the direction of the local area and rotate the axis.
In this process, the defects of these descriptors include
(1) BRIEF descriptor ignores the rotation; therefore a lot
of outliers appear in the case of large-angle rotation.
(2) The algorithms, like SIFT and ORB, use the rectangle
pattern. It is difficult to obtain the local orientation,
and they have a high computational complexity.

and 𝑔𝑐 is the gray value of feature point. Finally, according
to the rotation invariant LBP [16], we could obtain five local
orientations. The rotation invariant LBP defined by Ojala is
LBP𝑟𝑖
𝑃,𝑅 :
𝑟𝑖
LBP𝑟𝑖
𝑃,𝑅 = min (ROR (LBP𝑃,𝑅 , 𝑖) | 𝑖 = 0, 1, . . . , 𝑃 − 1) ,

(4)

(3) The algorithms, like FREAK and BRISK, only consider one local orientation with a pattern, although
using the circular pattern.

where ROR(𝑥, 𝑖) performs a circular bitwise right shift operation on the number 𝑥 with 𝑖 times. The pattern of BAND
descriptor is shown in Figure 2.

Based on the above three points and reference of the
BRISK and FREAK, the pattern of BAND descriptor is as
follows: construct five circles concentric with the feature
point, and there are 16 sampling points in each circle
homogeneously. Every affine invariant radius of every circle
is obtained by the affine invariant radius builder.
Firstly, obtain the locations of sampling points on every
circle by affine invariant radius:

2.3. Simple Random Sampling Pattern Builder. This step is
very simple. We get a 256 bits vector by sampling point
pairs from the five LBP coding strings randomly and orderly.
The bit-vector descriptor is assembled by performing all the
comparisons of point pairs (𝑔𝑎 , 𝑔𝑏 ), such that each bit 𝐿
corresponds to

2𝜋𝑝
2𝜋𝑝
) , 𝑦𝑐 − 𝑅𝑀 cos (
)) ,
(𝑥𝑚 , 𝑦𝑚 ) = (𝑥𝑐 + 𝑅𝑀 sin (
𝑃
𝑃
(2)
where 𝑚 is the index of the sampling points surrounding the
feature point, 𝑀 is the number of sampling points, and 𝑐 is
the location of the feature point.
Secondly, according to literature [14], LBP binary string
of every circle is
LBPV,𝑤

1,
={
0,

if 𝑔𝑝 > 𝑔𝑐 ,
else,

(3)

where V is the index of the circle, 𝑤 is the location of one bit of
the string, 𝑔𝑝 is the gray value at the position 𝑝 on the circle,

𝐿={

1, if 𝑔𝑎 > 𝑔𝑏 ,
0, else,

(5)

𝑖 = 0, 1, 2, . . . ,
where 𝑔 is the gray value of the point sampled from the five
LBP strings.

3. Experiments and Analysis
Programming environment is Matlab 2013, Visual Studio
2010, and OpenCV 2.4.4. The datasets come from [17]. All
algorithms are running on an Intel(R) Core (TM) i3 of
3.40 GHz. In order to unify the results, all of the results do
not remove the mismatches and only show the best results by
setting a threshold.
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Figure 4: Evaluation result shows match rate for BAND, ORB, BRISK, BRIEF, SIFT, and SURF.

3.1. Single Performance Verification of Local Affine Invariant
Descriptors. Each of the datasets contains a sequence of six
images exhibiting an increasing amount of transformation.
All comparisons here are performed against the first image
in each dataset. Figure 3 shows one image for each dataset
analyzed.
The transformations cover blur (Trees), brightness
changes (Leuven, Office, and Day Night), JPEG compression
(Ubc), and rotation (Rome). Match rate is defined as a ratio
between the number of the correctly matching points and
the total number of the matched points. In order to prove the
easy integration of our algorithm, we use FAST [18, 19] for
detecting the feature points in the sequence of the Trees and
the SURF in the others. To make results be comparable, the
threshold of Hamming distance for BAND, BRIEF, BRISK,
and ORB is 50. We only show the best 50 matched pairs in
SURF and SIFT. All of the results are shown in Figure 4.
3.2. Images Matching for Outdoor Scenes. We only test single
performance of BAND descriptor in Section 3.1. In this

section, we would use 6-pair images showed in Figure 5 to test
its comprehensive performance. As it is shown in Figure 5, all
of the 6 pairs contain view point changes in different degrees,
such as in scale, brightness, and rotation. Besides, all of the
images contain many structures which appear repeatedly.
For example, the structures in image Church and the image
Fountain both are symmetrical, and the buildings in image
Brussels, Venice, Semper and Rathaus have similar doors,
windows and statues individually. These conditions add extra
difficulty to matching.
Figure 6 shows the matching results of the BAND. The
matched point numbers and match rates of different descriptors are shown in Figures 7 and 8. To make results be comparable as in Section 3.1, the threshold of Hamming distance
about BAND, BRIEF, BRISK and ORB is 50 invariably. We
only show the best 50 matched pairs in SURF and SIFT as
before.
We use SURF for detecting the feature points, and the
threshold is equal to before. The 6-pair outdoor scenes are
as shown in Figures 5 and 6.
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(a) Church

5

(b) Brussels

(d) Semper

(c) Venice

(e) Rathaus

(f) Fountain

Figure 5: The 6-pair outdoor scenes are all the buildings and artifacts.

3.3. Time Consumption Comparison. In Matlab 2013 platform, we compare the time consumption between SIFT and
BAND descriptor per point pair. Test result is shown in
Table 1.
If we set the time of BAND describing one feature point
to be 1, then we would get the time consumption of other
descriptors in Table 2 clearly.

Table 1: The time consumption comparison between SIFT and
BAND descriptor per point pair.

Description time (ms)
Matching time (ms)

SIFT
531.1
0.093

BAND
0.5463
0.0015

Table 2: It shows time consumption comparison of different
descriptors.

3.4. Analysis of Experimental Results. In the single performance verification, BAND is demonstrated as it has a better
adaptability than the other descriptors. In 6 experiments,
the degree of transformations is increasing. It is noteworthy
that the Leuven shows a transformation in brightness from
normal to dark gradually. Similarly, the Office shows a transformation in brightness from dark to normal. Differently,
the Day Night shows a transformation in brightness from
normal to dark, but some local areas become lighter than surroundings because of some lights, such as lamps, bulbs, and
candles. In other words, it changes nonlinearly. Since the similarity is reduced, the direction of every line in Figure 4 shows
downward. BRIEF shows the worst performance among all of
the descriptors, because it does not note the variety of rotation
and scale. In the light experiments, such as the Leuven, the
Office, and the Day Night, BAND demonstrates outstanding
performance. BAND can maintain a high rate of correctly
matched no matter how seriously changes of lightness. In
other experimental conditions, performances of BAND are
similar to the mainstream descriptors. In addition, no matter
what feature points we use, like FAST and SURF, BAND
descriptors can work well, which shows a high adaptability.
In the experiment of matching the outdoor scenes, we
can get a lot of matched points by ORB descriptor, but its

Time consumption
BAND ORB BRISK BRIEF SIFT SURF
Feature description
1
8.5
5.7
8.3
1000
65

correctly matched rate is lower than BAND descriptor. One
of its negative effects is that there will be more computation in
the process of removing the mismatched points. Although the
amount of the matched points we get by BAND is not as much
as ORB, the amount is kept at a high level and the correctly
matched rate of it is satisfactory. It is better than or as good
as the correctly matched rate of other descriptors. The reason
is that BAND considers the affine invariance and its pattern,
whose shape is variable, can better adapt to the changes of
viewpoint.
In the experiment of the time-consuming comparison,
description time per point of BAND is as short as 0.1% of
the time of SIFT approximately. The reason is that there
is no process of establishing the Gauss Pyramids or too
much computation of fitting operation. BAND computes
the distance between two descriptions by using Hamming
distance, but SIFT uses Euclidean distance. Obviously, calculating the Hamming distance has higher efficiency and lower
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(a) Church

(b) Brussels

(c) Venice

(d) Semper

(e) Rathaus

(f) Fountain

Figure 6: The results show the matched points, and there is no process of removing the mismatched.

Images match of the outdoor scenes
100.00
Match rate (%)

The number of matched
pairs

Matched pairs in the outdoor scenes
400
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80.00
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0.00

Church

Outdoor scenes
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BRIEF

Figure 7: This figure shows the numbers of matched point pairs
from different binary descriptors.

computational complexity. So, together, BAND shows higher
efficiency. And the comparison of the time-consuming with
other descriptors also shows that BAND is faster. Therefore,

Brussels Venice

Semper

Rathaus Fountain

Outdoor scenes
BAND
ORB
BRISK

BRIEF
SIFT
SURF

Figure 8: This figure shows the match rates of different binary
descriptors in the 6 outdoor scenes.

BAND has advantage in the situation that demands high
computing speed.
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4. Conclusion
Experimental results show that BAND descriptor has significant advantages, such as low computational complexity, well
adaptability, and good stability. It makes up for the disadvantages of other descriptors that have high computational
complexity and have no affine invariance. BAND has a good
matching result in the conditions of rotating, image zooming,
noising, lighting, and small-scale perspective transformation.
More specifically, it has a moderate number of matched points
and a high correctly matched rate. Because of these, on the
base of guaranteeing accuracy, BAND could improve the
calculation efficiency and meet real-time requirement.
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The stated choice (SC) experiment has been generally regarded as an effective method for behavior analysis. Among all the SC
experimental design methods, the orthogonal design has been most widely used since it is easy to understand and construct.
However, in recent years, a stream of research has put emphasis on the so-called efficient experimental designs rather than keeping
the orthogonality of the experiment, as the former is capable of producing more efficient data in the sense that more reliable
parameter estimates can be achieved with an equal or lower sample size. This paper provides two state-of-the-art methods called
optimal orthogonal choice (OOC) and 𝐷-efficient design. More statistically efficient data is expected to be obtained by either
maximizing attribute level differences, or minimizing the 𝐷-error, a statistic corresponding to the asymptotic variance-covariance
(AVC) matrix of the discrete choice model, when using these two methods, respectively. Since comparison and validation in the
field of these methods are rarely seen, an empirical study is presented. 𝐷-error is chosen as the measure of efficiency. The result
shows that both OOC and 𝐷-efficient design are more efficient. At last, strength and weakness of orthogonal, OOC, and 𝐷-efficient
design are summarized.

1. Introduction
Abundant and accurate data is the foundation of study. To
date, emerging technologies are largely introduced in data
mining and processing [1]. In [2, 3], how to obtain highquality data with the high-tech in the field of Intelligent
Transportation System is deeply discussed. However, the
importance of refining data collection technique has not
raised researchers’ attention in behavior analysis area until
last decades, such as travel mode choice and safety in [4, 5].
The purpose of conducting choice experiments is to collect
data that can be used to estimate the independent influence
of attributes on observed choices. There are two paradigms of
choice data: revealed preference (RP) and stated choice (SC)
data. Typically, in RP surveys, respondents are asked to recall
information about his/her last choice, including alternatives
and attribute levels available in real market. Differently, SC
experiments present sampled respondents with a number
of different hypothetical choice situations, each consisting
of a universal but finite set of alternatives defined on a

number of attribute dimensions. Thus, SC data collected
on 300 respondents, each of whom is asked to make 8
choices produces a total of 2400 choice observations while RP
experiment on the same sample size of respondents collects
only 300 observed choices.
SC experiment has been widely used because it can
observe choices on alternatives which do not exist in the
current market. So analysts are able to predict, for example,
the share rate of a newly introduced transportation mode.
Another reason of its popularity lies in the ability to provide
variability in attributes in a relatively small sample size
compared with RP experiment, with which better estimation
of influence of each attribute on choice can be achieved.
Usually, respondents in a SC experiment will be faced with
some “selected” choice situations, considering that making
choices among all the possible combinations of attribute
levels is too many to accomplish for a single respondent. Thus,
how analysts distribute the levels of the design attributes in
an experiment plays a big role. It may impact upon not only
whether or not an independent assessment of contribution
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of each attribute to the choices observed can be determined,
but also the ability of the experiment to detect statistical
relationships that may exist within the data.
Historically, researchers have relied on orthogonal experimental designs, in which the attributes of the experiment are
statistically independent by forcing them to be orthogonal
[6]. As such, orthogonal designs theoretically allow for an
independent determination of each attribute’s influence upon
the observed choices. To generate an orthogonal design,
usually but not necessarily, the first step is to generate a full
factorial design, a design which contains all possible attribute
level combinations. Mathematically, a full factorial design will
produce ∏𝑘𝑘=1 𝐿 𝑘 choice situations, where 𝐿 𝑘 is the number of
levels assigned to attribute 𝑘 (e.g., a design with 4 attributes,
two with 2 attribute levels, one with 3 levels, and one with 4
levels will produce a full factorial design with 2×2×3×4 = 48
choice situations). The second step is to take a subset of choice
situations from the full factorial design, which is known as
fractional factorial designs. Randomized, cyclical, Bayesian,
and fold over procedures are the common approaches used to
generate fractional factorial design in [7–10]. It is noteworthy
that, in either a full factorial or a fractional factorial design,
orthogonality is kept between two random attributes. The
only difference between them is that orthogonality will not be
kept in terms of interaction effects (i.e., the influence of two
or more attribute columns multiplied together) in fractional
factorial design. Here are some simple rules to check whether
a fractional factorial design is orthogonal or not:
(i) Every level of every attribute appears at same times.
(ii) All possible attribute level combinations of random
two attributes appear at same times.
While orthogonal design has long been used in practice,
in [11, 12], there is a stream of researchers in recent years
doubted the importance of orthogonality in SC data when
it is used to estimate discrete choice model, not to mention
whether orthogonality can be kept in reality. Orthogonality
is important in linear models since it avoids multicollinearity
problem and also minimized variance-covariance matrix of
the estimated model, in which way standard errors of parameter estimates are also minimized. Unfortunately, discrete
choice model is nonlinear; thus the derivation of its parameters’ variance-covariance matrix is very different from the way
in linear models. Seeing from that, keeping orthogonality of
the parameters has little to do with minimizing their standard
errors.
Acknowledgment of this fact has led researchers to
transfer their efforts to obtain experimental designs that minimize the asymptotic variance-covariance (AVC) matrix of
discrete choice models and provide more reliable parameter
estimates with an equal or lower sample size. Such designs
are called efficient designs. To date, most research has been
focused on developing methods to generate efficient designs;
comparison and validation of these methods in practice are
rarely seen. This paper provides two state-of-the-art methods
called optimal orthogonal choice (OOC) and 𝐷-efficient
design. Their performance on both theoretical efficiency and

Table 1: Optimal orthogonal choice design for 2 alternatives with 3
binary attributes.
Choice situation
1
2
3
4

𝑋1
0
0
1
1

Alternative 1
𝑋2
𝑋3
0
1
0
1

0
1
1
0

𝑋1
1
1
0
0

Alternative 2
𝑋2
𝑋3
1
0
1
0

1
0
0
1

practical use are compared with the conventional orthogonal
design.
The remainder of this paper is organized as follows. In
Section 2, OOC and 𝐷-efficient design are introduced. In
Section 3, SC experiment design using orthogonal, OOC,
and 𝐷-efficient methods separately is generated. The result in
terms of 𝐷-errors are presented in Section 4, along with the
summarized strength and weakness.

2. Efficient Experimental Design Methods
2.1. Optimal Orthogonal Choice Design. Considering the
popularity and convenience of orthogonal design for analyzers in practice, there is a stream of researchers in [13, 14] who
kept on exploring improved SC design method maintaining
orthogonality, which is called optimal orthogonal choice
design. The essential idea of OOC design is to maximize the
differences of attribute levels across alternatives, so that the
parameters can be estimated in the largest extent of variety of
attribute levels as well as independently. The basic process of
generating an OOC design is as follows.
Step 1. Generate a fractional factorial orthogonal design for
alternative 1. 𝑁 represents the number of choice situations of
the design.
Step 2. Choose some systematic changes to get the allocation
of attribute levels in alternative 2 from alternative 1. Systematic changes are certain rules to decide how the attribute
levels change from alternative 1 and will be discussed in later
context.
Step 3. Choose another systematic change to get the allocation of attribute levels in alternative 3 from alternative 1.
Step 4. Keep doing this until all the alternatives are determined.
It will be much easier to understand this method by
starting with a binary attribute level design. Again, we assume
that 𝐿 𝑘 is the number of levels assigned to generic attribute 𝑘
for alternative 𝑗, represented by 0, 1, . . . , 𝐿 𝑘 − 1. In a design
for 2 alternatives and 3 attributes each with 2 levels, an
orthogonal design in 4 choice situations for alternative 1
can be firstly generated. Then 0’s and 1’s in alternative 1 are
interchanged in alternative 2. Thus the attribute levels of each
attribute are forced to be different across alternatives. The
result is shown in Table 1.
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Table 2: Optimal orthogonal choice design for 3 alternatives with 3
binary attributes.
Choice situation

Alternative 1
𝑋1 𝑋2 𝑋3

Alternative 2
𝑋1 𝑋2 𝑋3

Alternative 3
𝑋1 𝑋2 𝑋3
1
0
0

1

0

0

0

1

1

0

2

0

1

1

1

0

1

0

1

0

3

1

0

1

0

1

1

1

0

0

4

1

1

0

0

0

0

1

1

1

To generate OOC design for more alternatives, it is
necessary to introduce 𝑆𝑘 to represent the largest number of
different pairs appeared between alternatives for a specific
attribute. The equation of 𝑆𝑘 is shown as follows, where 𝐽
stands for the number of alternatives in choice set:
(𝐽2 − 1)
{
{
,
{
{
{
4
{
2
{
{
𝐽
{
{
{ ,
𝑆𝑘 = { 4 2
{ (𝐽 − (𝑙 𝑥2 + 2𝑥𝑦 + 𝑦))
{
𝑘
{
{
,
{
{
{
2
{
{
{ 𝐽 (𝐽 − 1)
,
{
2

𝑙𝑘 = 2, 𝐽 odd,
𝑙𝑘 = 2, 𝐽 even,

(1)

2 < 𝑙𝑘 ≤ 𝐽,

in the literature. Another shortcoming of OOC design is
that it may produce a lot of unreasonable combinations
by forcing maximum level differences in attributes across
alternatives. Answers from responders who have to make
decision in such choice situations may not reflect their actual
choice statements since the “proper alternative” may not be
contained in the questionnaire.
2.2. 𝐷-Efficient Design. While people who raise OOC
method keep on improving design with remaining orthogonality, another stream of researchers goes straight forward
to increasing the statistical efficiency of the design by minimizing the elements of the asymptotic variance-covariance
(AVC) matrix of discrete choice models. The AVC matrix can
be obtained by taking the negative inverse of the expected
second derivatives of the log-likelihood function of the model
proofed in [15]. To interpret the process of calculating the
AVC matrix and the measure of efficiency of a design, here
we briefly introduce the most well-known multinomial logit
model.
Assume an individual faced with alternative 𝑗 = 1, 2, . . . , 𝐽
in choice situation 𝑛 = 1, 2, . . . , 𝑁. The utility of an
individual for alternative 𝑗 in choice situation 𝑛 can be
expressed as

𝑙𝑘 ≥ 𝐽.

In an example of OOC design for 3 alternatives and 3
attributes each with 2 levels shown in Table 1, we can get
𝑆𝑘 = (𝐽2 − 1)/4 = 2 for all the attributes. For instance, in the
first choice situation (000, 110, and 001), the attribute levels
differ twice for each attribute (i.e., for attribute 𝑋1 , the levels
are 010, creating 3 pairs (01, 10, and 00) in which two of them
(01, 10) are different).
We can see from Table 1 that the distribution of attribute
levels in alternative 2 is obtained by interchanging 0’s and
1’s in 𝑋1 and 𝑋2 in alternative 1 and that in alternative 3 is
obtained by interchanging 0’s and 1’s in 𝑋3 in alternative 1.
These systematic changes can be also described as adding
a generator in alternative 1 to get alternative 2 and adding
another generator to get alternative 3. The addition is performed in modulo arithmetic according to the number of
levels for a specific attribute. Here in the example, 𝐿 𝑘 = 2
for all attributes, thus when a generator 110 is added to the
choice situations in alternative 1 in modulo 2 arithmetic like
this: 000 + 110 ≡ 110, 011 + 110 ≡ 101, and so on, alternative
2 is obtained. Alternative 3 is generated in the same way
by adding a generator 001 to alternative 1. Notice that the
generators added to alternatives must have a value of 𝑆𝑘 = 2
(i.e., generators (000,110, and 001) used in Table 2 can meet
the requirement while another generators (000, 100, and 010)
cannot not).
Designs for any choice set size with any number of
attributes each having any number of levels can be generated
in similar way. However, a big limitation of OOC design is
that it can only generate designs for generic attributes according to the principle of this method. How alternative-specific
attributes distribute across alternatives is rarely discussed

𝑈𝑗𝑛 = 𝑉𝑗𝑛 + 𝜀𝑗𝑛 ,

(2)

where 𝑉𝑗𝑛 represents observed part of utility for each alternative 𝑗 in choice situation 𝑛. It is assumed to be a linear additive
function of several attributes with corresponding weights.
These weights are unknown parameters to be estimated
and can be divided into two categories: generic parameters
and alternative-specific parameters. The generic parameters
and alternative-specific parameters can be denoted by 𝛽𝑘∗ ,
𝑘 = 1, . . . , 𝐾∗ , and 𝛽𝑗𝑘 , 𝑘 = 1, . . . , 𝐾𝑗 , respectively,
∗
with their associated attribute levels 𝑥𝑗𝑘𝑛
and 𝑥𝑗𝑘𝑛 for each
choice situation 𝑛. Thus, the total number of parameters
to be estimated equal to 𝐾 = 𝐾∗ + ∑𝐽𝑗=1 𝐾𝑗 . 𝑉𝑗𝑛 can be
expressed as
𝐾∗

∗
𝑉𝑗𝑛 = ∑ 𝛽𝑘∗ 𝑥𝑗𝑘𝑛
𝑘=1

(3)

𝐾𝑗

+ ∑ 𝛽𝑗𝑘 𝑥𝑗𝑘𝑛 ,

∀ 𝑗 = 1, . . . , 𝐽, ∀ 𝑛 = 1, . . . , 𝑁,

𝑘=1

where 𝜀𝑗𝑛 is the unobserved component, which is independently and identically extreme value type one distributed.
The probability 𝑃𝑗𝑛 that an individual chooses alternative 𝑗
in choice situation 𝑛 becomes
𝑃𝑗𝑛 =

exp (𝑉𝑗𝑛 )
∑𝐽𝑗=1

exp (𝑉𝑗𝑛 )

,

∀𝑗 = 1, . . . , 𝐽, ∀𝑛 = 1, . . . , 𝑁. (4)
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Considering that the most popular way to estimate
parameters is maximum likelihood estimation, the loglikelihood function of parameters for a single respondent can
be expressed as

∗

Ω = −[𝐼 (𝛽 , 𝛽)]

𝑁 𝐽

∗

Hence, the AVC matrix can be expressed as a 𝐾 × 𝐾 matrix
that is equal to the negative inverse of the Fisher information
matrix [16]:

𝐿 (𝛽 , 𝛽) = ∑ ∑𝑦𝑗𝑛 log 𝑃𝑗𝑛

−1

=−

𝑛=1𝑗=1

=

𝐾𝑗

𝐾∗

𝐽

𝑁

∗
∑ [ ∑𝑦𝑗𝑛 ( ∑ 𝛽𝑘∗ 𝑥𝑗𝑘𝑛
𝑛=1 𝑗=1
𝑘=1

+ ∑ 𝛽𝑗𝑘 𝑥𝑗𝑘𝑛 )
𝑘=1

[

𝐾𝑗

𝐾∗

𝐽

∗
+ ∑ 𝛽𝑗𝑘 𝑥𝑗𝑘𝑛))] ,
− log (∑ exp(∑ 𝛽𝑘∗ 𝑥𝑗𝑘𝑛
𝑖=1
𝑘=1
𝑘=1
]
(5)

where 𝑦 represents the binary outcome of all choice situations. While alternative 𝑗 is chosen in choice situation 𝑛, 𝑦𝑗𝑛
equals one; otherwise it is zero. Then the AVC matrix can
be expressed as the second derivative of the log-likelihood
function as follows:

1[
𝑀
[

𝜕𝛽𝜕𝛽

1

2

(6)

∀𝑘1 , 𝑘2 = 1, . . . , 𝐾∗ ,
𝐽
𝑁
𝜕2 𝐿 (𝛽∗ , 𝛽)
∗
∗
=
−
𝑥
𝑃
(𝑥
−
𝑥𝑖𝑘
𝑃 ),
∑
∑
𝑗
𝑘
𝑛
𝑗
𝑛
𝑗
𝑘
𝑛
1 1
1
1 2
2 𝑛 𝑖𝑛
𝜕𝛽𝑗1 𝑘1 𝜕𝛽𝑘∗
𝑛=1
𝑖=1
2

∀ 𝑗1 = 1, . . . , 𝐽,

𝑘1 = 1, . . . , 𝐾𝑗1 ,

(7)

𝑘2 = 1, . . . , 𝐾∗ ,

𝑁

{
{
if 𝑗1 ≠𝑗2 ;
{ ∑ 𝑥𝑗1 𝑘1 𝑛 𝑥𝑗2 𝑘2 𝑛 𝑃𝑗1 𝑛 𝑃𝑗2 𝑛 ,
{
𝜕 𝐿 (𝛽 , 𝛽) {
= {𝑛=1𝑁
{
𝜕𝛽𝑗1 𝑘1 𝜕𝛽𝑗2 𝑘2 {
{
{− ∑ 𝑥𝑗1 𝑘1 𝑛 𝑥𝑗2 𝑘2 𝑛 𝑃𝑗1 𝑛 (1 − 𝑃𝑗2 𝑛 ) , if 𝑗1 = 𝑗2 .
{ 𝑛=1
2

∗

∀𝑗1 = 1, . . . , 𝐽,

𝑘𝑖 = 1, . . . , 𝐾𝑗𝑖 .
(8)

Equations (6)–(8) represent functions that allow generic
and alternative-specific parameters. In the case where only
generic parameters exist, only (6) remains, and when there
are only alternative-specific parameters, (8) remains. In
addition, if there are 𝑀 identical respondents, these second
derivatives are multiplied by 𝑀.
∗
Let (𝛽 , 𝛽) denote the true values of the parameters. The
Fisher information matrix 𝐼 is defined as the expected values
of the second derivative of the log-likelihood function:
∗

∗

𝐼 (𝛽 , 𝛽) = 𝑀 ⋅

𝜕2 𝐿 (𝛽 , 𝛽)
𝜕𝛽𝜕𝛽

.

(9)

] .
]

(10)

Rather than working with each element within the AVC
matrix directly, a preferred measure within the literature is 𝐷error, calculated by taking the determinant of the AVC matrix
and scaling this value by the number of parameters 𝐾. It is
common to assume that a single respondent (i.e., 𝑀 = 1)
represents all respondents, an assumption consistent with the
multinomial logit (MNL) model form [8, 17]. Designs that
aim at minimizing 𝐷-error are called 𝐷-efficient designs.
Since the calculation of 𝐷-error involves the values of
parameters, approaches to determine 𝐷-error have been
improved in recent years. In our empirical study later, we
use 𝐷𝑝 -error as the statistic to measure the efficiency of
experimental designs. To calculate 𝐷𝑝 -error, nonzero priors
are needed. It can be expressed as follows:
∗

𝐽
𝑁 𝐽
𝜕2 𝐿 (𝛽∗ , 𝛽)
∗
∗
∗
=
−
𝑥
𝑃
(𝑥
−
𝑥𝑖𝑘
𝑃 ),
∑
∑
∑
𝑗𝑛
𝑗𝑘1 𝑛
𝑗𝑘1 𝑛
2 𝑛 𝑖𝑛
𝜕𝛽𝑘∗ 𝜕𝛽𝑘∗
𝑛=1𝑗=1
𝑖=1

−1

∗

𝜕2 𝐿 (𝛽 , 𝛽)

𝐷𝑝 -error = −[det
[

𝜕2 𝐿 (𝛽 , 𝛽)
𝜕𝛽𝜕𝛽

−1/𝐾

]

.

(11)

]

According to the 𝐷-efficient method, we can figure out
that, for a given sample size, attempts to minimize 𝐷error statistic will directly lead to the minimization of the
AVC matrix. Meanwhile, by taking the square root of the
diagonal elements (including 𝑀) of the AVC matrix, the
minimization of asymptotic standard errors is achieved. Thus
the asymptotic standard error of the parameter estimates
will diminish in terms of statistical significance from each
additional respondent added to a survey.
Figure 1(a) reveals that the standard error decreases by
increasing sample size at the beginning of a given design
𝑋I . Exceeding a certain limit, enlarging sample size has
little impact on demising standard error. On the other side,
Figure 1(b) shows that investing a more efficient design 𝑋II
can lead to larger decreases in standard error. In other words,
a smaller sample size may be satisfied at a certain level
of standard error when using efficient designs rather than
common ones.

3. Empirical Study
In this section, three experimental designs which used
different methods (orthogonal, OOC, and 𝐷-efficient) are
generated. They will be used to obtain trip mode choice
data on a corridor connecting two large business districts
in Chengdu. Shawan conference and exhibition center and
Jinsha station are chosen as the origin and destination for
the survey. Three alternatives are involved: car, taxi, and bus.
A typical multinomial logit model in transportation will be
formulated and serve as the basis of most of the analyses in
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Table 3: Prior parameter values and attribute levels for case study.

se1 (XI , 𝛽)

Standard error

(a)

Prior parameter values
𝛽0taxi
𝛽1
−0.6
−0.45

𝛽0car
1

𝛽2
−0.9

(b)

seN (XI , 𝛽)

0

10

20

40

30

Car
TTcar
(min)
15
20
30

50

N
(a) Larger samples

TCcar
(RMB)
4
5
7

Attribute level
Taxi
TTtaxi
TCtaxi
(min)
(RMB)
15
16
20
18
30
22

Bus
TTbus
(min)
25
30
38

TCbus
(RMB)
1
2
3

Standard error

se1 (XI , 𝛽)

seN (XI , 𝛽)
seN (XII , 𝛽)
0

10

20

30

40

50

N
(b) Better designs

Figure 1: Comparison of investing in larger sample sizes versus
more efficient designs.

the subsequent section. The observed part of utility of every
alternative is expressed as follows:
𝑉car = 𝛽0car + 𝛽1 TTcar + 𝛽2 TCcar ,
𝑉taxi = 𝛽0taxi + 𝛽1 TTtaxi + 𝛽2 TCtaxi ,

much as possible. The values of TTcar , TTtaxi , and TTbus are
measured in free, normal, and congested traffic flow. The
values of TCcar are calculated as the kilometers between
the origin and destination by the consumed oil price under
7.3 RMB/liter, 7.7 RMB/liter, and 8 RMB/liter. The values of
TCtaxi are measured in free, normal, and congested traffic
flow. The value of TCbus is based on the current price and
plus/minus 1 RMB. The number of choice situations (i.e., 18)
is selected such that attribute level balance can be achieved.
Obviously, this number is too large for a single respondent.
Thus, we introduce a block variable to divide the design into
smaller parts (i.e., here we block the design into three parts so
that six choice situations are provided to a single respondent).
Each block is not orthogonal by itself, but in combination
with other blocks. Attribute level balance is maintained as
much as possible in each block.
We generate three different (attribute level balanced)
designs with 18 choice situations assuming the above MNL
model, using the software Ngene 1.1.1. The design results are
shown in Table 4 as well as 𝐷-error value for each design.

4. Results and Discussion
(12)

𝑉bus = 𝛽1 TTbus + 𝛽2 TCbus ,
where TT represents travel time. TC represents travel cost.
For car users, 𝑇𝐶 equals the fuel cost. For taxi users, TC equals
the money paid for the trip. For bus users, TC equals the
ticket price. Seeing from (12), parameters for TT and TC are
generic across three alternatives. Thus, four parameters are
going to be estimated in total (two of them are alternativespecific constant, which has nothing to do with any attribute).
The attribute levels and prior information about parameters
are given in Table 3 based on previous study results as well
as to preserve realistic estimates for the private and public
transport alternatives.
In order to obtain better estimation of parameters, three
levels are set for each attribute for maximum variation as

As expected, the two efficient designs produce lower 𝐷error value (0.118313 and 0.114612 for the OOC design and
𝐷-efficient design, resp.), while orthogonal design produces
higher 𝐷-error value (0.194724), seeing from Table 4. The
𝐷-error of the orthogonal design is 1.64 times greater than
the 𝐷-error value of the OOC design and 1.69 times greater
than 𝐷-efficient design. This suggests that, on average, the
asymptotic standard errors of the parameter estimates using
the orthogonal design will be 1.28 to 1.31 times larger than
the efficient designs. Clearly, the efficient designs are able to
provide more reliable parameter estimates than orthogonal
design.
On the other hand, comparing the two efficient designs,
𝐷-efficient outperforms OOC in terms of the 𝐷-error value
(0.114612 versus 0.118313). ’Furthermore, since the OOC
method can only generate designs with generic attributes, the
use of it is largely limited. In a word, with high statistical
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Table 4: Experimental designs for empirical study.
Choice situation

Car
TTcar (min)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

15
20
30
15
20
30
30
15
20
20
30
15
30
15
20
20
30
15

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

15
30
15
20
30
20
20
30
15
20
15
30
15
20
30
30
20
15

1
2
3
4
5
6
7
8
9
10

30
20
30
15
15
30
20
15
15
30

Taxi
Bus
TCcar (RMB)
TTtaxi (min)
TCtaxi (RMB)
TTbus (min)
TCbus (RMB)
Orthogonal design for MNL model (𝐷-error = 0.194724)
4
15
16
25
1
5
20
18
30
2
7
30
22
38
3
5
20
22
38
1
7
30
16
25
2
4
15
18
30
3
7
20
18
25
1
4
30
22
30
2
5
15
16
38
3
7
15
22
30
1
4
20
16
38
2
5
30
18
25
3
5
30
16
30
1
7
15
18
38
2
4
20
22
25
3
4
30
18
38
1
5
15
22
25
2
7
20
16
30
3
Orthogonal optimal design for MNL model (𝐷-error = 0.118313)
4
20
18
38
3
7
15
16
30
2
5
20
22
38
1
4
30
18
25
3
5
15
22
30
1
7
30
16
25
2
7
30
16
25
2
5
15
22
30
1
4
20
18
38
3
4
30
18
25
3
5
20
22
38
1
7
15
16
30
2
7
20
16
38
2
5
30
22
25
1
4
15
18
30
3
4
15
18
30
3
5
30
22
25
1
7
20
16
38
2
𝐷-efficient design for MNL model (𝐷-error = 0.114612)
5
20
18
25
1
7
15
16
38
2
4
15
22
25
3
5
30
16
30
3
5
30
16
38
2
5
20
22
25
1
4
15
22
30
2
7
30
22
38
1
7
20
22
38
1
5
15
16
30
3

Block

1
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
3
1
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
3
1
1
1
1
1
1
2
2
2
2
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Table 4: Continued.

Choice situation
11
12
13
14
15
16
17
18

Car
TTcar (min)
15
20
20
20
30
15
20
30

Taxi
TCcar (RMB)
5
4
7
4
7
7
4
4

TTtaxi (min)
30
20
30
20
15
30
20
15

Bus
TCtaxi (RMB)
18
18
16
18
16
18
18
22

TTbus (min)
38
25
25
30
30
38
30
25

TCbus (RMB)
2
3
1
2
3
1
3
2

Block
2
2
3
3
3
3
3
3

Table 5: Comparison of orthogonal, OOC, and 𝐷-efficient design.
Method

Advantage

Orthogonal

(i) It is the most widely used method and
easy to construct or obtain
(ii) There are no correlations between
attribute levels; thus it allows for an
independent estimation of the influence of
each attribute on choice

Optimal orthogonal choice

(i) Attribute level differences are maximized
(ii) Choice situations will be reduced as well
as attaining the design’s orthogonality

𝐷-efficient

(i) The smaller the asymptotic standard
errors achieved, the smaller the width of the
confidence intervals observed around the
parameters estimates will be
(ii) 𝑡-Radios will be maximized thus
producing more reliable study results and
analyst is able to minimize the sample size

efficiency and wide applicability, 𝐷-efficient design achieves
the best performance.
Further, most research focused on developing one of these
experimental design methods by far. Though there may be a
few of discussions about strength and shortcomings of every
method separately, comparisons are rarely found in theory or
practice area [12, 18, 19]. Here, we conclude the advantages
and disadvantages of these three methods in Table 5. Also, a
popularity rate is given as a reference of their applications in
the field.

5. Conclusion
The SC experiment has been generally regarded as an effective
method for discrete choice analysis, especially for newly
introduced alternatives. The high cost on survey forces
researchers to find more efficient design methods to obtain
better estimation on parameters instead of investing a larger
sample size. Though orthogonal design has been used as the

Disadvantage
(i) There are too many choice
situations/questions for a single respondent
(ii) Orthogonally it is hard to maintain in
actual design: subsets replicated unevenly,
introducing sociodemographic variable and
allocation bias of the implausible choice
situation
(iii) It may contain “useless” choice situations
(i) It can only generate designs for generic
attributes; the rules for setting up
alternative-specific attributes are not clear right
now
(ii) Unreasonable combinations of attribute
levels may appear; thus the “real choice” of
respondents is hard to capture
(i) In general not orthogonal (not that
important)
(ii) Advanced knowledge of the parameter
estimates is needed
(iii) It needs more computation power

major experimental design method, orthogonality is not that
important in the nonlinear discrete choice models. In this
paper, we provide two state-of-the-art efficient designs: OOC
and 𝐷-efficient design. By comparing orthogonal, OOC, and
𝐷-efficient design in both theory and practice, we find that
efficient designs are more capable of producing more efficient
data in the sense that more reliable parameter estimates can
be achieved with an equal or lower sample size. The generation process requires the assumption of prior parameter
estimates and model structure to construct AVC matrix. The
result suggests a move away from orthogonal designs for SC
experiments towards 𝐷-efficient designs, which make relative
discrete choice models being more fit with such data.
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It is important that decision of asphalt pavement structure requires overall considerations of the performance and financial
investment. To have asphalt pavement structure fulfilling good reliability, the asphalt pavement structure decision was researched
based on value engineering theory. According to the national and provincial highway investigation data in Shandong Province
during the last decade, the asphalt pavement performance attenuation rules of traffic levels and asphalt layer thicknesses were
developed, and then the road performance evaluation method was presented. In addition, the initial investments, the costs of
road maintenance, and middle-scale repair in a period were analyzed. For the light traffic and medium traffic example, using the
value engineering method, the pavement performance and costs of which thickness varies from 6 cm to 10 cm were calculated and
compared. It was concluded that value engineering was an effective method in deciding the asphalt pavement structure.

1. Introduction
Under the effect of traffic load and natural factors, the asphalt
pavements gradually suffer damages in different forms, such
as ruts, cracks, and pot holes. As the damages increasing,
the functional performance of asphalt pavements decreases,
which affects the traffic safety and comfort. In order to maintain a relatively high level of service performance, measures
such as road maintenance and periodic maintenance are
needed.
When a road is built, the functional performance is good
at the beginning with little damage. At this stage, the cost
of maintenance is low. As the damages increase with time,
the functional performance of asphalt pavements decrease
continuously, which requires more maintenance costs to keep
the asphalt pavements in good condition [1, 2]. Therefore,
the choice of the asphalt pavement structure involves the
factor of pavement long-term function as well as the cost
during the pavement life cycle. Thus, it is an economic
and technical problem. If the initial investment is large, the
function is better in the later period and the maintenance

cost is low. By contrast, if pavement structure with low
initial investment is used, the maintenance cost will be
high in the later period. Therefore, the relationship between
function and cost should be considered in pavement design.
If good functional performance of pavement structure is to
be achieved without excessive costs, decision index should
be adopted for comprehensive technical and economic
evaluation.
Value engineering is the systematic application of recognized techniques that identify the function of the product
or service, establish a monetary value for that function,
and provide the necessary function reliably at the lowest
possible cost [3]. In recently years, value engineering has been
researched and widely practiced in the construction industry
and become an integral part in the development of many
projects [4–7]. But it was few which value engineering was
used to decide asphalt pavement structure.
This paper makes choices in asphalt pavement structure
by using value engineering method in the engineering economics and tries to provide guidance for highway administration department in decision making.
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2. Theory of Value Engineering

𝐹
𝑉= ,
𝐶

(1)

where 𝑉 is value; 𝐹 is function; 𝐶 is cost.
Figure 1 shows the relationship between function and
cost. 𝐶1 indicates the initial construction cost and 𝐶2 indicates the cost in the process of use. The relationship between
𝐶1 and 𝐶2 can be seen from this figure. Product function will
increase either by increasing 𝐶1 or decreasing 𝐶2 . Product
function will decrease either by decreasing 𝐶1 or increasing
𝐶2 . The purpose of value engineering is to check and give
consideration to both costs and to figure out the optimum
point of function so as to minimize the overall cost (𝐶) [8].
According to value engineering theory, the methods of
improving the value are as follows:
(1) reducing the cost while improving the function;
(2) keeping the function unchanged while reducing the
cost;
(3) keeping the cost unchanged while increasing the
function;
(4) increasing the cost slightly while increasing the function greatly;
(5) reducing the function slightly while reducing the cost
greatly. The reduced function should be within the
users’ permission.
As is shown in formula (1), the pavement is regarded
as a product with relatively long life time and if reasonable
pavement structure is to be achieved, function and cost
should be taken into account, so as to achieve high function at
relatively low cost. Therefore, applying the value engineering
method to choose the asphalt pavement structure requires
determinations of both functional performance evaluation
and the cost calculation method, which are shown, respectively, in the sections below.

3. Performance Evaluation Method
3.1. Pavement Performance Model. The asphalt pavement
performance can be expressed by single index, such as
crack rate, and amount of ruts. It can also be expressed
by comprehensive index such as PCI (Pavement Condition
Index) and RQI (Riding Quality Index). A single index
can directly show the severity and development of a single
damage. So the maintenance measures can be established
with more pertinence. Comprehensive index, synthesized
with many single indexes, can reflect the service condition
within the whole road at a certain time. This paper uses
PCI (Pavement Condition Index) to evaluate the functional
performance of pavement.
The asphalt performance is affected by many factors, such
as the asphalt pavement layer thickness, the thickness and

Cmin

C (cost)

Value engineering (VE) is a method to achieve necessary
product function with the lowest possible life-cycle cost.
Expression of value engineering is as follow:

C1

C2
0

F0
F (function)

Figure 1: Relationship between function and cost.

strength of base layer, the subgrade strength, the natural environment, and the automobile load. And the quality of construction also has a direct impact on pavement performance.
Therefore, the asphalt pavement performance evaluation
is a complicated task. And asphalt pavement performance
evaluation is related to highway investment decision, design,
and later maintenance, so it is a necessary task. In the 1960s,
American Association of State Highway and Transportation
Officials (AASHTO) established the pavement performance
attenuation equation according to the experimental data and
Pavement Service Index (PSI), which is one of the first road
performance models [9, 10]. The model is
PSI = PSI0 − (PSI0 − PSI𝑡 ) (

ESAL 𝛽
) .
ESAL𝑡

(2)

Based on investigation, the PSI0 at the initial state of
the pavement and the PSI𝑡 at the critical state as well as the
accumulated equal single axle load ESAL𝑡 near the collapse
state are firstly determined in this method. And the PSI value
is determined according to the accumulated equal single axle
load ESAL𝑡 at a certain time.
During the past decades, many people started to do
related research on the expression forms of pavement function. Professor Sun Lijun put forward the expression form of
Pavement Condition Index (PCI), as is shown in formula (3),
which can simulate the pavement function attenuation law
through the changes in 𝛼 and 𝛽 value [11]. Factors such as
the pavement layer thickness, the surface deflection, the accumulated equal single axle load, and the natural environment
should be taken into consideration when determining the 𝛼
and 𝛽 value, thus to make it become a comprehensive asphalt
function model [12–14]. Based on the national and provincial
highway research data in Shandong Province, the value of 𝛼
and 𝛽 is established with this model in this paper:
𝛼 𝛽
PCI = PCI0 {1 − exp [−( ) ]} .
𝑦

(3)

The newly built and rebuilt asphalt pavement layer thicknesses in China are mostly 6 cm, 8 cm, and 10 cm, with 7 cm
and 9 cm accounting for the minority. When deciding the
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Table 1: Questionnaire of asphalt pavement condition of national and provincial highway.
Number

Asphalt pavement
layer thickness

Base layer type and
thickness

Damages start
time

Years of
intermediate
maintenance

Large vehicle
volume

Notes

1
2
3

𝛼 and 𝛽 value, asphalt pavement is divided by thickness,
namely 6 cm, 8 cm, and 10 cm. And functional performances
are counted and analyzed under different thickness groups.
In each group, traffic load is considered as the main factor.
Because of inadequate construction budget, observation stations are not equipped with axle load weighing appliances,
so only traffic flow can be obtained according to vehicle
types in different months. According to vehicle classification,
large- and medium-sized trucks and motor buses have largely
effects on pavement damages than other vehicles; thus they
are considered in this research. The data collected are listed
in Table 1.

with the variation trend of measured data. The relationship is
established between 𝛼, 𝛽 and the daily large vehicle volume
per lane, which is listed in formula

3.2. The Solving Process of 𝛼 and 𝛽 Values. The determination
of 𝛼 and 𝛽 is very important to expressing pavement function
through formula (3). According to the national and provincial
highway research data in Shandong Province, formula (4) can
be obtained by inputting PCI of different pavements (𝑎1 and
𝑎2 represent different years) in formula (3):

𝛼 = 1431ℎ−1.164 𝑄0.051ℎ−0.868 ,

PCI1 = PCI0 {1 − exp [−(

𝛼 𝛽
) ]} ,
𝑎1

(4)

where PCI1 represents PCI value after 𝑎1 years and PCI2
represents PCI value after 𝑎2 years. Supposing the initial
pavement condition is good and the PCI is 100, then formula
(3) can be simplified into formula
ln 𝐴 1 = −(
ln 𝐴 2 = −(

𝛼 𝛽
) ,
𝑎1
𝛽

𝛼
) ,
𝑎2

(5)

where 𝐴 1 = 1 − PCI1 /100, 𝐴 2 = 1 − PCI2 /100.
By taking logarithm on both sides of the formula (5),
formula (6) is obtained:
𝑎=

ln (ln (1/𝐴 1 )) × ln 𝑎2 − ln (ln (1/𝐴 2 )) × ln 𝑎1
,
ln (ln (1/𝐴 1 )) − ln (ln (1/𝐴 2 ))
ln (ln (1/𝐴 1 )) − ln (ln (1/𝐴 2 ))
𝛽=
.
ln 𝑎2 − ln 𝑎1

(6)

𝛼 and 𝛽 can be obtained through formula (6). When the
asphalt pavement layer thickness is 10 cm, 𝛼 and 𝛽 curves are
drawn in Figure 2 considering different daily large vehicle
volume. After comparison in different fitting methods, the
power exponent form is used, as the fitting curve is consistent

𝛼 = 98.6𝑄−0.369 ,
𝛽 = 4.469𝑄−0.267 .

(7)

Using the same method, relations between 𝛼 and 𝛽 under
different asphalt pavement layer thicknesses (6 cm and 8 cm)
can be established. Take asphalt pavement layer thickness (ℎ)
as a variable and use ℎ to express coefficients and exponents
in the relation of 𝛼 and 𝛽. Formula (8) is as follows:

𝛽 = 0.171𝑒0.323ℎ 𝑄−0.0465ℎ+0.2 .

(8)

For instance, supposing the daily large vehicle volume
per lane is 1000, 𝛼 and 𝛽 can be obtained firstly through
formula (8), then putting them into formula (3) and PCI
value of the road will be got. The PCI curve with years is
drawn in Figure 3 considering the thickness variations of
asphalt layer. As can be seen from the figure, when the asphalt
pavement layer thickness changes from 6 cm to 10 cm, the age
of PCI down to 60 increases from 5 to 9 years. This implies
that under the traffic level, the deteriorating rate is quicker
when asphalt thickness is thinner, and to improve pavement
property, asphalt thickness should be increased appropriately.
3.3. Performance Evaluation Method of Asphalt Pavement
Structure. According to value engineering, pavement function index is needed when analyzing the value of different
pavement schemes. The curve in Figure 3 can express the
functional performance attenuation law of asphalt pavement
with different layer thicknesses, but it cannot directly make
comprehensive comparison through this PCI curve. Therefore, pavement performance is expressed by the area under
the PCI curve in Figure 4. Before calculating the area under
the PCI curve, the lowest acceptable level is determined firstly
according to pavement rank and function requirements, and
then, integration method is used to calculate the area 𝑆𝑑 .

4. Cost Calculation
After construction completion, the highways need repeated
maintenance, overlay and rebuilt during the life time. It is
obvious that highway engineering needs constant investment
on maintenance during more than ten years or even decades,

4

Mathematical Problems in Engineering
9.00

0.9

8.00

0.8

7.00
𝛼

0.7

6.00

𝛽 0.6

5.00
0.5

4.00

0.4

3.00
2.00

0

4000

1000
2000
3000
Daily large vehicle volume per lane

(a) Relationship between 𝛼 and daily large vehicle volume per lane

0.3

0

1000
2000
3000
Daily large vehicle volume per lane

4000

(b) Relationship between 𝛽 and daily large vehicle volume per lane
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which should not be underestimated. When considering
pavement cost, except initial construction cost, the maintenance cost should be considered integrally. In the 1960s,
American Association of State Highway and Transportation
Officials (AASHTO) put forward the concept of life-cycle
cost. In 1986 and 1993, AASHTO Pavement Design Guide was
published twice, both of which actively advocated the adoption of life-cycle cost analytical method. In 1998, American
Association of State Highway and Transportation Officials
issued the standard, which also advocated the adoption of
life-cycle cost analytical method when making decisions on
highway investment [15–17]. In 2008, transportation department in the state of Mississippi conducted an investigation
with 21 states. Among them, 18 states, including Alabama
and New Jersey, applied life-cycle cost analytical method
when making decisions on highway investment. In China,
Professor Yao Zukang along with his research group did some
research in light of China’s conditions, and the results have
not been applied in decision making of highway structures
yet.
Life-cycle cost includes initial construction cost, maintenance cost, overlay rebuilt cost, and user cost. As our country
fall behind developed counties in the users’ cost research

field, there is no suitable calculation model for users’ cost.
In this paper, users’ cost is not included in life-cycle cost.
So life-cycle cost includes road management department’s
investment during the life cycle, namely, initial construction
cost, maintenance cost, and overlay rebuilt cost.
(1) Maintenance Cost. The calculation of maintenance cost
adopts the computation model by Tongji University, as is
show in formula
MC𝑖 = 𝑎 + 𝑏 × 10−6 (100 − PCI𝑖 ) × AADT𝑖 ,

(9)

where AADT𝑖 is ADT (Average Daily Traffic) in the year of
𝑖; PCI𝑖 is road condition index in the year of 𝑖; and MC𝑖 is
maintenance cost in the year of 𝑖 (Yuan/m2 ).
(2) Salvage Value. At the end of the analysis period, if the
pavement functional performance is still above the lowest
acceptable level and roads can be passed through, the current
value left is called the salvage value. As is shown in formula
(10), the salvage value is modeled as a linear regression
function, in which the salvage value reduces linearly with age,
without being considered in the case of the nonlinear reduction of the pavement functional performance. Therefore, in
this paper, the computation strategy is conducted in which
the area under the PCI curve is computed to indicate the
salvage value based on formula (11), as is shown in Figure 5.
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Figure 6: Capital flow in road investment.
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Consider
𝑆V = (1 −

𝐿𝐴
) 𝐶𝑟 ,
𝐿𝐸

(10)

where 𝑆V is salvage value; 𝐶𝑟 is the last intermediate maintenance overlay cost in analysis period; 𝐿 𝐸 is years between the
last time maintenance and the end of life time; 𝐿 𝐴 is years
between the last maintenance time and the end of analysis
period.
Consider
𝑆V = (1 −

𝑆1
) 𝐶𝑟 ,
𝑆1 + 𝑆2

(11)

where 𝑆1 is area under curve 𝐿 𝐴 and 𝑆2 is area under curve
𝐿 𝐸.
(3) Present Value of Cost. Various costs in the analysis period
are discounted into present value according to a certain
discount rate. Therefore, economic efficiency of different
schemes can be compared through the uniform present value.
Capital flow in road investment is shown in Figure 6.
One has
𝑛

𝑃0 = 𝐶0 + ∑ 𝑓𝑖 (MC𝑖 + RC𝑖 ) − 𝑓𝑛 𝑆V ,

(12)

𝑖=1

where 𝑃0 is total cost of present value; 𝐶0 is the initial
construction cost; MC𝑖 is the maintenance cost in the year
of 𝑖; MC𝑖 is the intermediate maintenance overlay cost in the
year of 𝑖; 𝑆V is salvage value; 𝑓𝑖 , 𝑓𝑛 is discount rate in the year
of 𝐼 and in the year of 𝑛, respectively.

5. Pavement Structure Decision Based on
Value Engineering
According to the proceeding discussion, the analysis of pavement functional performance is vital when making decisions
of pavement structure based on value engineering. PCI curve

is closely related to pavement structure function evaluation,
daily maintenance cost, intermediate maintenance time, and
salvage value calculation. Therefore, PCI curve should be
established in the first place when making decisions of
pavement structure based on value engineering, and on this
basis, cost is further analyzed. Figure 7 is the flow chart of
value calculation.
Take the example of light traffic and medium traffic of
national and provincial asphalt pavement in Shandong. Supposing daily large vehicle volume per lane is 600 vehicles in
light traffic which has average daily traffic 6000 vehicles, large
vehicle volume per day per lane is 600 vehicles in medium
traffic which has average daily traffic 10000 vehicles. Suppose
the asphalt pavement layer thickness is 6 cm to 10 cm and
the base layer is double-layered cement stabilized crushed
stone base. Comparison of different asphalt pavement layer
thicknesses is made according to value engineering, which is
followed below.
Based on the PCI formula above, the PCI curve of this
case where the asphalt pavement layer thicknesses are 10 cm,
8 cm, and 6 cm is drawn in Figure 8, respectively. The analysis
period is 15 years, during which asphalt pavement of 6 cm
needs twice intermediate overlay, while asphalt pavement of
8 cm and 10 cm need only once. The area under PCI curve is
calculated through integration method, so as to express the
function of different asphalt pavements.
Initial investment is determined according to calculation
method of life-cycle cost and based on asphalt pavement price
in Shandong in 2010. Supposing the price inflation rate is 5%
and the discount rate is 10%, the total daily maintenance cost
on a yearly basis and the intermediate maintenance costs are
calculated in different asphalt pavement layer thicknesses and
are converted into present value. When the asphalt pavement
layer thickness is 10 cm under light traffic, the calculation
process of costs is listed in Table 2. Other costs with different
thicknesses are calculated in the same way and are listed in
Table 3.
As can be seen from Table 3, from the perspective of
function, asphalt pavement’s performance is best when the
layer thickness is 10 cm under light traffic, which is followed
by 8 cm and 6 cm. However, from the perspective of life-cycle
cost, asphalt pavement with layer thickness of 10 cm is the
most expensive and it is relatively cheaper when the layer
thickness is 8 cm and 6 cm. This is caused by the high initial
investment (layer thickness is 10 cm) and the money saved by
maintenance investment and intermediate maintenance cost
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Value engineering
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PCI curve
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Asphalt layer
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Daily maintenance

Traffic data
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Function

Function evaluation
and index calculation

Value calculation
V = F/C

Scheme comparison

Figure 7: Value engineering calculation procedure.

can accelerate the damage speed so as to largely increase the
maintenance cost. It can be concluded that the value is lowest
when the asphalt pavement layer thickness is 6 cm and it is
economically more reasonable when the asphalt pavement
layer thickness is 8 cm or 10 cm. With the increase in traffic,
namely, when the daily large-sized vehicles volume per lane
goes to over 1200, asphalt pavement has better functional
performance with layer thickness over 10 cm.
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Figure 8: PCI curves of different asphalt pavement layer thicknesses.

cannot make up for the high initial cost. So in the case of
light traffic, the asphalt pavement is the most suitable when
the layer thickness is 8 cm.
The functional performance is the best when the layer
thickness is 10 cm under medium traffic, which is followed
by 8 cm and 6 cm. The life-cycle cost is relatively high when
the layer thickness is 10 cm and 6 cm, the life-cycle cost is
relatively low when the layer thickness is 8 cm, which illustrates the fact that thin layer thickness of asphalt pavement

6. Conclusions
In this paper the theory of value engineering is applied to
the decision-making process of the national and provincial
highway asphalt pavement structures to find the best point
of pavement performance and economic investment. The
decision of asphalt pavement structure based on value engineering is reliable and economic. The main achievements are
as follows.
(1) According to national and provincial highway investigation data in Shandong Province during the last decade, the
relationship is established between 𝛼, 𝛽 and the two factors,
namely, the asphalt pavement layer thickness and the daily
large-sized vehicle volume per lane. The attenuation law of
national and provincial highway asphalt pavement is easily
analyzed with these two parameters 𝛼 and 𝛽.
(2) Based on the PCI attenuation curve, the pavement
performance is expressed by the area under the PCI curve
and the calculation method of pavement performance is
established, which can be applied to pavement performance
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Table 2: Life-cycle cost (Yuan/m2 ).

Service life
period
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

PCI
100.00
99.79
97.18
92.47
87.23
82.17
77.50
73.29
69.50
66.09
63.01
60.24
99.79
97.18
92.47
87.23
Total
present
value
Life-cycle
cost

Initial
Maintenance
investment investment

Intermediate
maintenance and
overlay

Salvage
value

Present value
Present value of
Present value of
of
intermediate
salvage value
maintenance maintenance overlay

100
1.01
1.17
1.45
1.77
2.07
2.35
2.60
2.83
3.03
3.22
3.39
1.01
1.17
1.45
1.77

0.94
1.00
1.15
1.30
1.41
1.48
1.52
1.53
1.52
1.49
1.45
0.40
0.43
0.49
0.56

71.8

−41.29

100

16.67

28.5

−13.02
28.5

−13.02

132.15 Yuan/m2

Table 3: Calculation of value.
Number of large-sized vehicles
per lane per day
600

1000

function (area covered by PCI)
Life-cycle cost
value (function/cost)
function (area covered by PCI)
Life-cycle cost
value (function/cost)

evaluation and comparison between different pavement
structures.
(3) In the example of light traffic and medium traffic of
national and provincial highway, value engineering theory is
applied to analyze the technicality and economic efficiency
of asphalt pavement with different layer thicknesses (10 cm,
8 cm, and 6 cm). It can be concluded that under light traffic,
the value is the highest when the layer thickness is 8 cm and
the value is the lowest when the layer thickness is 10 cm.
Under light traffic, the value is maximized in the case of the
asphalt pavement layer thickness at 8 cm and minimized at
10 cm. However, under medium traffic, the value is maximized when the asphalt pavement layer thickness equals 9 cm
and minimized when it is 6 cm. Through the analysis of this
example, it can be indicated that using engineering value

ℎ = 10 cm

ℎ = 8 cm

ℎ = 6 cm

1265
132.15
9.57
1228
153.28
8.01

1239
122.27
10.13
1190
145.67
8.17

1213
122.94
9.87
1173
158.77
7.39

theory is an effective way in deciding reasonable pavement
structures.
(4) When deciding pavement structures, the schemes
with the highest value or closer to the highest value should
be selected and it is not appropriate to choose the schemes
with the highest function or the lowest life-cycle cost. With
consideration of the project investment conditions, schemes
with the lowest economic cost as well as satisfying the
pavement functions should be chosen.
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Taking the characteristics of road bends as a research object, this work proposes the cellular model (CA) with road bends based
on the NaSch model, with which the traffic flow is examined under different conditions, such as bend radius, bend arc length, and
road friction coefficiency. The simulation results show that, with the increase of the bend radius, the peak flow will be continuously
increased, and the fundamental diagram will become more similar to that of the classic NaSch model; the smaller the bend radius
is, the easier it is for the occurrence of blockage; for different bend lengths, all the corresponding traffic flows show that the
phenomenon of go-and-stop and the bends exert slight inhibitory effect on traffic flow; under the same bend radius, the inhibition
effect of the bends on the traffic flow will be weakened with the increase of the friction coefficiency.

1. Introduction
The contradiction between the road line and the limitation
of the actual terrain (topography, towns and villages, natural lakes and rivers, etc.) should be fully considered in
expressway. In addition, these factors should be taken into
account comprehensively to ensure driving comfort, alignment continuity, easy operating, and road safety. Therefore,
such elements as straight line, transition curve, circular curve,
superelevation, and longitudinal grade should be taken into
full consideration in the road line design so as to meet
the design requirements to the greatest scale. It appears
to be particularly an urgent issue to research the traffic
flow characteristics on bends, to establish models for the
simulation of vehicles on bends, and to analyze the impact
of bends on road traffic flow.
The theory of cellular automata has been widely used in
the field of road traffic flow. The CA models for traffic flow
mainly include NaSch model, FI model, and BML model. It
is originally based on the Wolfram cellular automata models
[1]. NaSch model is a one-dimensional CA model, which can
successfully simulate the go-and-stop traffic wave as well as
the traffic flow transformation from free phase to congestion

one. As to different factors, a variety of valuable traffic flow
CA models have been established based on NaSch model [2].
Ishibashi and Fukui investigated dynamic effect of deceleration in advance on traffic flow [3]. Biham et al. researched
the influence of headway space on traffic flow [4]. Qian
et al. proposed the cellular automaton model that considers
lane-control and speed-control to research the characteristics
of highway traffic flow [5]. Yang et al. use the cellular
automaton model to study the electric vehicle’s electricity
energy consumption under the different conditions [6]. Tang
et al. proposes a cellular automaton (CA) model for dynamic
simulations under mixed traffic conditions [7–10]. Ge et
al. put some new CA model for intelligent transportation
system, which makes the experiences for CA model of trains
system [11, 12]. Li et al. propose a cellular automata model to
simulate the traffic flow to analyze how the length of speedlimited section, train running time interval, and the speedlimit value affect the traffic flow. The decrease of the length of
speed-limited section, the moderate increase of train running
time interval, and the increase of the speed-limit value can
improve the green light running time of the trains [13–16].
Currently, research work of traffic flow on road bends
are limited. They are mainly conducted from the viewpoint
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of bend alignment combined with road line design. In 1995,
Rao studied the alignment design of road bends [17], where
the limit value of the bend radius, the tangent length of the
transition curve, and the curvature change were discussed
emphatically. Bentley and Gallagher explored the setup of
the transition curve and made a summarized analysis on
the bend alignment design of the US based on horizontal
and vertical curve [18]. Dabbour et al. examined the vertical
curve of the bends nonlinearly, proposed a road safety
evaluation method, and analyzed the values of vertical curves
for different alignment types [19]. Persaud et al. presented the
guidance law for the hazard detection of road bends, pointing
out that it is a low-cost traffic safety improvement measure
with obvious effect to set effective bend hazard warnings
[20].
Research works of road bends in China today are mainly
conducted from the viewpoint of alignment design. Mu
and Yang introduced the concept of possible velocity into
road alignment design, providing a theoretical basis for the
selection of highway design technical indicators by using
possible velocity prediction method [21]. Liang and Xue
examined the effect of curvature, arc length, and the road
surface friction coefficiency on traffic flow and reproduced
the phenomenon of go-and-stop in actual traffic conditions
[22]. Wang et al. revealed the characteristics and laws of
running speed on different types of roads and its relationship with horizontal curve radius through the analysis of
different types of road running speed prediction models and
pointed out horizontal curve design values for all levels of
roads [23].
In summary, many domestic and foreign scholars have
largely improved the study of road traffic flow or make a good
progress at the aspect of CA model, but there are few studies
on bend road by CA model. This work conducts further
studies on the characteristics of traffic flow on road bends
on the basis of the previous studies and makes supplement
and perfection to the relevant theories, such as improved
algorithm of NaSch model which is used on road bends. It
will make a good development for the CA using on the traffic
flow.

2. Characteristics of Road Bends
2.1. Characteristics of Road Bends Alignment Elements. The
horizontal alignment includes straight line, circular curve,
and transition curve. When traveling on straight line section,
the vehicle is easy to control with better comfort. Thus the
driver will be able to travel at high desired speed with little
fluctuation. The transition curve located between straight line
and circular curve plays a transition role; when traveling
on transition curve section, the vehicle will accelerate when
entering straight road section, will decelerate when entering
circular curve section, and will enter the next section with
appropriate speed. The length and radius of the circular
curve have direct impacts on vehicle speeds: the smaller
the radius, the worse the stability and the harder it is to
manipulate the vehicle. As a result, the running speed will
be reduced generally. On a circular curve section, the vehicle
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will be traveling at a constant speed and will be accelerated
or decelerated at the end of the horizontal curve. When the
radius of the circular curve is greater than the critical value,
the impact of curvature on vehicle speed will disappear, and
the circular curve can be treated as a straight line theoretically.
The vertical alignment mainly includes longitudinal gradient and vertical curve. The length and grade of the longitudinal gradient have a great impact on vehicle speed: under
normal circumstances, the greater the length and grade, the
lower the vehicle speed. Vertical curve is a circular curve
connecting two longitudinal gradients, the purpose of which
is to ensure smooth transition from one longitudinal gradient
to the other; compared to the longitudinal gradient, a vertical
curve has less impact on the vehicle speed.
A curved ramp is the connection of horizontal curve and
longitudinal gradient, in which the radius of the horizontal
curve 𝑟 ∈ [125, 1000] and the grade of the longitudinal
gradient 𝑖 ∈ [−6%, 2%]. The curved ramp is a road accident
blackspot, and its design quality must be critical enough to
ensure traffic safety.

2.2. Characteristics of Traffic Flow on Road Bends. Road
bends are the special sections of an expressway and are quite
different from the straight-line sections. The characteristics
of traffic flow on road bends can be listed as follows.
(1) Significant Speed Difference. When traveling on road
bends, due to the factors such as a driver’s age, driving
experience and his personality, and his familiarity with the
road, together with the vehicle’s performance, the vehicle
speed on road bends varies considerably and the speed
difference is significant between vehicles of different types
and different models, and the mutual interaction between
vehicles will be naturally serious.
(2) Longitudinal Gradient Exerts Greater Impact on Vehicles.
In expressway design, the occurrence of longitudinal gradient
exerts direct impact on large trucks: in climbing, the speed
of the trucks is significantly lower, making its travel quite
difficult; in downhill, the trucks are accelerated and are hard
to decelerate, which is likely to be prone to traffic accidents
and will have great impact on the vehicle operation and the
road capacity.
(3) Degradation in the Vehicle Handling Performance. The
friction between vehicle tires and road surface is used as the
centripetal force needed for vehicle traveling on road bends.
The centripetal force will lead to the lateral offset of vehicles,
thereby increasing the requirements of handling performance
in direction. The higher the vehicle speed is, the more difficult
it is to manipulate the vehicle.
(4) Reduced Driving Comfort. When traveling on road bends,
the lateral force coefficiency increases, resulting in the reduction of the vehicle stability; when the lateral force is too large,
the occupants will be discomforted; if the speed is too large,
a rollover accident will possibly occur.
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3. CA Model of Single-Lane Bends
3.1. Model Establishment. A CA model of a bend on a singlelane is established in this work, as shown in Figure 1: the lane
of this model is composed of a total of 𝐿 (set 𝐿 = 7000 in
this work) cells, and the length of each cell is 1 m; namely,
the actual length of the lane in the model is 7 km. In the
initial moment, vehicles are equally spaced on the lane. The
length of each vehicle is 𝐿 car ; vehicle speed on the bend is
𝑉safe ; the maximum velocity for the vehicles 𝑉max = 35 cells/s
= 126 km/h; curve length is 𝐿 bend . The bend is set at the
intermediate position of the lane, the vehicle deceleration
is 𝑏, the friction coefficiency of the lane is 𝜇, the gravity
acceleration is 𝑔, and the curve radius is 𝑟. Periodic boundary
condition can be adopted in this model; that is, when a vehicle
running out of the 𝐿th cell, it will enter the system again from
the first cell. It can be inferred from Figure 1 that the lane
can be divided into straight-line section, transition section,
and the bend section. The revolution laws are different for a
vehicle when it is on different sections. On the straight-line
section, because the diver is in a relaxed state, his driving
behaviors such as sudden shift or change lanes are unlikely to
occur. On the transition section, a vehicle may be decelerated
until entering the bend due to the fact that a driver must
adjust himself to the vehicle state according to his driving
experience and the vehicle’s running speed, and the sharp
deceleration may occur at a higher vehicle speed, leading
to the increased uncertainty on road safety. After entering
the bend, the vehicle needs to turn around the bend, and
the driver is normally driving cautiously, together with the
case where vehicle speed is typically reduced before entering
the bend. Therefore, the vehicle will be accelerated to the
safe speed after entering the bend to pass through as quickly
as possible. Different evolutionary rules are developed for
specific driving behaviors on different sections, which can
reflect the driving state more realistically.
Before the enactment of the model operating rules, the
following assumptions are made in this paper accordingly.
(1) The external environment is good, without interference of pedestrians or horizontal traffic, and the effect
of weather and other factors is ignored hereby.
(2) On the straight-line section, the vehicles are running
at the desired speed as possible, and vehicle speed will
not increase after the vehicle reached its maximum
speed.
(3) Vehicle speed is decelerated on the transition section
before entering the bend.
(4) The speed of vehicles on the circular curve is not
higher than the safe speed; namely, there is no
accident caused by driving with too higher speed.
(5) No significant difference in vehicle performance is
considered in this work; namely, the effects of acceleration performance, being empty, and with load are
all ignored hereby.
3.2. Model Operating Rules. Based on the classic NaSch
model, considering the characteristics of driving behavior on
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Figure 1: Structure diagram of the road bend.

the bend, the effects of road bend conditions (curve radius
𝑟, curve arc length 𝑠, and road surface friction coefficient 𝜇)
and vehicle characteristics on the vehicle speed and latency
probability, the evolution rules of the model in this paper are
summarized accordingly, which include the evolution rules of
normal sections, transition sections and bend sections, which
can be detailed below.
(1) Evolution Rules of Normal Sections
Step 1 (acceleration). Consider
𝑉𝑛 (𝑡) = min (𝑉𝑛 (𝑡) + 1, 𝑉max ) .

(1)

Step 2 (deceleration). Consider
𝑉𝑛 (𝑡) = min (𝑉𝑛 (𝑡) , gap𝑛 (𝑡)) .

(2)

Step 3 (randomization deceleration with probability 𝑃10).
Consider
𝑉𝑛 (𝑡) = max (𝑉𝑛 (𝑡) − 1, 0) .

(3)

Step 4 (location update). Consider
𝑋𝑛 (𝑡) = 𝑋𝑛 (𝑡) + 𝑉𝑛 (𝑡) .

(4)

(2) Evolution Rules of Transition Sections
Step 1 (acceleration). If 𝑉𝑛(𝑡) < 𝑉expect , then vehicle will be
accelerated with probability 𝑃2 as
𝑉𝑛 (𝑡) = 𝑉𝑛 (𝑡) + 𝐷1.

(5)

Step 2 (deceleration). If 𝑉𝑛(𝑡) > 𝑉expect , then vehicle will be
decelerated with probability 𝑃3 as
𝑉𝑛 (𝑡) = 𝑉𝑛 (𝑡) − 𝐷2.

(6)

Here 𝑉expect = (𝑉𝑛2 − 𝑉safe 2 )/2𝑏 is the desired running
speed on the transition section, which is considered as
reference to reduce the sharp shift of vehicle speed. When the
vehicle speed is less than 𝑉expect , the vehicle will be accelerated
(the acceleration is 𝐷1) with probability 𝑃2; when the vehicle
speed is larger than 𝑉expect , the vehicle will be decelerated (the
acceleration is 𝐷2) with probability 𝑃3.
Step 3 (safe deceleration). Consider
𝑉𝑛 (𝑡) = min (𝑉𝑛 (𝑡) , gap𝑛 (𝑡)) .

(7)

Step 4 (deceleration with probability 𝑃11). Consider
𝑉𝑛 (𝑡) = max (𝑉𝑛 (𝑡) − 1, 0) .

(8)

4

Mathematical Problems in Engineering

Step 5 (location update). Consider
𝑋𝑛 (𝑡) = 𝑋𝑛 (𝑡) + 𝑉𝑛 (𝑡) .

5

4

(3) Evolution Rules of Bend Sections

3.5

Step 1 (acceleration). If 𝑉𝑛(𝑡) < 𝑉safe , then vehicle will be
accelerated with probability 𝑃4 as
(10)

3
Flux

𝑉𝑛 (𝑡) = min (𝑉𝑛 (𝑡) + 1, 𝑉safe ) .

2.5
2

Here this means that the vehicle will be accelerated with
probability 𝑃4 when the vehicle speed is less than the safe
speed.

1.5

Step 2 (forced deceleration). If 𝑉𝑛(𝑡) > 𝑉safe , then the vehicle
must be decelerated

0

𝑉𝑛 (𝑡) = 𝑉safe .

s = 100 m, 𝜇 = 0.5

4.5

(9)

(11)

When the vehicle enters the bend, if the vehicle speed
is greater than the safe speed, to ensure driving safety,
the vehicle speed must be decelerated to the safe speed;
otherwise, the vehicle may be skidded off the lane because of
the excessive centrifugal force.
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Figure 2: The fundamental diagram under different radii when s =
100, 𝜇 = 0.5.

Step 3 (safe deceleration). Consider
𝑉𝑛 (𝑡) = min (𝑉𝑛 (𝑡) , gap𝑛 (𝑡)) .

(12)

Step 4 (randomization deceleration with probability 𝑃12).
Consider
𝑉𝑛 (𝑡) = max (𝑉𝑛 (𝑡) − 1, 0) .

(13)

Step 5 (location update). Consider
𝑋𝑛 (𝑡) = 𝑋𝑛 (𝑡) + 𝑉𝑛 (𝑡) .

(14)

Here 𝑉𝑛(𝑡) is the speed of vehicle 𝑛 at time 𝑡; 𝑋𝑛(𝑡) is the
location of vehicle 𝑛 at time 𝑡; gap𝑛 (𝑡) = 𝑋𝑛(𝑡+1)−𝑋𝑛(𝑡)−𝐿 car
is the distance between vehicle 𝑛 and the front vehicle at time
𝑡; 𝑉safe is the safety speed (also the maximum speed) on the
bend; 𝑃10, 𝑃11, and 𝑃12 are the randomization deceleration
probability for normal sections, transition sections, and bend
sections, respectively; 𝑃2 is the deceleration probability when
the vehicle speed is larger than the desired speed on the
transition section; 𝑃3 is the acceleration probability when the
vehicle speed is less than the desired speed on the transition
section; 𝑃4 is the acceleration probability when the vehicle
speed is less than the maximum speed on the bend section.

4. Simulation Results
In this section, we want to conclude the rule of effects of road
bend conditions and vehicle characteristics on the vehicle
speed and latency probability. For the model building, we give
the following parameter for the simulation.
Set 𝐿 car = 7 cells, 𝑔 = 10 m/s2 , 𝑃10 = 0.15, 𝑃11 = 0.2, 𝑃12 =
0.1, 𝑃2 = 0.3, 𝑃3 = 0.1, 𝑃4 = 0.2, 𝐷1 = 2 cells, 𝐷2 = 1 cells,
simulation steps 𝑇step = 20000, and Bendpoint = 𝐿/2 (the
bend is located on the middle of the lane). The average value
of 20 simulation results is adopted to eliminate the impact of
randomness of the results.

4.1. The Effect of Bend Radius on Traffic Flow. Road bend is
the critical factor among all the road alignment elements,
which is determined by its radius. Therefore, the effect of
bend radius on traffic flow is discussed in this paper firstly,
and the fundamental diagram is shown in Figure 2.
In this paper, set the curve length s = 100 m, the road
surface friction coefficient 𝜇 = 0.5, and the curve radius 𝑟
= 10 m, 50 m, 100 m, 150 m, and 300 m. As can be seen from
Figure 2, with the increase of the bend radius, the peak flow
will be continuously increased, and the fundamental diagram
will become more similar to that of the classic NaSch model;
when the bend radius is greater than 150 m, the densityflow diagram is close to the classic NaSch model; when the
radius is greater than 300 m, the density flow is consistent
with the classic NaSch model; for relatively small bend radius,
a “plateau” that does not change with density will appear,
and the smaller the radius, the longer the “plateau” phase;
when the bend radius is not so small (greater than 50 m), the
density-flow diagram is close to the classic NaSch model on
both sections separated by the proposed “plateau.”
Firstly, the appearance of the “plateau” is because of the
inhibition effect of the road bend. The smaller the bend
radius, the smaller the maximum vehicle’s speed on the bend,
resulting in a blockage around the bend. The phenomenon
of go-and-stop before entering the bend hinders the transformation from crowded state to free-flow, leading to a long
“plateau” phase. In this case, the bend can be regarded as
a “bottleneck” in the road, which is similar to toll stations
or other facilities on an expressway. For small density, the
traffic flow will be increased with the increase of the density;
for large density, the traffic flow will be decreased with the
increase of the density. For small density, the interaction
between vehicles is weak, so the vehicles can remain in free
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4.2. The Effect of Road Surface Friction Coefficiency on Traffic
Flow. Road surface friction coefficiency plays an important
role in highway engineering design, which not only determines the road passing capacity but also has an important
influence on the vehicle driving safety. The value of friction
coefficiency is determined by the following factors: tire size,
tire pressure, wheel load, road construction, road conditions,
and the vehicle’s speed, as well as the service time of the road
surface.
Figure 5 shows the density-flow fundamental diagrams
under different friction coefficiency (𝜇 = 0.2, 0.5, 0.7, 0.8,
and 0.9). As can be seen from the figure, the fundamental
diagrams under different friction coefficiency exhibit the
same trend with fundamental diagrams under different radii,

0.8

Figure 4: The fundamental diagram under different bend arc
lengths when 𝑟 = 60 m, 𝜇 = 0.8.

Figure 3: The fundamental diagram under different bend arc
lengths when 𝑟 = 100 m, 𝜇 = 0.8.

2.5
Flux

state before and after passing through the bend, and the
“bottleneck” effect was not so significant. For large density,
the interaction between vehicles is quite strong, and the
vehicles are in a congested state, so the inhibition effect of
the bend is secondary compared to the interaction between
the vehicles. Therefore, the main factor affecting the traffic
flow is density, and the fundamental diagram exhibits a linear
relationship.
Figures 3 and 4 show the density-flow fundamental diagrams under different bend arc lengths (s = 15 m, 60 m, 120 m,
and 180 m). As can be seen from Figure 3, the difference
between the fundamental diagram and the classic NaSch
model is small under different bend arc lengths. For small
density, the longer the length, the smaller the traffic flow;
for large density, the fundamental diagrams are basically
overlapped. In Figure 4, a “plateau” that does not change with
density appears in the fundamental diagrams under different
bend arc lengths, indicating the effect of bend arc length on
traffic flow, will be smaller than that of the bend radius.
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Figure 5: The fundamental diagram under different friction coefficients when 𝑟 = 100 m, s = 150 m.

indicating that the effect of friction coefficiency is consistent
with the impact of radius. Under the same bend radius, the
larger the friction coefficient, the greater the limit speed 𝑉safe
and the weaker the inhibition and “bottleneck” effect of the
bend; therefore, the road passing capacity and the traffic flow
are improved with the increase of the friction coefficiency.

5. Conclusions
Road bend is an important part of the road. In this paper,
we want to find the structure and characteristics of road
bends; based on this, a single-lane CA model with bends is
established accordingly. Using this model, the traffic flow is
explored under different bend radii; bend arc length, and road
friction coefficiency. Simulation results show that a bend has
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an inhibitory effect on traffic flow, in which the impact of
bend radius and road surface friction coefficiency is more
significant than that of the bend arc length. The results can
help readers to better understand the effects of road bends on
traffic flow and help traffic engineers to reasonably design the
bend radius.
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We propose a multiagent-based reinforcement learning algorithm, in which the interactions between travelers and the environment
are considered to simulate temporal-spatial characteristics of activity-travel patterns in a city. Road congestion degree is added to
the reinforcement learning algorithm as a medium that passes the influence of one traveler’s decision to others. Meanwhile, the
agents used in the algorithm are initialized from typical activity patterns extracted from the travel survey diary data of Shangyu city
in China. In the simulation, both macroscopic activity-travel characteristics such as traffic flow spatial-temporal distribution and
microscopic characteristics such as activity-travel schedules of each agent are obtained. Comparing the simulation results with the
survey data, we find that deviation of the peak-hour traffic flow is less than 5%, while the correlation of the simulated versus survey
location choice distribution is over 0.9.

1. Introduction
Over the few last decades, activity-based approaches has
become the main theme in transportation demand modeling, taking the place of trip-based approaches. Trip-based
approach has several drawbacks: trip generation is fixed and
independent of the transportation system; travel demand
is generated from the need of activity participation; and
the space and temporal relationship of all trips and activity
patterns is ignored. Such drawbacks brought activity-based
approach into transportation demand modeling.
The first activity-based approaches began in the 1970s
[1–3]. Those pioneering studies explored choices and constraints in travel demand. Since that time, activity-based
modeling has flourished. Various methodologies have been
introduced and they can be classified into three categories.
The first category is utility-maximizing model (or econometric model) which suggests that individuals seek to maximize their cumulative utilities when performing activities.
Those models link individual or household’s sociodemographics, transportation policies, and other environmental

factors to their activity and travel patterns. Econometric
models ranging from discrete choice models (such as multinomial logit and nested logit mode) to hazard duration
models remain to be a powerful approach in activity-travel
analysis [4–7].
The second category is computational process model
(CPM) which focuses on using context-dependent choice
heuristics to model individual’s decision process. A computational process model is a set of condition-action rules that
specify how a decision is made. One precursor in CPM is
the time-space prism method. Hägerstrand [3] introduced
the three-dimensional space-time models. In such models
limited resources of time and space became constraints on
each individual’s behavior alternatives [8]. The techniques
used in more recent studies include decision trees, neural
networks, and Bayesian networks [9–11].
The combination of the above two approaches leads to
hybrid models. Hybrid models concentrate on the integration
of econometric models and CPM. Decision-tree is combined
with parametric modeling [12]; random utility maximization

2

Mathematical Problems in Engineering

is incorporated into activity scheduling model [13]. New algorithms such as reinforcement learning are also introduced
into the field.
Reinforcement learning integrates the concepts of reward
(utility) maximization and context-dependent choice heuristics. The applications of reinforcement learning include
robotics, game theory, dispatching system, and financial trading [14–17]. Tan used reinforcement learning to formalize an
automated process for determining stock cycles by tuning the
momentum and the average periods. The total experimental
results from the five stocks are able to beat the market by
about 50 percentage points [18]. Lahkar and Seymour studied
reinforcement learning in a population game. Agents in a
population game revise mixed strategies using the cross rule
of reinforcement learning [17]. In addition, formulation of
economic dispatch as a multistage decision making problem
is carried out using reinforcement learning by Jasmin et
al. [15]. Applying reinforcement learning in transportation
demand modeling has several advantages. First, the imitation
of human learning through trial and error interactions
with a dynamic environment helps to explain behavioral
mechanisms [19]. The RL mechanism is distinguished from
other computational cognitive mechanisms by its emphasis on learning by an individual from direct interaction
with individual’s decision environment in the presence of
an explicit goal and feedback and without relying on any
exemplary supervision. Secondly, it does not need an expertsystem to inform it what selection is right and what is wrong.
Thirdly, it could react to unforeseen events and take both
long-term learning and short-term dynamics into account.
Among the first attempts, Charypar and Nagel built the basic
model of activity time plans using q-learning and got quite
realistic results [20]. This model was then modified to allocate
both time and location choice of activity-travel pattern [21].
Because q-learning generally takes a long time to converge
and the curse of dimensionality occurs when the problem gets
complex, q-learning was combined with the regression tree
method to form a new algorithm called q-tree [22].
The above-mentioned researches show several aspects
that need further development.
(i) In most of the reinforcement-learning-based studies,
though the format of reward function has been
scrutinized, the rewards are based on assumption
values and are hard to be acquired from survey data,
so that the result is hard to be put into practical use.
(ii) In many of the multiagent systems, “multi” means
several components of the system such as road, intersection, and traveler rather than multiple travelers.
Interactions of travelers are neglected.
(iii) The result analysis is often limited within individual
activity-travel schedule. Macroscopic characteristics
such as traffic flow distribution are often ignored.
In this study we propose an interactive reinforcement
learning algorithm in which individuals not only receive
information from the environment, but also give feedback
to the environment. We did this by adding road congestion
degree, which is determined by travelers’ decisions, to the

algorithm. The dynamic environment is a medium that passes
the influence of one traveler’s decision to others. The selforganization effect shown through this mechanism makes
the system reach a dynamic equilibrium. This algorithm not
only ensures rationality of each single traveler’s behavior,
but also obtains aggregated temporal-spatial traffic features
such as traffic flow distribution and the distribution of
activity locations. We also seek a compromise between the
well-established theoretical reward function form and the
quality of data we could truly get from practical surveys. The
simplified reward function makes the algorithm immediately
applicable.
The rest of this paper is organized as follows. Section 2
introduces the algorithm of modified multiagent-based qlearning. Section 3 is devoted to the analysis and calculation
of the survey data. Section 4 shows the temporal-spatial
simulation results of Shangyu city’s traffic system. Section 5
concludes the findings of this paper and discusses future
research directions.

2. Multiagent-Based Q-Learning Method
2.1. Reinforcement Learning. Multiagent system focuses on
the analysis of several agents’ dynamic and complex collective
behavior. Because multiagent system has no global control
and each agent may get incomplete information, the system
must learn repetitively to improve the performance. Reinforcement learning is a major method of this kind. Kaelbling
et al. [19] define reinforcement learning as the problem faced
by an agent that must learn behavior through trial and
error interactions in a dynamic environment. Moreover, the
consequences of actions change over time and depend on the
current and future state of the environment. Reinforcement
learning has the potential to deal with this uncertainty
through continuous observations of the environment and
through consideration of indirect and delayed effects of
actions.
Basic concepts concerning reinforcement learning include the following.
(i) Agent: in this paper, an agent means a traveler.
(ii) State: a vector (activity, start time, duration, location,
and congestion degree) denotes an agent’s state. The
vector is denoted as (𝑎, 𝑠, 𝑑, 𝑙, and V𝑐) for brief.
(iii) Location: the unit of location is traffic zone which
is an area that has multifunctions including leisure,
shopping, and working.
(iv) Activity: activities include home, work, maintenance,
and leisure.
(v) Action: there are 4 actions, staying at current activity
or move to one of the other 3 activities. The same as
the way activities are represented; actions are denoted
as h, w, s, and l for brief.
(vi) Duration and start time: time variables should be
discrete in q-learning. The unit of time slot is 15 min,
which divides a day into 96 slots. 24 pm is connected
with 0 am. Because the number of state should be
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finite, the longest duration of an activity is limited to
24 hours. Hence, both duration and start time could
be represented as a number from 1 to 96.
(vii) Policy: it means how an agent’s action may bring it
from one state to another.
(viii) Reward function: it is defined as the immediate
feedback an action brings.
(ix) Value function: it shows the total feedback an action
may bring both immediately and afterward.
(x) 𝑄-value: the 𝑄-value of an action 𝑎, given a state 𝑠,
denotes the expected utility of an agent taking action
𝑎 in state 𝑠.
(xi) Congestion degree: in order to show influence of
agents’ behavior on the environment, a variable of
congestion degree V𝑐 is added to the state of environment. Because environment is represented by discrete
variables in q-learning, V𝑐 should also be a discrete
variable. It is defined as V𝑐 = ceil(5 ⋅ (V/𝑐)). MATLAB
function ceil () rounds 𝑟(𝑠𝑡 , 𝑎𝑡 ) to the nearest integer
towards infinity. 𝑉 is the traffic volume of a given OD
pair and 𝐶 is the capacity of the OD pair. Because the
capacity is hard to be measured directly, we assume
that each OD pair’s capacity is 4000 considering the
total population and the size of Shangyu city.
Reinforcement learning tasks are generally treated in
discrete time steps. A teach time step 𝑡, the agent observes
the current state 𝑠𝑡 stand chooses a possible action at to
perform, which leads to its succeeding state 𝑠𝑡+1 = 𝛿(𝑠𝑡 , 𝑎𝑡 ).
The environment responds by giving the agent a reward
𝑟(𝑠𝑡 , 𝑎𝑡 ). These rewards can be positive, zero, or negative. It
is probable that these preferable rewards come with a delay.
In otherwords, some actions and their consequential state
transitions may bring low rewards in short-term, while it will
lead to state-action pairs later with a much higher reward.
For this reason, the task of the agent is to learn a policy
𝜋 according to the state 𝑆 and the action 𝐴 to receive the
maximal accumulative rewards. Given a random policy 𝜋
from a random state 𝑠𝑡 , the accumulative reward can be
formulated as follows:
∞

𝑉𝜋 (𝑠𝑡 ) = 𝑟𝑡 + 𝛾𝑟𝑡+1 + 𝛾2 𝑟𝑡+2 + ⋅ ⋅ ⋅ = ∑𝛾𝑖 𝑟𝑡+𝑖 ,

(1)

𝑖=0

where 𝑟𝑡+𝑖 represents the scalar reward received 𝑖 steps in the
future and 𝛾 is the discounting factor. The agent only receives
the immediate reward if 𝛾 is set to zero.
2.2. Q-Learning Algorithm. The agent needs to learn the optimal policy 𝜋∗ (𝑠) that maximizes the accumulative reward.
Unfortunately, it is required that the knowledge of immediate
reward function 𝑟 and state transition function 𝛿 are known
in advance. In reality, however, it is usually impossible for the
agent to predict in advance the exact outcome of applying
a random action to a random state. In other words, the
domain knowledge is probably not perfect. q-learning is then
devised to select optimal actions even when the agent has no
knowledge about the reward and state functions.

̂ as the estimation of true 𝑄-value. The qWe define 𝑄
learning algorithm maintains a large table with entries to each
̂ 𝑎) is initially
state-action pair. When it starts, the value of 𝑄(𝑠,
filled with random numbers. The agent repeatedly observes
its current state 𝑠, chooses a possible action 𝑎 to perform, and
determines its immediate reward 𝑟(𝑠, 𝑎) and resulting new
̂ 𝑎) value is then updated according to
state 𝛿(𝑠, 𝑎). The 𝑄(𝑠,
the following rule:
̂ (𝑠 , 𝑎 ) .
̂ (𝑠, 𝑎) ← 𝑟 (𝑠, 𝑎) + 𝛾max𝑄
𝑄

𝑎

(2)

̂
That is to say, the 𝑄-value
of the current state-action pair
̂
is refined based on its immediate reward and the 𝑄-value
of
its next state. The agent can reach a globally optimal solution
by repeatedly selecting the action that maximizes the local
values of 𝑄 for the current state.
This is only a brief introduction of q-learning and detailed
introduction could be found in reference [20]. The process
can be described as follows:
(1) initialize the 𝑄-values,
(2) select a random starting state 𝑠 which has at least one
possible action to select from,
(3) select one of the possible actions. This action leads to
the next state,
(4) update the 𝑄-value of the state-action pair according
to the update rule above,
(5) go back to Step 3 if the new state has at least one
possible action, if not, go to Step 2.
2.3. Reward Function. Previous researchers in this domain
constructed their reward functions based on activity start
time, duration, length of travel, and so on [20, 22]. This
method is adopted by us and our reward function contains
the following parts.
2.3.1. Reward Based on Attraction Degree of Zones. In this
paper a location is a zone that has multiple land use
functions. In reality, people sometimes prefer to travel for a
long time downtown to go shopping because the land use
characteristics make downtown more attractive. To quantify
this, the reward based on attraction degree of zones is added
to the reward function. It is only for maintenance and leisure
activities because home and work have fixed locations. We
assume the more maintenance activities are conducted in a
zone, the higher attraction degree this zone has. This also
applies for leisure activities.
Consider
𝑛𝑖,𝑗 − 𝑛𝑖,avg
,
attract𝑖,𝑗 =
(3)
𝑛𝑖,max − 𝑛𝑖,avg
where 𝑛𝑖,𝑗 is the number of leisure activities or maintenance
activities conducted in zone 𝑗, 𝑖 is the activity type, 𝑛avg
is the average leisure or maintenance activities conducted
among all zones, and 𝑛max is the maximum leisure or maintenance activities conducted among all zones. The reward is
𝑟attract(𝑖,𝑗) = 50 ∗ attract𝑖,𝑗 .
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2.3.2. Reward Based on Activity Duration. When an agent
conducts an activity and the duration is within a reasonable
range, it should get a fairly large accumulative reward. When
the duration is less than the expected value, the marginal
benefit is positive, while if the duration is more than the
expected value, the marginal benefit is negative.
Consider

𝑟duration(𝑖)

{
100 +
{
{
{
{
{
{
{50,
={
{
{
{
−50,
{
{
{
{
{−100,

𝑑min(𝑖) − 𝑑
, (𝑑 < 𝑑min(𝑖) ) ,
𝑑min(𝑖)
(𝑑min(𝑖) ≤ 𝑑 < 𝑑avg(𝑖) ) ,
(𝑑avg(𝑖) < 𝑑 ≤ 𝑑max(𝑖) ) ,
(𝑑 > 𝑑max(𝑖) ) ,
(4)

where 𝑑min(𝑖) , 𝑑avg(𝑖) , and 𝑑max(𝑖) represent the reasonable
minimum, maximum, and average duration of activity 𝑖. They
are, respectively, the 5%, 50%, and 95% percentile duration of
activity 𝑖 in the survey data.
2.3.3. Reward Based on Activity Start Time. Each activity’s
start time distribution is calculated using the survey data.
To make the distribution curve more smooth in order
to diminish the effect of randomness, we use polynomial
functions (use 𝐶 to denote) to fit the curve. Then function
𝐶 is normalized.
Consider
𝑟start time(𝑖) = 𝐶𝑖 (𝑠) ,

(5)

where 𝑖 represents the type of activity, while 𝑠 is the start time
of the activity. The range of 𝑠 is (1, 96).
2.3.4. Reward Based on Travel Time. Some scholars define
travel-time-based reward as 𝑟travel = −𝑐∗(𝑏𝑡)𝛼 [23]. This form
is adopted by us, but it needs some modifications because the
influence of congestion degree is taken into account. 𝑡 is no
longer a fixed value decided by the length between zones, but
it relates to the congestion degree of the OD pair. We use the
widely accepted impedance function in China [21]:
0.6𝑉
),
𝑈 (1 −
{
{
{ 0
𝐶
𝑈={
{ 𝑈0
{
,
{ 7.4𝑉/𝐶

𝑉
< 0.9,
𝐶
𝑉
≥ 0.9,
𝐶

(6)

where 𝑈 is the actual speed, while 𝑈0 is free flow speed. 𝑡0 is
the free flow travel time. Actual travel time 𝑡 could be defined
as 𝑡 = 𝑡0 ∗ 𝑈0 /𝑈.
2.4. Flow-Chart of Calculation. When q-learning is applied
in this paper, the process described below could be shown in
Figure 1. The whole process is separated into 3 steps.
Step 1 is to utilize travel diary survey data to extract
typical activity patterns and form different kinds
of agents according to their activity patterns. Also
utilizing the survey data, the reward function for
different kinds of agents is calculated.

Step 2 is to estimate the value function (in this
algorithm: 𝑄-values) through trial and error until the
𝑄-value matrix converges.
Step 3 is to add agents on the network and then use the
𝑄-values to decide the activity-travel schedule of each
agent. In the end, temporal-spatial characteristics of
the simulation result and each agent’s activity-travel
schedule are calculated and recorded.
Taking congestion degree into account could enable
interactions among agents and let them cooperate and compete in the environment. In the simulation of a network, a
number of agents are set on the network and their states are
initialized. Then at each time step, agents decide their actions
by choosing an action that brings maximum 𝑄-value one by
one according to the congestion degree and other aspects
of the environment. Their actions would in turn influence
the congestion degree therefore would influence other agents’
actions. In this way, all agents’ activity-travel schedules could
be decided.

3. Data Analysis and Process
3.1. Data Survey. We utilized the travel diary survey data
from Shangyu city conducted in 2006. The survey includes
individual/household sociodemographics and travel records.
Travel records include trip starting and ending times, origin and destination, mode used, and trip purpose. Trip
purpose is divided into nine categories, including work,
school, official business, shopping, socializing-recreation,
serving passengers, personal business, returning home, and
returning to work. Among these purposes, work, school, and
official business are named commute activity or simply work.
Shopping, serving passengers, and personal business are
called maintenance activities. Socializing-recreation is called
leisure activity. Maintenance and leisure activities generally
are named none-working activities. Hence, the 9 categories
of activities could be divided into 4 types: work, maintenance
activity, leisure activity, and staying at home.
Shangyu city has a population of 204,900. 4,101 residents
from 1,564 households are surveyed. After deleting the incorrect statistics, data from 3,368 people are used, representing
82.1% of the people surveyed. 486 students account for 14.4%
of the valid data. Because students’ activity-travel schedules
are rather fixed and the main focus of this paper is on
working and none-working groups, the students’ data are not
considered. Thus, the data obtained from the remaining 2,883
people, accounting for 85.6% of all the valid data, are used for
the analysis.
3.2. Typical Activity Patterns. The first step of processing
valid survey data is to extract typical activity patterns. A tour
is defined as the travel from home to one or more activity
locations and back to home again [4]. An activity pattern here
is defined as all tours an individual conducted in a single day.
In the valid data, 10 of the patterns are shared by more than
20 samples. We call these 10 activity patterns typical activity
patterns and the description of them can be seen in Table 1.
They take up 2397 of the 2882 valid samples. Agents could be

Mathematical Problems in Engineering

5

Figure 1: Three Steps of multiagent-based q-learning simulation.

classified according to their activity patterns. We take these
10 typical patterns to form 10 types of agents. Patterns which
include working activity are called commuting patterns, and
others are called none-working patterns. The characteristics
of these 10 patterns are described as in Table 1 (the 4 activities
are written as h, w, s, and l for brief).

maintenance activity. This result corresponds to the land use
characters of Shangyu because these zones are in the center
of Shangyu.

3.3. Reward Function Calculation. The reward function has
been constructed in Section 2.3. The paragraphs below show
the values of parameters used in the reward function, calculated from the survey data. Furthermore, ten different types
of agents have their own parameters, respectively, though the
functional forms are the same.

3.3.2. Reward Based on Duration. To make the results more
realistic, we calculate the rewards based on duration of
10 typical activities patterns according to the definition in
Section 2.3. The unit of these parameters is 15 min. The
relatively small value of standard deviation shows that people
who belong to the same group share much similarity in
behavior, at least in the duration of activity.
Where are the statistics?

3.3.1. Attraction Degree of Zone. The attraction degrees of
zones are listed in Figure 2, next to it is the traffic zone
division of Shangyu city. Because these degrees are decided by
land use characteristics of different zones, to different groups
of people the attraction degrees are the same.
It is quite clear that zones 2, 8, and 13 are the center
of leisure activity, while zones 3 and 5 are the center of

3.3.3. Reward Based on Activity Start Time. The process of
calculating this reward has been stated in Section 2.3. Use
polyfit function in MATLAB to fit every activity’s start time
distribution of each group into smooth curves.
In Figure 3 min is not 0.
The start time-duration-reward graphs of the four activities are shown in Figure 3.
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Table 1: Description of typical activity patterns.

Activity pattern

Number of samples

Ratio

Description

hwh

1069

37.1%

hwsh

26

1.0%

hwhsh

44

1.5%

hwhwh
hwswh
hsh
hlh

568
26
357
111

19.7%
1.0%
12.4%
3.9%

hshlh

32

1.1%

hshsh

105

3.6%

hlhsh

59

2.0%

Simple work pattern with only primary tour
Having other stops when getting off work, with
only primary tour
With a secondary tour, primary tour is simple
work pattern
Work tour with home-based subtour
With a subtour during work
Simple maintenance tour
Simple leisure tour
With both maintenance and leisure tours, the
prior one is a maintenance tour
With two maintenance tours
With both maintenance and leisure tours, the
prior one is a leisure tour

11
10

Cao'e

12
9
8

19
20

5

4

15

2

1

16

Attraction
degree

6
7
13

3
17
14
18
River

Zone number

1

2

3

4

5

Leisure
attraction degree
Maintenance
attraction degree

−0.15

0.58

−0.19

0.29

−0.17

−0.09

0.05

0.43

−0.14

0.82

Zone number

6

7

8

9

10

Leisure
attraction degree
Maintenance
attraction degree

−0.21

−0.26

0.70

0.35

−0.11

−0.17

−0.15

−0.13

−0.10

0.09

Zone number

11

12

13

14

15

Leisure
attraction degree
Maintenance
attraction degree

−0.11

−0.23

0.64

−0.23

−0.15

0.15

−0.12

−0.08

−0.17

−0.05

Zone number

16

17

18

19

20

−0.05

−0.09

−0.19

−0.28

−0.13

−0.15

−0.07

−0.09

0.13

−0.13

Leisure
attraction degree
Maintenance
attraction degree

Figure 2: Attraction degrees of zones and traffic zone division of Shangyu city.

4. Simulate Temporal-Spatial Features
of Multipleagents
4.1. Assumptions and Preparations for the Simulation. To
simulate traffic conditions in Shangyu, the first step is to
expand the number of agents from the size of the sample
to the proportion of population these types of agent take up
in Shangyu. By calculation, the 2397 samples in the survey
should be expanded to a population of 145684 people. Apart
from the already existed data of 2397 people, we need to establish 143287 people’s attribute data. Each people’s attributes
include activity pattern and home and work locations (if this
person works). To make the distribution of each attribute in
the newly established data the same as the survey data, the
procedure of establishing one person’s attributes could be as
follows.

(1) Randomly generate a natural number from 1 to 2397.
The activity pattern of this people will equal to that of
the number 𝑖 people in the survey data.
(2) Likewise, the attribute of home and work locations
can be decided by randomly choosing one from the
2397 survey samples.
Initialize each agent’s state and simulate 1000 time steps.
We take the last 96 time step to analyze. Both each individual
agent’s activity-travel schedule and spatial-temporal characteristics are analyzed.
4.2. Simulation Results of Activity-Travel Schedules. Each
agent’s activity-travel schedule in one day is recorded. We
randomly choose one agent from each pattern and show his/
her activity-travel schedule in a day (from 0 am to 24 pm). The
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Figure 3: (a) Home reward function. (b) Working reward function. (c) Leisure reward function. (d) Shopping reward function.

Table 2: Activity-travel schedules.
Agent type
hwh
hwsh
hwhsh

hwhwh

hwswh
hlh
hlhsh
hsh
hshlh

hshsh

Activity-travel schedule
h (00:00–08:00, 05) w (08:30–16:45, 08)
h (17:30–24:00, 05)
h (00:00–07:00, 12) w (07:30–17:00, 11)
s (17:15–18:15, 11) h (18:45–24:00, 12)
h (00:00–07:45, 01) w (08:15–15:30, 02)
h (15:45–19:00, 01) s (19:15–19:45, 03)
h (20:00–24:00, 01)
h (00:00–06:30, 11) w (07:30–11:15, 07)
h (12:00–13:00, 11) w (13:45–17:30, 07)
h (18:30–24:00, 11)
h (00:00–07:15, 04) w (07:45–11:45, 06)
s (12:15–12:45, 05) w (13:15–16:30, 06)
h (17:15–24:00, 04)
h (00:00–05:45, 03) l (06:00–07:00, 02)
h (07:30–24:00, 03)
h (00:00–04:45, 02) l (05:15–06:15, 08)
h (06:45–07:00, 02) s (07:30–08:00, 03)
h (08:30–24:00, 02)
h (00:00–06:30, 15) s (07:00–07:30, 05)
h (08:00–24:00, 15)
h (00:00–06:00, 04) s (06:30–06:45, 08)
h (07:15–07:30, 04) l (08:00–08:30, 08)
h (09:00–24:00, 04)
h (00:00–05:15, 17) s (06:30–07:00, 03)
h (08:00–16:30, 17) s (17:15–17:45, 03)
h (18:30–24:00, 17)

result is shown in Table 2. The first part in each parenthesis
is activity time and the second part is activity location. The
table shows that no abnormal sequence, such as staying at

one activity for too long or conducting activities in improper
time, occurs in these 10 examples. One flaw is that to avoid the
morning peak of commute agents, the none-working agents’
trips are generally a little bit earlier than the peak shown by
the survey.
Having activity-travel schedules of all agents, we could
move our analysis further to macroscopic temporal-spatial
characteristics of the traffic.
4.3. Temporal Characteristics of the Simulation Result. The
traffic flow distributions of this paper’s algorithm and the traditional algorithm which has not taken interactions between
agents are compared in Figure 4. Both methods show apparent morning and evening peak. But in the traditional method
environment is static, which means one agent’s action will
not affect other agents’ choices; it is natural that agents of the
same attributes all do the same activity at the same time and
zone. Therefore, the traditional method’s distribution of flow
is ladder-like, which means peak hour flow is very large.
By comparison, because the congestion degree is taken
into account, in this paper’s method, some agents avoid
traveling in the rush hour because it will lead to lower
rewards. As a result, the peak hour flow is much lower. Even
agents of the same attributes would have different activitytravel schedules because the environment is dynamic. Thus,
the behavior of the whole population is not isolated but has
interactions.
Traffic flow distributions of the 2397 samples’ survey
result and their corresponding agents’ simulation result are
shown in Figure 5. The simulation result matches the survey
result well. Their peak hour flow deviation is less than 5%.
To show the features of different patterns’ traffic flow
distribution, we could mark different traffic patterns’ flows
with different colors as is shown in Figures 6(a) and 6(b).
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Table 3: Comparison of two methods’ PHR values.
Morning peak
Traditional method
32.25%
24.43%
32.73%
25.50%
22.18%
46.23%

OD pair

Flow

(3, 11)
(5, 16)
(4, 17)
(5, 11)
(9, 10)
(9, 5)

180,000
160,000
140,000
120,000
100,000
80,000
60,000
40,000
20,000
0

0

4

8

12

16

New method
17.93%
11.34%
21.52%
8.65%
16.79%
18.11%

20

24

Time (h)
Traditional algorithm’s result
New algorithm’s result

Figure 4: Comparison of traffic flow distribution between new
method and survey data (flipped with Figure 5).

600
500
Flow

400
300
200
100
0

0

4

8

12
Time (h)

16

20

24

Survey result
New algorithm’s result

Figure 5: Comparison of traffic flow distribution between traditional method and new one.

Figure 6(a) shows the flow distribution of the 5 commute
patterns. It shows clear morning and evening peaks, at about
7 am and 6 pm, respectively. Compared with Figure 3 we
could find out that these commuting patterns, especially
pattern hwh and hwhwh, account for a large percentage
of morning and evening peaks’ flow. The peak at noon is
caused by pattern hwhwh agents who go home at noon. On
the whole, pattern hwh and hwhwh are the determinants of
commuting patterns’ flow distribution, and other commuting
patterns have too few people to influence the trend.

Evening peak
Traditional method
27.79%
31.64%
46.19%
28.61%
18.77%
17.98%

New method
11.42%
15.03%
20.49%
15.01%
10.12%
12.38%

Figure 6(b) shows none-working agents’ traffic flow distribution, which is totally different from commuting agents’:
there is no such dominant pattern. On the contrary, all
none-working patterns contribute to the formation of figure’s
shape. Two peaks of the flow are all in the morning, at
about 5 am and 9 am, respectively. The survey result shows
that 42.9% of the none-working groups are retired people in
Shangyu. In China the elderly usually like to go out to do
some exercises early in the morning and food markets usually
open very early; this explains why both the survey result and
the simulation result show that none-working people’s travel
peak is in the morning. Agents of pattern hlh tend to go out
early at 5 am, while the flow of pattern hsh almost distributes
evenly from 5 to 10. In China, most people tend to stay at
home in the evening, especially the none-working people so
there is not much traffic in the evening as in Figure 6(b).
Table 3 shows two methods’ comparison of peak hour
ratio (PHR). Peak hour ratio is defined as the ratio of peak
hour flow and the traffic flow of a whole day. In China, the
measured PHR is often between 10% and 15%. Because there
are too many OD pairs, the table listed the results of 6 OD
pairs which have the largest traffic flow as representative. For
all OD pairs, the original method’s average PHR is 30.5% and
the result of the new method is 16.2%. It is clear that the latter
is closer to reality.
4.4. Spatial Characteristics of the Simulation Result. In the
traditional method, because congestion degree is not taken
into account and attraction degree’s effect is quite distinct,
all agents conduct their maintenance and leisure activities
at the zone that has maximum attraction degree: all the
20094 leisure activities are conducted in zone 8, while all
the 70433 maintenance activities are conducted in zone 5.
We need to mention that because Shangyu is a small city
and the distances between zones are not very long; the
influence of distances between OD pairs is subtle. After taking
into account congestion degree, the choice of location is
much more dispersed. Agents would choose to conduct their
activities in other zones which have lower attraction degrees
when center zones are crowded. Finally, 5845 leisure activities
are conducted in zone 8, which accounts for 29.0% of all
leisure activities. 22392 maintenance activities are conducted
in zone 5, accounting for 31.7% of all maintenance activities.
The choice of activity zones is shown in Figure 7. The
survey data’s activity location distribution is calculated and
then it is extended the same proportion that the samples are
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Figure 6: (a) Commute agents’ traffic flow distribution. (b) None-working agents’ traffic flow distribution.
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Figure 7: (a) Choice leisure activity location. (b) Choice of maintenance activity location.

extended to show how the 145684 people’s choice of location
would be like according to the survey data.
It is compared with the simulation result and the figure
shows that the simulation result is quite close to the extended
survey result. The correlation coefficient between the survey
data’s leisure activity location distribution and the simulation
result is 0.921. And the correlation coefficient between survey
data’s and the simulation result’s maintenance location distribution is 0.902.

5. Conclusions and Future Directions
In this paper we use a modified multiagent-based reinforcement learning algorithm to simulate the traffic condition
of Shangyu city. Both the spatial-temporal features of the

entire population and the activity-travel schedule of single
individuals are analyzed. The main findings are listed as
follows.
(i) This paper’s method takes the congestion degree
between OD pairs into account, which enables agents’
actions to influence the environment. Thus, agents’
actions have interactions with each other. Because of
this interaction, both the spatial-temporal features of
the entire population and the activity-travel schedule
of single agent are close to actual situations.
(ii) Because in this paper agents are no longer separated
individuals but an integrity that interacts with each
other, the spatial-temporal features of the whole population, such as traffic flow distribution, PHR factor,
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and location choice distribution, could be calculated,
which is rarely seen in previous research in this field.
(iii) Survey data are utilized throughout the whole process, including the setting of traffic zones, extraction
of typical activity patterns, formation of agents, and
reward functions. The utilization of the survey data
makes the simulation result closer to the actual
situation in Shangyu; therefore, the simulation result
has practical meanings and could be further utilized
in transportation planning and management. For
example, it could be used in TDM policy effect
analysis.
(iv) Data used in this paper come from the survey of
a typical small city in east China. Both the survey
data and the simulation results have distinct Chinese
characteristics. For example, maintenance and leisure
activity are conducted mostly in the morning and
people tend to stay at home in the evening; commuting groups have few leisure and maintenance activities
during weekdays. These features provide materials for
future research of Chinese traffic.

The above mentioned analysis of the simulation result
shows that this paper’s simulation method could better
reflect actual traffic conditions. Both the macroscopic spatialtemporal features and the microscopic activity-travel schedule render this method valid. The veracity of the simulation
result and the utilization of survey data enable this method to
better service practical transportation planning and management.
Because of the limitations of the survey data and the
algorithm, several aspects of the research can be improved in
the future.
(i) Route choice in the current model is simplified.
The travelers “jump” directly from the origin to the
destination, while the influence on the intermediate
regions is neglected.
(ii) In this paper, the reward function contains four
different parts; they are, respectively, based on attraction degree of zones, activity start time, duration,
and travel time. When accumulated, the weights of
them are considered to be equal. However, in reality,
these factors have different effects on people when
they make the decision on their trips. So one future
direction is to calculate these weights according to
the survey data, making the simulation results more
accurate.
(iii) Road impedance varies greatly according to the type
of traffic mode, since different modes have different
occupation rates of roads and their speed are also
different. As a result, it is better to take traffic mode
of each agent into consideration when calculating
congestion degree.
(iv) Reaction to uncertain events is a special characteristic of reinforcement learning. In this paper we are
focusing on the most probable or the “average” state
of the system. But it is also interesting to explore

how the agents would react to radical changes of
the environment and how do they interact with each
other under this circumstance.
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[3] T. Hägerstrand, “What about people in regional Science?”
Papers of the Regional Science Association, vol. 24, no. 5, pp. 6–
21, 1970.
[4] J. L. Bowman and M. E. Ben-Akiva, “Activity-based disaggregate
travel demand model system with activity schedules,” Transportation Research A, vol. 35, no. 1, pp. 1–28, 2001.
[5] F. S. Koppelman and C.-H. Wen, “The paired combinatorial
logit model: properties, estimation and application,” Transportation Research B, vol. 34, no. 2, pp. 75–89, 2000.
[6] M. E. Ben-Akiva and S. R. Lerman, Discrete Choice Analysis:
Theory and Application to Travel Demand, The MIT Press,
London, UK, 1985.
[7] C. R. Bhat, “A hazard-based duration model of shopping activity
with nonparametric baseline specification and nonparametric
control for unobserved heterogeneity,” Transportation Research
B, vol. 30, no. 3, pp. 189–207, 1996.
[8] P. M. Jones, Understanding Travel Behavior, University of
Oxford, Transport Studies Unit, Oxford, UK, 1983.
[9] M. G. Karlaftis and E. Vlahogianni, “Statistical methods versus
neural networks in transportation research: differences, similarities and some insights,” Transportation Research C, vol. 19, no.
3, pp. 387–399, 2011.
[10] T. A. Arentze and H. J. P. Timmermans, “A learning-based transportation oriented simulation system,” Transportation Research
B, vol. 38, no. 7, pp. 613–633, 2004.
[11] T. Arentze, F. Hofman, and H. Timmermans, “Reinduction of
Albatross decision rules with pooled activity-travel diary data
and an extended set of land use and cost-related condition
states,” Transportation Research Record, vol. 1831, pp. 230–239,
2003.
[12] T. Arentze and H. Timmermans, “Parametric action decision
trees: incorporating continuous attribute variables into rulebased models of discrete choice,” Transportation Research B, vol.
41, no. 7, pp. 772–783, 2007.

Mathematical Problems in Engineering
[13] K. M. Nurul Habib, “A random utility maximization (RUM)
based dynamic activity scheduling model: application in weekend activity scheduling,” Transportation, vol. 38, no. 1, pp. 123–
151, 2011.
[14] B. Fernandez-Gauna, J. M. Lopez-Guede, and M. Graña,
“Transfer learning with partially constrained models: application to reinforcement learning of linked multicomponent robot
system control,” Robotics and Autonomous Systems, vol. 61, no.
7, pp. 694–703, 2013.
[15] E. A. Jasmin, T. P. Imthias Ahamed, and V. P. Jagathy Raj,
“Reinforcement learning approaches to economic dispatch
problem,” International Journal of Electrical Power & Energy
Systems, vol. 33, no. 4, pp. 836–845, 2011.
[16] A. Agung and F. L. Gaol, “Game artificial intelligence based
using reinforcement learning,” Procedia Engineering, vol. 50, pp.
555–565, 2012.
[17] R. Lahkar and R. M. Seymour, “Reinforcement learning in
population games,” Games and Economic Behavior, vol. 80, pp.
10–38, 2013.
[18] Z. Tan, C. Quek, and P. Y. K. Cheng, “Stock trading with cycles:
a financial application of ANFIS and reinforcement learning,”
Expert Systems with Applications, vol. 38, no. 5, pp. 4741–4755,
2011.
[19] L. P. Kaelbling, M. L. Littman, and A. W. Moore, “Reinforcement
learning: a survey,” Journal of Artificial Intelligence Research, vol.
4, pp. 237–285, 1996.
[20] D. Charypar and K. Nagel, “Q-learning for flexible learning of
daily activity plans,” Transportation Research Record, vol. 1935,
pp. 163–169, 2005.
[21] W. Wang, Transportation Engineering, Southeast University
Press, Nanjing, China, 2000.
[22] M. Vanhulsel, D. Janssens, and G. Wets, “Calibrating a new
reinforcement learning mechanism for modeling dynamic
activity-travel behavior and key events,” in Proceedings of the
86th Annual Meeting of the Transportation Research Board,
Transportation Research Board, Washington, DC, USA, 2007.
[23] D. Janssens, Y. Lan, G. Wets, and G. Chen, “Allocating time
and location information to activity-travel patterns through
reinforcement learning,” Knowledge-Based Systems, vol. 20, no.
5, pp. 466–477, 2007.

11

Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2014, Article ID 490483, 7 pages
http://dx.doi.org/10.1155/2014/490483

Research Article
Topological Effects and Performance Optimization in
Transportation Continuous Network Design
Jianjun Wu,1 Xin Guo,2 Huijun Sun,2 and Bo Wang3
1

State Key Laboratory of Rail Traffic Control and Safety, Beijing Jiaotong University, Beijing 100044, China
Moe Key Laboratory for Urban Transportation Complex Systems Theory and Technology, Beijing Jiaotong University,
Beijing 100044, China
3
Beijing Municipal Commission of Transport, Beijing 100073, China
2

Correspondence should be addressed to Jianjun Wu; jjwu1@bjtu.edu.cn
Received 21 July 2013; Revised 3 December 2013; Accepted 19 December 2013; Published 21 January 2014
Academic Editor: Geert Wets
Copyright © 2014 Jianjun Wu et al. 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.
Because of the limitation of budget, in the planning of road works, increased efforts should be made on links that are more critical to
the whole traffic system. Therefore, it would be helpful to model and evaluate the vulnerability and reliability of the transportation
network when the network design is processing. This paper proposes a bilevel transportation network design model, in which the
upper level is to minimize the performance of the network under the given budgets, while the lower level is a typical user equilibrium
assignment problem. A new solution approach based on particle swarm optimization (PSO) method is presented. The topological
effects on the performance of transportation networks are studied with the consideration of three typical networks, regular lattice,
random graph, and small-world network. Numerical examples and simulations are presented to demonstrate the proposed model.

1. Introduction
The network design problem (NDP) involves the optimal
decision on the expansion of an urban street and highway
system in response to a growing demand for travel. It has
emerged as an important area for progress in handling effective transport planning, because the demand for travel on the
roads is growing at a rate faster than our urban transport
systems can ever hope to accommodate, while resources
available for expanding the system capacity remain limited.
The objective of NDP is to optimize a given system performance measure such as to minimize total system travel cost,
while accounting for the route choice behavior of network
users [1]. The decisions made by road planners influence the
route choice behavior of network users, which is normally
described by a network user equilibrium model. Mathematically, the bilevel programming is a good technique to describe
this hierarchical property of the NDP with an equilibrium
constraint. Generally the upper level problem is to minimize

the total system cost and the lower level problem is to characterize the UE traffic flow pattern ([2, 3]).
Studies have been overwhelmingly focused on the continuous network design problem (CNDP) and substantial
achievements in algorithmic development have been made.
Abdulaal and LeBlanc [4] formulated the CNDP under deterministic user equilibrium (DUE) as a bilevel programming
model and the Hooke-Jeeves heuristic algorithm was also
introduced. As an application, Friesz et al. [5] used a simulated annealing approach to solve the multiobjective equilibrium network design problem as a single level minimization
problem. Marcotte [6] transferred the CNDP into a single
level equivalent differentiable optimization problem. Meng
et al. [7] reformulated the CNDP under the DUE constraints
into an equivalent single level continuously differentiable
problem by virtue of a marginal function tool. Gao and Song
[3] combined the concept of reserve capacity with the continuous equilibrium network design problem and proposed a
globally convergent algorithm to solve the CNDP.

2
In the planning of road works, there should be awareness
about the impacts of the increased capacity of a link on the
whole network. Because the improvement of road capacity
will attract the limitation of budget, the prioritization for
road maintenance, repair, and contingency planning should
be considered carefully in NDP. Therefore, increased efforts
should be made on links that are more critical to the
system. It would be thus helpful to model and evaluate the
vulnerability and reliability of the transportation network
when the network design is processing.
In a series of papers, the measures to quantifiable efficiency/performance of a network have been developed. For
example, Latora and Marchiori discussed the network performance issue by measuring the “global efficiency” in a
weighted network as compared to that of the simple nonweighted small-world network [8–10]. In a weighted network,
the network is characterized not only by the edges that connect different nodes, but also by the weights associated with
different edges in order to capture the relationships between
different nodes.
The flow on a network is an additional important indicator of network performance as well as network vulnerability.
Indeed, flows represent the usage of a network and which
paths and links have positive flows and the magnitude of
these flows are relevant in the case of network disruptions [11].
There are few papers to date that consider network flows in
assessing network performance. The results in Zhu et al. [12]
are notable since they demonstrate empirically through an
application to the airline network of China how a measure
with flows and costs outperforms existing measures in yielding more realistic results in terms of, for example, which cities
are critical and their rankings in the network.
Recently, Jenelius et al. [13] proposed several link importance indicators and applied them to the road transportation
network in northern Sweden. Murray-Tuite and Mahmassani
[14] also focused on identifying indices for the determination
of vulnerable links in transportation networks. Qiang and
Nagurney [11] proposed a unified network performance
measure that can be applied to assess the importance of either
links or nodes or both in the case of either fixed or elastic
demands.
Although previous work for the traffic network design
has been focused on minimizing the total system cost or
maximizing the total profits of the network, little attention has
been given to the structure factors underlying vulnerabilities
and the robustness. In the traffic network, if the Hub link
is attacked, the whole network may be broken down soon.
Therefore, the purpose of network designs is not only to
decrease the travel cost of the system, but also to increase
the robustness and reduce the vulnerabilities. Different with
most previous works on CNDP, the performance measure is
adopted to test the network design strategies in this paper.
Our results give a better understanding of the network
structure effects on its performance.
This paper is organized as follows. A bilevel model of
CNDP is given in Section 2. Further solution algorithm is
developed in Section 3. And Section 4 gives a numerical
example to illustrate the model. Finally, conclusions and
further considerations are presented in Section 5.
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2. A Bilevel Programming Model for CNDP
The transportation CNDP can be represented as a leader-follower game where the transportation planning departments
are leaders, and the users who can freely choose the path are
the followers [15]. It is assumed that the transportation planning managers can influence, but cannot control, the users’
path-choosing behaviors. The users make their decision in
a user optimal manner. Thus, this interactive game can be
represented as a bilevel programming problem.
The transportation planners, the upper level, decide the
capacity of each road to maximize the system performance
based on traffic flows. However, the lower level reflects the
choice behaviors of drivers with user equilibrium assignment.
In this model, the system performance and link flows are
considered all together.
Notations
𝐴: the set of arcs (links);
𝑅 and 𝑆: the sets of vertices which represent origins
and destinations, respectively;
𝑥𝑎 : the total flow on link 𝑎, 𝑎 ∈ 𝐴, and 𝐴 is the link
set of the network;
𝜓𝑎 : the continuous capacity increase of link 𝑎;
𝐾𝑟𝑠 : the set of path between 𝑟 and 𝑠;
𝑟: the origin node, 𝑟 ∈ 𝑅;
𝑠: the destination node, 𝑠 ∈ 𝑆;
𝑡𝑎 (⋅): the link travel time (or cost) function which is
continuously differentiable and convex for fixed 𝜓𝑎 .
Generally, we use the following form for 𝑡𝑎 (⋅):
𝑡𝑎 (𝑥𝑎 , 𝜓𝑎 ) = 𝑡0𝑎 [1 + 𝜂𝑎 (

4
𝑥𝑎
)] ,
𝑘𝑎 + 𝜓𝑎

(1)

where 𝜂𝑎 are parameters and 𝑘𝑎 is the capacity of link
𝑎 [16]. 𝑡0𝑎 is the free-flow of link 𝑎;
𝑞𝑟𝑠 : the total traffic demand between origin 𝑟 and
destination 𝑠;
ℎ𝑘𝑟𝑠 : flows on path 𝑘 connecting 𝑟 and 𝑠;
𝑟𝑠
𝛿𝑎,𝑘
: path/link incidence variables.

2.1. The Lower Level User Equilibrium Assignment. It is worth
emphasizing that the network design problem must be solved
with the network flow pattern constrained to be a user equilibrium problem. In general, improvement of road network
characteristics will definitely induce changes in traffic flow
over the network. More importantly, addition of a new road
segment or capacity enhancement to a congested network,
without considering the response of network users, may
actually increase network-wide congestion. This well-known
phenomenon has been demonstrated by the ostensible Braess
paradox. Therefore, prediction of traffic patterns via a comprehensive behavior model is essential to the network design
process.
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Traditionally, CNDP models hypothesize that the
demand is given and fixed, and the users’ route choice is
characterized by the user equilibrium assignment problem.
Let 𝐴 be the set of arcs (links); 𝑅 and 𝑆 are the sets of vertices
which represent origins and destinations, respectively.
The user equilibrium problem with fixed demand can be
formulated as follows [16]:
(L) min 𝑇 (x, 𝜓) = ∑ ∫

𝑥𝑎 (𝜓)

𝑎∈𝐴 0

s.t.

∑ ℎ𝑘𝑟𝑠 =
𝑘
ℎ𝑘𝑟𝑠 ≥ 0,

𝑞𝑟𝑠 ,

𝑡𝑎 (V, 𝜓𝑎 ) 𝑑V,

∀𝑟 ∈ 𝑅, 𝑠 ∈ 𝑆,

(3)

∀𝑟 ∈ 𝑅, 𝑠 ∈ 𝑆, 𝑘 ∈ 𝐾𝑟𝑠 ,

(4)

𝑟𝑠
,
𝑥𝑎 = ∑ ∑ ∑ ℎ𝑘𝑟𝑠 𝛿𝑎,𝑘
𝑟

𝑠

(2)

𝑘

∀𝑎 ∈ 𝐴.

(5)

In this model, the users at the lower level are assumed to
follow the user-equilibrium principle of Wardrop under the
given network. Constraints (3), (4), and (5) are conservative,
definitions, and nonnegativity of the flow constraints.
2.2. The Upper Level Model
2.2.1. The Performance Measure of Network. Recently, the
vulnerability of a network has attracted many interests in the
urban traffic system. As an important performance index, it
can be used to assess the efficiency of a network in the case of
either fixed or elastic demands and capture flow information
and behavior, allowing one to determine the criticality of various nodes (as well as links) through the identification of their
importance and ranking [11]. Therefore, this measure can be
used to assess the vulnerability of a network to disruptions
and is a more general one since it not only considers the topology characteristics, but also captures the flows on the network
through the disutility, costs, and the demands.
The network performance/efficiency measure 𝑍, for a
given network topology 𝐺 and the equilibrium (or fixed)
demand vector 𝑞, is defined as follows [11]:
𝑍=

∑𝑟𝑠∈𝑊 (𝑞𝑟𝑠 /𝑐𝑟𝑠 )
,
𝑛𝑟𝑠

(6)

where 𝑛𝑟𝑠 is the number of OD pairs in the network and 𝑞𝑟𝑠
and 𝑐𝑟𝑠 denote the equilibrium (or fixed) demand and the
equilibrium disutility or the shortest path for OD pair 𝑟𝑠,
respectively. 𝑊 is the set of OD pair.
In this paper, it is an optimized objective in the upper level
model. The network planners of the upper level are assumed
to make the decisions about the improvement of link capacities and investments in order to maximize the performance of
the whole system in the range of budgets formulated by the
government. Therefore, the upper level of the bilevel model
(U) can be presented as follows:
(U) max 𝑍 =
s.t.

∑𝑟𝑠∈𝑊 (𝑞𝑟𝑠 /𝑐𝑟𝑠 )
,
𝑛𝑟𝑠

(7)

∑ 𝐺𝑎 (𝜓𝑎 ) ≤ 𝐵,

(8)

𝜓𝑎 ≥ 0;

(9)

𝑎∈𝐴

∀𝑎 ∈ 𝐴,

𝑐𝑘𝑟𝑠 =

𝑟𝑠
𝛿𝑎,𝑘
𝑡𝑎 (𝑥𝑎 , 𝜓𝑎 ) ,

∑

𝑟𝑠∈𝑊, 𝑘∈𝐾𝑟𝑠 , 𝑎∈𝐴

∀𝑟𝑠 ∈ 𝑊,
𝑐𝑟𝑠 = min {𝑐𝑘𝑟𝑠 } ,

(10)
𝑘 ∈ 𝐾𝑟𝑠 ,

∀𝑟𝑠 ∈ 𝑊, 𝑘 ∈ 𝐾𝑟𝑠 ,

(11)

where 𝜓𝑎 is the continuous capacity increase of link 𝑎; 𝐺𝑎 (𝜓𝑎 )
is the investment function of link 𝑎 ∈ 𝐴; 𝐵 is the total
investment budget; 𝑐𝑘𝑟𝑠 is the cost of path 𝑘 of OD pair 𝑟𝑠.
The objective of upper level model is to maximize the
performance. Constraint (8) ensures that the total investment
cost will not exceed the total budget. Constraint (9) is
the nonnegativity of the decision variables. Constraint (10)
expresses the relationship between the link and path cost.
Constraint (11) is the shortest path cost between OD pair 𝑟𝑠.

3. Solution Algorithm of the Bilevel Model
3.1. Particle Swarm Optimization (PSO). Since the bilevel
programming is a NP-hard problem, in general, it is difficult
to solve with optimization algorithms. Although many solution algorithms such as the sensitivity analysis based on an
algorithm (SAB) [1, 3] have been developed, the SAB method
has to calculate the inverse of the matrix and only can be used
under many assumptions (e.g., assume that the lower level
functions are second order continuous differentiable and the
lower level has a unique solution for fixed upper level variables), which limits the application in engineering. Recently,
the intelligent algorithms are designed to solve the bilevel
programming including the Gene algorithm, Ant algorithm,
and particle swarm optimization (PSO) [17]. Compared with
other algorithms, PSO has some advantages: (1) the algorithm
is easy to implement and there are few parameters to adjust;
(2) all of the particles have a strong ability to find the optimized solution; (3) it need not any special conditions about
functions and can be used to solve all kinds of bilevel models.
Currently, PSO has been widely used in function optimization, neural networks, fuzzy systems control, and other applications. In recent years, the research and practice show that
PSO has fast convergence at high solution quality, robustness,
and other advantages in terms of optimization objectives.
Therefore, PSO algorithm based on solution procedure is
used in this paper.
Bird flocking optimizes a certain objective function. Each
particle knows its personal best position (𝑝best) so far and
the global best position (𝑔best) of the swarm among all the
𝑝bests. Each particle tries to modify its position using the
current velocity and the distance from 𝑝best and 𝑔best [18].
In this paper, a particle position is denoted by a feasible
link capacity enhancement 𝜓𝑖 = (. . . , 𝜓(𝑖)𝑎 , . . .). The velocity
𝑉𝑖 = (. . . , V(𝑖)𝑎 , . . . , ) of the 𝑖th particle corresponds to the
search direction. Therefore, the position of 𝑖th particle is used
to represent the feasible decision scheme. By comparing the
fitness value, which denotes the value of upper objective function, the optimal positions 𝑝best𝑛𝑖 and 𝑔best𝑛 of 𝑖th particle
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and the whole swarm particle at time 𝑛 are obtained, respectively. Then the velocity and the position of 𝑖th particle are
updated at time 𝑛 + 1 as follows:

1

𝑛
𝑛
(𝑝best𝑛𝑖 − 𝜓𝑖𝑛 ) + 𝑐2 𝑅𝑖2
(𝑔best𝑛 − 𝜓𝑖𝑛 ) ,
𝑉𝑖𝑛+1 = 𝜔𝑉𝑖𝑛 + 𝑐1 𝑅𝑖1
(12)

𝜓𝑖𝑛+1 = 𝜓𝑖𝑛 + 𝜒𝑉𝑖𝑛 ,

2

3

4

5

(13)

3.2. The Algorithm for Solving the Bilevel Model of CNDP. The
major steps of the PSO method for solving the CNDP are
summarized as follows.

Figure 1: Test network.

0.45
OD: 100-20
Budget: 350

0.44
0.43
Performance

where 𝑖 = 1, 2, . . . , 𝑀; 𝑀 is the swarm’s size; 𝜒 is a constriction
factor used to control and constrict velocities; 𝜔 is the inertia
weight; 𝑐1 and 𝑐2 are two positive constants, called the cog𝑛
𝑛
and 𝑅𝑖2
are rannitive and social parameter, respectively; 𝑅𝑖1
dom numbers uniformly distributed within the interval [0, 1].
𝑛
𝑛
and 𝑐2 𝑅𝑖2
provide randomness that renThe parameters 𝑐1 𝑅𝑖1
ders the technique less predictable but more flexible [17]. In
general, the performance of each particle is measured according to fitness function.
Fourie and Groenwold [19] proposed a dynamic inertia
and maximum velocity reduction method. That is, if no more
improved solutions are obtained after several iterations, set
the inertia weight 𝜔𝑛+1 = 𝛼𝜔𝑛 and maximum allowed velocity
𝑛+1
𝑛
𝑉max
= 𝛽𝑉max
(0 < 𝛼, 𝛽 < 1) to fine-tune local search.

0.42
0.41
0.4

0

Step 1 (initialization). Initialize parameters 𝜔 , 𝑉max , 𝛼, 𝛽 (0 <
𝛼, 𝛽 < 1), the dynamic delay period ℎ, and the swarm size
𝑀 which corresponds to feasible solutions and evaluate the
initial velocity of every particle. The initial position 𝜓𝑖0 and
velocity 𝑉𝑖0 are given. Let time step 𝑛 = 0.
Step 2 (calculating fitness). For each particle, we translate it
into a feasible solution. Then, we solve the corresponding
lower level problem by Frank-Wolfe method [16] and evaluate
the upper level objective in (7), calculating the particle’s
fitness.
Step 3 (updating). For each particle, update its 𝑝best with the
position relevant to the smallest fitness which it so far experienced. For the swarm, update the 𝑔best with the position
relevant to the smallest fitness among all the 𝑝best. If no
improvement in the 𝑔best occurs after ℎ iterations, set 𝜔𝑛+1 =
𝑛+1
𝑛
𝛼𝜔𝑛 , 𝑉max
= 𝛽𝑉max
. Then, update the velocities using (12) and
truncate them to the nearest integers.
Step 4 (generating new position). Generate the new position
with (13).
Step 5 (checking feasibility). All the new positions are tentative particles. Discard the new position 𝑖 (𝑖 = 1, 2, . . . , 𝑀) if it
does not satisfy constraints (8) and (9). Leave it at the previous
position and go to Step 6.
Step 6 (termination). If the iteration number reaches the
maximum iteration number or other termination criteria,
then stop. Get the last 𝑔best as the optimal solution. Otherwise, 𝑛++, go to Step 2.
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Figure 2: Illustration of the convergences for the algorithm.

Table 1: Data for the test network.
Link
1→2
1→3
2→4
2→5
3→4
3→5

𝑡0𝑎

𝜂𝑎

𝑑𝑎

1.0
0.15
0.5
2.0
0.15
0.5
1.0
0.15
0.5
1.5
0.15
0.5
1.0
0.15
0.5
1.5
0.15
0.5
4
𝑡𝑎 (𝑥𝑎 , 𝜓𝑎 ) = 𝑡0𝑎 [1 + 𝜂𝑎 (𝑥𝑎 /(𝑘𝑎 + 𝜓𝑎 ))]

𝑘𝑎
40
40
40
40
40
40

4. Numerical Examples
Example 1 (a simple network form). To illustrate the effectiveness of the proposed approach, consider the 5-node and
6-link graph given in Figure 1 [11]. There are two OD pairs
from origin 1 to destinations 4 and 5, respectively. Table 1
presents the functional forms of the travel and investment
costs, as well as the parameter values for each link, used in
this numerical test.
The investment function is given as 𝐺𝑎 (𝜓𝑎 ) = 1.5𝑑𝑎 (𝜓𝑎 )2 ,
where 𝑑𝑎 is a parameter of the function. In this example,
assume that the largest iteration number 𝑛 = 1000. Other
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Table 2: Parameters used in Example 1.

Parameters
Values

𝑀
10.0

𝛼, 𝛽
0.98

ℎ
15.0

SW (0.5403)

𝑉min
0.05

𝑉max
0.2

RG (0.5116)

𝜔0
0.8

𝑐1
2.1

𝑐2
0.9

𝜒
1.0

RL (0.4488)

Figure 3: Three different network topologies.

Table 3: Comparison results of different budgets.
Budget
150
250
350

1→2
4.60
5.73
6.18

1→3
2.46
2.97
4.45

Capacity
Link
2→4
2→5
3.12
2.41
4.42
3.28
4.85
0.11

3→4
1.72
2.96
4.03

Table 5: PER of the network with different OD demands and
budgets.

3→5
1.26
0.63
1.58

Budget
150
250
350

100-20
0.3992
0.4188
0.4447

100-40
0.2799
0.2837
0.3289

Performance
OD
100-60
0.1795
0.1969
0.2265

100-80
0.1272
0.1356
0.1446

100-100
0.0798
0.0954
0.1057

Table 4: TSC of the network with different OD demands and
budgets.
Budget
150
250
350

100-20
432.44
431.25
410.91

100-40
584.10
579.45
560.11

TSC
OD
100-60
865.89
793.35
743.75

100-80
1213.67
1159.37
1112.40

100-100
1853.30
1636.84
1509.32

parameters are shown in Table 2. Table 3 presents the comparisons of different budgets with OD demand 100-80 (the two
numbers denote the demand of OD pairs 1-4 and 1-5).
Tables 4 and 5 give the variation of total system cost
(TSC) and performance (PER) with different budgets and OD
demands. As we know, with the increase of budgets, TSC
and PER could be improved by using the bilevel decision
methods, which can avoid paradox effectively. This has been
clearly reflected in Tables 4 and 5. The result indicates that the
larger budget can alleviate traffic congestion and improve the
performance efficiently. In addition, a positive fact is that the
large OD demand will deteriorate the traffic.
To illustrate the efficiency of the solution algorithm
further, a convergence test is given in the numerical example.
Figure 2 shows the convergence of PSO in the case of budget
350 and OD demand 100-20. The result indicates that the
algorithm can converge to a steady state after 30 steps.
Example 2 (an extended example considering network
topologies). The structure properties on traffic networks
have attracted a tremendous amount of recent interest which

shows different network structures have important effects on
their performance. It has been known well that there are three
typical structures in traffic networks: random graph (RG),
small-world network (SW), and regular lattice (RL). We
start by constructing networks according to regular ER [20]
and WS [21] algorithms. It has been demonstrated that SW
networks have both a small value of average shortest path, like
RG, and a high clustering coefficient, like RL. Such a definition corresponds to networks having a high value of global
efficiency and a high value of local efficiency, that is, to networks extremely efficient in exchanging information both at a
global and at a local scale [22].
In this example, to investigate the effects of topologies
on NDP, the network design decisions for different network
structures with the same nodes and edges are given. Three
typical network topologies are showed in Figure 3. These networks are generated according to the procedure in [21], where
self-links and repeated links are forbidden. Particularly, the
SW network is formed by a RL rewired with probability
0.1. All topologies are set to have the same average degree
⟨𝑘 ⟩ ≈ 4 and 20 nodes. Other parameters are equal to that
in Example 1.
The number of the brackets represents the initial performance before the network design. Table 6 provides the
optimization results for three typical networks. From the
table, we can see that PER of SW network is the largest, but RL
is the smallest one. The result can be explained easily. The SW
network has the small average shortest path which decreases
the distance between two arbitrary nodes. Therefore it will be
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Table 6: The optimization results for different network topologies.
Budget
200
250
300
350
400

SW
0.5483
0.5486
0.5486
0.5487
0.5488

Topology
ER
0.5228
0.5231
0.5234
0.5238
0.5241

RL
0.4604
0.4650
0.4659
0.4666
0.4667

an efficient network to improve the performance of traffic
network. But for the RL network, the larger average shortest
path increases the distance between two arbitrary nodes,
which reduces the network performance. Therefore, the result
is in accordance with the prediction of “structure-determinative-function.”

5. Conclusion
The transportation network performance is an important
indicator to evaluate its reliability. In order to improve the
network vulnerability, the performance should be considered
in network design decisions. This paper studies a new form
of transportation network design problem by optimizing the
network performance, and a bilevel programming model is
proposed to describe this problem. In the model, the upper
level is to optimize the system performance within limited
budgets, while the lower level is user equilibrium assignment
problem. Finally, numerical examples show that, by redesigning the network, the performance (the total system cost) will
increase (reduce) greatly. In addition, the network structure
has profound effects on its performance. Compared with the
other two topologies, the form of small-world network is the
best one.
In this paper, it is assumed that the OD matrix is fixed.
In reality, OD demand would fluctuate every day, even
every hour. Therefore it would be interesting to examine the
dynamic OD demand in network design problem further.
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With the study of traffic crashes on curved road segments as the focus of research, a logistic regression based curve road crash
severity prediction model was established based on a sample crash database of 20000 entries collected from 4 regions of China and
15 evaluation indicators involving driver, driving environment, and traffic environment factors. Maximum Likelihood Estimation
and step-back technique were deployed for data analysis, the conclusion of which is that the three main contributory factors on
curve road crash severity are weather, roadside protection facility, and pavement structure. Hosmer and Lemeshow tests were used
to verify the reliability of the model, and the model variables were discussed to a certain degree as well.

1. Introduction
As a major component of road geometric design, curved road
segments, due to their alignment characteristics, are most
prone to traffic crashes among all road geometric elements. In
2010, crashes on curved segments accounted for 10.5% of the
total number of traffic crashes in China. Correspondingly, the
number of deaths accounted for 12.89% of the total number
of deaths, as shown in Figure 1.
Many researches have been conducted with regard to the
characteristics and causes of crash on curved segments, ranging from those based on macroeconomic statistics, where
crash rates of straight and curved segments are compared
[1, 2], and those based on vehicle dynamics, where the focuses
are on improving vehicle’s safety and through performance on
curves [3, 4], to those that are based on the study of human
factors, where the studies of traffic crash have been heavily
focused on drivers and driver behavior [5]. Vehicle speed
and geometric design are also topics of study when curve
road crashes are concerned [6, 7]. Regarding crash severity,
certain mathematical models have been established, such as
the Bayesian Method [8], the Ordered Probit Model [9],
and the Neuronal Network Approach [10]. However, among
the aforementioned studies and researches, few had aimed

specifically at investigating crash severity on curved road
segments.
Analysis and prediction models are based on crash data.
In the past, data used by traffic crash studies on curve roads
was mostly gathered from specific segments. Crash samples
and crash-related factors had not been duly considered
either. For these reasons, crash analysis would often fail to
explain the real causes of crash, and the models were often
questionable in terms of reliability and adaptability.
In this study, the crash data consists of 500 randomly
chosen samples, according to the data gathering and management standards of China’s “National Road Traffic Crash
Information System,” from a crash database of 20000 valid
crash data entries that covers 4 regions of China from 2004 to
2008. The database comprises 60 items of crash information,
which is comprehensive enough to recreate the process of
a crash and provide an important basis for the analysis
of causes. In terms of analysis method, the crash data is
the foundation of analysis of the cause of crash and the
structure and form of the crash determines the model for
crash causation analysis. Since the attributed causes of each
crash cannot be isolated from a single point of interpretation
[11] and various internal and external factors are affecting
drivers’ reaction to road traffic safety, this paper made a
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2.2. Binary Logistic Regression Model Parameter Estimation.
Considering the severity of the crash to be a dichotomous
dependent variable, 𝑥1 , . . . 𝑥𝑝 are its corresponding independent variables. Let 𝑥𝑖 = (1, 𝑥𝑖1 , . . . 𝑥𝑖𝑝 ) , and 𝛽 =
(𝛽0 , 𝛽1 , . . . 𝛽𝑝 ) be its corresponding variable vector, 𝑖 =
1, . . . , 𝑛. Thus, a logistic model may be established as [15]
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Figure 1: National crash loss on the curve in 2010.

comprehensive analysis of the severity of crash on curves
from three aspects that include driver, vehicle type, and the
road environment.
In recent years, due to its innate suitability, the logistic
regression model has been widely used in practical problems,
such as Banking [12], Genomics [13], and Psychopathology
[14]. Many researchers used the logistic regression model to
analyze the safety of roads, such as crashes of single-vehicle
motorcycles [15], and crash prevention [16, 17]. Descriptive
factors are defined as natural numbers that start from 0
and can be transformed into discrete variables. By this
transformation, traffic crash data can meet the requirements
of logistic regression model; therefore, the severity prediction
model of traffic crash on curved segments may be built
based on these data. The model [18] can overcome the
deficiencies of analysis method and linear regression analysis
of the traditional Mantel-Haenszel model, for it can contain
multiple influencing factors that include an analysis of both
discrete and continuous variables. The model can effectively
analyze mixed influences and interactions from external
variables and therefore also provides a methodological basis
for the quantitative description relationship between multiple
influencing factors and the prediction of severity on curves.

𝛽 +𝛽

+𝛽

+⋅⋅⋅+𝛽

(1)

where 𝑥𝑖 (𝑖 = 1, 2 . . . , 𝑝) are the influencing factors of crash
severity; it can be a continuous variable, categorical variables,
or dummy variables; 𝛽𝑖 (𝑖 = 1, 2, . . . , 𝑝) are the regression
coefficients.



𝑛

1−𝑦𝑖

𝑦

𝑙 (𝛽) = ∏𝑝𝑖 𝑖 (1 − 𝑝𝑖 )

,

(3)

𝑖=1

where 𝑦𝑖 = 0 or 1. Therefore, the logarithmic likelihood
function is
𝑛

𝐿 (𝛽) = ln 𝑙 (𝛽) = ∑ [𝑦𝑖 𝑥𝑖 𝛽 − ln (1 + 𝑥𝑖 𝛽)] .

(4)

𝑖=1

For (𝜕L(𝛽))/𝜕𝛽 = 0, it resulted in
𝑛

∑ [𝑥𝑖 (𝑦𝑖 − 𝑝𝑖 )] = 0.

(5)

𝑖=1

In the logistic regression model, the Newton-Raphson
method is used. Define 𝑠i = 𝑦𝑖 − 𝑝𝑖 , V𝑖 = 𝑝𝑖 (1 − 𝑝𝑖 ), and let
𝑆 = (𝑠1 , . . . , 𝑠𝑛 ) , 𝑉 = diag(V𝑖 ); then
𝑛
𝜕𝐿 (𝛽)
= ∑𝑥𝑖 (𝑦𝑖 − 𝑝𝑖 ) = 𝑋 𝑆,
𝜕𝛽
𝑖=1

−

2.1. Binary Logistic Regression Probability Formula. The severity of traffic crash on curved segments is regarded as
dependent variable 𝑦, when the 𝑖th crash has any number of
deaths, 𝑦𝑖 = 1; otherwise, 𝑦𝑖 = 0.
Assuming there are 𝑝 influence factors that are related to
dependent variable 𝑦 and are denoted 𝑋 = (𝑥1 , 𝑥2 , . . . , 𝑥𝑝 ),
the probability of fatal crash under the impact of influencing
factors is
𝑝𝑥𝑝
1
𝑒 0 1𝑥1 2𝑥2
,
}=
𝛽
+𝛽
+𝛽
+⋅⋅⋅+𝛽
𝑝𝑥𝑝
𝑋
1 + 𝑒 0 1𝑥1 2𝑥2

(2)

in which 𝑝𝑖 = 𝑃(𝑦𝑖 = 1/𝑥i ) = 𝑒𝑥𝑖 𝛽 /(1 + 𝑒𝑥𝑖 𝛽 ).
The model used Maximum Likelihood Estimation
method for variable estimation and the likelihood function
of variable 𝛽 = (𝛽0 , 𝛽1 , . . . 𝛽𝑝 ) can easily be derived from the
binary logistic regression model, which is

2. Establishing the Logistic Regression Model
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If the number of iterations is 𝑘, then the maximum
likelihood estimate of variable 𝛽 becomes
2
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+ [(𝑋 𝑉𝑋) (𝑋 𝑆)]

𝛽=𝛽̂𝑘−1

of the first screening reduced to 0.79 in the 13th screening,
which proved that the model is correct.
The probability of crash with death from the logistic
regression is expressed by

(8)

.

3. Selection of Crash Impact Factor
Through a detailed analysis on the structure of the crash
database, it is found that the database is a superdimensional structure with radial, multidimensional, and multilevel
characteristics. Each crash record contains multiple data
attributes and each value reflects a traffic crash’s characteristics in one aspect. In addition, the setting of data attributes is
based on five factors, which are the information of the crash,
personnel information, vehicle information, road information, and environmental information. Therefore, logically the
data attributes and five factors of people, vehicles, roads,
climate environment and crash basic information formed
a two-level formation, in which the five factors of people,
vehicles, roads, environment, and crash basic information are
in the upper layer, and the data attributes are in the lower
layer. Also, different attributes and the attribute value formed
a set complying with their specific logical relations and within
each attribute there existed a specific hierarchy.
500 crash samples, randomly selected from a crash
information database of 20000 entries, have been analyzed.
The causes of crash are mostly related to bad subjective judgment and human errors, vehicle performance issues, change
of external environment, and change of road conditions.
However, vehicle performance is generally not considered in
crash analysis and is neglected in this study.
Therefore, from three-level analysis system of drivers,
driving environment, and road environment, the model
selects 15 evaluation items as independent variables. The
evaluation of independent variables is shown in Table 1.

4. Prediction Model of Traffic Crash Severity
on Curved Segments
The model used stepwise regression method to analyze the
independent variables and step-back technique to obtain the
results. In step 1, 15 independent variables were all put into
the model and the variables based on the probability of the
likelihood ratio for the test were assumed. In step 13, the
weather 𝑋6 , roadside protective facility type 𝑋12 , the road
pavement 𝑋14 , and constant were selected. Results are shown
in Table 2.
Taking a significance level of 0.05 and using the reverse
stepwise method and 13 times of screening for selection,
the model obtained the correlation of crash severity on
curves with weather, road-side protective facility type, and
road pavement structure. From Hosmer and Lemeshow tests,
the results in Table 3 showed that the significance level of
0.674 is greater than 0.05 and thus proved that the original
assumption is valid. Also, the chi-square value from 7.856

𝑃 = (𝑦𝑖 =

1
)
𝑋

𝑒−1.634+2.258𝑋6 −1.321𝑋12 −1.46𝑋14
.
=
1 + 𝑒−1.634+2.258𝑋6 −1.321𝑋12 −1.46𝑋14

(9)

5. Conclusion
(1) Not all of the 15 impact factors are selected to put
into the curve road crash severity prediction model. Some
were excluded partly due to weak correlations, but it does
not mean that they have little impact on the severity of a
crash. For example, visibility and road surface conditions are
closely related to weather conditions and their effects may be
indirectly reflected in the final model, if such factors are to be
further considered.
(2) During bad weather conditions, road surface friction
coefficient decreases and visibility of road condition reduced,
and vehicles driving on curved segments will be prone to
cross over the median, causing side scraping, rollover, or
rear-end crashes. During rainy or foggy weathers, water film
will form on the surface of the road reducing tire friction.
Therefore, weather is one of the main factors that affect crash
severity on curved segments, and the severity will be even
greater especially under ice and snow conditions.
(3) Highway safety design often focuses on road alignment and profile, but lacks due considerations toward roadside facilities. However, in the real world, road-side environment in general is closely related to traffic crashes. On
curve roads, off-road crashes frequently occur and it is
mainly because of improper speed control and road-side
environment, especially on mountainous curves where one
side of the road is either deep grooves or cliffs. If curved
segments have roadside protection facilities, it can greatly
reduce the severity of the crash. Hence, better design and
installment of road-side protection facilities should be one of
the priorities for preventing severe crashes from happening.
(4) Compared to gravel pavement, asphalt roads generally
have higher crash rates. Also, compared to the cement
concrete pavement, asphalt roads have smoother surface
and greater involuntary horizontal movement from vehicles.
Therefore, drivers usually feel more comfortable driving on
an asphalt-paved road surface, which often leads to high
speed driving and speed related crashes. Asphalt pavement
is more sensitive to the temperature; its structural strength
decreases at high temperature and cracks at low temperature.
However, drivers would often neglect the effect of temperature changes on the condition of road surface and their effects
on safe driving, which is another very important factor in
causing severe crashes.
(5) The existing road traffic crash database of China
was originally designed to determine the responsibility of
crash for legal purposes. With its 60 data items or attributes,
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Table 1: Evaluation of independent variables.

Evaluation of the
category

Variable
symbol

Variable content

Variable assignment

𝑋1

Gender

Female = 0, male = 1

𝑋2

Age classification

𝑋3

Household register

Driver

𝑋4

Driving
environment

Driving experience classification

𝑋5

The accident responsibility

𝑋6

Weather

𝑋7

Terrain

𝑋8

Visibility

𝑋9
𝑋10

Road surface condition
Lighting condition

𝑋11

Traffic signal type

𝑋12
Road environment

Age from 16 to 25 = 0, 26 to 35 = 1, 36 to 45 = 2,
above 46 = 3
Agriculture household = 0,
nonagricultural household = 1
1–5 years = 0, 6–10 years = 1, 11–15 years = 2,
16–20 years = 3, above 20 years = 4
Minor responsibility = 0, equal responsibility = 1,
main responsibility = 2, all responsibility = 3
Sunny = 0, not sunny (rain, snow, fog, cloudy, wind)
=1
Plain = 0, others = 1
Above 200 m = 0, 100–200 m = 1, 50–100 m = 2,
below 50 = 3
Dry = 0, not dry (rain, ice) = 1
Day = 0, night with light = 1, night without light = 2
With signal control = 0, without signal control = 1
With roadside protection = 0,
without roadside protection = 1
With isolated = 0, without isolated = 1
Asphalt pavement = 0, not asphalt pavement = 1
Road surface in good condition = 0,
pavement damage = 1

Roadside facilities protection type

𝑋13
𝑋14

Road physical isolation
Pavement structure

𝑋15

Road conditions
Table 2: Variable estimation.
𝐵
2.258
−1.321
1.46
−1.634

Variable
Weather
Roadside protective equipment
Road pavement
Constant

S.E.
1.443
0.853
0.531
0.403

Table 3: Hosmer and Lemeshow test.
Step
1
13

Chi-square
7.856
0.79

Freedom
8
2

Wals
2.448
2.398
7.546
16.409

df
1
1
1
1

Sig.
0.118
0.122
0.006
0.000

Exp (𝐵)
9.56
0.267
4.304
0.195
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In car-following procedure, some distances are reserved between the vehicles, through which drivers can avoid collisions with
vehicles before and after them in the same lane and keep a reasonable clearance with lateral vehicles. This paper investigates
characters of vehicle operating safety in car following state based on required safe distance. To tackle this problem, we probe
into required safe distance and car-following model using molecular dynamics, covering longitudinal and lateral safe distance.
The model was developed and implemented to describe the relationship between longitudinal safe distance and lateral safe distance
under the condition where the leader keeps uniform deceleration. The results obtained herein are deemed valuable for car-following
theory and microscopic traffic simulation.

1. Introduction
Car-following models elaborate the situation that vehicles
follow one another in the same lane and capture drivers’
maneuvering decisions under different conditions. The models are the most fundamental part of microscopic traffic
simulation [1]. From the research of Reuschel and Pipes using
the operational research theory method on car-following, the
models can be classified as stimulus-response models (Gazis
et al., 1961; Newell, 1961), safe distance models (Gipps, 1981),
psychophysical models (Wiedemann, 1974), and artificial
intelligence models (Kikuchi and Chakroborty, 1992; Wu
et al., 2000) [2–6]. Among them, the car-following model
based on the safe distance has broadly been used in practice
[7].
Parker put forward an expectation distance model for the
first time through the research on car-following behavior on
the fast road sections [8]. Peter Hides carried out further
research on microscopic behavior of urban traffic flow and
preliminarily established car-following models for urban
traffic flow based on expectation distance [9]. Zhang et al.
gave deep research on psychological and physical reaction
mechanism of the driver and presented multiregime model
based on the driver’s psychological reaction [10]. At present,
the car-following model based on safe distance has been

widely applied to microscopic simulation of road traffic,
which is one of the hot research topics in the field of traffic
engineering [11, 12]. Reaction time for a car-following maneuver responding to an unexpected hazard in the roadway has
been conducted in several studies [13–18]. From their results,
the mean reaction times identified are rarely greater than 1.50
seconds. The safe distances in the articles above all gave the
longitudinal clearance from a preceding vehicle in following
procedure, while there always exists lateral impact in carfollowing. Gunay carried out research taking into lateral
clearances for vehicles change and established the model
taking the lateral positions of vehicles into account [19].
This paper concentrates on the model of car-following
required safe distance. Required safe distance is necessary
for ensuring the driving safety in car following procedure,
while the factors such as the longitudinal clearances between
vehicles and the speed also have implications on the vehicle.
Thus, we make analysis on the influencing factors and
perform the simulation for the required safe distance and
lateral safe distance under different speed conditions of the
leader and the follower, which indicates that the model of
required safe distance both benefits the operating safety and
driving efficiency.
The structure of the paper is organized as follows. After
the introduction, analysis of molecular dynamics is described

2
combined with the car following procedure in Section 2.
Section 3 states the models of required safe distance including
required safe distance and lateral safe distance. The influencing factors are illustrated from the perspective of longitudinal
clearance and the speed in Section 4. Section 5 presents the
test and validation to demonstrate the application of the
model. The final section summarizes the findings and the
conclusions of the paper.
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P

Lateral required safe distance

F2

Front required safe distance

F1

L

Rear required safe distance

2. Analysis of Molecular Dynamics
Among the molecules, attractive force and repulsive force
simultaneously exist, both of which increase with the distance
decreasing. But their changing rules are different that the
attractive force declines more slowly. Molecular forces makes
the molecules difficult to approach and be far away, as a
phenomenon that the gas is difficult to be compressed and
be expanded at a certain temperature. Vehicles in the carfollowing fleet show similar characteristics. From the aspect
of safety, drivers try to keep a safe distance with the leader;
at a certain speed, the phenomenon shows that the fleet is
difficult to be compressed. So if the leader speed increases,
for the sake of the efficiency, the follower will accelerate not
to be fallen behind by the leader for long time. Thus, the
clearance between adjacent vehicles will not be continually
enlarged and the whole fleet will not be expended too much.
Here, we define these characters as molecular car-following
behavior, the theory of studying which is called molecular
car-following theory.
In the car-following procedure, each vehicle is independent, but it also affects one another. Relative to the
leader, every vehicle is the follower, while it is the leader
that is relative to the rear vehicle. Similar to the dynamics
relationship of molecules, there is an equilibrium distance
called required safe distance in the fleet, just like the clearance
between molecules where the resultant force is zero. As shown
in Figure 1, on the assumption that the braking efficiency
of three vehicles is identical, the braking distance is only
influenced by the speed. And the required safe distance is
proposed into front, lateral, and rear distance according to
different directions. We call the furthest distance the follower
keeps with the leader as required frontier and the furthest
distance the follower keeps with the rear vehicle as required
trailing edge. With respect to a vehicle, required frontier is
actively obtained, while required trailing edge is passively
obtained.
We define the state that the follower positions at the
required trailing edge and drives at the same speed of the
leader as equilibrium state. As illustrated in Figure 1, the front
required safe distance is equal to the equilibrium distance
in molecular dynamics with the same direction as vehicles’
and also brings about influence on the followers. With speed
as reference to the leader itself, the minimum safe distance
the leader expects the follower to keep is called rear distance.
Moreover, for the purpose to avoid confusing with the lateral
safe distance, the front safe distance and the rear distance are
together defined as required safe distance.

Required trailing edge
Required frontier

Figure 1: Vehicle required safe distance in car-following.

When the driver perceives the leader’s travelling state
being changed, the required safe distance is the minimum
safe distance that the driver starts to act until stopping
braking. The follower will not be fallen behind for long
time considering the efficiency while will not be too near
considering the safety in the following procedure.

3. Modeling Required Safe Distance
3.1. Required Safe Distance. When the leader maintains the
braking state of uniform deceleration, supposing that V𝐿 , and
V𝐹 are respectively the original speeds of the leader and the
follower and 𝑎𝐿𝑚 , and 𝑎𝐹𝑚 are, respectively, the maximum
decelerations, then the relative speed is (V𝐹 − V𝐿 ).
The finding shows that 𝑡𝑟 is the sum of reaction time and
braking coordination time ranging from 0.8 second to 1.0
second; 𝑡𝑖 is the build-up time of deceleration ranging from
0.1 second to 0.2 second; then the braking distance can be get
𝑋 = V0 (𝑡𝑟 +

V2
𝑡𝑖
)+ 0 ,
2
2𝑎𝑚

(1)

where V0 is the initial speed, 𝑎𝑚 is the maximum deceleration.
If the leader operates with uniform motion or uniform
acceleration, the follower can easily keep following in a safe
state. After a period of time, the follower will drive at its
original speed not to collide with the leader as long as the
leader keeps a uniform motion. The follower always tries
to achieve speed close to the leader’s to improve travelling
efficiency. If the leader conducts uniform deceleration, the
required safe distance of the follower should be analyzed
based on the changes of vehicles’ speed before and after.
(1) V𝐹 > V𝐿 . Under the condition that the speed of the follower
is faster than the leader and the leader does a uniform
deceleration, the follower may collide with the leader without
timely deceleration. At this moment, the leader will actively
do uniform deceleration and the braking distance with no
reaction time is
𝑋𝐿 =

V𝐿2 + V𝐿 𝑡𝑖 𝑎𝐿𝑚
.
2𝑎𝐿𝑚

(2)
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If the follower decelerates after the time 𝑡𝑟 , where 𝑡𝑟 is
the perceiving time after the leader changed, then the braking
distance is
𝑋𝐹 = V𝐹 𝑡𝑟 +

V𝐹2 + V𝐹 𝑡𝑖 𝑎𝐹𝑚
.
2𝑎𝐹𝑚

(3)

From the analysis above, we can get required safe distance
of the follower in uniform deceleration condition as
V𝐹2

V𝐿2

V𝑑 𝑡𝑖
−
+ 𝑑,
+
2
2𝑎𝐹𝑚 2𝑎𝐿𝑚

𝑋𝑅 = V𝐹 𝑡𝑟 +

(2) V𝐹 = V𝐿 . This situation is similar to the above. So the
required safe distance is:
V𝐿2
1
1
−
) + 𝑑.
(
2 𝑎𝐹𝑚 𝑎𝐿𝑚

(5)

(3) V𝐹 < V𝐿 . If there is a bigger clearance than required safe
distance between adjacent vehicles, two vehicles can keep a
safe state during a period of time. But if the follower continues
driving at the initial speed, collisions may occur later on. So
the follower should decelerate when the speed of the follower
approaches the leader speed.
Supposing that the leader decelerates with maximum
deceleration when the speed of follower is equal to the leader
speed, then the time from decelerate till this moment is
𝑡1 = 𝑡𝑖 +

(V𝐿 − (𝑎𝐿𝑚 𝑡𝑖 /2) − V𝐹 )
.
𝑎𝐿𝑚

(6)

During this time, the follower operates with the same
speed, and the distance is
𝑋𝐹1 = V𝐹 𝑡𝑖 +

𝑎 𝑡
V𝐹
(V − 𝐿𝑚 𝑖 − V𝐹 ) .
𝑎𝐿𝑚 𝐿
2

V𝐹2 + V𝐹 𝑡𝑖 𝑎𝐹𝑚
.
2𝑎𝐹𝑚

(8)

So the total distance of the follower is
𝑋𝐹 = V𝐹 (𝑡𝑖 + 𝑡𝑟 ) −

V2
V𝐹 V𝑑
+ 𝐹 .
𝑎𝐿𝑚 2𝑎𝐿𝑚

(9)

And the leader keeps uniform deceleration and its driving
distance is
V2 + V𝐿 𝑡𝑖 𝑎𝐿𝑚
𝑋𝐿 = 𝐿
.
2𝑎𝐿𝑚

(10)

So required safe distance of the follower can be gotten as
follows:
𝑋𝑅 = V𝐹 (𝑡𝑖 + 𝑡𝑟 ) −

2V𝐹 V𝑑 + V𝐿2
V2
V 𝑡
+ 𝐹 − 𝐿 𝑖 + 𝑑.
2𝑎𝐿𝑚
2𝑎𝐹𝑚
2

F sin𝛼

F
M

Figure 2: Speed decomposition diagram when the vehicle 𝐹 shifts.

3.2. Lateral Required Distance. The lateral required distance
is the minimum lateral clearance that the vehicle keeps not to
collide with the nearest one on the adjacent lane. Considering
drivers’ physical and mental characters, even if the lateral
clearance is less than the lateral required distance demanded
at a certain time, it does not necessarily cause accidents.
As illustrated in Figure 2, 𝛼 is the angle at which the
follower deviates from the target lane. If a large longitudinal
clearance exists between the adjacent vehicles, the vehicle 𝐹
can adjust timely; then the vehicle 𝑀 will not result in heavy
impact on the vehicle 𝐹. Moreover, the faster the speed of
the follower is, the further the vehicle deviates during the
reaction time and the more probably two vehicles collide.
Thus the lateral required distance is influenced by both the
longitudinal clearance and the vehicle speed.
At a certain time, V𝐹 represents the speed of the vehicle
𝐹 and 𝛼 is the maximum deviation angle. In Figure 2,
decomposing V𝐹 into lateral and longitudinal directions,
V𝐹 sin 𝛼 is the lateral velocity component and V𝐹 cos 𝛼 is the
longitudinal velocity component. At the end of the reaction
time 𝑡, the lateral displacement component may be less than
the lateral clearances, and it may lead to accidents. The lateral
required distance can be written as
𝑋𝑆 = V𝐹 ⋅ 𝑡 ⋅ sin 𝛼,

(7)

And when the follower must decelerate, the braking
distance is:
𝑋𝐹2 = V𝐹 𝑡𝑟 +

F cos𝛼
𝛼

(4)

where 𝑑 is the minimum clearance between adjacent vehicles
after stopping, ranging from 2 meters to 5 meters.

𝑋𝑅 = V𝐹 𝑡𝑟 +

F

(11)

(12)

where 𝑡 is the reaction time, 𝛼 is the maximum possible
deviation angle.
The analysis above reveals that the lateral required distance is linear with the speed of the follower.
Putting formulas (4) and (12) together, when V𝐹 > V𝐿 , the
relationship between 𝑋𝑅 and 𝑋𝑆 is shown as follows:
𝑋𝑅 =

𝑋𝑆2
V2
𝑋𝑆
V 𝑡
− 𝐿 + 𝑑.
𝑡𝑟 + 𝑑 𝑖 +
2
𝑡 ⋅ sin 𝛼
2
2𝑎𝐿𝑚
2𝑎𝐹𝑚 ⋅ (𝑡 ⋅ sin 𝛼)
(13)

Since formulas (4) and (12) are both monotonically
increasing functions of the speed V𝐹 , the lateral required
distance 𝑋𝑆 increases with 𝑋𝑅 increasing.
Similarly, for V𝐹 = V𝐿 , the relationship between 𝑋𝑅 and
𝑋𝑆 is expressed as
𝑋𝑅 =

V2
𝑋𝑆
1
1
−
) + 𝑑.
𝑡𝑟 + 𝐿 (
𝑡 ⋅ sin 𝛼
2 𝑎𝐹𝑚 𝑎𝐿𝑚

(14)
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Table 1: Table of safe distance model formula.
XF
F

XM

Model
Safe distance model based
on headway
Safe distance model by
braking process

XS

M

Figure 3: Positional relationship diagram between adjacent lane
vehicles.

The model of required safe
distance

Formula
𝑠1 = V0 𝑡𝑑 + 𝑑
V02
+𝑑
2𝑎𝑚
Models of required safe distance at
three following states as above
formulas (4), (5), and (11).
𝑠2 = V0 𝑡𝑑 +

distribution. 𝐸𝑀𝐹 is the influence on the follower by the lateral
vehicle then
𝐸𝑀𝐹 =

1 −[𝑋−(V𝐹 ⋅cos 𝛼−V𝑀 )⋅𝑡]2 /2𝜎2
,
e
√2𝜋𝜎

0 ≤ 𝑋 < +∞, (16)

EMF

where 𝑋 is the longitudinal clearance, 𝜎 is a undetermined
parameter. And at the point that the longitudinal clearance is
(V𝐹 ⋅ cos 𝛼 − V𝑀) ⋅ 𝑡, the biggest influencing point is 1/√2𝜋𝜎.

Longitudinal clearance

Figure 4: Influencing curve on follower of longitudinal clearance.

For V𝐹 < V𝐿 , the relationship between 𝑋𝑅 and 𝑋𝑆 is
𝑋𝑅 =

V2
𝑋𝑆
𝑋𝑆
V
(𝑡𝑖 + 𝑡𝑟 ) −
⋅ 𝑑 − 𝐿
𝑡 ⋅ sin 𝛼
𝑡 ⋅ sin 𝛼 𝑎𝐿𝑚 2𝑎𝐿𝑚
2
𝑋𝑆
V 𝑡
1
+(
− 𝐿 𝑖 + 𝑑.
) ⋅
𝑡 ⋅ sin 𝛼
2𝑎𝐹𝑚
2

4.2. Influencing Analysis of the Speed. In the driving procedure, the faster the speed is, the lighter steering wheel is
for the driver, and the vehicle is more probably to produce
the lateral deviation, which may directly put much mental
pressure on drivers. In this case, the driver of the follower
will drive away from the lateral vehicle or decelerate to avoid
colliding.
As the lateral vehicle quickly approaches the follower, the
following driver will concentrate on it. To a certain extent,
the driver’s pressure will increase. If the follower is within the
range influenced by the lateral vehicle, the lateral clearance
and the longitudinal clearance are unchanged, and the larger
the speed difference between adjacent vehicles is, the stronger
influence the lateral vehicle has on the follower; thus, drivers
should decelerate to avoid dangers.

(15)

However, in the real-world situation, the lateral clearance
between the follower and lateral vehicle should be a little
greater than that defined above because the lateral clearance
will be enlarged in some cases where the follower decelerates
or avoids collisions laterally.

4. Influencing Analysis of Influential Factors
4.1. Influencing Analysis of Longitudinal Clearance. Figure 3
demonstrates that the longitudinal clearance 𝑋𝐹 − 𝑋𝑀
between the two vehicles has influence on the follower in
adjacent lane. The influencing curve is illustrated in Figure 4.
On the assumption that the longitudinal clearance is (V𝐹 ⋅
cos 𝛼 − V𝑀) ⋅ 𝑡, it is exactly zero at the end of the reaction
time, which is the most probable point where two vehicles
collide. The study shows that under the condition where
the longitudinal clearance and its speeds are unchanged,
the influence on the follower by 𝑋𝐹 − 𝑋𝑀 follows normal

5. Testing and Validation of the Models
5.1. Simulation on the Required Safe Distance. Through the
tests of three following states for V𝐹 > V𝐿 , V𝐹 = V𝐿 and V𝐹 <
V𝐿 the model of required safe distance and two traditional
models are compared to analyze the difference. One of the
two traditional models is based on headway and another is
based on braking process. Formulas of the three models are
shown in Table 1.
In order to make a better simulation and analysis compared with the traditional models of safe distance, we assign
values to parameters of the formulas, as shown in Table 2.
The relationship between the safe distance and V𝐹 is,
respectively, simulated as in Figure 5 (V𝐹 > V𝐿 ) and Figure 6
(V𝐹 = V𝐿 ) on the assumption of V𝐿 = 50 km ⋅ h−1 , and
Figure 7 describes the relationship between the safe distance
and V𝐿 supposing V𝐹 = 50 km ⋅ h−1 . From Figure 5, the
result shows that the safe distance based on braking process
is too large to decrease the road capacity, and the safe
distance based on headway is too small to cause collision in
car following procedure. While the model of required safe
distance takes the driving characters of vehicles before and
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Table 2: Calibration table of formula parameters.

𝑑 (m)
4

Parameter
Value

𝑡𝑑 (s)
1.6

𝑎𝑚 (m⋅s−2 )
7

𝑡𝑖 (s)
0.2

𝑡𝑟 (s)
0.9
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Figure 5: Simulation curve for V𝐹 > V𝐿 .
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Figure 7: Simulation curve for V𝐹 < V𝐿 .
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Figure 8: Simulation diagram for V𝐹 > V𝐿 .

Figure 6: Simulation curve for V𝐹 = V𝐿 .

after into consideration, so the follower need not adjust the
clearance when keeping the state consistent with the leader,
which consequently avoids the situation above. Figures 6 and
7 demonstrates that safe distances based on two traditional
models are larger, which ensures two vehicles not to collide
but reduces travel efficiency. However, the model of required

safe distance not only ensures safe operation of vehicles but
also improves travel efficiency.
5.2. Simulation on the Lateral Safe Distance. The simulation
curves of the lateral required distance for V𝐹 > V𝐿 , V𝐹 = V𝐿 ,
and V𝐹 < V𝐿 are illustrated in Figures 8, 9, and 10. Figures
8 and 9 are under the condition that the leader’s speed is
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the models of required safe distance and lateral safe distance
and apply mathematical reasoning method to get their
expressions. And the influence on lateral required distance is
analyzed from the aspects of longitudinal clearance and the
speed. For better understanding, we make the comparison
between the model of required safe distance and two traditional models, which reveals that the model of required safe
distance shows the priority in driving safety and efficiency.
Finally, upon the completion of the tests and validation using
the actual survey data in crossings, it is pointed out that
the model of car-following required safe distance based on
molecular dynamics is significant for vehicles driving safely
and efficiently, which can provide effective theoretical basis
for the adaptive cruise control system.

Lateral required distance (m)

8
6
4
2

0
ne 0.2
of 0.15
th
ed
ev 0.1
iat
io 0.05
n
an
gl
e𝛼

Si

30
)

25
20
0 15

e (m

nc
ista

Conflict of Interests

ed

af
ds

ire

qu

Re

The authors declare that there is no conflict of interests
regarding the publication of this article.

Lateral required safe distance (m)

Figure 9: Simulation diagram for V𝐹 = V𝐿 .

Acknowledgments
The paper is supported by the National Natural Science
Foundation of China (51178231) and Provincial Natural Science Foundation of Shandong (ZR2012EEL128). The authors
would like to thank the referees.

4
3

References

2
1

0
0.2
e o 0.15
ft
he
de 0.1
via 0.05
tio
na
ng
le

Sin

20

0

𝛼

10

ed

uir

Req

m)

ce (

n
ista

15
gd
win
o
l
l
fo
afe

s

Figure 10: Simulation diagram for V𝐹 < V𝐿 .

50 km⋅h−1 , and Figure 10 is assuming that the leader’s speed
is 70 km⋅h−1 . As shown in the figures, the lateral required
distance increases with the deviation angle increasing, and
with 𝑋𝑅 increasing, the changing amplitude will increase;
similarly, the required safe distance also increases with 𝑋𝑅
increasing. But it almost has no impact on 𝑋𝑆 when 𝛼 is small.
If the angle 𝛼 is large, this needs a larger lateral required
distance changing largely with V𝐹 increase, and this is also
consistent with the actual situation.

6. Conclusion
This paper presents the concept of car-following required safe
distance, which is based on molecular dynamics. We develop
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Advanced urban traffic signal control systems such as SCOOT and SCATS normally coordinate traffic network using multilevel
hierarchical control mechanism. In this mechanism, several key intersections will be selected from traffic signal network and the
network will be divided into different control subareas. Traditionally, key intersection selection and control subareas division
are executed according to dynamic traffic counts and link length between intersections, which largely rely on traffic engineers’
experience. However, it omits important inherent characteristics of traffic network topology. In this paper, we will apply network
analysis approach into these two aspects for traffic system control structure optimization. Firstly, the modified C-means clustering
algorithm will be proposed to assess the importance of intersections in traffic network and furthermore determine the key
intersections based on three indexes instead of merely on traffic counts in traditional methods. Secondly, the improved network
community discovery method will be used to give more reasonable evidence in traffic control subarea division. Finally, to test
the effectiveness of network analysis approach, a hardware-in-loop simulation environment composed of regional traffic control
system, microsimulation software and signal controller hardware, will be built. Both traditional method and proposed approach
will be implemented on simulation test bed to evaluate traffic operation performance indexes, for example, travel time, stop times,
delay and average vehicle speed. Simulation results show that the proposed network analysis approach can improve the traffic
control system operation performance effectively.

1. Introduction
Advanced urban traffic signal control systems normally use
multilevel hierarchical control mechanism to simplify the
network control process. In this mechanism, several key
intersections of traffic network will be selected and the
network will be divided into several control subareas in which
the signal of intersections will be optimized according to the
traffic states variation of key intersections. In 1971, Walinchus
[1] firstly built the concept of “traffic control subarea.” Stockfisch [2], Pinell et al. [3] and Kell and Fullerton [4] proposed
the guideline for computer signal system selection based
on intersection traffic state analysis, road segment length,
vehicle arrival rate, and so forth. Yagoda et al. [5] and Chang
[6] defined the traffic control index and threshold value
of algorithm for traffic control subarea division. However,
they have not considered the characteristics of dynamic
traffic network topology, and typical advanced traffic signal

control systems like SCOOT [7] and SCATS [8] normally
executed the “control subarea division” and “key intersection
selection” based on traffic counts and link length between
intersections. In practice, this configuration process relies
on the experience of traffic engineers [9, 10]. It is difficult
to assure the reasonability and effectiveness of the system
control structure configuration because of lack of reliable
theoretical support.
Generally traffic network can be represented as a
weighted network graph, where an intersection corresponds
to a node, a road segments to a link, and traffic flow parameters of the segments (like traffic flow, link length, travel time,
etc.) to link weight. This type of weighted network has typical topology characteristics like nonhomogeneousness and
scale-free. However traditional traffic signal system structure
configuration does not consider these characteristics. It is
necessary to apply traffic network analysis method to reduce
the uncertainty of traffic network control configuration and
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ensure the process of key intersection selection and subarea
division.
Recently, there are several papers and research results
in this area. In aspect of key node assessment, several
approaches can be referred, for example, the betweenness
method, node deletion method, node contraction method,
network nodes nearness and neighborhood key degrees
assessment, and so forth [11, 12]. In aspect of network subarea
division, it is found be similar with the network community
discovery. Although there are several community discovery
algorithms have been developed, to the best knowledge of
authors, there is still lack of direct findings on how to realize
the control structure optimization for traffic signal networks.
For example, K-L algorithm [13] needs to know the size of the
two communities; spectrum bisection method [14] can only
divide the network into odd communities; G-N algorithm
[15] cannot confirm the suitable iteration process easily while
amount of the community structure is unknown; and W-H
algorithm [16] is mainly used to dig the community structure
that contains designated nodes.
In this paper, we will improve the network analysis approaches and apply them into traffic signal control
field, especially using modified C-means clustering method
for node assessment and improved community discovery
algorithm for control subarea division. In Section 2, traffic
network will be abstracted as network graph and typical
indicators of network graph are introduced. In Section 3,
traffic signal intersection importance assessment will be
implemented by the C-means clustering approach. And
then community discovery algorithm will be applied to the
implementation of traffic signal network subarea division in
Section 4. Finally, experiment conducted by SCOOT system
and VISSIM simulation platform will be constructed to
compare and verify the effectiveness of network analysis
approach based on real traffic data of Beijing city.

(1) Node connectivity (i.e., node degree) ⟨𝑘⟩: the number
of links connecting to node 𝑘.
(2) Node betweenness 𝐶(𝑖): the ratio of the number of the
shortest path crossing the node 𝑖 to all the shortest
paths between the nodes in the network:

𝑠 ≠𝑡 ≠𝑖

(1)

where 𝑔𝑠𝑡,𝑖 indicates the number of the shortest paths through
node 𝑖 between node 𝑠 and node 𝑡 and 𝑛𝑠𝑡 is the number of all
the shortest paths between node 𝑠 and node 𝑡.
(3) Network module degree 𝑄:
 
𝑄 = Tr (𝐸) − 𝐸2  ,

It is known that weighted network normally has typical nonhomogeneous and scale-free characteristics, which means
that the importance of each node in traffic network is
different. Existing network nodes importance assessment
methods are basically derived from graph theory and need
to be improved for traffic control application. In traffic engineering fields, we normally describe the signal intersection
as “key,” “important,” “general,” “unimportant,” and other
types. Therefore, we select C-means clustering method [17]
to classify the traffic intersections of network.
C-Means clustering method can be used to classify the
nodes of network into different categories and describe
the degree of node in each category. The basic ideas of
the clustering process can be described as follows: assume
the cluster centers and calculate distance from each node
to the centers; adjust the cluster centers according to the
sum of distance until the clustering process meets minimize
conditions.
Specifically, suppose that there are 𝑛 samples 𝑋 = {𝑥1 ,
𝑥2 , . . . , 𝑥𝑛 }, where 𝑥𝑘 = (𝑥𝑘1 , 𝑥𝑘2 , . . . , 𝑥𝑘𝑚 )𝑇 ∈ 𝑅𝑚 , 𝑘 =
1, . . . , 𝑛 is the eigenvector of sample 𝑥𝑘 ; 𝑐, 2 ≤ 𝑐 ≤ 𝑛 is the
number of categories that all samples will be divided into;
𝑃 = (𝑝1 , 𝑝2 , . . . , 𝑝𝑐 ) (∈ 𝑅𝑚×𝑐 ) constitutes a cluster prototype
matrix, where 𝑝𝑖 = (𝑝𝑖1 , 𝑝𝑖2 , . . . , 𝑝𝑖𝑚 )𝑇 ∈ 𝑅𝑚 is the 𝑖th
clustering prototype; 𝑈 = (𝜇𝑖𝑘 )𝑐×𝑛 ∈ 𝑅𝑐×𝑛 is a matrix with
elements 𝜇𝑖𝑘 ∈ [0, 1] meaning the degree of sample 𝑥𝑘 to 𝑝𝑖 ;
then the objective function of clustering can be expressed as
𝑐

𝑏

2

min 𝐽𝑏 (𝑈, 𝑃) = ∑ ∑(𝜇𝑖𝑘 ) (𝑑𝑖𝑘 ) ,

As mentioned above, urban traffic network can be abstracted
as a weighted graph in which the intersection corresponds to
a node, the road section to a link, and the link length to the
link weight. Based on this type of weighted network graph,
the following indicators will be used in this paper.

𝑔𝑠𝑡,𝑖
],
𝑛𝑠𝑡

3. Traffic Network Node Importance
Assessment Based on Clustering

𝑛

2. Traffic Network Modeling

𝐶 (𝑖) = ∑ [

where 𝐸 is a symmetrical matrix with elements 𝐸𝑖𝑗 representing the ratio of the number of links connecting community
𝑖 and 𝑗 to the number of whole network links, and ‖𝐸2 ‖ =
∑𝑖 ∑𝑗,𝑘 𝐸𝑖𝑗 𝐸𝑖𝑘 ; Tr(𝐸) is the trace of matrix 𝐸.

(2)

𝑘=1 𝑖=1

𝑐

s.t.

∑𝜇𝑖𝑘 = 1,

(3)

𝑘 = 1, 2, . . . , 𝑛,

𝑖=1

where 𝑏 is a flexible parameter in [1.5, 2.5] and 𝑑𝑖𝑘 represents
Euclidean distance between 𝑥𝑘 and 𝑝𝑖 .
It is obvious that the type of data samples is important for clustering. In traffic network, the data samples for
assessments of intersection not only need to reflect the
static topology characteristics, but also need to contain the
information of dynamic traffic flow. In this paper we select
three typical indicators to form the data samples of each
network node.
(1) Node connectivity ⟨𝑘⟩ reflects the characteristics of
the topology of the node.
(2) Node betweenness 𝐶(𝑖) reflects the control ability of
nodes among the network traffic flow dissemination.
(3) Node traffic flow in rush hour reflects the dynamic
traffic counts variation and capacity of the intersections.
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Figure 1: Traffic control network of wangjing area in beijing. (a) Map of control network. (b) Topology graph of traffic signal network.
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Table 1: Intersection importance evaluation index (18:00-19:00, October 17, 2011).

No. of node
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Intersection name
Nanhuxiyuan South
Futongxidajie South
Wangjingxilu-Jinyuguoji
Nanhu-Zhongyuan Ertiao West
Wangjingxilu-Nanhuzhongyuan
Huguang Beijie West
Heyin West
Wangjing Xilu North
Lizexierlu
Lizexi Street
Nanhu Beilu North
Huguangbei Street
Huguangzhongjie East
Hongtaixijie West
Heyinzhonglu West
Lizezhongjie West
Wangjing Beilu-Guangshunbeidajie
Lizezhongyilu
Lizezhongyilu South
Lizezhongerlu
Lizezhongjie
Xiyangzhonglu Mid
Heyinzhong
Hongtaixi Street
Hongchang Road
Hongchang Peds
Wangjingxiyuansanqu Peds
Furongjie-Fuanlu
Wangjingjie-Fuan
Fuanlu-Futongxidajie
Fuanlu-Guofengbeijing
Lizedongerlu
Lizedong Street
Lizedongerlu South
Xiyang East
Wangjing Beilu East

Node degree
2
2
2
2
3
3
3
3
3
3
3
3
3
4
4
4
3
3
3
3
4
4
3
2
3
2
2
1
3
2
1
3
4
3
2
3

Node traffic flow
1933
3123
2971
3234
2557
3410
1918
2249
1311
1676
3573
7067
5012
6828
6642
6325
5034
3197
2154
3812
2632
1173
2213
3384
1588
1634
1856
1188
3249
2855
813
1587
1070
1645
1177
842

Node betweenness
0.0023
0.0116
0.0105
0.0128
0.0302
0.0372
0.0418
0.0221
0.0035
0.0279
0.0232
0.0232
0.0256
0.0383
0.0476
0.101
0.0604
0.0139
0.0116
0.0186
0.0453
0.0778
0.1626
0.0383
0.0581
0.0767
0.072
0.0023
0.1463
0.0778
0.0023
0.0232
0.1498
0.0581
0.0035
0.0302

Then, the node assessment algorithm can be described by
the following steps.

Step 3. Update cluster prototype matrix 𝑃(𝑡+1) = {𝑝𝑖(𝑡+1) },
(𝑡) 𝑏
(𝑡) 𝑏
𝑝𝑖(𝑡+1) = (∑𝑛𝑘=1 (𝜇𝑖𝑘
) ⋅ 𝑥𝑘 )/(∑𝑛𝑘=1 (𝜇𝑖𝑘
) ).

Step 1 (parameter settings). The data sample 𝑥𝑘 includes three
items: node degree ⟨𝑘⟩, node betweenness 𝐶(𝑖), and rush hour
traffic counts. Let category factor be 𝑐 = 3, 4 corresponding to
different number of node categories. To realize the advantages
of clustering, let index 𝑏 = 2, iteration termination threshold
𝜀 = 0.001, initial iteration counter 𝑡 = 1 and then produce a
prototype model of clustering 𝑃(𝑡) .

Step 4. If ‖𝑃(𝑡) − 𝑃(𝑡+1) ‖ < 𝜀, the algorithm stops and outputs
partition matrix 𝑈 and cluster prototype 𝑃; otherwise let 𝑡 =
𝑡 + 1 and turn to (2). Normally ‖ ⋅ ‖ can use 𝐹-norm; that is,

(𝑡)
Step 2. Calculate the partition matrix 𝑈 = {𝜇𝑗𝑘
}. For for all
−1
2/(𝑏−1)
(𝑡)
(𝑡)
(𝑡) (𝑡)
> 0, there are 𝜇𝑖𝑘
= {∑𝑐𝑗=1 [(𝑑𝑖𝑘
/𝑑𝑗𝑘 )
]} ; if
𝑖, 𝑘, if ∃𝑑𝑖𝑘
∃𝑖, 𝑟 such that 𝑑𝑖𝑟(𝑡) = 0, there is 𝜇𝑖𝑟(𝑡) = 1; and when 𝑗 ≠
𝑟, there
is 𝜇𝑖𝑗(𝑡) = 0.
(𝑡)

2

𝑐
(𝑡)
(𝑡+1)
).
‖𝑃(𝑡) − 𝑃(𝑡+1) ‖𝐹 = √ ∑𝑚
𝑖=1 ∑𝑗=1 (𝑝𝑖𝑗 − 𝑝𝑖𝑗

4. Traffic Control Subarea Division Based on
Community Discovery
In this paper, using the network module degree in (2) as
assessment indicator, we modify Newman cohesion community discovery [18] approach for traffic control subarea
division. The division algorithm can be described as follows.
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Figure 2: C-means result with 𝑐 = 3. (a) Node cluster distribution, (b) Plane projection of betweenness and traffic flow indicators.

Step 3. Repeat Step 2 until the whole network merges into one
community.
0.2

Step 4. Consider the dendrogram of community structure
and select the max module degree. Then, determine the
optimal division of network community.

z-axis

0.15
0.1
0.05

5. Experiment

0
8000
6000

4000
y-a
xis 2000

0 0

1

2
is
x-ax

3

5.1. Traffic Network Modeling. Choose Wangjing area in
Beijing illustrated in Figure 1(a) as test bed to evaluate
the effectiveness of above proposed traffic control network
structure optimization methods. The abstracted weighted
network graph can be referred to in Figure 1(b).

4

Figure 3: C-means result with 𝑐 = 4.

Step 1. Divide the traffic network diagram into 𝑁 communities which means that each node represents one community.
The initial 𝐸𝑖𝑗 and the sum 𝑎𝑖 of its rows of matrix 𝐸 satisfy
𝑎𝑖 =
1
{
,
𝐸𝑖𝑗 = { 2𝑚
{0,

(1) Calculate the node degree of each node according to
the weighted network topology.

𝑘𝑖
,
2𝑚

if there exists link between 𝑖 and 𝑗

5.2. Experiment Traffic Data Collection. On the basis of traffic
raw data in October 17, 2011 from Beijing Traffic Management
Bureau, we calculate the indexes of node degree, nodes
betweenness, and node rush hour (18:00-19:00) traffic flow
as shown in Table 1. The calculation process follows steps as
follows.

(4)

otherwise,

where 𝑘𝑖 is the degree of node 𝑖 and 𝑚 is the total number of
links in the network.
Step 2. Merge the communities that contain links and record
the increment of the network module degree Δ𝑄 = 2(𝐸𝑖𝑗 −
𝑎𝑖 𝑎𝑗 ). Merging should be executed along the direction that
can make Δ𝑄 toward maximum values. Then, renew 𝐸𝑖𝑗 and
add the ranks and rows related to the community 𝑖 and 𝑗.

(2) Calculate the weight of sides of each segment according to the link length, the distance matrix 𝐷 between
the nodes, and the shortest distance 𝑅. Then acquire
the number of each node in the shortest distance
matrix to calculate the betweenness of each node.
(3) Count the vehicle flow data in rush hours and calculate the flow rate for each intersection.
5.3. Intersection Importance Assessment. Apply C-means
clustering algorithm described in Section 3 to get network
nodes importance clustering. Figures 2 and 3 show the cluster
distribution as 𝑐 = 3 and 𝑐 = 4, respectively, in which 𝑥-axis
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Figure 4: Key nodes of wangjing area traffic network.

Module degree curve during Wangjing traffic
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Figure 6: Community division of Wangjing traffic network.

Figure 5: Module degree curve during Wangjing traffic network
community emerging.

means the node degree, 𝑦-axis means node rush hour traffic
flow (veh/hour), and 𝑧-axis means the node betweenness.
Figure 2(b) shows the plane projection of node betweenness
and traffic flow indicators when 𝑐 = 3.
Practically traffic signal control systems generally take
traffic nodes as three categories: key node, important node,
and general node. For convenience, take 3 categories to
cluster the network intersections. Figures 2(a) and 2(b) show
that:

(1) the node degree of cluster centers is almost 2.5 or
3.5 which means that the key node should have node
degree of 3 or 4;
(2) node betweenness of cluster center nodes are 0.018,
0.023. and 0.042, respectively;
(3) rush hour traffic flow of cluster center nodes
is 1600 veh/hour, 3100 veh/hour, and 6500 veh/hour
respectively.
It is very close to the key node selection criteria in traffic
engineering practice. We can choose node 8, node 11, node 14,
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8
node 16, node 24, and node 32 as the key nodes as big points
shown in Figure 4 and bold in Table 1.
5.4. Traffic Control Subarea Division. Complete the community merging process mentioned in Section 4 and record the
value of module degree 𝑄 at each step. The variation curve
is shown in Figure 5 in which the horizontal axis represents
the combination times and the vertical axis represents the
module degree.
From the module degree change curve in Figure 5, we can
see that the 17th calculation corresponds to the maximum
value of network module degree 𝑄 = 0.5843, which means
that when 𝑛 = 17, we can get the best community discovery
division of network. The result of proposed community discovery is shown as Figure 6 and the corresponding division
of traffic control subarea of Wangjing network is shown as
in Figure 7. It is necessary to mention that there are two
key traffic intersections selected in Section 5.3 locating in the
same control subarea. For this situation, we need to decide
the right one according to the requirement of practice.
5.5. Traffic Simulation. To test the effectiveness of network
analysis approach, a hardware-in-loop simulation environment has been built as the following steps: (1) construct
the traffic network simulation of Wangjing area based on
VISSIM simulation platform and (2) implement online realtime control on road network with PC-SCOOT system. To
avoid the influence of signal control algorithm to different
control structure configuration, the same traffic signal control
algorithm has been applied in simulation with traditional
configuration based on distance between intersections and
node traffic flow shown as Figure 8 and proposed configuration by this paper as Figure 7.
Configurate the simulated road network using PCSCOOT system as the following steps: (1) set the SCOOT
system structure by traditional method and proposed method
separately; (2) assign the control subareas and the intersections Modern and IP address utilizing the DBAS commands; (3) make configuration to each intersection in
detail; (4) set the simulated intersection model with IP
address, phase information, and detector information of
signal controller utilizing VB software based on VISSIM
COM interface; (5) set traffic detectors at Wangjingxi Road
and Guangshunbei Street (as shown in Figure 8) in VISSIM
model and input traffic data. Then, three different traffic
demand inputs: 300 veh/hour/lane, 600 veh/hour/lane, and
1000 veh/hour/lane, have been loaded separately into the
network to simulate the traffic state in low hour, flat hour and
rush hour of one day.
Tables 2 and 3 show the traffic operation performance
comparison of SCOOT system based on traditional approach
and proposed network approach. In Table 2, the SCOOT
system based on proposed method achieves better operation
performance during low hour, flat hour, and rush hour.
Specially, the travel time from North to South of Wangjingxi
Road average decreased by 3.1% and from South to North of
Wangjingxi Road average decreased by 7.3%; the travel time
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Table 2: Average travel time of Wangjingxi Road and Guangshunbei
Street (s).
Wangjingxi Road
N to S
S to N

Guangshunbei Street
S to N
N to S

Low hour
Traditional method
Proposed method

293
292

Decrease
−0.34%
Flat hour
Traditional method 254.76

213
191

254
189

−10.32% −25.59%

204
210
2.94%

227.64

322.92

191.50

212.16
−6.8%

221.04
−31.54%

198.29
3.55%

Rush hour
Traditional method 292.46
Proposed method
267.43

216.57
205.96

339.24
218.31

210.51
205.96

−8.56%

−4.9%

−35.65%

−2.16%

−3.1%

−7.3%

−31.41%

−1.35%

Proposed method
254.72
Decrease
−0.0157%

Decrease
Average decrease

from South to North of Guangshunbei Street decreased by
31.41% and from North to South decreased 1.35%.
In Table 3, traffic network performance has been
improved based on proposed configuration method, in
which the network average stop delay decreased by 12.5%,
the network average stops decreased by 19.61% and the
network average speed increased by 11.74%. It is obviously
verifying the availability and feasibility of the proposed
approach in this paper.

6. Conclusion and Future Research
Traditional key intersection selection and control subarea
division method for advanced traffic signal control system do
not consider the inherent characteristic of topology structure
of the traffic network. In this paper, we use three different
indexes based on network analysis to integrate the network
topology structure indicators with traffic flow conditions
which reflect the characteristic of the network from both
static and dynamic aspects. It is more reasonable in theoretical analysis and traffic engineering in practice. Moreover,
the advanced community discovery methods are applied to
establish or adjust the traffic network control structure before
the traffic signal control system come into operation where
the proposed approach does not change their original system
control strategy and signal optimization algorithm. In our
traffic simulation research, compared to traditional method,
the proposed control structure optimization approach will
obviously decrease the travel time and stops of the test
area. It really provides strong support for the application of
this network control structural optimization in traffic signal
network control.
However, the following issues still need to be aware of in
future research: how to achieve more reasonable concordance
between key node assessment and control subarea division
in practice; whether the dynamic division of subcontrol area
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Table 3: Wangjing traffic network simulation performances.

Low hour
Traditional method
Proposed method
Decrease
Flat hour
Traditional method
Proposed method
Decrease
Rush hour
Traditional method
Proposed method
Decrease
Average decrease

Average stop delay (s)

Average stops

Average delay (s)

Average speed (km/h)

78.115
74.518
−4.6%

2.192
2.203
−0.50%

113.105
109.349
−3.32%

34.221
34.663
1.29%

99.04
89.91
−24.76%

4.574
4.056
−51.84%

185.926
144.688
−41.19%

27.222
30.878
27.33%

117.599
108.882
−7.41%
−12.5%

7.454
7.025
−5.76%
−19.61%

278.869
246.971
−11.44%
−19.42%

21.689
23.565
8.65%
11.74%

is feasible and how to actualize this process; whether the
stability of the network traffic control system will be affected
after network analysis approach is applied.
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For the purpose of improving the efficiency of traffic signal control for isolate intersection under oversaturated conditions, a multiobjective optimization algorithm for traffic signal control is proposed. Throughput maximum and average queue ratio minimum
are selected as the optimization objectives of the traffic signal control under oversaturated condition. A simulation environment
using VISSIM SCAPI was utilized to evaluate the convergence and the optimization results under various settings and traffic
conditions. It is written by C++/CRL to connect the simulation software VISSIM and the proposed algorithm. The simulation
results indicated that the signal timing plan generated by the proposed algorithm has good efficiency in managing the traffic
flow at oversaturated intersection than the commonly utilized signal timing optimization software Synchro. The update frequency
applied in the simulation environment was 120 s, and it can meet the requirements of signal timing plan update in real filed. Thus,
the proposed algorithm has the capability of searching Pareto front of the multi-objective problem domain under both normal
condition and over-saturated condition.

1. Introduction
Current traffic signal control technologies usually have lower
efficiency when the saturation degree is high. Many methods
were proposed to improve the efficiency of traffic signal under
traffic conditions with high saturation degree [1–3]. However,
very little of those methods can be widely utilized for the
reason of the requirements or limitations of those methods
[4]. In order to establish one specific traffic control method
with the capability of dealing with oversaturated condition,
the nature of traffic signal control should be discovered.
Traffic signal control methods try to establish the connection between observed traffic parameters, like counts, delay
and queue length, with traffic signal parameters, such as
phase sequence, cycle length, and split. In this way, various
traffic signal optimization algorithms can seek for the values
of traffic signal parameters to obtain the optimal values
of one or several traffic parameters by considering traffic
signal parameters as independent variables under specific
traffic condition. This principle is followed by almost all the
commonly used traffic control optimization methods, which
include TRRL (Transport and Road Research Laboratory)
method [5], HCM (Highway Capacity Manual) method [6]

and adaptive traffic control software like SCATS (Sydney
Coordinated Adaptive Traffic System) [7] and SCOOT (Split
Cycle Offset Optimizing Technique) [8]. Then, it can be
indicated that the descriptions of traffic flow characteristics
are the most critical factor in traffic signal timing optimization. However, the traffic flow becomes unstable when the
traffic demand approaches or exceeds the capacity [9]. The
detrimental effects, such as spillback, residual queue, or Defacto red, make it hard to describe traffic flow characteristics accurately. Thus, traffic signal optimization methods
established by traffic flow formulas under normal traffic
condition are no longer suitable for oversaturated conditions.
The data-driven based heuristic algorithms could be an ideal
method to obtain optimized traffic signal timing plan under
oversaturated conditions. The heuristic algorithms do not
rely on the traffic flow formulas but to seek for optimization
scenarios based on real time traffic data. For the reason
that various factors can affect the effects of traffic signal
control under oversaturated condition, it will be better to
consider more impact factors in the process of traffic signal
optimization.
The focus of this paper is to present a multi-objective
optimization method to obtain a relatively better signal
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timing plan for oversaturated intersection. Before we design
the algorithm, the characteristics of oversaturated traffic
flow are analyzed to acquire the optimized objectives of the
algorithm. Then, we present the details of the algorithm,
which include coding scheme, optimization objectives, and
algorithm selection. At last the convergence and simulation
results of the algorithm under different conditions are summarized and analyzed.

2. Characteristics of Oversaturated Flow
The traffic status can be determined by traffic intensity, that is,
the V/C ratio. At signalized intersection, the over-saturation
can be defined as the condition of an approach with residual
queue [10], which is illustrated as Figure 1. As it is difficult
to measure the residual queue directly, it can be estimated by
loop detector [11] or mobile sensors [12] information using
shockwave theory.
The traffic flow characteristics will be different when
traffic flow is under over-saturation conditions, or approaching saturation conditions [13]. When the traffic condition is
approaching saturation, the traffic flow will become unstable.
A small fluctuation from any vehicle in a platoon may
cause adverse consequences and reduce the efficiency of
traffic system sharply [14]. When the traffic status is under
oversaturated condition, the deterministic queuing model
can be adopted to estimate the queue length. For the reason of
low stability of saturated traffic flow, the parameters estimated
by the models listed above can hardly be utilized in the
process of signal timing.
Generally, oversaturated condition will firstly appear
at one or several isolated intersection with relatively high

saturation degree. Then, the congestion begins to spread to
adjacent intersections with detrimental effect like “spillback,”
which is shown in Figure 2. Intersections along a route with
larger traffic volume may spread the congestion much faster
than other routes [15]. Finally, the whole road network will
be congested, even in a “lock-out” status [16]. According to
process of traffic congestion generation, the traffic control
strategies under oversaturated condition should be utilized
at isolated intersections to avoid detrimental effects like
spillback or residual queue.

3. Algorithm Selection and Design
3.1. Selection of the Algorithm. Throughput maximum and
queue ratio maintenance are two conflicting objectives, which
is a typical multi-objective optimization problem (MOP)
[17]. Many intelligent algorithms, such as Evolutionary Algorithm (EA) [18], Particle Swarm Optimization (PSO) [19],
Simulated Annealing Algorithm (SA) [20], and Ant Colony
Optimization (ACO) [21], can be utilized to obtain the Pareto
front of the MOP. However, of all the algorithms, only the
Genetic Algorithms (GA), one category of the Evolutionary
Algorithm, was successfully applied in the traffic signal
control system for commercial productions [22]. A Nondominated Sorting Genetic Algorithm II (NSGA-II) [23] has
better performance than other multi-objective evolutionary
algorithms [24], and thus it is selected as the traffic signal
control optimization method in this paper.
The NSGA-II algorithm improved the NSGA by adding
elitist strategy, density estimation strategy, and fast nondominated sorting strategy. The time complexity of NSGAII drops to 𝑂(𝑟𝑁2 ) from 𝑂(𝑟𝑁3 ) of NSGA, which is not
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larger than other MOEA. The non-dominated sorting and
the elitist strategy can improve the performance and keep
the better solution. The density estimation strategy avoids the
share parameter, which is hard to determine. These strategies
make the NSGA-II algorithm have better performance than
other MOEA. However, the convergence and diversity of the
NSGA-II may be worse for the reason of density estimation
strategy.
3.2. NSGA-II Algorithm. The major procedure of NSGA-II
algorithm is shown in Figure 3. The main loop of the NSGA-II
algorithm is listed as the following steps.
Step 1. Initially, a random parent population 𝑃0 is created.
The population is sorted based on the nondomination.
Each solution is assigned a fitness (or rank) equal to its
nondomination level. The usual binary tournament selection,
recombination, and mutation operators are used to create an
offspring population 𝑄0 of size 𝑁. Let 𝑡 = 0.
Step 2. A combined population 𝑅𝑡 = 𝑃𝑡 ∪ 𝑄𝑡 is formed. The
population 𝑅𝑡 is of size 2𝑁. Then, the population 𝑅𝑡 is sorted
according to nondomination. The best non-dominated set 𝐹𝑖
is formed.
Step 3. The crowded-comparison operator ≺𝑛 is chosen to
sort the non-dominated set 𝐹𝑖 in descending order. The best
𝑁 members of the set are chosen for the new population 𝑃𝑡+1 .
Step 4. The new population 𝑃𝑡+1 is now used for selection,
crossover and mutation to create a new population 𝑄𝑡+1 .
Step 5. When the termination condition meets, the loop
stops; otherwise, 𝑡 = 𝑡 + 1, and turn to Step 2.
3.3. Coding Scheme. The coding scheme has evidently effects
on genetic manipulation, especially for crossover. The binary
encoding, real number encoding and structural encoding are
three mostly used coding scheme in genetic algorithms. In
the traffic signal control optimization problem, the coding
scheme should get the capability to describe the signal timing
plan. If the binary encoding is applied, additional constraints

are needed in the process of crossover and mutation. Besides,
the logical constraints between genes should also be considered (like the cycle length should be the summation of all
the green times and lost times). All these constraints increase
the complexity of the calculation. Hence, the real number
encoding was selected as the coding scheme in traffic signal
control optimization problem. The green time of each phase
is the executable genetic operator of gene.
3.4. Selection of Optimization Objectives. Most practitioners
tend to make simple changes to splits or phase sequence to
minimize delay before moving to more complex approaches.
Considering the traffic control strategies for oversaturated
conditions are immature, it is better to keep the current
control strategy instead of applying a new one. It is also
important to implement strategies (where possible) to prevent over-saturation from occurring in the first place, rather
than reacting to the issues after the fact. Once the traffic
demand goes back to the normal level, the frequently used
traffic control strategy will make the practitioners manage
the traffic flow easily. In this way, the throughput maximum
should be selected as one of the optimization objectives.
The queue problem is the major detrimental effects
under oversaturated condition. Signal timing optimization
algorithm should get the capability of maintaining the queue
ratio of each approach in an acceptable range. In this control
strategy, the green times should be adjusted to balance
the queues at intersection’s approaches during oversaturated
conditions. The objective is to minimize the number of
blocked intersections by critical intersection’s queues.
Based on the discussion listed above, two optimization
objectives, “throughput maximum” and “queue ratio maintenance,” are selected in the proposed traffic signal timing
optimization algorithm.
3.5. Optimization Objective Functions. In order to achieve
the optimization objective of throughput maximum, the
algorithm tends to extend cycle length to avoid the lost time
brought by phase transition process. However, the queue
of the conflicted intersection approaches will form very
quickly under oversaturated condition and get extremely
high probability to be “spillback” if the long cycle length is
selected. At this time, the proposed algorithm should have the
capabilities of maintaining the queue ratio at each approach
to prevent the detrimental effects. It is assumed that high
resolution traffic data are available for signal timing plan
optimization. The output of the algorithm will be the green
times of all the phases. The phase sequence is predefined.
Under oversaturated condition, traffic system is erratic,
especially at the critical route of subnetwork or critical
movement of the intersection. Hence, the primary target of
traffic control under oversaturated condition is to maintain
the traffic flow in a stable state and to discharge as many
vehicles as possible, especially for the critical movement. For
the purpose of maximizing the throughput vehicles of the
critical movement, a weight coefficient should be multiplied
by the actual throughput numbers in the corresponding optimization objective function. Thus, the throughput maximum
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optimization function in the algorithm can be obtained as
follows:
𝑂𝑐 = max ∑ (𝜔𝑖 ⋅ 𝑛𝑖 (𝑔𝑖 , 𝐶, 𝑡)) ,
𝑖=1

(1)

where 𝑂𝑐 is the weighted maximum throughput vehicle number of the intersection, 𝜔𝑖 is the weight coefficient of the 𝑖th
movement, and 𝑛𝑖 (𝑔𝑖 , 𝐶, 𝑡) is the actual throughput vehicles
of the 𝑖th movement, which is a function of the green time of
movement 𝑔𝑖 , cycle length 𝐶, and time; this parameter can be
directly obtained from the VISSIM simulation environment
in this research.
Many traffic optimization measures can be classified
as the queue maintenance strategy, such as average queue
length, maximum queue length, average maximum queue
length and dissipated queue length. The queue occupancy
ratio is utilized as the optimization objective by considering
the impact of acceptable queue space. By introducing this
conception in the optimization objective function, the detrimental effect “spillback” can be eased effectively. Meantime,
the queue length of each phase can also be optimized.
The queue ratio maintenance optimization function in the
algorithm can be obtained as follows:
𝑂𝑙 = min

1 𝑃 len𝑝
,
∑
𝑝 𝑝=1 𝐿 𝑝

NSGA-II based traffic control
optimization algorithm

(2)

where 𝑝 is the number of the phases, len𝑝 (𝑡) is the queue
length of the 𝑝th phase, and 𝐿 𝑝 is the maximum acceptable
queue of the corresponding phase.

4. Evaluation Setup
4.1. Simulation Environment. The proposed algorithm was
deployed and evaluated in a prevailing microscopic traffic
simulation environment, VISSIM. The advantages of VISSIM
over other simulation packages include the following
(1) VISSIM provides the largest flexibility for users to
calibrate driving behaviors and traffic conditions.
(2) VISSIM was developed under .NET framework,
which brings flexibility for add-on program development.
(3) VISSIM provides the best tools for the development of
signal control strategies, such as the NEMA controller
emulator, Vehicle Actuated Programming (VAP) language, signal control Application Programming Interfaces (SCAPI), and so forth.
VISSIM SCAPI method was used to develop the signal
control emulator in this research. SCAPIs were written in
C++/CLR language [25] and the original version of SCAPI
controller requires signal control algorithms to be embedded
into a single dynamic link library (DLL) file. To facilitate
the development, a middleware was developed, which can
synchronously collect all the real-time detectors/phases states
from the VISSIM network to the controller emulator then

.NET framework
Actual vehicle
information

Optimized signal timing
plan in next interval

VISSIM COM

VISSIM network

Output data from VISSIM

Figure 4: Simulation environment of VISSIM.

return the new desired phase states back to the VISSIM
network. At each time step, the controller runs the algorithm,
makes decisions according to the current state, and then
returns the new desired phase states to the VISSIM network.
The concept of this simulation environment is illustrated as
in Figure 4.
The algorithm was tested under a PC environment with
the configuration of Intel Core i7-3770 3.4 GHz processor and
8 GB DDR3 RAM. It takes less than 1 s to optimize the signal
timing plan of single intersection on average. The VISSIM
software has the capability of simulating the network ten
times faster than the real time at minimum. Thus, a 120 s
interval, which is larger than most cycle length applied in the
real filed, is selected as the update frequency. This parameter
should be adjusted based on the hardware configuration.
During the period of updating the signal control parameters,
the simulation software can provide the simulated traffic
flow parameters in the next 20 minutes, which can become
the input of the algorithm. The signal timing plan will be
updated synchronously in the simulation environment when
the current cycle is finished.
4.2. Experimental Design. A simple four way intersection is
selected to evaluate the proposed algorithm. The geometric
characteristics of the intersection are shown in Figure 5. The
experimental configurations are listed in Table 1, and experimental traffic volume is listed in Table 2. Within the signal
timing plan, the NEMA’s (National Electrical Manufactures
Association) ring structure (see Figure 7) [26] is utilized to
achieve the purpose of adjusting the green flexibly based on
traffic volume.
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Table 1: Experimental configurations of the proposed algorithm.
Parameters
The length of intersection approach (m)
Desired speed (km/h)

Desired value
550
60
4 for signal ring
5 for signal ring and phase sequence
8 for dual-rings
200
0.8
0.1
100

Number of genes
Population size
Crossover probability
Mutation probability
Evolution generation
Table 2: Experimental traffic volume (pcu).
Movement
Left turn
Throughput
Right turn

Low
65
620
35

Eastbound
High
130
1240
70

Low
30
700
20

Westbound
High
60
1400
60

4.5 m
N

3.3 m
3.3 m
3.3 m
3.3 m

4.5 m

Figure 5: Intersection geometry.

5. Results and Discussions
The convergence and results of proposed algorithm at various
gene numbers and traffic volumes are analyzed. In order to
evaluate the effect of the algorithm, the widely used Webster
model and Synchro software are utilized as a reference
algorithm to the proposed algorithm.
5.1. Convergence of the Algorithm. In order to test the convergence of the algorithm, the optimization results of the proposed algorithm after 50 generations and 100 generations are
compared. As illustrated in Figure 6, the converged speed of
the proposed algorithm is relatively fast. After 50 generations,
the optimization results have already got a relatively good

Low
30
370
20

Northbound
High
60
740
40

Low
40
510
50

Southbound
High
80
1020
100

convergence, which is similar to the optimization results after
100 generations. In this way, the evaluation generation can
be reduced when it is necessary to consider the calculation
time. Although the accuracy of the solution may be lower,
the accuracy can still be acceptable based on the experimental
results.
5.2. Optimization Results with Different Gene Numbers. As
the NEMA’s ring structure is utilized in the proposed algorithm, the number of genes can stand for different signal
timing scenarios. In this paper, a comparison of scenarios
with 4, 5, and 8 genes is selected. The scenario with 4 genes
stands for a signal ring timing plan with fixed four phases (left
lagging). While the scenario with 5 genes means a signal ring
with flexible phase sequence (lead/lagging). And the 8 genes
scenario is a standard NAME dual-ring traffic signal timing
plan. Figure 7 shows the single ring structure with left lag
phase sequence and the standard dual ring structure. Figure 8
illustrates the optimization results of the three scenarios
listed above. It can be indicated that the feasible optimal
solutions of the 4 and 5 genes are much more than the 8
genes scenario. The optimization results will be better if the
distribution of optimal solution can cover the whole period.
The distribution of the optimization solutions of 5 genes are
more balanced than other scenarios. With the increase of
the gene’s number, the evaluation generations and population
size will rise significantly. Meantime, the complexity of the
algorithm will increase too.
5.3. Comparison of the Optimization Results under Different
Traffic Volume. As illustrated in Figure 9, the proposed
algorithm has the capability of optimizing traffic signal
control under different traffic conditions. In the high volume scenario, the traffic volume of southbound exceeds its
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Figure 6: Distribution of optimal solutions after various generations.
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Figure 7: Schematic diagrams of the ring structure.

capacity. The selected intersection is under an oversaturated
condition. The optimization results of the Webster method
and Synchro are shown in Table 3, and the comparisons of the
selected parameters from the methods are shown in Table 4.
The Webster model cannot calculate the cycle length with a
saturation degree greater than 1; thus the Akcelik’s model is
applied to obtain the signal timing plan under oversaturated
condition. Based on the optimal results, the average queue
ratio of the intersection can be maintained less than 1 by
applying the proposed algorithm.
Compared with the optimal results with Webster model
and Synchro software, the proposed algorithm has similar
performance with other method under normal condition.
However, under oversaturated condition, queues build up
quickly under the signal timing plan by common used
models. For the reason of applying specific optimization
objectives, the proposed algorithm has the capability of

searching and converging to Pareto front of the multiobjective problem domain under oversaturated conditions.
It should be noticed that the proposed algorithm has no
obvious advantages under the normal conditions. In this way,
it is suggested to apply the mature signal timing optimization
methods or software, such as Synchro, to determine the signal
timing plan under the normal conditions instead of applying
the new one. It is also important to implement the proposed
algorithm to prevent over-saturation from occurring in the
first place, rather than reacting to the issues after the fact.
Once the traffic demand goes back to the normal level,
the frequently used traffic control method will make the
practitioners manage the traffic flow easily.

6. Conclusions
A multi-objective optimization algorithm is present to optimize traffic signal timing at oversaturated intersection. In
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Figure 8: Distribution of the optimal solutions with various gene numbers.
Table 3: Optimized signal timing plan of Webster model and Synchro software.
Algorithm
Webster model under normal condition
Webster model under over-saturated condition
Synchro model under normal condition
Synchro model under over-saturated condition

Cycle length (s)
66
132
70
90

Phase 1 (s)
35
74
36
45

Phase 2 (s)
23
50
26
37

Yellow (s)
4
4
4
4

Table 4: Comparison of the evaluation results between proposed method and other models.
Algorithm
NSGA II (4 genes)
NSGA II (5 genes)
NSGA II (8 genes)
Webster
Synchro

Normal
23417
24582
24814
23981
24173

Throughput vehicles (pcu)
Over-saturated
44492
46706
48628
29598
35916

Normal
0.46
0.44
0.45
0.48
0.45

Average queue ratio
Over-saturated
0.94
0.94
0.90
>1
>1

Average queue ratio
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the proposed algorithm, throughput maximum and average
queue ratio minimum are selected as the optimization objectives to meet the characteristics of oversaturated traffic flow.
The proposed algorithm was tested under various kinds of
phases and traffic conditions. The gene number can reflect
the phase sequence and traffic control structure of the signal
timing. The more genes are selected, the more accurate
the algorithm is. Meantime, the proposed algorithm will be
difficult to get feasible solution if the large gene number is
selected because of the computational complexity. Thus, it
is suggested that the gene number should be no more than
8. The real number encoding is utilized in the proposed
algorithm, and the executable genetic operator of gene is
the green time of the corresponding phase. The update
frequency applied in the simulation environment was 120 s,
and it can meet the requirements of signal timing plan update
in real filed. The experimental results from VISSIM SCAPI
simulation environment indicate that the proposed algorithm
has the ability of obtaining traffic signal timing plan with
better performance than the commonly utilized signal timing
optimization software under oversaturated conditions. The
performance of proposed algorithm under normal condition
is not better than the commonly used traffic signal control
optimization methods for the reason of the discrepancies
between the optimization objectives and the traffic flow
characteristics. The proposed algorithm has the capability
of searching Pareto front of the multi-objective problem
domain. Further jobs should be concerned on the signal
timing optimization method for oversaturated coordinated
intersections or small scale road network and real field
applications with the traffic signal controller.
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Transport policy making process of national and local governments should be supported by a comprehensive database to ensure a
sustainable and healthy development of urban transport. China Urban Transport Database (CUTD) has been built to play such a
role. This paper is to make an introduction of CUTD framework including user management, data warehouse, and application
modules. Considering the urban transport development features of Chinese cities, sustainable urban transport development
indicators are proposed to evaluate the public transport service level in Chinese cities. International urban transport knowledge
base is developed as well. CUTD has been applied in urban transport data processing, urban transport management, and urban
transport performance evaluation in national and local transport research agencies, operators, and governments in China, and it
will be applied to a broader range of fields.

1. Introduction
With the economy growing rapidly in recent years, the
total number of vehicles increases dramatically and leads
to urban traffic congestion, environmental pollution, and
energy issues. To enhance the level of service for travelling
in urban areas, both central and local governments in China
have applied suitable strategies and policies to reduce the
traffic congestion and air pollution. Public transport has
been considered as the most promising way to solve these
promising way to solve these problems and is given the
priority in urban transport development. The State Council
of China, at the beginning of 2013, issued The Guideline on
Further Implementing the Prioritized Development of Urban
Public Transport, which ensures the leading role of public
transit in urban transport.
There are several successful cases of database to provide
urban transport data to support policy making, transport
planning, and evaluation. Several institutions around the
world are working on data collection and sharing. We list
online resources of their databases as follows:
(i) http://www.regiolab-delft.nl/ developed by Region
Laboratory Delft, Netherlands,

(ii) http://safety.fhwa.dot.gov/tools/data tools/
fhwasa09002/ developed by Federal Highway Administration (FHWA), USA,
(iii) National Household Travel Survey: http://nhts.ornl.
gov/,
(iv) http://www.fhwa.dot.gov/policy/ developed by Federal Highway Administration (FHWA), USA,
(v) Online resource as of 2010: http://www.fmcsa.dot.
gov/facts-research/facts-figures/analysis-statistics/
dashome.htm,
(vi) Highway Performance Monitoring System: http://
www.nhtsa.gov/Data/,
(vii) http://www.ntdprogram.gov/ntdprogram/ developed
by Federal Motor Carrier Safety Administration
(FMCSA), USA,
(viii) http://mobility.tamu.edu/ developed by National
Highway Traffic Safety Administration (NHTSA),
USA,
(ix) http://www.nra.ie/ developed by Federal Transit
Administration (FTA), USA,
(x) http://www.astra.admin.ch/,
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(xi) National Transit Database: http://www.uitp.org/
publications/.

Problems exist in the reuse of traffic data, with various
data formats, different aggregations, and different densities
of metainformation (when existing). Miska et al. (2007)
developed an International Traffic Database (ITDb) to deal
with these problems by applying data name matching or
translation to form a comprehensive standardized data pool,
which can improve efficiency of the database [1, 2].
ITDb is a database that focuses on collecting and providing urban road traffic data (vehicle speed, traffic volume
occupancy, etc.) in cities all over the world to provide help
to academic researches or other applications [3, 4]. Another
US database, the National Transit Database (NTD), which
focuses on data collection and application of public transport
data, is different from ITDb [5]. The NTD is developed to
satisfy the data requirements of all levels of governments and
the public. The NTD can evaluate the performance of nation’s
public transport system and can be used to calculate the
amount of public transport system supporting funds. Public
transport service quality evaluation cannot be made since
daily service data is not collected.
China Transport Statistical Information Network and
China Public Transport Network are two nationwide transport databases developed by Chinese companies and transport management agencies. However, the two databases have
many inadequacies which cannot meet the needs for urban
transport study or other practical application. The following
are the current shortcomings of Chinese transport databases.
(i) No comprehensive urban transport database (with
data types including urban and suburban, domestic
and international, public and private transport, GIS
and urban transport, etc.).
(ii) No data uploading and downloading mechanisms.
(iii) No comparative analysis of urban transport data.
(iv) No integrated decision making system.
Since the existing transport databases are either not suitable or comprehensive enough to monitor the development
of public transit, evaluate policy effects on urban transport
improvements, and support decision making, an integrated
database needs to be established specially for sustainable
urban transport development [6].
China Urban Transport Database (CUTD) is the first
nationwide comprehensive urban transport database, with
various types of data such as urban transport network, infrastructure, individual travel, public transport, and pedestrian
data. The data sources of CUTD include GIS urban network
map, traffic control feedback, traffic monitoring system,
public transport operation, and so forth. With abundant
and wide-covering urban transport data, CUTD supports
decision-making, planning, management, and operation process of urban transport, helping the development of safe,
convenient, efficient, economical, equitable, and sustainable
urban transport systems for Chinese cities. As a project
funded by Volvo Research and Educational Foundations
(VREF), CUTD is accessible to partners and colleagues from
all VREF Centers of Excellence (CoE).

2. The Framework of CUTD
The framework of CUTD includes modules of user management, data warehouse, and application [7, 8]. Indicators based
on Chinese urban transport features are proposed to support
transport development policy making and the assessment of
development strategies’ effects.
The three modules of CUTD: user management, data
warehouse, and application (see Figure 1) are designed to
realize the database’s functions of storing transport data
(ranging from raw data to statistical analysis results), running
statistical analysis, and making evaluations. Each of the modules is designed and developed independently to focus on
both technical aspects and the satisfaction of user demands
[9]. The development of CUTD is based on its final operation.
To meet the requirement of high performance, CUTD data
has to be highly transfer-efficient and be of high quality. Other
existing designs of databases, which are simply based on a
single set of data types, are different from CUTD.
2.1. User Management. CUTD users include data providers
and decision makers. Highway companies, bus and metro
operators, and statistic departments of governments are
data providers who are required to register the database
and upload data regularly. All levels of governments and
their supporting research agencies are decision makers who
can make use of the data analysis and the evaluation and
simulation results to develop transport development strategies. During the data uploading and user processes, the
database administrator implements data quality management
to ensure good data quality for the proper work of algorithms
and tools. All datasets are strictly checked according to the
quality management rules, which require a minimum set of
metainformation.
Other potential users of CUTD data include domestic and
international academic organizations (NGOs, universities,
specialists, etc.) and individuals. Different levels right to
the database are delivered to different groups of users. The
Ministry of Transport of the People’s Republic of China
establishes a specific network for national and international
data exchange and cooperation.
2.2. Data Warehouse. The data warehouse of CUTD includes
three layers: geographic layer, transport layer, and data collection layer, which composite a stable and compact structure,
improving the robustness of CUTD.
2.2.1. Geographic Layer. Based on GIS maps, the geographic
layer provides map information that includes aspects of urban
transport network and railway network, as shown by Figure 2.
Transport infrastructures are divided into two groups, the
link and the node, which can ensure a minimum set of
metainformation for the users to search and get access to.
2.2.2. Transport Layer. Unlike the static urban transport
structure information stored in the geographic layer, the
transport layer of data warehouse consists of comprehensive data of all moving objects in urban transport system,

Mathematical Problems in Engineering

3

China Urban Transport
Database (CUTD)

Modeling

Data warehouse

User management

Application

Indicator

Module
User registration
Firewall

User permission

Data collection
layer

Congestion monitoring
Geographic
layer

Operation log

Simulation and evaluation

Energy efficiency

Transport
layer

Simulation and evaluation
Transport planning

Data quality audit

Transport financing
PT policy making

Figure 1: The framework of China Urban Transport Database.

Geographic layer

Traffic layer

Urban transport network

Link

Node

Toll gate
Expressway

Intersection

Local street

Weaving area

Walkway

Bus stop
Parking lot

Tunnel

Entrance

Bridge

Exit

Light rail

Train station

Subway
Rail network

Attributes

ID

Dynamics

Type

Performance index

Energy
consumption

Position
Speed

OD volume

Ridership
Flow

Travel time

Figure 3: Structure of the traffic layer of CUTD.

Figure 2: Structure of the geographic layer of CUTD.

including cars, buses, trains, motorcycles, bicycles, pedestrians, passengers, and so forth. Information including the
original attributes and dynamics describing the movement of
objectives are all stored in this layer, as shown by Figure 3.
2.2.3. Data Collection Layer. The data-collection layer consists of real-time traffic data collected by road traffic detection
systems, which include the sensor type and location, the
penetration rate of probe vehicle, and mobile device information. The collection of this type of data needs the support of
roadside detecting equipment, GSM equipment, or vehicleinfrastructure communication equipment. Real-time traffic

data can be helpful to online traffic management, intelligent
dispatching of public transport modes or taxis.
2.3. Application. The following (including but not limited)
are function modules which can be realized based on the
data warehouse of CUTD. These modules can support the
fulfillment of the urban transport development objectives of
CUTD.
(i) Urban traffic simulation and evaluation [10, 11]. This
module can provide simulation of urban traffic conditions (road, urban rail, or pedestrian, etc.) and
evaluate traffic conditions.
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(ii) Traffic congestion monitoring and management. This
module can dynamically monitor urban road traffic
condition and identify congestion links or nodes.

Table 1: Sustainable urban transport evaluation indicators.
Aspect

(iii) Energy consumption and emission monitoring and
calculation.
(iv) Urban transport planning.
(v) Urban transport investment cost-benefit analysis and
public transport enterprises’ operation cost-audit and
subsidy apportionment.

Transportation
function

(vi) Public transport policy making support.
(vii) Travel service information.

3. China Sustainable Urban Transport
Evaluation Indicator System
3.1. Sustainable Urban Transport Evaluation Indicators. For
a certain city, CUTD data can be applied in the assessment
of urban transport sustainable level and the evaluation of
its public transport performance; therefore, the database
plays a significant supporting role in the urban transport
policy making process. The application of CUTD data can
provide help to all levels of governments to improve their
urban transport development strategies and urban transport
management approaches.
Sustainable Urban Transportation System (SUTS) is a
crucial part of an energy-saving, environment-friendly, and
people-oriented society. To make an urban transport development towards SUTS, the evaluation of the sustainability
of transport system should be carried out first. Establishing
an indicator system for the SUTS is a suitable work to start
with [12, 13]. The evaluation indicator system is preliminarily
composed of 6 aspects and 26 indicators as shown in Table 1.
3.2. Public Transport Performance Indicators. Giving priority
to urban public transport development has been regarded as
a right strategic choice for urban transport development in
Chinese cities. The Chinese government has made a plan to
build a number of “Transit Metropolis” in the Twelfth FiveYear Transport Development Plan; therefore, the importance
of the establishment of a national public transport performance indicator system has appeared. The indicator system
can help evaluate and guide the public transport development
in Chinese cities.
The following 8 aspects are selected to set indicators for
the development of public transport performance indicator
systems [14].
(1) Public transport infrastructure performance (e.g., the
ratio of bus parking spaces in the station).

Economic and
financial

Indicator
Road network density (km/km2 )
Resident average travel time (min)
Resident average transfer time (min)
Commute time by public transport (min)
Average speed at arterial roads (km/h)
300 m-radius coverage ratio of public transit
station (%)
Public transit network density (km/km2 )
Berths supply—demand ratio (%)
Infrastructure invest/GDP (%)
Public transit invest sharing (%)
Financial subsidies sharing (%)
Average annual growth rate of urban transport
investment (%)
Public transport affordability (%)
Household travel cost (%)

Pedestrian path area per capita (m2 /person)
Public transport and nonmotor share (%)
Equity and safety Percentage of villages with PT services (%)
Accidental fatalities among 10,000 vehicles
(person/10,000 vehicles)
Annual growth rate of major accidents (%)
Accidental economic loss (Yuan/vehicle)
Energy
consumption

Fuel consumption per vehicle (liter/vehicle)
Occupier of land (%)
Traveler volume/road area (person/m2 )

Environmental
influences

Pollutant emission per vehicle (gram/vehicle)
Traffic pollution sharing (%)

Management
capacity

Urban transportation management ability

(4) Public transport operational level (e.g., transportation
efficiency, vehicle-employee ratio, and public transport vehicle number per one million people).
(5) Public transport information service level (e.g., bus
intelligent dispatching, electronic bus stop ratio).
(6) Safety and security level (e.g., fatalities per 10,000
vehicles, annual growth rate of major accidents).
(7) Energy saving and emission reduction level (e.g., percentage of bus using clean-energy, fuel consumption
per passenger/vehicle).
(8) Public transport industry standardization level (e.g.,
public transport operation/service standardization,
public transport terminology, and glossary standardization).

(2) Public transport service quality [15] (e.g., the availability indicators, the convenience indicators, the cost
indictors, the comfortable indicators, and the safety
and security indicators).

4. Data Collection Methods

(3) Public transport industry economy level (e.g., investment cost-benefit analysis).

CUTD data can be obtained through the following three
channels.
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(1) Ministry of Transport (MOT) and Ministry of
Finance (MOF) of China issued circular “Urban and
Rural Passenger Transport Fuel Subsidy” in the end of
2009. The central government will establish the “Public Transport Development Foundation” in the near
future. Referring to the experience of the US National
Transit Database (NTD), all fund receivers or all
fund applicants might be required to report energy
consumption data and public transport development
related data (such as public transport investment data,
operation data, and maintenance data, etc.) to the
nationwide urban transport database.
(2) MOT carries out urban passenger transport statistics
every year; therefore, the second data source can be
developed by means of urban passenger transport
statistics mechanism.
(3) As a tentative plan, cooperation with Chinese cities
such as Beijing, Shanghai, Chengdu, Zhengzhou,
Jinan, Xi’an, and so forth can provide opportunities to
obtain dynamic traffic data and develop the preliminary dynamic data report system. Also, the number
of cooperation cities can be increased gradually in
the future with the dynamic traffic data report system
extended.

5. CUTD Application Examples
The application of CUTD has been pushed forward with the
building of Urban Transport Planning, Control and Evaluation Lab, within which five systems including Urban Transport Data Collection and Analysis System, Urban Public
Transport Intelligent Control and Information Management
System, Urban Transport Data Management System, Urban
Transport Planning Decision-Making Supporting System,
Urban Transport Simulation and Evaluation System, and
Urban Public Transport Monitoring Information Platform
have been designed.
5.1. Urban Transport Data Collection and Analysis System.
This system has two main functions of data collection and
data analysis, which serve both data providers and decision
makers. As shown by Figure 4, urban transport data is
collected from data providers through extraction, cleansing,
classification, and loading and imported into CUTD and
IUTD (International Urban Transport Database). By analysis
and comparison of the data from the two databases, query,
statistical analysis, data mining, and information sharing can
be realized. Various types of analysis results can then be
shown to decision makers (or other data users).
For data providers, this system offers functions of on-page
data reporting, spreadsheet uploading, and data approving to
improve data input convenience and ensure high data quality.
Providers can log into the system and type in data directly
on pages as shown by Figure 5 or fill data into standard
formatted excel spreadsheets and upload the files onto the
system. Uploaded data can be reviewed, modified, or deleted.
Data approving function examines the data, stores qualified
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data for the use by analysis system and monitoring system,
and returns unqualified data for modification.
5.2. Urban Public Transport Intelligent Control and Information Management System. This system includes two parts:
taxi dispatching and information collection and intelligent
bus dispatching and control.
The taxi dispatching and information collection module
has functions of monitoring, data converging, and reporting
generating. Taxi status monitoring, vehicle positioning, vehicle alarming, and vehicle control can be realized by collecting
and managing taxi GPS information, driver information,
and vehicle information through this module. These types
of information can be integrated into a GIS program, which
can display vehicle position and driving route on maps.
Information of time, speed, vehicle, driver, and even vehicle
monitoring video can also be transmitted and displayed on
different interfaces. Taxi dispatching can be compiled by
applying various telecommunication measures considering
taxi information and the actual operational needs. Figure 6
shows an application of this module in Beijing’s taxi dispatching.
The intelligent bus dispatching and control module collects CAN bus information and GPS information and displays
the position, speed, schedule following status, and other
information of buses on real-time interfaces. This module
has been applied in Dalian Development Area. There are
three view types of bus operation status: simulation view as
shown by Figure 7, track view, and schedule view as shown by
Figure 8. Dispatching and managing tasks including arrival,
departure, operation, stop, return, and fault can be carried
out by reviewing the real-time information and issuing
instructions through communication tools integrated with
other functions.
At the same time, all types of bus operation data are
stored into historical database as spreadsheets or operation
log. The data can be reviewed by database users or analyzed
by statistical programs.
5.3. Urban Transport Data Management System. Within the
information construction process, various operation systems
have been developed by different departments according to
their own business demands. All those systems are separated
from each other without any connection or communication.
The Urban Transport Data Management System is built to
unify all those databases. The following achievements are
reached.
5.3.1. Data Management Specifications. Data storing specification ensures the reliability and integrity of data transfer and
realizes the pooling and sharing of data.
Data coding specification provides unified conversion
interface and unified storage of multisource data.
Data exchange specification provides standard data coding rules and realizes the data exchange between heterogeneous databases.
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Figure 4: The software framework of Urban Transport Data Collection and Analysis System.

Figure 7: Bus operation monitoring and dispatching.
Figure 5: On-page data reporting.

5.3.2. Collection of Domestic and International Urban Transport Data. CUTD has included 58 spreadsheets with over
63.22 million pieces of data.
IUTD has included 51 spreadsheets with over 0.80 million
pieces of data.
Also, 0.974 million pieces of abnormal data have been
cleaned and filtered.
CUTD data collections include the following.
(i) Dynamic collection of real-time bus and taxi dispatching data.
Figure 6: Taxi position monitoring based on GIS.

(ii) Exchange of data from domestic statistical information platform.
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Figure 8: Bus schedule following status.

(iii) Collection of data from mastered basic researches and
original surveys.
(iv) Collection of relevant data from surveys in typical
cities.
(v) Collection of relevant data from surveys in transport
enterprises.
(vi) Collection of relevant result data from special surveys
in cities by transport management departments.
(vii) Collection of historical data (from urban transport
yearbooks or transport yearbooks).
(viii) Collection of fuel consumption data of urban-rural
passenger transport and rural water passenger transport.
Classifications of IUTD data include the following.
(i) Collection of data from basic researches.
(ii) Collection of relevant result data from surveys in
cities.
5.3.3. A Unified Data Interface for Planning, Simulation,
Monitoring, and Evaluation. By developing the functions of
data sharing and exchanging, a unified data interface for
planning, simulation, monitoring, and evaluation is provided
[16]. As shown in Figure 9, the Urban Transport Data Management System can realize four main functions including
basic data element management, information resource menu
management, data exchange management, and authorization
management.
5.4. Urban Transport Planning Decision-Making Supporting
System. This system has four models providing evaluation
data for urban development indicators, public transport
service quality, and future planning to support transport
planning decision-making.
5.4.1. Urban Public Transport Planning Model. By analyzing
basic travel information (collected from daily travel survey and bus passenger survey) and geospatial information
(including bus geographic data and socioeconomic data)
from urban transport database, this model can achieve travel
plan analysis, bus corridor classification, bus line planning,
public transport optimization program design, and public
transport program review to support decision-making by
public transport managers.
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Figure 9: The interface of Urban Transport Data Management
System.

Figure 10: Congestion status display.

5.4.2. Transport Infrastructure Investment-Benefit Analysis
Model. By using operation scheduling, real-time dispatching, infrastructure, and other data and carrying out subsidy
test [17], passenger traffic calculation, and other data mining
technology to get investment-benefit and traffic operation
benefit information, which provide dynamic parameters for
evaluation and display. This model can achieve the comparison of different transport infrastructure investment options
(e.g., the comparison between tram and BRT) to provide
references to governors or investors on decision-making.
5.4.3. Urban Traffic Congestion Analysis Model. By carrying
out floating car data map matching and calculation, combined with path speculation, traffic trend judgment, feature
fusion, and other data processing measures, this model can
provide traffic conditions and the average speed of buses.
This model has been applied in the congestion analysis of
Beijing. Congestion levels are displayed on road maps as
shown by Figure 10. Congestion data including influencing
time, period, and results is stored in congestion database.
5.4.4. Urban Transport Energy Environmental Policy Evaluation Model. By using vehicle and operation data from the
urban transport database, energy consumption and emission
can be calculated to provide support to the evaluation of
transport energy and environmental policies.
Functions of this model include the following.
(i) Urban transport energy demand scenario analysis
and forecast.
(ii) Urban transport emission scenario analysis and forecast.
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Figure 12: Operation safety indicators scoring of Zhengzhou Bus
Company.
Figure 11: A simulation of a public transport hub.

(iii) Evaluation of transport development impacts on
future urban environment.
(iv) Evaluation of urban transport impacts on health.
(v) Estimation of vehicle and operation line energy consumption.
(vi) Emission hot spot analysis.
(vii) Evaluation of energy saving and emission reduction
effects.
5.5. Urban Transport Simulation and Evaluation System. This
system includes urban road network simulation and evaluation model and public transport service quality evaluation
model.
5.5.1. Urban Road Network Simulation and Evaluation Model.
This model is based on microsimulation software, VISSIM,
which can realize the simulation of traffic status at different
types of road sections and junctions under different control
types, different signal timing, different speed limits, or different deceleration controls. The model can get relevant data
(infrastructure and transport user data) from urban transport
database and apply the data in simulation model construction
and model calculation. Outputs of this model are values of
evaluation indicators and 3D simulation video which can
show the simulated traffic condition vividly and intuitively.
One of the applications of this model is simulation and
evaluation of public transport hubs, as shown by Figure 11.
Both the move of public transport vehicles and the move
of passengers are simulated. By inputting different groups of
vehicle and passenger data, different usage statuses can be
demonstrated and different indicator values can be obtained
to do evaluations. Also, infrastructure data can be modified to
meet different operation and travel demands, as a simulation
of infrastructure design or transformation. Evaluations and
comparisons of different designs can then be carried out.
5.5.2. Public Transport Service Quality Evaluation Model.
This model can dynamically correlate index system and bus
operation database to make trend analysis of various indicators and comprehensively evaluate urban public transport

development level by weighting the indexes. Figure 12 shows
the operation safety indicators scoring of Zhengzhou Bus
Company. Except for the scoring of safety indicators, from
the interface it can be seen that there are also scoring of convenience indicators, comfort indicators, reliability indicators,
satisfaction indicators, and energy saving (environmental)
indicators.
5.6. Urban Public Transport Monitoring Information Platform.
In response to the national public transport development
priority strategy and a series of regulatory strategies, as well
as guidelines and guidance of the Ministry of Transport,
surveys and expert discussions were carried out in Chengdu,
Xi’an, Zhengzhou, and Shanghai. The Urban Public Transport
Monitoring Information Platform was designed and developed. Monitoring of urban public transport infrastructures,
passenger traffic, operation smoothness, and security and
emergency responding is realized by collecting and analyzing
bus and urban rail transport data. Evaluation of urban public
transport development is made according to the Urban Public
Transport Development Indicator System. Strong support is
provided to promote the national “Public Transport City”
demonstration construction projects.
5.6.1. Urban Public Transport Development Evaluation. By
pooling static data and dynamic data, obtaining data with
statistical measures, and making comparisons with the data
a year earlier, macrojudgment of urban transport situations
can be made. This function can assist the evaluation of traffic
management program implementation effects and provide
data supports to the exploration of the interaction law
between different departments.
5.6.2. Bus
Infrastructure Monitoring. By monitoring infrastructure, the
development of public transport lines, stations, and vehicles can be mastered and support can be provided to the
monitoring and evaluation of urban public transport development, and the strategic development planning decisions.
Also, policy support can be provided to further strengthen
infrastructure construction.
In terms of vehicles, vehicle type distribution (e.g., newenergy vehicle percentage, and vehicle age distribution) and
indicators such as bus unit number per 10 thousand people
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Figure 13: Congestion level of a major bus line network in
Zhengzhou.
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Figure 14: Dynamic subway passenger data demonstration.

research on urban transport energy and greenhouse gas
emission reduction.
are counted to support the acquisition and maintenance of
vehicles by bus companies.
Passenger Traffic Analysis. The passenger traffic analysis
module analyzes the spatial and temporal distribution of
urban passengers and is used to guide bus line and bus stop
planning and the dispatching coordination of bus operators.
(i) As the most basic indicators, passenger density and
distribution are analyzed to provide basic data for hot
spot analysis, congestion analysis, and bus corridor
building.
(ii) Main stop load factor reflects the distribution of
passengers waiting at bus stops.
(iii) Key bus line passenger distribution provides data
support to transport planning and bus dispatching
coordination.
Public Transport Monitoring. Making use of the research
achievement of congestion model, the real-time matching
of bus GPS data with nearly 80,000 lines’ data and nearly
12,000,000 pieces of IC card data, the analysis of key bus line
operation can be realized based on GIS.
By monitoring bus passenger flows during different
periods in morning peaks and evening peaks, the system
can analyze the spatial and temporal distribution of bus
passengers between key areas and find out big passenger flows
between key areas. The system can also evaluate and describe
congestion level of road network and bus line network
based on road grade and bus speed, as what was applied in
Zhengzhou shown by Figure 13.
Energy Saving and Emission Reduction. Bus energy consumption monitoring system analyzes vehicle energy consumption, CO2 emission, intensity, fuel consumption structure,
and vehicle type structure according to emission standards.
It plays an important role in helping understand the energy
consumption, operation, and energy saving of transport
system. Effective monitoring and statistics of vehicle emission
is the basic measure to reduce pollution, save energy, and
reduce emission. It can also lay the foundation for future

Security and Emergency Responding. The monitoring of
security and emergency responding focuses on enterpriselevel indicators including the number of over speed alarm,
abnormal brake alarm, abnormal door switch alarm, and
accidents.
5.6.3. Urban Rail Transport. In line level, by real-time
monitoring and comparing passenger entering and exiting
stations, passenger flow direction and moving trend can be
dynamically demonstrated in forms of vector charts, stacked
charts, and detailed statistics. Figure 14 shows the passenger
data of Beijing Subway Line 1. The entering, exiting, and
total passenger volumes are demonstrated in the form of a
histogram. Passenger flow levels are displayed by different
colors on the line map.
Based on urban rail passenger sorting model, key indicators (e.g., line load factor) are analyzed, by fine-grained
monitoring of passenger traffic in each direction and each
station.

6. Conclusion and Future Work
In this paper we have introduced China Urban Transport
Database, a user-oriented platform for policy makers. This
study has proposed an indicator system of Sustainable Urban
Transportation System tailored for the current situation of
urban development in China. The results of this study provide
the evaluation basis for sustainable urban transportation in
China. CUTD will be the primary source of information
and statistics on the urban transportation systems of China,
serving to improve China’s sustainable urban transport development.
As a three-year project, the platform has been established
in 2011 based on the framework proposed. Functions of
simulation and evaluation, congestion monitoring, energy
efficiency, transport planning, and public transport policy
making have been implemented by corresponding systems.
However, transport financing function is still waiting to be
realized; databases still need to be expanded and improved;
communications between different systems need to be
strengthened. It is also important to improve the applicability
of the various indicators, the scientific and operability of the
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weight of each indicator, so greater adaptability is needed for
the next stage of the study.
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One key decision basis to the train stop scheduling process is the passenger flow assignment, that is, the estimated passengers’ travel
path choices from origins to destinations. Many existing assignment approaches are stochastic in nature, which causes unbalanced
problems such as low efficiency in train capacity occupancy or an irrational distribution of transfer passengers among stations.
The purpose of this paper is to propose a train stop scheduling approach. It combines a passenger flow assignment procedure that
routes passenger travel paths freely within a train network and is particularly capable of incorporating additional restrictions on
generating travel paths that better resemble the rail planner’s purpose of utilizing capacity resources by introducing four criteria to
define the feasibility of travel path used by a traveler. Our approach also aims at ensuring connectivity and rapidity, the two essential
characteristics of train service increasingly required by modern high-speed rails. The effectiveness of our approach is tested using
the Chinese high-speed rail network as a real-world example. It works well in finding a train stop schedule of good quality whose
operational indicators dominate those of an existing stochastic approach. The paper concludes with a comprehensive operational
impact analysis, further demonstrating the value of our proposed approach.

1. Introduction
As high-speed rail (HSR) networks are being constructed and
expanded worldwide, rail operators face continuing problems
of efficiently planning their high-speed train services. One
such problem is the train stop scheduling problem (TSSP),
which involves specifying a set or subset of stations within
a HSR network where individual trains will stop. An efficient train stop schedule is crucial to improve train service
connectivity, particularly for passengers whose origins and
destinations (ODs) are not situated at limited terminals. On
the other hand, the goal of scheduling many stops by a train
on its route to ensure good connectivity conflicts with the
goal of maintaining the rapidity of that train. From a practical
perspective, a rail operator will always seek to maintain
the most efficient schedule to provide the optimal balance
between stop locations and frequencies.
Understanding passenger behavior requires a fundamental analysis to be conducted when designing services for
any transportation modes [1]. For rail, a passenger flow

assignment procedure is a key decision basis to develop a
train stop schedule within a train network. Most of the work
from the literature that deals with the TSSP concentrated on
selectively allocating train stops at stations along a rail line or
in a network, where train stop pattern combinations of the socalled non-stop (i.e., direct express), skip-stop, and all-stop
are employed. Decisions regarding the number of stops made
by a train and at which stations in the network those stops
are to take place should be rationally built on a simulation
of passengers’ travel paths choice behavior. In principle,
scheduling train stops (or any other train service plans)
should be consistent with the specific passenger demand.
Two optimization models with the objectives of covering
more passenger demand with fewer train stops as well as
saving more travel time for passengers were developed by
Hamacher et al. A genetic algorithm was introduced and
tested on a partial rail network in southern Germany [2].
In the context of The Netherlands’ rail network, three types
of stations and train lines are usually referred to as regional
(R) or stop trains for type 1, interregional (IR) for type 2,
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and Intercity (IC) for type 3. Train lines of type 1 halt at
all stations they pass. Lines of type 2 skip the small stations
of type 1 and so forth. Goossens et al. established integer
models combined with a multicommodity flow problem for
multitype line planning problems to minimize operator’s
operating cost [3]. Using a 46 km long, six-station transit
line in the northeastern US as the background, Ulusoy et al.
optimized all-stop, short-turn, and express transit services
by a cost-efficient operation model, and a logit-based model
was used to estimate the ridership of all the seven pregiven
train stop patterns [4]. In the setting of Taiwan’s HSR line,
Chang et al. formulated a multiobjective model with the TSSP
embedded in that model to yield a train operation plan.
The objectives included minimizing the operator’s operating
cost and the passengers’ travel time loss. The model was
solved by a fuzzy mathematical programming approach [5].
A bilevel programming model which was combined with a
network equilibrium analysis of passenger flow assignment
on trains in a lower-level problem was proposed by Lee
and Hsieh. A numerical case study of the final train stop
schedule included seven selectable train stop patterns among
five stations along the line [6]. For the Beijing-Shanghai
Chinese HSR line, Zhang et al. proposed a multiobjective
0-1 programming model to solve the TSSP. The objectives
were minimizing train dwell time for travelers, improving
the load of every train, and minimizing unsatisfied passenger
demand for seven stations along the line [7]. Over a partial
rail network mixed of both HSR and conventional rail lines,
a bilevel programming model was applied by Deng et al.
who exploited the user equilibrium theory to generate train
stops together with a process of passenger flow assignment on
trains [8].
From the aforementioned studies, we further examine
three aspects of the TSSP, including two essential characteristics, connectivity and rapidity of a good train stop schedule,
as well as the passenger flow assignment as follows. And we
herein illustrate the motivation for this study.
(1) Typically, a binary decision variable defining a stop
being added at a station on a train or not is adopted. In
doing this, as the number of stations becomes larger, it
turns out to be hard to ensure a complete connectivity,
meaning that travelers cannot always reach their
destinations using direct or transfer connections. To
the best of our knowledge, the first approach in the
direction of guaranteeing connectivity is the use of a
mixed integer linear programming (MILP), in which
a binary decision variable indicating whether stop(s)
is (are) added on a train for a passenger OD is
considered in the problem formulation, working well
in finding satisfactory solutions (see [9]).
(2) Frequent train stops result in negative impacts including reducing train’s rapidity, increasing passengers’
total travel time as well as train operating cost.
According to the literature, a common way to avoid
the negative impacts of adding stops on trains is to
define certain classes of trains and then restrict the
total number of stops trains of each classification
could make.

(3) In the planning phase, each rail line generally tends
to be organized towards certain passenger ODs,
and a few of the major stations in a network are
designed with good transfer capabilities. Accordingly,
an ideal train stop schedule would intentionally organize passenger traffic that better resembles planner’s
purpose (i.e., passengers may be appropriately guided
towards corresponding train services through using
tool, e.g., a seat reservation system). However, previous research has not incorporated this idea in their
stochastic passenger flow assignment procedures in
the TSSP.
The main goal of the present work is to investigate a
train stop scheduling approach that retains good connectivity
and rapidity while also being able to cope with intentionally
organizing passenger traffic in the passenger flow assignment
procedure. For the purpose of retaining connectivity and
rapidity, we decided to build on the recent approach of Fu
et al. [9], using the same way of defining the binary decision
variable. As an improvement, a restricted passenger flow
assignment will be used in this paper to replace their normal
formulation.
The paper is organized as follows. In Section 2, we formally describe the nominal version of our TSSP and illustrate
the associated MILP formulation. In Section 3, we modify
the MILP formulation by introducing a new passenger flow
assignment constraint to deal with rail planner’s purpose
as mentioned previously. Numerical examples on real-world
instances from the Chinese HSR network are presented in
Section 4. Conclusions and future research are discussed in
Section 5.

2. The Nominal TSSP
In this section, we describe the nominal TSSP that we consider in this paper. We restrict ourselves to the HSR network
case used by Fu et al. [9] to be able to compare with their
method and briefly recall the assumptions prior to illustrating
the MILP formulation. Generally, in a rail network, trains
running within a single rail line are known as in-line trains,
and trains running across at least two linked up rail lines
are known as cross-line trains. Both in-line and cross-line
train OD patterns and potential train operating frequencies
are predetermined as inputs for the model. Also, the track
capacity is sufficient to meet the passenger demand by
operating trains with rational load factors.
2.1. Notation. In the nominal TSSP, the aim is to effectively
utilize capacity resources and to minimize passengers’ generalized cost using a combination of train stop patterns. Our
underlying approach partly borrows from Fu et al. [9] the
notations of parameters and variables which are outlined
below:
L: set of trains among the given train OD patterns, in
which ℓ𝑘 represent trains indexed by 𝑘 (or V as shown
in the underlying formulation).
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𝜀(ℓ𝑘 ): the number of train stop patterns that could be
generated for train ℓ𝑘 in set L.
𝑓(ℓ𝑘 ): estimated operating frequency of train ℓ𝑘 .
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2.2. Problem Formulation. The nominal MILP formulation
for the TSSP is as follows:
min

𝑉: set of stations in network, in which V𝑖 represent
stations (that can also be indexed by𝑗, 𝑝, or 𝑞).
V𝑖 (ℓ𝑘 ): stations (may not be stops) on the route of train
ℓ𝑘 .
𝐸: set of tracks in network, in which 𝑒𝑙 represent tracks
indexed by 𝑙.
𝐷: set of passenger ODs, in which 𝑑(V𝑖 , V𝑗 ) represent
passenger demand between station V𝑖 and V𝑗 .
𝐷 (ℓ𝑘 ): the collection of possible passenger ODs for
which stops can be added on train ℓ𝑘 , and 𝐷 (ℓ𝑘 ) =
{(V𝑖 , V𝑗 ) ∈ 𝐷 | ℓ𝑘 ∈ (V𝑖 , V𝑗 )}.
L(V𝑖 , V𝑗 ): the collection of possible trains on which
stops can be added for a passenger OD (V𝑖 , V𝑗 ), and
L(V𝑖 , V𝑗 ) = {ℓ𝑘 ∈ 𝐿 | (V𝑖 , V𝑗 ) ∈ ℓ𝑘 }.
L(𝑒𝑙 ): the collection of trains in set L with their
routes covering track 𝑒𝑙 .
𝐴(V𝑖 , V𝑗 ): set of feasible travel sections for travelers
of passenger OD (V𝑖 , V𝑗 ) within the given train OD
patterns.
𝑎𝑛 (ℓ𝑘 ): passenger travel sections in set 𝐴(V𝑖 , V𝑗 )
indexed by 𝑛 (or 𝑚); each travel section is uniquely
on one train ℓ𝑘 .
𝜅(ℓ𝑘 ): seating capacity of train ℓ𝑘 .
ℎ(V𝑖 , V𝑗 ): route length between stations V𝑖 and V𝑗 .
𝑁(ℓ𝑘 ): the maximum number of stops that can be
added on train ℓ𝑘 .
𝜂(V𝑖 , ℓ𝑘 ): count parameter of whether a stop being
added at station V𝑖 on train ℓ𝑘 .
𝑌((V𝑖 , V𝑖+1 ), ℓ𝑘 ): accumulative passenger flow assigned
on train ℓ𝑘 between two adjacent stations V𝑖 and V𝑖+1
on the train route.
𝑇(𝑎𝑛 (ℓ𝑘 )): passengers’ generalized cost on travel sections 𝑎𝑛 (ℓ𝑘 ).
𝜏𝑖𝑡 (𝑎𝑛 (ℓ𝑘 )): in-vehicle time on travel sections 𝑎𝑛 (ℓ𝑘 ).
𝜏V𝑡 (𝑎𝑛 (ℓ𝑘 )): time converted from the ticket fares by
time value on travel sections 𝑎𝑛 (ℓ𝑘 ).
𝜏𝑟𝑡 (𝑎𝑛 (ℓ𝑘 )): wait time on travel sections 𝑎𝑛 (ℓ𝑘 ).
𝛿𝑖𝑡 , 𝛿V𝑡 , 𝛿𝑟𝑡 : weights of generalized cost components.
𝑥((V𝑖 , V𝑗 ), 𝑎𝑛 (ℓ𝑘 )): binary variable, it is 1 only if for
passenger OD (V𝑖 , V𝑗 ), stops are added on train ℓ𝑘 ; else
it equals 0.
𝑦((V𝑖 , V𝑗 ), 𝑎𝑛 (ℓ𝑘 )): variable of the passenger flow of OD
(V𝑖 , V𝑗 ) assigned on train ℓ𝑘 with stops added on it.

∑ (𝜅 (ℓ𝑘 ) ⋅ 𝑓 (ℓ𝑘 ) − 𝑌 ((V𝑖 , V𝑖+1 ) , ℓ𝑘 ))

∑

ℓ𝑘 ∈L V𝑖 (ℓ𝑘 )∈𝑉

(1)
⋅ ℎ (V𝑖 , V𝑖+1 ) ,

min

∑

∑

(V𝑖 ,V𝑗 )∈𝐷 𝑎𝑛 (ℓ𝑘 )∈𝐴(V𝑖 ,V𝑗 )

𝑇 (𝑎𝑛 (ℓ𝑘 )) ⋅ 𝑦 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 ))
(2)

𝑦 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 )) = 𝑑 (V𝑖 , V𝑗 ) ,

∑

s.t.

ℓ𝑘 ∈L(V𝑖 ,V𝑗 )

(3)
∀ (V𝑖 , V𝑗 ) ∈ 𝐷,

∑

𝑥 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 )) ⋅ 𝜅 (ℓ𝑘 ) ⋅ 𝑓 (ℓ𝑘 )

ℓ𝑘 ∈L(V𝑖 ,V𝑗 )

(4)

≥ 𝑑 (V𝑖 , V𝑗 ) ,

∀ (V𝑖 , V𝑗 ) ∈ 𝐷,

𝑦 ((V𝑖 , V𝑗 ) ⋅ 𝑎𝑛 (ℓ𝑘 ))
∑
(V𝑖 ,V𝑗 )∈𝐷 (ℓ𝑘 ):𝑎𝑛 (ℓ𝑘 )⊇𝑒𝑙
≤ 𝜅 (ℓ𝑘 ) ⋅ 𝑓 (ℓ𝑘 ) ,

(5)

∀𝑒𝑙 ∈ 𝐸, ℓ𝑘 ∈ L (𝑒𝑙 )

∑ 𝜂 (V𝑖 , ℓ𝑘 ) ⋅ 𝑥 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 )) ≤ 𝑁 (ℓ𝑘 ) ,

V𝑖 ∈𝑉

(6)

∀ℓ𝑘 ∈ L,
𝑦 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 )) ≤ 𝑀 ⋅ 𝑥 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 )) ,
∀ℓ𝑘 ∈ L,
𝑥 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 )) ∈ {0, 1} ,
𝑦 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 )) ∈ R+ ,

(V𝑖 , V𝑗 ) ∈ 𝐷,

(7)

∀ℓ𝑘 ∈ L, (V𝑖 , V𝑗 ) ∈ 𝐷, (8)
∀ℓ𝑘 ∈ L, (V𝑖 , V𝑗 ) ∈ 𝐷.

(9)

Objective function (1) minimizes total trains’ deadhead
kilometers, where
𝑌 ((V𝑖 , V𝑖+1 ) , ℓ𝑘 )
= ∑

∑

V𝑗 ∈𝑉 𝑎𝑛 (ℓ𝑘 )∈𝐴(V𝑖 ,V𝑗 )

𝑦 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 )) ,

(10)

∀V𝑖 (ℓ𝑘 ) ∈ 𝑉.
Passengers’ generalized cost in objective function (2) consists
of three parts: in-vehicle time, consuming time converted
from the ticket fares by time value, and wait time. Thus,
𝑇(𝑎𝑛 (ℓ𝑘 )) extends as
𝑇 (𝑎𝑛 (ℓ𝑘 )) = 𝛿𝑖𝑡 ⋅ 𝜏𝑖𝑡 (𝑎𝑛 (ℓ𝑘 )) + 𝛿V𝑡 ⋅ 𝜏V𝑡 (𝑎𝑛 (ℓ𝑘 ))
+ 𝛿𝑟𝑡 ⋅ 𝜏𝑟𝑡 (𝑎𝑛 (ℓ𝑘 )) .

(11)

Because train sets running on the same section do not
necessarily operate at a uniform speed, different passengers
for a given OD may have different in-vehicle time. Similarly,
the ticket fares pricing would adopt a differentiation strategy
in terms of either train speed classifications or being based
on in-line trains and cross-line trains. Wait time depends on
train operating frequencies.
Constraint (3) imposes passenger flow conservation in
the assignment process. Demand-supply constraints are illustrated in (4) and (5). Constraint (4) ensures the total train
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stop frequencies at a given station are adequate to meet the
passenger demand requirements. Constraint (5) denotes that
the flow of different passenger ODs assigned on a given
train ℓ𝑘 should not exceed that train’s seating capacity. The
condition of “𝑎𝑛 (ℓ𝑘 ) ⊇ 𝑒𝑙 ” means that only passenger OD(s)
using travel sections 𝑎𝑛 (ℓ𝑘 ) which pass through track 𝑒𝑙 is
(are) taken into account. Constraint (6) limits the maximum
number of stops on train ℓ𝑘 . The count parameter 𝜂(V𝑖 , ℓ𝑘 )
equals 0 if a stop will not be added at station V𝑖 ; and equals 1 if
station V𝑖 is to be added as a stop for more than one passenger
OD. Constraint (7) ensures that if stop(s) is (are) not added
on train ℓ𝑘 for passenger OD (V𝑖 , V𝑗 ), its flow assigned on train
ℓ𝑘 equals 0; 𝑀 is a very large positive number. Finally, the two
types of decision variables are restricted in constraints (8) and
(9).

3. Our TSSP with Restricted Passenger
Flow Assignment
Passengers may have a large set of travel paths from which
they choose without any restrictions. A main drawback
of the nominal TSSP illustrated in the previous section is
that it assigns passengers onto trains in a stochastic way,
not taking into account guiding passengers towards certain
train services on planner’s capacity resources allocation
strategy. Stochastic assignment can strongly affect the quality
of train capacity occupancy, causing unbalanced problems;
for example, short-distance travelers may preempt seats of
long-distance travelers and be served by a long-distance
train, while long-distance travelers are expelled out of that
service. Additionally, the formulation ignores and is not easy
to describe transfer behavior of travelers. Therefore, train
service connectivity for travelers that mostly obtained from
scheduling additional train stops would instead depend on
the quality of the given train OD patterns.
To overcome these problems, and stimulated by applications of routing passenger travel paths freely in a public
transit network discussed by, for example, Goossens et al.
[3] and Borndörfer et al. [10], we convert the nominal TSSP
into a TSSP embedded with a multicommodity flow problem
(MCFP) by modifying constraint (3). Subsequently, we are
able to assign passengers onto trains in a restricted way, via
incorporating additional restrictions on generating passenger
travel paths. Our modified version of the MILP model (1)–(9)
includes objective functions (1) and (2), constraints (4)–(9)
but uses the following new constraint:
∑
V𝑞 ∈𝑉,𝑎𝑚 (ℓ𝑘 ):=(V𝑝 ,V𝑞 )

−

𝑦 ((V𝑖 , V𝑗 ) , 𝑎𝑚 (ℓ𝑘 ))

∑
V𝑞 ∈𝑉,𝑎𝑛 (ℓ𝑘 ):=(V𝑞 ,V𝑝 )

𝑇 (𝑎𝑛 (ℓ𝑘 )) = 𝛿𝑖𝑡 ⋅ 𝜏𝑖𝑡 (𝑎𝑛 (ℓ𝑘 )) + 𝛿V𝑡 ⋅ 𝜏V𝑡 (𝑎𝑛 (ℓ𝑘 ))
+ 𝛿𝑟𝑡 ⋅ 𝜏𝑟𝑡 (𝑎𝑛 (ℓ𝑘 )) + 𝛿𝑡𝑡 ⋅ 𝜏𝑡𝑡 (𝑎𝑛 (ℓ𝑘 )) .

(13)

Apparently, 𝜏𝑡𝑡 (𝑎𝑛 (ℓ𝑘 )) is not equal to zero only if the section
is a part of one travel path with transfer(s).
As the foundation of producing restrictions on generating
passenger travel paths, we first recall the rail planner’s
purpose as already mentioned in the introduction section
and make some further interpretations. A passenger rail line
as part of a rail network is built, generally, tending to be
organized towards certain passenger ODs along the corridor
of priority. For the sake of efficient train capacity occupancy,
in-line travelers should be organized onto in-line trains as
much as possible, which is a practical representation of the
important principle of that passenger travel distance should
match train trip distance. Second, to adapt to passenger
distributing capacity, stations with eligible facilities are recommended as main transfer hubs spread all over the entire
rail network. From a functional perspective, transfer hubs
have good performance if one transfer occurs within the
same platform, and trains have convenient as well as fast
connections with other high-speed or conventional trains or
urban public transport.
We next illustrate our adopted restrictions in consideration of rail planner’s objectives when generating passenger
travel paths in the MCFP. A general rule is to limit a feasible
travel paths set for passengers of each OD, using two primary
criteria as follows.
(1) A travel path, or a travel section being part of a path
with transfer(s) possible for passengers of a certain
OD is feasible, only if the ratio between the length
itself and the trip distance of a train onto which
passengers are probably assigned is greater than a
given baseline value (notated as 𝜇).
(2) A travel path with transfer(s) is feasible if the transfer
hub(s) is (are) selected from recommended stations.

𝑦 ((V𝑖 , V𝑗 ) , 𝑎𝑛 (ℓ𝑘 ))

if V𝑝 = V𝑖
𝑑 (V𝑖 , V𝑗 )
{
{
= {0
if V𝑖 ≠V𝑝 ≠V𝑗
{
−𝑑
(V
,
V
)
if V𝑝 = V𝑗 ,
𝑖 𝑗
{
∀ (V𝑖 , V𝑗 ) ∈ 𝐷, V𝑝 ∈ 𝑉.

In both versions of the MILP models, the passenger flow
is assigned on a section (i.e., arc) basis (the reader interested
in the MCFP applied for passenger flow assignment on a
path basis is referred to, e.g., [11]). A travel section in the
nominal version equates to a travel path. Comparatively, since
transfer can be considered in constraint (12), a travel path now
becomes splittable. That is to say, a travel path consists of at
least one travel section, two travel sections compose a travel
path if one transfer occurs during one single trip, and so forth.
Accordingly in the modified version, we attach transfer time
on travel sections 𝑎𝑛 (ℓ𝑘 ) in (11) denoted by 𝜏𝑡𝑡 (𝑎𝑛 (ℓ𝑘 )) and
assign a weight 𝛿𝑡𝑡 to them; (11) thus reads

(12)

From the viewpoint of providing better quality train
services, alternative restrictions include the following:
(3) a controlled percentage of nonstop trains for travelers
are provided;
(4) a single passenger is not required to transfer more
than once during a single trip.
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Figure 1: Topology of study HSR network.

Of course, many other restrictions on paths generation
are allowed in practice; a rail operator could adopt many
other criteria to define the feasibility of a path and choose
a desirable set of paths, depending on the specific requirements. For example, even if criterion (1) is met, a rail operator
could additionally delete travel paths on a train if that train
precedes other trains not serving passengers among smaller
stations. Certain travel paths could be likewise specified to
passengers, for whom, in extreme case, no travel paths can be
found by following the given criteria.

addition to the already mentioned criteria, we provided that
the terminal stations in Figure 1 served as transfer hubs, and
70 percent of travelers of one OD were organized towards
nonstop trains with load factor not less than 0.85. During the
solving process, a layered sequence method was employed to
convert the multiobjective problem to a single-objective one.
The models were first solved under single-objective (1); its
optimization results were put into constraints as
∑

∑ (𝜅 (ℓ𝑘 ) ⋅ 𝑓 (ℓ𝑘 ) − 𝑌 ((V𝑖 , V𝑖+1 ) , ℓ𝑘 ))

ℓ𝑘 ∈L V𝑖 (ℓ𝑘 )∈𝑉

4. Numerical Examples
4.1. Data Set. This section presents a numerical test of the
proposed approach for the TSSP using data from a real-world
example on the Chinese railways. We focus our attention on
the example adopted by [9] to allow for comparisons. For
the sake of clarity, we stretch their real-world HSR network
to be a topology with each station numbered as shown
in Figure 1. Additional information reflecting each line or
section’s operating condition is shown in Table 1. For the 2015
forecast year, our numerical example includes a total of 303
passenger ODs and total 453,205 passenger traffic per day
associated with the Jinghu HSR (the center of the network,
we abbreviate it as JHSR in the following). Due to data sizes,
passenger flow OD matrix is not shown but is available from
the authors. Table 2 shows the train OD patterns as given
from the operational plan, which includes 7 in-line trains
and 29 cross-line trains for the JHSR network. Other input
parameters of our models are specified in Table 3.
4.2. Discussion of Results. Progressing to our appropriate
code based on the original one (used in [9]), both models
in two versions were applied to the network and solved on
an Intel i5 2.4 GHz with 2 GB RAM in the environment of
Microsoft Windows XP using the Lingo 10.0 optimizer. Note
that in the modified version, we incorporated all the four
restrictions into predetermined feasible travel paths set. In

∗

(14)

⋅ ℎ (V𝑖 , V𝑖+1 ) = 𝑀

with 𝑀∗ being the optimum solution; afterwards the problems were optimized under single-objective (2).
Using a branch-and-bound algorithm, our restricted
TSSP took 57 minutes of computing time to find an optimum
solution compared to 36 minutes for the nominal TSSP. The
final train stop schedule obtained for the restricted TSSP
is displayed in Table 4 and a comparison of our method
with the method for the nominal TSSP is shown in Table 5.
Due to the increase in complexity, as expected, the efficiency
gotten for our solution is lower than that of the nominal one,
but the gain in most operational indicators (to be discussed
later) is quite significant and confirms the effectiveness of the
proposed approach. Because the TSSP has to be solved in the
planning phase, the computing time is acceptable.
According to Table 5, although it is a straightforward
modification of an existing approach for the nominal case,
our approach turns out to be effective in scheduling train
stops of good quality, as indicated by operational metrics
which clearly dominate those of the nominal TSSP. In spite
of the differences, the two schedules have some similarities.
First, both methods result in a flexible combination of train
stop patterns, that is, nonstop, skip-stop, and all-stop. However, an “all-stop” train stop pattern is only recommended for
short- or medium-distance trains (e.g., the train from station
13 to 18). Another similarity between the two methods is
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Table 1: Line or section information of study HSR network.

HSR line or section
Jinghu (1-18)
Jingshen (1-19)
Jiaoji (21-20)
Shijiazhuang-Dezhou
Shitai (22-23)
Zhengxu (24-9)
Zhengxi (24-25)
Hening (26-13)
Hewu (26-27)
Wuhan-Chengdu
Huhang (18-29)

The year in operation
2011
—
2008
—
2009
—
2010
2008
2008
—
2010

Approximate length (km)
1,318
676
362
180
190
360
458
166
356
1,260
158

Speed classification (km/h)
350
350
200∼250
250
250
350
350
200
200
200
350

“—” indicates that the rail line or section is planned or not completely in operation.

Table 2: The given train OD patterns.
In-line train ODs

(1, 13) (1, 18) (3, 18) (6, 13) (6, 18) (9, 18)
(13, 18)

Cross-line train ODs
(1, 20) (1, 26) (1, 29) (3, 20) (3, 27) (3, 29)
(6, 19) (6, 27) (6, 29) (9, 20) (9, 26) (9, 29)
(13, 20) (13, 23) (13, 25) (13, 29) (18, 19)
(18, 20) (18, 23) (18, 25) (18, 24) (18, 28)
(18, 27) (18, 26) (20, 19) (20, 27) (20, 25)
(29, 25) (29, 24)

Train ODs for transfer connections only

(19, 1) (20, 21) (23, 6) (25, 9) (24, 9) (28, 13)
(27, 13) (26, 13) (28, 27) (28, 26)

Table 3: Input parameters of the models.
Parameter

Value or descriptive calculation

Split coefficient 𝜀 (ℓ𝑘 )
Seating capacity 𝜅 (ℓ𝑘 )
Number of train stops 𝑁 (ℓ𝑘 )

11 for in-line trains and 3 for cross-line trains
1,060 seats/train-set
Maximum of 7 times for in-line trains, and 8 for cross-line trains
Train route length ℎ (V𝑖 , V𝑗 ) /train travel speed ( accommodates to the rail line’s speed
classification)
Ticket fares (0.55 RMB/km for 350 km/h train, 0.45 RMB/km for other trains) × ℎ (V𝑖 , V𝑗 ) /time
value of passenger (45 RMB/h on average)
0.50/𝑓 (ℓ𝑘 ): a fraction (taken as 0.50 here) of headway which is the inverse of a train’s operating
frequency
30 minutes
0.39, 0.28, 0.12, 0.21
0.80 for in-line travelers and 0.50 for cross-line (transfer) travelers

In-vehicle time 𝜏𝑖𝑡 (𝑎𝑛 (ℓ𝑘 ))
Consuming time 𝜏V𝑡 (𝑎𝑛 (ℓ𝑘 ))
Wait time 𝜏𝑟𝑡 (𝑎𝑛 (ℓ𝑘 ))
Transfer time 𝜏𝑡𝑡 (𝑎𝑛 (ℓ𝑘 ))
Weights 𝛿𝑖𝑡 , 𝛿V𝑡 , 𝛿𝑟𝑡 , and 𝛿𝑡𝑡
Baseline value 𝜇

that, in the interaction with objective functions, the obtained
train stop schedules perform even better. For instance, under
the schedule for the restricted TSSP, 73 percent of trains are
assigned to a number of stops less than restricted as compared
with 65 percent by the nominal TSSP. This difference is due to
a hard rule applied in the restricted TSSP that more nonstop
trains are allowed operations, and the consequence arising
from this influences the average train travel speeds in the
same way. In both methods, the entirely assured connectivity
for travelers is not surprising because travelers are always
tracked on which train(s) they are assigned and stops are
accordingly determined by defining such type of a decision
variable. For example, the train “9-11-13-14-17-18” stops at four
intermediate stations for estimated travelers of 10 passenger

ODs assigned on it, even though in practice, travelers of all
15 combinatorial passenger ODs can be absolutely served by
that train. Therefore, from a practical perspective, the number
of possible passenger OD combinations served by each train
is necessarily higher than the measures from the computing
results of passenger flow assignment.
The indicator of realized passenger traffic represents a
notable difference between the two methods. The realized
passenger traffic of our restricted TSSP is significantly larger.
As already mentioned in Section 3, this is achieved by allowing transfers in travel paths. However, the gain in reducing
passengers’ generalized cost is not that much higher when
compared to the nominal TSSP. To make a more accurate
comparison, we calculate generalized cost on the scale of
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Table 4: Train stop schedule estimated from the method of our
restricted TSSP.
Train OD

Train route no.

Train stop pattern with station
sequence

In-line trains
1, 13

1, 18

3, 18

6, 13

6, 18

13, 18

20, 9

1

20-6-9

9, 26

1

9-11-26

9, 29

1

9-11-13-17-29

20, 13

1

20-6-13

1-2-4-8-9-10-11-12-13

1

1-18

2

1-3-18

3

1-3-6-13-18

4

1-3-5-6-7-13-18

23, 13

1

23-22-6-7-8-10-11-13

5

1-3-6-11-13-16-17-18

25, 13

1

25-9-13

6

1-2-3-5-7-8-9-16-18

1

13-18-29

2

13-14-15-16-17-18-29

7

1-2-3-4-5-9-15-17-18

8

1-2-3-6-9-10-11-13-18

9

1-2-3-4-9-10-12-14-18

10

1-3-6-9-11-13-15-17-18

1

3-18

2

3-6-18

3

3-6-9-18

4

3-5-6-7-8-15-17-18

5

3-4-5-6-7-8-12-17-18

1

6-13

2

6-7-9-10-11-12-13

1

6-9-18

2

6-13-18

3

6-7-8-9-14-16-17-18
6-10-11-12-13-16-17-18

1
2

9-13-18
9-11-13-14-17-18

1
2

13-18
13-14-15-16-17-18
1-3-20

2

1-2-3-4-5-20

1

1-3-6-9-26

2

1-3-5-6-8-11-26

3

1-3-4-5-6-7-9-10-11-26

1, 29

1

1-3-6-9-13-29

3, 20

1

3-5-20

1

3-9-13-26-27

2

3-4-7-10-12-27

3, 29

1

3-5-6-10-11-13-18-29

19, 6

1

19-1-5-6

6, 27

1

6-8-26-27

3, 27

6-8-13-18-29

2

1

1, 26

2

6, 29

1-9-13

Cross-line trains
1, 20

1

Train stop pattern with station
sequence
6-7-9-29

Train OD Train route no.

1

4
9, 18

Table 4: Continued.

13, 29

1

19-1-3-6-9-13-18

2

19-2-7-8-9-10-11-13-17-18

3

19-2-4-5-9-13-14-15-16-18

20, 18

1

20-6-14-15-16-17-18

23, 18

1

23-22-9-14-15-16-17-18

1

25-9-12-13-18
25-9-10-11-13-14-15-16-17-18

19, 18

25, 18

2
1
2

24-9-13-18
24-9-10-11-12-14-15-16-17-18

28, 18

1

28-13-17-18

27, 18

1

27-13-15-16-17-18

1
2

26-13-18
26-13-15-16-17-18

19, 20

1

19-3-4-5-20

20, 27

1

20-9-10-11-27

20, 25

1

20-6-8-25

25, 29

1

25-9-12-13-18-29

24, 29

1

24-9-13-18-29

24, 18

26, 18

an individual traveler. For the case of the restricted TSSP, the
total passengers’ generalized cost is 3.59392 × 106 (h) while the
cost is 3.12417 × 106 (h) for the nominal TSSP. This represents
a saving of approximately 0.27 hours per traveler. This small
but meaningful amount of time saving is attributed to that, in
the restricted TSSP, the decrease of travel time via operating
nonstop trains is greatly offset by the increase of transfer time.
The effectiveness of the approach of our restricted TSSP is
also supported by another operational indicator. It is apparent
from Table 5 that the matching degree measured by 𝜇 for the
nominal TSSP is much lower, since no limitation is imposed
on 𝜇 when assigning each passenger to his optimal itinerary.
An operational outcome of this result is that the average train
deadhead kilometers is nearly 4 percent higher in the nominal
TSSP compared to our restricted TSSP.
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Table 5: Comparison of operational indicators between methods for our restricted TSSP and the nominal TSSP.

Operational indicator
Using combinatorial train stop patterns or not
Percentage of trains with number of stops less than restricted (%)
Average train travel speed (km/h)
Realized passenger traffic by train services (people)
Connectivity degree for realized passenger traffic (%)
Percentage of travelers organized onto nonstop trains (%)
Matching degree measured by 𝜇 (%)
Percentage of transfer passengers (%)

Transfer hubs in travel paths are distributed at stations
mostly on the JHSR as restricted by the model. Stations 1,
3, 6, 9, and 13 assemble approximately 92 percent of transfer
passengers. Due to being covered by travel paths of a larger
amount of cross-line passenger ODs in this instance, stations
9 and 13 together are estimated to have a higher probability
of being transfer hubs selected by approximately 65 percent
of transfer passengers. Obviously, there are clear benefits in
assisting rail operator to plan passenger transfer organization
work as part of the TSSP and, as an added benefit, the
inconvenience of making a transfer connection is reduced
relative to the convenience of direct connection.

5. Conclusions
Rail operators develop train stop schedules with the goals
of retaining good connectivity and rapidity to travelers
while also in the face of requirements for capacity resources
utilization. In this paper, we have shown how to incorporate
restricted passenger flow assignment into a TSSP formulation
to achieve this purpose. To this end, two procedures need
to be implemented: (1) introducing the MCFP constraint
intended to route passenger travel paths freely and (2) during
passenger travel paths generation, establishing four criteria
to produce restrictions so that the operator can collect a
desirable set of travel paths. Our approach has been applied
to a real-world HSR network case from the Chinese railways
along with a comparison with a nominal train stop scheduling
method that uses stochastic passenger flow assignment. The
results showed that our approach is very competitive and
obtains a train stop schedule solution of good quality in
acceptable computing time. Future direction of research
into efficient formulation of the TSSP can be devoted to
collaboratively optimize train operating frequency which is
treated as constant value in the present paper.
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Floating car equipped with GPS to detect traffic flow has been widely used in ITS research and applications. The trajectory estimation
is the most critical and complex part in the floating vehicle information processing system. However, the trajectory estimation would
be more difficult when using the low-frequency data sampling because of the high communication cost and the numerous data.
Specifically, the ordinary algorithm cannot determine the specific vehicle paths with two anchor points across multiple intersections.
Considering the accuracy in map matching, this paper used a delay matching algorithm and studied the trajectory estimation
algorithm focusing on the issue of existence of a small road network between two anchor points. A method considering the three
multiobjective factors of signal control and driving distance and number of intersections was developed. Firstly, an optimal solution
set was acquired according to multiobjective decision theory and Pareto optimal principles in game theory. Then, the optimal
solution set was evaluated synthetically based on the fuzzy set theory. Finally, the candidate trajectory which is the core evaluation
factor was identified as the best possible travel path. The algorithm was validated by using the real traffic data in Wangjing area of
Beijing. The results showed that the algorithm can get a better trajectory estimation and provide more traffic information to traffic
management department.

1. Introduction
With the rapid development of economic, travel efficiently
tends to decline in recent years because of the congestion of
traffic road network. Road travel time used in the dynamic
traffic information service represents the key parameter of
traffic congestion information. The quality and timeliness of
road travel time determined the success of dynamic traffic
guidance system. How to accurately acquire the travel time
information of road network is very critical for the traffic
guidance system. With the development of GPS (Global Positioning System) and GIS (Geographic Information System)
technology, floating car system as a new traffic information
acquisition method has the advantage as follows: short construction period, less investment, large range cover, high precision data, and better real time. Such systems have become
a new acquisition method of dynamic traffic information
instead of traffic fixed detector for high maintenance cost and
big investment [1–3].
Although the floating car system as the dynamic information acquisition has a short history, it has become the

research focus and is largely applied in the traffic control and
traffic information service in foreign countries. In the famous
ADVANCE project of American, the utilization of floating
car system showed the importance in the traffic guidance
system [4]. The German Aerospace Center built the floating
car system based on the taxi, which can receive the mass GPS
data to estimate the travel time for the traffic control center
[5]. The Nagoya of Japanese has done the biggest experiment
of floating car system in 2003–2007, which used the location
information of 1,500 floating car to estimate and judge the
real time traffic state of road network and publish the traffic
information so as to distribute the traffic flow and ease the
traffic congestion [6].
Some floating car system researches aimed at dealing with
the urban traffic congestion were completed by the domestic
traffic experts and scholars in recent years. The transportation research center of Beijing has built the road network
traffic intelligent analysis system based on the 7,000 floating
cars, which integrated the map matching and travel time
estimation for road network state judgment and dynamic
traffic information release through the real time position
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Figure 1: Map matching and trajectory estimation of Low-frequency GPS data.

platform [7]. Based on the 15,000 floating cars, Transport
Commission of Guangzhou city built the intelligent navigation and location information service system for the 2010
Guangzhou Asian Games [8]. Similarity, Hangzhou city have
installed the GPS for the 10,000 taxis to schedule the vehicle
and road network state judgment, which also integrated the
microwave detector data of road segment [9].

2. Research and Analysis
Although the floating car system was largely applied in traffic
management, some difficulties still existed. The trajectory
estimation of floating vehicles is an emphasis of the floating
vehicle information processing system, in particular, in the
case of using the low-frequency data sampling because of the
high communication cost and significant data redundancy.
This paper focuses on the trajectory estimation research, but
firstly, there are two problems as follows.
2.1. The Accuracy of Map Matching before the Trajectory Estimation. In the floating vehicle information processing system, the result of accurate map matching is required before
performing trajectory estimation and can largely affect the
estimated results. Map matching algorithm has relation with
the vehicle longitude and latitude, speed, vehicle travel angle,
and the road topology composition. The floating car may run
through some road segments in the GPS sampling period for
the complicated topology between the adjacent GPS points.
In addition, high-rise and viaduct occlusion cause the vehicle
GPS data loss and frequent dynamic drift. As shown in
Figure 1, if the anchor point was not accurately positioned
after map matching, the trajectory estimation might come
with two completely different travel paths.
2.2. The Difficulty of Estimating the Vehicle Trajectory. For the
situation shown in Figures 2 and 3, if we connected simply
with two anchor points, vehicle tracks will appear in the
nonroad area. In Figure 2, we can replace the straight line
p1p2 with the p1Ap2 as running track of the vehicle. However,
the matched GPS point 1 and point 2 have a small network in
Figure 3, and we need to apply the specific trajectory estimation method to determine the vehicle most possible route.

Figure 2: Two anchor points on the adjacent road.

P2

E

D

P1

A

B

F

C

Figure 3: A small network between the matched GPS p1 and p2.

3. Map Matching Algorithm
For the first problem of research and analysis in the above,
we know that the result of accurate map matching is essential before performing trajectory estimation. Map-matching
algorithm based on the matching principle are mainly geometric matching algorithm, matching algorithm based on
fuzzy logic, matching algorithm based on the cost function,
and matching algorithm based on pattern recognition. For
map-matching accuracy problems, White et al. [10] discussed
some simple map matching algorithms that can be used to
reconcile inaccurate location data with an inaccurate map/
network. Then he discussed point-to-point, point-to-curve,
and curve-to-curve matching. But in some situations, directions do not change much as a result of small errors in the map
matched location. Taylor et al. [11] proposed an improved
map matching algorithm for GPS data in inaccurate conditions. The experiment of London to match the 15,000 sampling data can prove the higher accuracy algorithm. Based
on analyzing the factors of affecting real time performance,
robustness, and matching precision of the map matching
algorithm and according to the continuity of the vehicle
movement, the idea of partitioning the road net into some
grids was introduced. Joshi [12] proposed a new approach to
map matching for in-vehicle navigation systems. The paper
presented a new metric, the rotational variation metric, which
provided a new method for comparing vehicular and map
paths for the purpose of map-matching. Quddus et al. [13]
provided an improved map matching algorithm based on
probability and statistics, the main features of which are
the vehicle positioning error, the vehicle history trajectory,
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Figure 4: Chart of delay map matching algorithm.

and topological and vehicle speed and direction angle information all into account, solving the map matching when
positioning data or the electronic map data was not accurate.
In a word, now the map matching algorithm mainly aimed to
solve the problem of the floating car in which region, which
is influenced by the hall building occlusion and data loss.
We need to determine the floating car driving in which road
based on the topological relation and GPS data information
so as to provide more accurate vehicle driving information.
The author [14, 15] has previously been employed the
algorithm of delay map matching based on road topology
structure which can be used when the vehicle cannot match
the data at the first time. The actual testing data indicated that
the new algorithm had a great instantaneity and accuracy in
map matching, which effectively solved the problem of traffic
data collection in complex intersection and area of viaduct
bridge. The algorithm implementation and results are as in
Figures 4, 5, 6, 7, and 8.

Figure 5: Point-map matching when around viaduct.

4. Trajectory Estimation
4.1. Analysis of Study Methods. In the second problem of
research and analysis in the above, the GPS positioning cycle
is relatively long so the vehicle may run through the more
road section. In Figure 3, the matched GPS point 1 and point 2
have a small network, in which the starting point and ending
point have more than one path. In the situation we cannot
confirm the floating car driver runs which route utilizing the
related traffic information. So we need to apply the specific
trajectory estimation method to determine the vehicle most
possible route.
Takada [16] proposed the optimal floating car trajectory function, considering the location, estimation potential
points, the driver preference, and travel characteristics which
the traveler prefers to run the distance shorter route. Wang
[8] proposed the trajectory estimation algorithm based on

Figure 6: Delay map matching when around viaduct.

the mobile phone location data, considering the vehicle
acceleration and deceleration to research the relationship of
the travel time, which is according to the path searching to
determine the vehicle trajectory. Chen [17] introduced Pareto
multiobjective optimization and fuzzy theory to comprehensively judge the most likely path for each tracking problem.
During this process, the driving distance and the number of
passing crossroads were set as two optimal objectives. Then
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Matched GPS point 1

Figure 7: Point-map matching around intersection.

(a)

(b)

(d)

(e)

(g)

(h)

(c)

(f)

(i)
Matched GPS point 2

Figure 9: Actual road network of vehicle tracking.

4.2. Multiobjective Decision Theory and Pareto
Optimal Principles

Figure 8: Delay map matching around intersection.

he distributed the average speed of each path proportionally
to the road segments it covers, which integrated all the speed
contributions a road segment collects for a final estimation
of its traffic state. Kerner et al. [18] introduced a method
for a reporting behavior at optimal costs of single vehicles
(FCD: Floating Car Data) in road networks with the aim of
a high quality of traffic state recognition which is presented.
It is shown that based on minimum two FCD messages
the substantial information of a typical traffic incident in a
traffic center can be recognized. Byon et al. [19] introduced
a method collecting and analysis traffic conditions of links
by monitoring speed of probe vehicle(s) and then estimates
travel time data both in static and dynamic modes. The
static mode refers to the case of offline processing of GPS
data from previously dispatched GPS-equipped vehicles to
specified road links. The dynamic mode refers to the real
time monitoring of speed on the links using a GPS-wireless
Internet-equipped probe vehicle. In a word, the existing vehicle trajectory estimation algorithms usually do not consider
the vehicles trajectory affected by signal control cycle, only
considering the shortest path so the method is easy to cause
an estimated error.
This paper focused on these issues that introduce a
method of combining Pareto multiobjective optimization
and fuzzy theory considering these three multiobjective
factors of signal control, driving distance, and the number of
intersections.

4.2.1. Multiobjective Decision Theory. When the decision
object has a plurality of evaluation target, we can choose a satisfactory decision method from several feasible schemes (also
known as the solution). According to the advance evaluation
criterion we choose through the “priority” and “balance”
to find a satisfactory solution from a set of nondominated
solutions.
Multiobjective optimization problem was first developed
by Italian economist Pareto L. put forward in 1896. In 1944
Von Neumann and Morgenstern [20] put forward conflicting multiobjective decision making with multiple decisionmakers from the perspective of game theory. Koopmans [21]
in 1951 presented in multiobjective optimization problem
from the production and distribution activities analysis and
introduces the concept of Pareto optimization.
There are three possible results of possible options for a
multiobjective decision problem: first, the solution in which
all the objectives are the best is called complete optimal
solution and this situation rarely occurs; second, the solution
in which all the objectives are the worst is called the inferior
solutions and can be immediately eliminated; third, the
solution in which the objectives have good and bad goals
is called noninferior solutions, also known as the Pareto
optimal or efficient solution.
Multiobjective optimization mathematical model is
assuming system has 𝑦 objectives ∏1 (𝜔), ∏2 (𝜔), . . . , ∏𝑦 (𝜔),
the target vector 𝑘 = (𝑘1 , 𝑘2 , . . . , 𝑘𝑦 ) by the 𝑦 variables needs
to be evaluated. If these objectives are required the maximum
(or minimum) and required to satisfy the constraints set
𝑅, then the mathematical model can be expressed as
max𝑥∈𝑅 𝐹(𝑥) or min𝑥∈𝑅 𝐹(𝑥), in which 𝐹(𝜔) = (∏1 (𝜔),
∏2 (𝜔), . . . , ∏𝑦 (𝜔)).
Let us analyze the actual road network in Figure 9. The
matched GPS point 1 and point 2 have more than 10 routes
from which the driver can choose. What factor is the driver
most likely to concern about when driving on the road
network? According to the survey result, it is that arriving to
the destination as soon as possible. Considering the influence
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Possible trajectory

Pareto frontier

Impossible trajectory
X

Waiting time of intersections

Number of intersections

Y

Driving distance

of the floating car encountering the red-light delay time on
the route choice, we ascertain the main factors of the vehicle
trajectory judgement:
(1) travel the shortest distance as far as possible;
(2) as little as possible running through the intersections;
(3) as much as possible to reduce the delay time of the red
light.
But when there are multiple objectives, because there is a
conflict between the objectives that cannot be compared, it is
difficult to find a solution so that all objective functions are
simultaneously optimal. We know the drivers often go more
some distance in order to avoid crossing the intersection.
The detour distance which different drivers can accept is not
the same and is influenced by the driver’s preference and the
actual traffic status. So we need to find the optimal using the
principle of Pareto optimal solution.
4.2.2. Pareto Optimal Principles. Pareto optimality is an
important concept in game theory. For multiobjective optimization problem, there is usually a solution set by which all
these solutions in terms of the objective function are beyond
comparison, called the Pareto optimal solution.
In our problem, in order to find floating car driving
path of achieving the Pareto optimality, a three-dimensional
coordinate space needs to be established as our solution
space. The x-, y-, and z-axes, respectively, determine floating
car traveling distance, the number of intersections, and the
waiting time of intersections.
We can describe all possible paths solution to the
coordinate space. The solution space can be decomposed
into three two-dimensional solution planes which represent
relationship of three objects by two and two shown in Figures
10, 11, and 12. Shaded area is practically impossible to reach
solution domains, namely, floating car driving distance, the
number of intersections, and waiting time of intersections
cannot simultaneously achieve such an ideal situation. All
trajectories solution falling on the continuous curve can be
considered as a set of optimal solutions. The curve is called
Pareto Frontier of the current solution space, while the set of
nondominated solutions is the Pareto optimal solution.
(1) From the large number of survey data, if we reached
the destination more closely, the number of crossing

Pareto frontier

Impossible trajectory

X

Driving distance

Figure 11: Vehicle possible trajectory in 2D plot of waiting time and
driving distance.
Z
Waiting time of intersections

Figure 10: Vehicle possible trajectory in 2D plot of intersections
number and driving distance.

Possible trajectory

Possible trajectory
Pareto frontier
Impossible trajectory

Y
Number of intersections

Figure 12: Vehicle possible trajectory in 2D plot of intersections
number and waiting time.

the intersection may increase. On the contrary, the
number would decrease. The number of intersections
and driving distance of the floating car cannot simultaneously achieve the optimal in Figure 10.
(2) Also we analyze the survey data and find that if we
reached the destination more closely, the intersection
delay time may increase. On the contrary, the delay
time may decrease. The relationship between delay
time and driving distance is likely as the number of
intersection and driving distance. This is a typical
matter of choosing the shortest distance or the shortest time in Figure 11.
(3) As can be seen from the survey data, the number
of intersection and waiting timing of crossing the
intersection cannot simultaneously achieve optimal,
but there is a Pareto Frontier in Figure 12.
4.3. Fuzzy Evaluation Analysis. Fuzzy comprehensive evaluation method is a comprehensive evaluation based on fuzzy
mathematics method, and the method describes the fuzzy
boundaries by fuzzy membership degree. The concept of
fuzzy sets is proposed by the American Automatic Control
Expert Chad (Zadeh) Professor [22] in 1965 to express the
uncertainty of things.
In the paper, we utilize the fuzzy evaluation to analyze
the driver’s choice of travel trajectory, which can change the
qualitative analysis into the quantitative analysis. Now we
solve the problem of judging the vehicle trajectory when the

6

Mathematical Problems in Engineering

adjacent GPS matched point has a small network. According
to the travel distance, delay time of intersection, and the
number of crossing intersections, we build the fuzzy set
respectively.
4.3.1. Travel Distance Membership Function. According to the
survey data, we set the 𝜇𝑑 as the travel distance function
and build the discourse domain. The variables are the ratio
of each path distance and the trajectory tracking problem of
Euclidean distance between starting point and end point. We
also define the parameter 𝜇𝑑1 𝜇𝑑2 𝜇𝑑3 as the membership
function {(travel distance short), (travel distance medium),
(travel distance long)}. Membership functions are as follows:

𝜇𝑑1

𝜇𝑑2

𝜇𝑑5

1
{
{
{
{
{ (1.3 − 𝑥)
={
{
0.3
{
{
{
0
{

0
{
{
{
(𝑥 − 1)
{
{
{
{
{
{ 0.3
= { (1.6 − 𝑥)
{
{
{
{
{
0.3
{
{
{
{0
0
{
{
{
{ (𝑥 − 1.3)
={
0.3
{
{
{
1
{

𝑥≤1
1 < 𝑥 ≤ 1.3
𝑥 > 1.3
𝑥≤1
1 < 𝑥 ≤ 1.3
(1)
1.3 < 𝑥 ≤ 1.6
𝑥 > 1.6

𝜇𝑛1

𝜇𝑛2

𝜇𝑛3

0
{
{
{
𝑦
{
{
−1
{
{
{2
={
𝑦
{
3−
{
{
{
2
{
{
{
0
{
0
{
{
{
𝑦
{
= {2 − 2
{
{
{
{1

1
{
{
{
{2 − 𝑧
𝜇𝑡1 = {
60
{
{
{
{0

𝑧 ≤ 60

0
{
{
𝑧
{
{
{
−1
{
{
60
{
𝜇𝑡2 = {
𝑧
{
3−
{
{
{
60
{
{
{
{0

𝑧 ≤ 60

0
{
{
{
{2 − 𝑧
𝜇𝑡3 = {
60
{
{
{
{1

60 < 𝑧 ≤ 120
𝑧 > 120,
60 < 𝑧 ≤ 120
120 < 𝑧 ≤ 180

(3)

𝑧 > 180,
𝑧 ≤ 120
120 < 𝑧 ≤ 180
𝑧 > 180.

𝑥 ≤ 1.3

𝑦 > 4,

4.3.4. The Fuzzy Matrix Computation. After establishment of
fuzzy membership function, we need to compute the fuzzy
matrix to confirm the most possible vehicle trajectory.
According to the fuzzy vector set as follows: 𝜇𝑑 = {𝜇𝑑1
𝜇𝑑2 𝜇𝑑3 }, 𝜇𝑛 = {𝜇𝑛1 𝜇𝑛2 𝜇𝑛3 }, 𝜇𝑡 = {𝜇𝑡1 𝜇𝑡2 𝜇𝑡3 }, we combine
the fuzzy vector together and get the fuzzy matrix 𝑅 =
{𝜇𝑑𝑇 , 𝜇𝑛𝑇 , 𝜇𝑡𝑇 }𝑇 considering the driver’s different preferences on
the road distance, delay time, and the number of intersections. So we build the weight vector 𝑝 = {𝑝𝑑 , 𝑝𝑛 , 𝑝𝑡 }, where
the relationship equation is 𝑝𝑑 + 𝑝𝑛 + 𝑝𝑡 = 1. Then we need
to build the fuzzy vector 𝑄 = 𝑃𝑅, in which the possibility
of the vehicle trajectory represented by the each element is
large, medium, or small. Furthermore, In order to determine
the actual path, we introduce the matching degree of vectors
𝜆 = {𝜆 1 𝜆 2 𝜆 3 } (𝜆 1 + 𝜆 2 + 𝜆 3 = 1), by 𝛼 = 𝑄𝜆𝑇 , calculated
for each path of the evaluation factors 𝛼 (the possibility of a
true path).

𝑦≤2

5. Experimental Analysis

1.3 ≤ 𝑥 ≤ 1.6
𝑥 > 1.6.

4.3.2. The Number of Intersections Membership Function. We
set the 𝜇𝑛 as the number of intersections and build the discourse domain. We also define the parameter 𝜇𝑛1 𝜇𝑛2 𝜇𝑛3 as
the membership function {(intersection number less), (intersection medium), and (intersection number more)}. According to the driving experience of floating car driver the number
of intersections is not more than 6. So the membership
functions are built as follows:
1
{
{
{
𝑦
{
= {2 − 2
{
{
{
{0

4.3.3. Delay Time of Intersection Membership Function.
According to the survey data, we set the 𝜇𝑡 as the delay time
function and build the discourse domain. We also define the
parameter 𝜇𝑡1 𝜇𝑡2 𝜇𝑡3 as the membership function {(delay
time short), (delay time secondary), and (delay time long)}.
According to the driving experience of floating car driver,
delay time of intersection is not more than 3 minutes. So the
membership functions are built as follows:

𝑦≤2
2<𝑦≤4

2<𝑦≤4
4<𝑦≤6
𝑦 > 6,
𝑦≤4
4<𝑦≤6
𝑦 > 6.

(2)

To verify this algorithm of vehicle trajectory estimation, we
choose an actual road based on the Beijing traffic control
system to acquire the delay time of intersection in real time.
We know that the vehicle speed, road distance, and delay
time of intersection are affected by the traffic control. So,
it is necessary to consider the impact of intersection signal
control when we estimate the vehicle trajectory. Although
the intersection signal control information is often difficult to
obtain, this paper can rely Beijing traffic control information
platform in real time to obtain the appropriate traffic control
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Figure 13: Beijing traffic control information platform.

Figure 14: An intersection in Shijingshan district.

information. Figures 13, 14, 15, and 16 are real time traffic
timing of an intersection in Shijingshan district.
Here we determine the optimal path for an example
of the urban road network in Wangjing area, Beijing city,
shown in Figure 17, using the Pareto optimization and fuzzy
comprehensive judgment method. The points P1 and P2
in the Figure are the starting point and end point of the
undetermined path and there is a small road network which
is connected by the intersections of A∼I between P1 and P2.
Various sections of the road network length are marked in
Arabic numerals (in meters) and some intersections with
traffic lights are the light controlled intersections in the figure.
So we can describe all possible paths from the point P1 to
P2 to a three-dimensional coordinate space be composed
of traveling distance, the number of intersections, and the
waiting time.
The length data of all the road section from Figure 17 is as
shown in Table 1.

The light controlled intersections with traffic lights in the
Figure 17 cause vehicle delay time when the vehicle passes
through the intersection and have a great impact on selecting
the running track for drivers. So obtaining signal control
information of each intersection is very necessary. We just
need to get the timing cycle data of each intersection to
determine the influence of the control signal in order to
improve the computational efficiency (see Table 2).
But because of different ways of the vehicle through the
intersection the impact of signals control is also different. For
example, the control of traffic lights is different for vehicles
turning left, going straight, and turning right, and the delay
caused by the intersection is also different. So when we
consider the impact of lights on the path selection, we need
to consider the travel direction of the path in the intersection.
The average delay caused by the different traveling direction
can be determined by the intersection timing cycle. If we let
𝐶 as the cycle, we can set straight delay 𝑡𝑠 = 𝐶/4, left delay
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Table 1: The sections length for analytical experiment.

𝐷 𝐿 (m)
A
B
C
D
E
F
G
H
I

A
0
400
640
350
/
/
/
/
/

B
400
0
/
/
320
/
/
/
/

C
640
/
0
400
/
410
/
/
/

D
350
/
400
0
390
740
/
/
/

𝑂 𝐿 (m)
E
/
320
/
390
0
/
/
/
410

F
/
/
410
740
/
0
160
/
/

𝑂: origin node, 𝐷: destination node, 𝐿: the sections length, /: nonexistent sections.

Figure 15: The traffic signal time program of the intersection.

Figure 16: The timing plan of the intersection.

G
/
/
/
/
/
160
0
480
/

H
/
/
/
/
/
/
480
0
410

I
/
/
/
/
410
/
/
410
0

Mathematical Problems in Engineering

9
P1
A

C

F

B

D

E

H

I

G
P2

(a)

(b)

Figure 17: Wangjing area road network for analytical experiment.

Table 2: Signal timing cycle of each intersection.

cycle(s)

A
130

B
160

The light controlled intersections
C
D
E
G
H
150
120
160
130
110

I
160

𝑡𝑙 = 3𝐶/8, and right delay 𝑡𝑟 = 0 (without considering the
influence of signal control, only considering the impact of the
intersections number).
The possible paths obtained by using the path search
method are drawn in three-dimensional space composed of
floating car traveling distance, the number of intersections,
and the waiting time of intersections (Table 3).
Then we can obtain Pareto optimal solution using multiobjective decision theory and Pareto optimal principles, and
this group of the optimal solution set forms the Pareto Frontier of the current optimization problem. The indeterminate
trajectories in Pareto frontier are the numbers 1, 2, 4, and 6
that is B-A-C-F-G, B-A-D-F-G, B-E-D-F-G, and B-E-I-H-G.
Then we can choose the best trajectory from the four paths
on Fuzzy Comprehensive (Table 4).
Here we choose the similar weight of evaluating indicator
for travel distance, intersection number, and delay time, so
the weight vector 𝑃 = [0.3 0.3 0.4]. Because the match
degree of a path (the possibility of it as a true path) increases
along with the decrease of traveling distance, the number
of intersections, and the waiting time, we can construct the
matching degree vector 𝜆 = [0.6 0.3 0.1].
According to the judging indicators in Table 5, we can
find that the first candidate trajectory’s 𝛼1 is the largest so we
judge that the no. 1 path (B-A-C-F-G) is the most possible
trajectory. We have done lots of the real experiment which
the result showed that the driving car equipped GPS having
the probability of 92 percentage selected the real driving

Figure 18: The most possible trajectory considering the traffic control.

trajectory comparison to the estimation trajectory by the
algorithm introduced in the paper (Figure 18).

6. Conclusion
The efficient use of the floating cars data with the tracking
of low-frequency sampling floating cars and traffic signal
control is becoming a new hot topic. The overlong period of
GPS sampling and overly complex road topology, which is
the two features of current urban floating cars construction
system, made it possible to use the floating car technology in
transportation area. According to the map matching algorithm result, this paper developed a new algorithm based on
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Table 3: The possible trajectory data.

1
2
3
4
5
6

Possible trajectory
B-A-C-F-G
B-A-D-F-G
B-A-D-C-F-G
B-E-D-F-G
B-E-D-C-F-G
B-E-I-H-G

Distance (meters)
1610
1650
1720
1610
1680
1620

Intersection numbers
5
5
6
5
6
5

Delay time (s)
0 + 𝐶𝐴 /4 + 𝐶𝐶/4 + 0 + 𝐶𝐺/4 = 102.5
0 + 3𝐶𝐴 /8 + 𝐶𝐷 /4 + 0 + 𝐶𝐺/4 = 111.25
0 + 3𝐶𝐴 /8 + 0 + 3𝐶𝐶 /8 + 0 + 𝐶𝐺/4 = 137.5
𝐶𝐵 /4 + 0 + 3𝐶𝐷 /8 + 0 + 𝐶𝐺/4 = 117.5
𝐶𝐵 /4 + 0 + 𝐶𝐷 /4 + 3𝐶𝐶 /8 + 0 + 𝐶𝐺/4 = 158.75
𝐶𝐵 /4 + 𝐶𝐸 /4 + 0 + 𝐶𝐻 /4 + 3𝐶𝐺/8 = 156.25

Table 4: Fuzzy matrix of membership for candidate paths.
𝜇𝑑

𝜇𝑛

𝜇𝑡

1

[0.2 0.8 0]

[0 0.5 0.5]

[0.29 0.71 0]

2

[0.1 0.9 0]

[0 0.5 0.5]

[0.15 0.85 0]

4

[0.2 0.8 0]

[0 0.5 0.5]

[0.04 0.96 0]

6

[0.18 0.82 0]

[0 0.5 0.5]

[0 0.4 0.6]

Candidate trajectory

Table 5: Judging indicators of candidate paths.
Candidate
trajectory
1
2
4
6

The fuzzy vector 𝑄 =
PR
[0.18 0.67 0.15]
[0.09 0.76 0.15]
[0.08 0.77 0.15]
[0.05 0.56 0.39]

The evaluation factor
𝛼 = 𝑄𝜆𝑇
0.324
0.297
0.294
0.237

Membership degree of fuzzy matrix
0.2 0.8 0
[
]
[ 0
0.5 0.5]
[0.29 0.71 0 ]
0.1 0.9 0
[
]
[ 0
0.5 0.5]
[0.15 0.85 0 ]
0.2 0.8 0
[
]
[ 0
0.5 0.5]
[0.04 0.96 0 ]
0.18 0.82 0
[
]
[ 0
0.5 0.5]
0.4 0.6]
[ 0

will lay a solid foundation to the distribution and forecasting
of floating cars’ travel time.
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The increase of traffic flow in cities causes traffic congestion and accidents as well as air pollution. Traffic problems have attracted
the interest of many researchers from the perspective of theory and engineering. In order to provide a simple and practical method
for measuring the exhaust emission and assessing the effect of pollution control, a model is based on the relationship between traffic
flow and vehicle exhaust emission under a certain level of road capacity constraints. In the proposed model, the hydrocarbons (HC),
carbon monoxide (CO), and nitrogen oxides (NOx ) are considered as the indexes of total exhaust emission, and the speed is used
as an intermediate variable. To verify the rationality and practicality of the model, a case study for Beijing, China, is provided in
which the effects of taxi fare regulation and the specific vehicle emission reduction policy are analyzed.

1. Introduction
The negative impact of urban road traffic is mainly on
air quality [1], ecosystem, and noise level [2]. Due to the
continuing increase of motor vehicles, human health [3] and
environment have been severely impacted. According to the
classification of air pollutant sources in urban area, motor
vehicle emission accounts for more than 80% of the air
pollution in major cities [4]. The statistics of Beijing show
that the level of carbon monoxide (CO) and nitrogen oxides
(NO𝑥 ) exceeds national standard even in the city’s fourth and
fifth ring roads where the average speed of vehicles is high.
Since the concept of sustainable development has been
adopted into the theory and methods of urban transport
systems planning, the coordination between transportation
development and urban environment becomes the focus of
the urban transportation research in the 21st century. In
recent years, many scholars have studied vehicle exhaust
emission for environment protection [5].
In order to reduce air pollution caused by motor vehicles, several control measures have been imposed in the
last decade including upgradation of gasoline quality, strict
environmental standards, and the promotion of new energy

vehicles. Schifter et al. studied the trends of exhaust emissions
from gasoline motor vehicles in the metropolitan area of
Mexico City [6]. They presented results on brand new vehicles
which indicated that NO𝑥 emission factors, though they
were within the Tier I standard, deteriorated rapidly with
the travel distance. Alkurdi et al. determined the profile and
concentration of PAH in exhaust emissions of light- and
heavy-duty vehicles running on the roads of Damascus city
[7].
Ropkins et al. provided a comprehensive critical review of
the techniques utilized to monitor real-world vehicle exhaust
emissions [8]. Real-world measurements (measurements of
exhaust emissions from vehicles in operation on the highway network) differ from laboratory-based measurements
(typically using test cycles) because they have a more realistic potential to capture the range of variability typically
encountered in real-world driving, including variability in
driver behaviour, interactions with other road users, and
interactions with highway infrastructure, all of which have
the potential to influence exhaust emissions. May et al. used
four independent yet complementary approaches to investigate POA gas-particle partitioning [9]: sampling artifact
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correction of quartz filter data, dilution from the constant
volume sampler into a portable environmental chamber,
heating in a thermodenuder, and thermal desorption/gas
chromatography/mass spectrometry analysis of quartz filter
samples. This combination of techniques allowed gas-particle
partitioning measurements to be made across a wide range of
atmospherically relevant conditions. Mikulcic et al. analyzed
the influence of different amounts of fuel, mass flow of
the tertiary air, and the adiabatic wall condition on the
decomposition rate of limestone particles, burnout rate of
coal particles, and pollutant emissions of a newly designed
cement calciner. Numerical models of calcination process
and pulverized coal combustion were developed and implemented into a commercial computational fluid dynamics
code, which was then used for the analysis [10].
These studies covered the measurement of vehicle exhaust
emission factors [11, 12], the analysis or model of pollutant
emission on traffic corridors [13], and so forth. However, the
required variables and detection methods were complicated,
and the conclusions were significant only to the sample.
Due to the lack of rapid and effective macrodetection and
calculation methods for overall pollution throughout the city
roads, these studies cannot provide effective support to traffic
regulation departments to develop policies or take interim
control measures.
This paper puts forward a vehicle exhaust emission model
based on the speed which is taken as an intermediate variable
and the exhaust emission of hydrocarbons (HC), carbon
monoxide (CO), and nitrogen oxides (NO𝑥 ) as indexes
of exhaust emission. This model provides a simple and
easy method to measure and effectively control the exhaust
emission.

fuel type, the levels and effect of maintenance, and the
characteristics of roads (altitude, temperature and humidity,
road conditions, and traffic conditions). The motor vehicle
operation conditions are different between urban roads and
highways. The former conform to the standard conditions
while the latter conform to the constant speed condition.
The differences between two emission factors for different
operation conditions are relatively large, so it is necessary to
consider the average speed of vehicles for the calculation of
vehicle emission factors.

2. An Analysis of Motor Vehicle
Exhaust Emissions

3. Speed and Pollutant Emission Model

2.1. Factors of Vehicle Exhaust Emissions. Motor vehicle
exhaust emissions are known to contain carbon monoxide
(CO), nitrogen oxides (NO𝑥 ), hydrocarbons (HC), suspended particulate matter, and a small amount of sulfur
dioxide (SO2 ). Since carbon monoxide (CO), nitrogen oxides
(NO𝑥 ), and hydrocarbons (HC) are tested as pollutants by
two Chinese national standards, namely, Emission Standard
for Exhaust Pollutants from Light-duty Vehicle (GB 14761.193) and Emission Standard for Exhaust Pollutants from Gasoline Engine of Vehicle (GB 14761.2-93); in this paper carbon
monoxide (CO), nitrogen oxides (NO𝑥 ), and hydrocarbons
(HC) are selected as assessment indexes of road traffic exhaust
emissions.
The emission factor is a key parameter in the calculation
of vehicle pollutant emission, which is also called emission of
unit mass, and it is the average emission under the influence
of various factors according to the Chinese national standard, namely, Automotive Emission-Terms and Definitions
(GB5181-2001). Vehicle exhaust emission is affected by many
factors, including the features of vehicles (such as vehicle
type, technical level, emission control devices, and operation
condition), urban road conditions, maintenance frequency,

2.2. The Selection of Testing Routes and Testing Method. The
selection of testing routes was a result of consideration of
the features of Beijing traffic network. Representative types
of roads were chosen for testing, including the Second Ring
Road, the Third Ring Road, the Fourth Ring Road, the
Fifth Ring Road, the Changan Avenue, and the Jingtong
Expressway. Testing time covered morning and evening rush
hours as well as nonrush hour daytime period. Motorists’
driving habits were also considered.
The main device for vehicle exhaust emission testing was
the SEMTECHDS gas analysis system made by the Sensor
Company, USA. Five automotive brands were selected as testing vehicles due to their higher market share, including Volkswagen, Honda, GM, Ford, and Nissan. GPS speedometer and
slope meter auxiliary equipment were used for continuous
record of each vehicle’s speed and road conditions. Data were
collected for ten hours of steady driving without accidents for
each vehicle under testing. Vehicle’s exhaust emissions were
measured under the operation speed: 0 km/h ∼ 90 km/h. The
impact caused by the installation position of testing device on
vehicles was eliminated.

Researchers such as Richard Anthony Margiotta believed that
emission factors were sensitive to the vehicle speed and their
relation function could be expressed as EF𝑗𝑘 = 𝑔(𝑢) [14].
3.1. The Relationship between the Pollutant and Vehicle Speed.
In order to quantify the relationship between the vehicle
speed and the vehicle pollutant exhaust, the impacts of slope,
sudden acceleration, and deceleration were eliminated first.
That is, the data of vehicles operated at constant speeds
on smooth roads were studied first. The method of data
collection generated noise fluctuations in data. Therefore,
high frequency of noise components was removed through
curve-fitting techniques [15]. By comparing the continuous
data recorded by kilometers with the corresponding time of
SEMTECHDS gaseous analysis system, the exhaust emissions
at each time and the corresponding data can be obtained.
Figures 1, 2, and 3 reveal the relation curve between the
vehicle speeds and the emission factors of CH, CO, and NO𝑥 ,
respectively.
From Figure 1 to Figure 3, we can see that the trend of
comprehensive emission factors of HC, CO, and NO𝑥 is
changing with the mean vehicle speed. There are several
points worth noticing.
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Table 1: Interval division of acceleration.

Slowdown
Interval range
Interval index
(m/s2 )
𝑁1
−0.3 < 𝑎 ≤ −0.1
𝑁2
−0.6 < 𝑎 ≤ −0.3

Constant speed
Interval range
Interval index
(m/s2 )
0
−0.1 < 𝑎 ≤ 0.1

speedup
Interval index

Interval range
(m/s2 )

𝑃1
𝑃2

0.1 < 𝑎 ≤ 0.3
0.3 < 𝑎 ≤ 0.6

𝑃3

0.6 < 𝑎 ≤ 1.0

𝑎 ≤ −1.0

𝑃4

𝑎 > 1.0
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Figure 1: The change curve of CO comprehensive emission factor.
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Figure 2: The change curve of CH comprehensive emission factor.

Firstly, along with the increase of mean vehicle speed,
vehicle emission of CH comprehensive factor decreases. Secondly, along with the increase of mean vehicle speed, vehicle
emission of CO comprehensive factor gradually decreases.
Thirdly, along with the increase of the mean vehicle speed,
comprehensive NO𝑥 emission factor decreases at first and
then increases gradually, with 50 km/h and 60 km/h being the
minimum value.
3.2. The Relationship between the Acceleration and Exhaust
Emissions. As shown in Table 1, the vehicle running state
could be divided into eight kinds according to the acceleration frequency under all kinds of driving conditions.
In addition, the authors selected speed ranges in the
condition of low speed, medium speed, and high speed to
analyze the relationship between the acceleration and exhaust
emissions in order to eliminate the impact of the speed. The
division of speed range is as follows: low speed was defined as
within the interval (10, 20] h/km, medium speed as within the
interval (40, 50] h/km, and high speed as within the interval

Figure 3: The change curve of NO𝑥 comprehensive emission factor.

(60, 70] h/km. In each speed range, the authors analyzed the
relationship between the acceleration and exhaust emissions.
The data show that HC, CO, NO𝑥 , and CO2 emission
factors increase quickly with the increasing acceleration,
especially in the range of high speed. When 𝑎 < −0.6 m/s2
(𝑎 denotes acceleration), the amplitude of emission factors
increases slowly with increasing acceleration; when −0.6 <
𝑎 ≤ 0.3 m/s2 , the amplitude of emission factor increases
rapidly with the increasing acceleration; when 0.3 < 𝑎 ≤
1.0 m/s2 , the amplitude of emission factor decreases rapidly
with the increasing acceleration; when 𝑎 > 1 m/s2 , the
amplitude of emission factor increases with the increasing
acceleration.
3.3. Fitting and Correction of the Speed and Exhaust Emission
Function. In addition to the speed and acceleration, the
vehicle exhaust emission is also closely related to the slope of
road. Therefore, vehicle specific power (VSP) was introduced
to fit exhaust emission curve.
VSP was put forward by Palacios and Luis and applied to
analyze remote sensing data [16]. VSP is one of the parameters
most close to the actual conditions, and it has been one of
the core parameters of the next generation mobile emission
model. 𝑃VPS denotes the ratio of the motor vehicle output
power and its quality (in kW/t). 𝑃VPS combines parameters
such as speed, acceleration, slope, and wind resistance, so it
can greatly improve the accuracy of the fitting.
𝑉 denotes speed, 𝑎 denotes acceleration, and 𝜃 denotes
a road gradient expressed in radians, and the following
functions are obtained:
𝐸NO𝑥 = 2.0164 + [1.1𝑎 + 9.81 (𝑎 tan (sin 𝜃)) − 0.0142] 𝑉
+ 0.0001𝑉2 + 0.00000053𝑉3 ,
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𝐸CO = 167.154 + [1.1𝑎 + 9.81 (𝑎 tan (sin 𝜃)) − 5.2911] 𝑉
2

A
VA

3

𝐸HC = 68.7252𝑉1.1𝑎+9.81(𝑎 tan(sin 𝜃))−0.7760 .
(1)
Thus, the basic functional relationship between exhaust
emission and speed has been obtained. In order to more
accurately reflect the actual urban road conditions of Beijing,
the authors calculated the mean value of VSP for many types
of motor vehicles. If the accurate VSP of a particular type of
vehicle is to be obtained, more samples are needed to correct
the specific parameters.
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Figure 4: The relationship between speed and traffic flow.

4. Speed and Traffic Flow Model
4.1. Traffic Features Analysis. Urban roads are the main
infrastructure of urban transportation. Urban roads should
not only satisfy the requirement of the traffic but also meet the
requirement of urban land [17]. Features of urban road traffic
are related to urban road grade and urban area. In general,
urban road traffic at different levels has different features. The
composition of urban road traffic is complicated. Generally,
urban road traffic covers all sorts of motor vehicles, and the
ratio of motor vehicles is related to the road grades and urban
area. The traffic flow is normally distributed to time. If the
influence of road intersections is not considered, vehicle’s
speed on main lines is mainly related to the traffic flow. In
this paper, the research was conducted in Beijing area. Since
the main lines in Beijing are the city’s ring roads and there
are no traffic lights on these ring roads, consideration of the
influence of the intersections is not needed.
4.2. The Relationship between Speed and Traffic Flow. Based
on the Greenshields model, the function of the relationship
between speed and flow can be obtained as follows:
𝑈𝑖 = 𝑁𝑖 𝐾𝑗 (V −

V2
).
V

(2)

Here 𝑈𝑖 denotes the standard traffic flow through road 𝑖
per unit time, pcu/h; 𝑁𝑖 denotes the number of lanes on road
𝑖; 𝐾𝑖 denotes the traffic density of road 𝑖, pcu/km; V denotes
the average speed on road 𝑖, km/h; V denotes the free flow
speed of road 𝑖, km/h.
Therefore, when the traffic flow is in a steady state, the
function of the relationship between speed and traffic flow
can be obtained from the above function as follows:
𝑈𝑖
1
1
).
V = 𝑓 (𝑈𝑖 ) = V ( ± √ −
2
4 𝑁𝑖 V𝐾𝑗

(3)

4.3. Discussion. As for transportation system which has
reached a balance between supply and demand [18], traffic
density and the relationship between vehicle speed and traffic
flow will change while adding new traffic flow into traffic
system (Figure 4). In AB area, as vehicle traffic flow is smooth,

vehicle’s speed is always of highest level. With new vehicles
entering into the transportation system, the density of traffic
flow increases and enters into BC area. Gradually, traffic
density increases with the spaces among vehicles reduced;
Interference among vehicles increases and as a result vehicles’
speed declines. As new vehicles continue to enter into the
transportation system, the volume of vehicles increases and
so does the traffic density until the road eventually becomes
saturated. When 𝑞𝑐 = 𝑄, the transportation system is in the
state of saturation [19, 20]. At this time, if timely effective
measures are not taken to restrict new cars from entering
into the system, the speed and traffic flow will fall further,
and road traffic efficiency continues to decrease. Eventually,
serious traffic congestion will happen, transportation system
will be paralyzed, and traffic flow will drop to zero.
From the above analysis, it can be seen that, for a given
traffic flow 𝑄1 , (𝑄1 < 𝑄0 ), there will be two corresponding
speeds 𝑉𝐵 and 𝑉𝐷. Thus, in the following case of Beijing traffic
where 𝑄 = 𝑄1 (𝑄1 < 𝑄0 ) is given, it can be concluded that
𝑉 = 𝑉𝐷, as Beijing’s road is very congested.
Formula (3) yields that
𝑈𝑖
1
1
).
V = 𝑓 (𝑈𝑖 ) = V ( − √ −
2
4 𝑁𝑖 V𝐾𝑗

(4)

5. The Model of Traffic Flow and Vehicle
Exhaust Emission
If 𝐸𝑘 = 𝐸𝑘 (V), thus 𝐸𝑘 = 𝐸𝑘 (𝑓(𝑈𝑖 )) from V = 𝑓(𝑈𝑖 ). Therefore,
the model of traffic flow and vehicle exhaust emission is
obtained.
In this model, carbon monoxide (CO), nitrogen oxides
(NO𝑥 ), and hydrocarbons (CH) are selected as three final
indexes for vehicle exhaust emission evaluation. Based on
the relationship between vehicle speed and vehicle exhaust
emission factors, a mathematical model of total emission
and road speed is established. And based on the relationship
between speed and traffic flow under a certain level of road
capacity, the mathematical model of speed and traffic flow
is established. Then, with speed as an intermediate variable
a model is established to describe the relationship between
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traffic flow and vehicle exhaust emissions under certain level
of urban road capacity constraints. Although the model is
based on a single road, as long as the speed of vehicles remains
the same on the section road network or the entire road
network, the model still applies. Thus, this model provides
a theoretical basis to measure the exhaust emission within a
certain region and effectively to control them.

6. Case Study
Based on the proposed model, with the given road capacity
and given traffic volume (through a standard equivalent
conversion), road vehicle exhaust emissions (CO, HC, and
NOx ) can be analyzed for urban transportation planning and
environmental impact assessment.
6.1. Background. Statistics of Beijing Municipal Bureau show
that, by the end of 2012, there are 5.2 million motor vehicles
in Beijing, while taxis in Beijing are about 66,000, accounting
for a very small proportion. However, taxis in Beijing are
exempt from the city’s vehicle restriction based on the last
digit on the license plate and they spend much longer hours
on the road than other vehicles every day; their high level
of utilization on the road and exhaust emissions have been
severely criticized by people. Therefore, based on this model
taxi exhaust emissions in Beijing are analyzed.
6.2. The Equivalent Conversion for Taxis and Private Cars.
According to the data of the Beijing Transportation Research
Center, at present, the average kilometrage of private cars is
15,000 km per year while a taxi’s kilometrage reached 90,000
kilometers, which indicates that a taxi is equivalent to six
standard private cars based on kilometrage. In addition, as
40% kilometrage of private cars is spent for weekend and
holiday vacation travels and is spent out of the city’s Sixth
Ring Road, that is, out of the urban area of Beijing, the ratio of
road utilization is 1 : 10 between taxis and private cars within
the Sixth Ring Road area, that is, the urban area of Beijing.
According to “the hearing of dynamic adjustment mechanism on Beijing’s taxi rents adjustment and the fuel surcharge
improvement” the empty-loaded rate of taxis in Beijing was
about 31% in 2012, which means for an average taxi in Beijing
in 31% of the time when it was running on the streets there
was no customer. Because of this, the efficiency of taxis is
much lower than that of private cars. Taxi meter record data
and the cost survey from Beijing Municipal Development and
Reform Commission also show that taxi service efficiency is
only about 70% of that of private motor vehicles.
Combining the input and output together, the authors
concluded that the ratio of urban road utilization between
taxies and private cars within the Sixth Ring Road is about
1 : 14. Therefore, the actual pollution effect of the 66,000 taxis
in Beijing is equivalent to that of 924,000 standard private
cars.
The data from Beijing Bureau of Statistics showed that
there were 5.2 million vehicles in Beijing by the end of 2012,
and the private cars were 4.16 million. Due to the vehicle
restriction based on the last digit on the license plate in
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Beijing, only 3.32 million vehicles are allowed to travel per
day. In addition, 80% of these 3.32 million vehicles are mostly
running within the Sixth Ring Road while almost all the taxis
are running in the same area. Thus, the actual ratio of road
utilization between taxis and private vehicles is 92.4 : 265,
namely, 1 : 2.9; that is, among every four cars running in the
streets in Beijing, at least one is a taxi. According to the model
proposed in this paper, it can be deduced that a quarter of
vehicle exhaust emissions are discharged by taxis. Given that
private vehicles are mostly used for commuting to work, the
proportion of the exhaust emissions of taxi is much higher
during noncommuting hours.
6.3. The Taxi Planning. According to statistics, the monthly
income of an average taxi in Beijing is about 16,300 Yuan,
and the kilometrage is 7480 km. Taking the standard of New
York City as reference, the daily kilometrage of taxi is 113 km;
the present kilometrage of taxi in Beijing could be reduced
by 55%. At the same time, in order to ensure the income
of taxi drivers, the flag-fall price should increase by 100%,
reaching 20 Yuan. According to the price elasticity of taxi
demand in Beijing, the number of people using taxi will be
reduced by 30%. Meanwhile, due to the wide application
of the taxi reservation program, the empty-loaded rate of
taxi can be controlled below 10%. Therefore, the standard
equivalent quantity ratio of the taxis and private vehicles
will be increased from 1 : 14 to 1 : 5. At this point, the 66,000
taxis are equivalent to 330,000 average private vehicles. The
number of average vehicles within the Sixth Ring Road area
is reduced to 2.6 million, which is a decrease of 27%.
6.4. The Planning Effect. According to the model, if the
volume of vehicles is reduced by 27%, the speed of vehicles
in the whole road network can be improved by 24%, while
the average commuting time can be reduced by 19.4%. This
conclusion is in accordance with the statistical data which
show that; by a decrease of 12% in vehicle volume, the speed
of vehicles in the whole road network can be increased by 10%
in Beijing.
Furthermore, according to calculations, the exhaust emissions will be dropped as follows:
𝐸NO𝑥 emissions will be reduced by 29.3%;
𝐸CO emissions will be reduced by 42.2%;
𝐸HC emissions will be reduced by 40.9%.

7. Conclusions
The objective of this paper is to find the relationship between
vehicle exhaust emission and traffic flow under a certain
level of urban road capacity constraints. The authors used
speed as a bridge to describe the relationship between the
two variables and established a model accordingly. The case
analysis presented in the paper is to simulate the situation of
taxi fare regulation in Beijing, of which the authors deduce
the knock-on effects and calculate the city’s vehicle exhaust
emission reductions. In short, it is obvious that the impact of
traffic flow on vehicle exhaust emission can be measured in

6
China’s congested cities. Therefore the model is an effective
way to control the volume of vehicles on urban roads and
improve the speed and efficiency of vehicles to reduce the
excessive pollution caused by vehicle emission in China.
Limitations and improvements of this model of traffic
flow and vehicle exhaust emission include the following. (i) If
more accurate results are required, a larger sample is required
to calculate the parameters of different models to simulate
actual road conditions, because emission performance of
different vehicles is different (the types and ages of different
vehicles determine different parameters), and (ii) in Beijing,
the political center of China, traffic control based on political
reasons is taken frequently and causes traffic speeds to reduce
drastically or even to zero. Due to this considerable impact,
the vehicle speed is too low to fit the curve, as the emissions
of vehicles increased sharply. Therefore, in order to make
the results more accurate, the stagnant traffic flow (speed of
10 km/h or less) should be taken into account into the model,
and (iii) exhaust gas contains 150 to 200 different compounds.
In addition to carbon monoxide, hydrocarbons, and nitrogen
oxide compounds, particulate matter (PM) measured as
either PM10 or PM2.5 (i.e., PM less than 10 𝜇m or 2.5 𝜇m
in diameter, resp.) is also quite harmful to human body. PM
is a mixture of liquid and solid particles of different sizes
and chemicals that varies in composition both spatially and
temporally. Epidemiological studies spanning five continents
have demonstrated an association between mortality and
morbidity and daily, multiday, or long-term (a period of
more than a year) exposure to concentrations of pollutants,
including PM. The estimated mortality impacts are likely to
occur predominantly among elderly people with preexisting
cardiovascular and respiratory disease and among infants. It
is necessary to put PM emission into model detection range,
thereby increasing the credibility of the model in the future.
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This paper focuses on an urban transit line which connects several residential areas and a workplace during the morning rush hours.
The congestion is represented by some passengers who must wait for an extended duration and board the next or the third departure
vehicles. This paper divides the time horizon equally into several small periods to measure the dynamic passenger demands. Under
period-dependent demand conditions, a biobjective optimization model is developed to determine the departure times of transit
vehicles at the start station with strict capacity constraints, in which a heuristic algorithm based on intelligent search and local
improvement is designed to solve the model. The developed model can address the case in which more than two passengers arrive at
a station simultaneously during one same period and calculate the number of boarded passengers. Finally, the model and algorithm
have been successfully verified by a numerical example.

1. Introduction
Public transit vehicles shuttle on the lanes in accordance
with a predetermined schedule to deliver the passengers
from origins to destinations. The schedule for urban public
transit systems is of predominant bridge between the service
provider and the passenger users. At the same time, transit
schedules and their compliance mirror the quality of public
transit service provided. How to construct a practicable and
effective schedule is a complicated task which requires the
consideration of characteristics of passenger demands and
benefit of the transit company as well as the operational
regulations.
As a matter of fact, the key problem of designing a
schedule for an urban public transit line is to determine
the departure times of transit vehicles at the start station.
This paper considers the scheduling problem for an urban
transit line which connects several residential areas and
a workplace during the morning rush hours. The spatial
and temporal imbalances of demand distributions represent
the transit congestion that occurs only at some stops or
during some times. Under such conditions, some waiting
passengers cannot board the current transit vehicle due to
the limited capacity. A constant-headway schedule cannot

satisfy effectively the time-dependent passenger demands.
An irregular schedule that allows uneven headways can
accommodate the dynamic demand patterns and accelerate
the fleet utilization that is provided by a limited number of
vehicles. This schedule type reduces the passenger waiting
times and economizes the operation costs as well.
The transit scheduling problem has received much attention in the past years [1–3]. LeBlanc introduced a model
for determining frequencies using a modal-split assignment
programming model with distinct transit routes to capture
the effects of increases or decreases on individual transit line
frequencies [4]. Lee et al. revealed that the total fleet size
required for the operation of a bus network with mixedsize vehicles is smaller than the fleet size necessary when all
fleet vehicles have the same regular size [5]. Scheduling of
urban transit network can be formulated as an optimization
problem of minimizing the overall transfer time of transferring passengers and initial waiting time of the passengers
waiting to board a vehicle at their point of origin [6]. The
fleet size required for a bus line is decreased by inserting
express and partial services in the schedule with alternative
fleet assignment strategies, which take the headways as inputs
[7]. De Palma and Lindsey examined the schedule delay
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Figure 1: Illustration of an urban public transit line.

costs incurred from travelling earlier or later than desired
and formulated an optimization model with the objective of
minimizing the total riders’ schedule delay costs [8]. Since
passenger satisfaction with bus services has a high correlation
with the attributes of the services supplied [9], Tom and
Mohan formulated an optimization problem to minimize the
bus operating cost and the passenger travel time by using
frequency-coded genetic algorithms [10]. Assuming that no
more than one passenger arrives at a station during a time
interval, Niu and Zhou focused on optimizing a passenger
train timetable in a heavily congested urban rail corridor [11].
A number of studies have somehow tried to model
operational control strategies that are integrated with the
scheduling problem to improve the efficiency of public transit
systems. Site and Filippi proposed a particular service pattern
including not only the short-turn strategy but also the vehicle
size and frequencies that are required to supply the service
over different operation periods [12]. By skipping a number of
stops in high-frequency transit operations, the deadheading
strategy could shorten the waiting time of passengers in the
bus transport system [13]. Leiva et al. built an optimization
method for designing limited-stop services, which minimizes
both the travel time of passengers and the operating cost of
an urban bus corridor by optimizing the transport services
with different arrival frequencies of various types of vehicles
[14]. Fu and Liu proposed a real-time scheduling strategy
that aimed to strike an optimal balance between the benefits
of operators and passengers [15]. Under the availability of
real-time information and historical data of the system,
the total user delay can be reduced by using a multipoint
holding control strategy for a bus transit system [16]. Without
considering the capacity constraints, Niu developed a nonlinear programming model and proposed a bilevel genetic
algorithm to design a transit schedule with uneven headways
and skip-stop operations [17].
The existing studies have paid much attention to regular
schedules, but they have failed to explore the scheduling
problem with uneven vehicle-departure headways based
on time-dependent passenger demands. Adopting a similar
approach to that used by dynamic traffic assignment in urban
road network, our research divides an operation day into
several equal time periods to formulate the transit scheduling
problem. These periods cannot be too short; otherwise,
obtaining the demand records will become difficult; however,
if the period length is too long, the model loses the dynamicdemands feature. Under normal conditions, such as a oneminute period, we face a challenge that more than two passengers could arrive at a station simultaneously during one
same period. Such a case can surely lead to some confusion
when determining the queuing order for passengers arriving
at this period under strict capacity constraints.

For a congested urban public transit line, some passengers
must wait for an extended duration and then board the
next or the third departure vehicles. When a vehicle departs
from a station, under such time-dependent and congested
conditions, we should decide which passengers can board
the vehicle and which cannot be on the vehicle. This issue
is also associated with the calculation of the number of
boarded passengers for a departure vehicle at each station.
The main aim of this research is to optimize the departure
times of transit vehicles under strict capacity constraints. The
model proposed in this paper is a biobjective programming
problem, in which a novel heuristic algorithm is developed
to solve the model.
The remainder of the paper is organized as follows.
Section 2 presents an analysis of the vehicle fleet operations and the passenger travel behaviors, along with the
presentation of the underlying assumptions. A biobjective
optimization model for the scheduling problem with strict
capacity constraints for an urban public transit line is given
in Section 3. In Section 4, a heuristic algorithm based on
intelligent search and local improvement is developed to
solve the proposed model. In Section 5, a numerical example
is provided to illustrate the application of the model and
algorithm. The last section concludes the paper and outlines
the possibilities for future research in related areas.

2. Problem Statement
2.1. Analysis. This paper focuses on an urban transit line
which connects several residential areas and a workplace
during the morning rush hours. The stations on the urban
public transit line are numbered as 1, 2, . . . , 𝑀, 𝑀 + 1 along
the vehicle’s forward direction, as shown in Figure 1, where
1, 2, . . . , 𝑀 are the boarding stations; and 𝑀 + 1 is the
destination station. In this scenario, the demand distribution
is represented as multisource and single sink; specifically, the
passengers board at the intermediate stations and reach their
common destination station.
The passenger demands associated with urban public
transit systems are characterized as being time dependent
and stochastic; herewith, we use [0, 𝑇] to index the study
time horizon. In order to measure the dynamic demands,
we divide the time horizon [0, 𝑇] equally into several time
periods (e.g., one minute as a period), and we use 𝜏 to denote
a period and R to represent the set of periods (𝜏 ∈ R).
Taking into account that all passengers have the same
destination, this study uses 𝑃𝑖 (𝜏) to indicate the number of
passengers who arrive at station 𝑖 (𝑖 = 1, 2, . . . , 𝑀) during
period 𝜏 (𝜏 ∈ R) travelling to the destination station 𝑀 + 1.
At the same time, this paper uses Ω to denote the set of
vehicles that depart from the start station. Thus, the issue to be
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addressed in this paper is transformed into the determination
of the departure time 𝑑𝑗1 of transit vehicle 𝑗 (𝑗 ∈ Ω) from
station 1.
2.2. Assumptions. In order to objectively analyze the vehicle
operation and the passengers’ behaviour for urban public
transit systems, the following assumptions are made throughout to facilitate the model formulation.
A1: all transit vehicles have the same capacity and
follow strict capacity constraints. Once the number
of in-vehicle passengers reaches the vehicle’s full
capacity, that vehicle is no longer available to any
other passengers.
A2: all vehicles are scheduled according to the
assumption that they travel at the same time between
any two consecutive stations and they have the same
dwell time for each station.
A3: the order for boarding a vehicle is randomly determined when several passengers arrive at a station
simultaneously during the same period.
A4: all passengers who arrive at a station in different periods follow the principle of first-in-first-out
(FIFO) when boarding a vehicle, which means that
the passengers arriving within the earlier time periods
board a vehicle prior to those arriving within the later
periods.
A5: the total supply provided by the fleet meets the
total passenger demand over the study horizon. Thus,
some of the passengers may not board the current
vehicle due to the oversaturation of demands, but the
passengers waiting for the last vehicle could board the
final run.

3. Formulation
3.1. Notation and Parameters. The following notation and
parameters are used throughout this paper:
𝑖: index of stations, 𝑖 ∈ {1, 2, . . . , 𝑀, 𝑀 + 1};
R: set of periods;
𝜏: index of periods, 𝜏 ∈ R;
Ω: set of vehicles departing from the start station;
𝑗: index of vehicles, 𝑗 ∈ Ω;
𝑑𝑗𝑖 : departure time of vehicle 𝑗 from station 𝑖, 𝑖 ∈
{1, 2, . . . , 𝑀}, 𝑗 ∈ Ω;
𝑃𝑖 (𝜏): number of passengers who arrive at station 𝑖
during period 𝜏 and are travelling to the destination
station, 𝑖 ∈ {1, 2, . . . , 𝑀}, 𝜏 ∈ R;
𝑄𝑗𝑖 : number of boarded passengers in vehicle 𝑗 during
the vehicle’s stay at station 𝑖, 𝑗 ∈ Ω, 𝑖 ∈ {1, 2, . . . , 𝑀};
𝑟𝑖 : vehicle running time from station 𝑖 to station 𝑖 + 1,
𝑖 ∈ {1, 2, . . . , 𝑀};
ℎ𝑖 : dwell time at station 𝑖, 𝑖 ∈ {2, 3, . . . , 𝑀};
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𝑐: passenger loading capacity of a vehicle;
𝐼min : prespecified minimum interval between two
consecutive vehicles at the same station;
𝐼max : prespecified maximum interval between two
consecutive vehicles at the same station.
3.2. Constraints. The core decision variables are in fact the
departure times for each vehicle at the start station. The
detailed arrival and departure times at the other stations can
be accordingly generated for scheduling applications. Given
dwell time ℎ𝑖 and running time 𝑟𝑖 , the departure time for each
vehicle at each station should satisfy the following equation:
𝑑𝑗𝑖 = 𝑑𝑗𝑖−1 + 𝑟𝑖−1 + ℎ𝑖 .

(1)

Now, the minimum interval between two consecutive
vehicles should be required to ensure the operational safety
of vehicles, and the predetermined maximum interval should
not be broken because the passenger waiting times at the
stations cannot be too long. Thus, the departure times of
two consecutive vehicles at the start station should satisfy the
inequality
1
− 𝑑𝑗1 ≤ 𝐼max .
𝐼min ≤ 𝑑𝑗+1

(2)

To accurately calculate the number of boarded passengers
for a given vehicle at the intermediate stations, our research
introduces two parameters, namely, the boarded period 𝑏𝑗𝑖
and residual number 𝑠𝑗𝑖 . Figure 2 illustrates the two parameters by using the cumulative flow counts. The boarded period
𝑏𝑗𝑖 indicates a period in which at least one passenger arriving
at station 𝑖 could board vehicle 𝑗, and no passenger at station
𝑖 can board vehicle 𝑗 offside this period. The residual number
𝑠𝑗𝑖 denotes the number of remaining passengers for vehicle 𝑗
at station 𝑖 during the boarded period 𝑏𝑗𝑖 .
If we use 𝑅𝑖,𝑗 (𝜏) to indicate the number of boarded
passengers in vehicle 𝑗 arriving at station 𝑖 during period 𝜏,
the implication of a boarded period can be also expressed as
follows:
𝑏𝑗𝑖 = max {𝜏 | 𝜏 ∈ R, 𝑅𝑖,𝑗 (𝜏) > 0} .

(3)

The calculation of the residual number can be achieved as
follows:
𝑠𝑗𝑖 = 𝑃𝑖 (𝑏𝑗𝑖 ) − 𝑅𝑖,𝑗 (𝑏𝑗𝑖 ) .

(4)
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indicate the initial moment of period 𝜏, 𝜏 ∈ R. When
vehicle 𝑗 departs from station 𝑖, the total of the newly boarded
𝑖
passengers’ waiting times is ∑𝜏∈(𝑏𝑗−1
𝑖
,𝑏𝑗𝑖 ] (𝑑𝑗 − 𝜑(𝜏)) × 𝑃𝑖 (𝜏),
and the additional waiting time associated with all remaining
𝑖
passengers together is (𝑑𝑗+1
− 𝑑𝑗𝑖 ) × 𝑠𝑗𝑖 . As a result, the second
objective function, which aims to minimize the total waiting
time of all passengers at all stations, is formulated as follows:
𝑀
{ 𝑖
− 𝑑𝑗𝑖 ) × 𝑠𝑗𝑖
min ∑ ∑ { (𝑑𝑗+1
𝑖=1 𝑗∈Ω
{

+

Time

𝑖
𝜏∈(𝑏𝑗−1
,𝑏𝑗𝑖 ]

bji

Figure 2: Illustration of board period and residual number.

{
{
𝑏𝑗𝑖 = min {𝜉 (𝑑𝑗𝑖 ) ,
{
{
{
}}
}
{ 𝑖−1 
}
𝑖
+ ∑ 𝑃𝑖 (𝜏) ≥ 𝑐}} ,
min {ℎ | ∑ 𝑄𝑗𝑖 + 𝑠𝑗−1
{
}}
𝑖
𝑖 =1
𝜏∈(𝑏𝑗−1
,ℎ]
{
}}

(5)

where 𝜉(𝑑𝑗𝑖 ) indicates a period which covers time point 𝑑𝑗𝑖
and that the boundary conditions are 𝑏01 = 0 and 𝑠01 =
0. The number of boarded passengers in vehicle 𝑗 during
the vehicle’s stay at station 𝑖, 𝑄𝑗𝑖 , is thus determined by the
equation
𝑖
+
𝑄𝑗𝑖 = 𝑠𝑗−1

∑
𝑖
𝜏∈(𝑏𝑗−1
,𝑏𝑗𝑖 ]

𝑃𝑖 (𝜏) − 𝑠𝑗𝑖 .

(6)

3.3. Objective. The transit operation is associated with the
passengers and the bus company. The objective of the passengers is to minimize the overall waiting times at the stations,
while the company wants to decrease the number of required
vehicles. The first objective function, which aims to minimize
the number of required vehicles, is
min |Ω| .

}
}
− 𝜑 (𝜏)) × 𝑃𝑖 (𝜏)} .
}
}

(8)

4. Algorithm

On the other hand, the parameters of boarded period 𝑏𝑗𝑖
and residual number 𝑠𝑗𝑖 can be recursively calculated by

{
}
{ 𝑖
}
+ ∑ 𝑃𝑖 (𝜏) − 𝑐} ,
𝑠𝑗𝑖 = max {0, 𝑠𝑗−1
{
}
𝑖
𝜏∈(𝑏𝑗−1
,𝑏𝑗𝑖 ]
{
}

∑

(𝑑𝑗𝑖

(7)

For a period with short length, this study assumes that
when passengers arrive at a station during the same period,
they actually all arrive at the start of that period. Let 𝜑(𝜏)

The model proposed in this paper is a biobjective, nonlinear programming problem, which is difficult to solve
with conventional, gradient-based methods or commercial
optimization solvers. As a result, a heuristic algorithm based
on intelligent search and local improvement is developed to
solve the proposed model. This paper first assumes that the
departure times of vehicles fall on integer minute points, such
as 6:31 and 6:32. The main idea of the algorithm consists of
two searches. Under the condition of the vehicles used in the
least numbers, the biobjective is achieved by searching for the
departure times in order to minimize the current cumulative
waiting times, for each run at the start station.
At the start station, all possible time points are searched
forward from the earliest time, moving ahead one minute
at a time. The search process requires checking the predetermined vehicle-interval constraints and counting the total
number of in-vehicle passengers. If the number of passengers
in the vehicle reaches the capacity as the vehicle arrives at the
destination station, the vehicle should depart at the current
time point; otherwise, the search should move one unit forward to check the next point until the end of the time horizon.
The objectives of minimizing the number of required vehicles
and the total waiting time of passengers could be achieved
by taking the obtained points as the departure times of
vehicles at the start station. After the forward search, checking
the length of the interval between the last two consecutive
vehicles is required. The corresponding points should be
adjusted by the backward search if the interval constraints are
not satisfied.
4.1. Forward Search. With particular respect to the algorithm,
this paper uses 𝑝 to indicate the search point associated with
the departure time of the current vehicle, 𝐴(𝑗) to indicate the
total number of boarded passengers for vehicle 𝑗 as it arrives
1
to indicate the
at the destination station, and 𝐻(𝑗) = 𝑑𝑗1 −𝑑𝑗−1
interval between vehicle 𝑗 and vehicle 𝑗−1 at the start station.
The search area of the first vehicle is 𝑝 ∈ [1, 𝐼max ] during
1
of vehicle
the forward process. Once the departure time 𝑑𝑗−1
𝑗 − 1 is determined, the search area of vehicle 𝑗 at the start
1
1
station is 𝑝 ∈ [𝑑𝑗−1
+ 𝐼min , 𝑑𝑗−1
+ 𝐼max ] according to the

Mathematical Problems in Engineering

5

Vehicle j − 1

Vehicle j
A(j) = c
1
+ Imin
dj−1

1
dj−1

1
dj−1
+ Imax

Stop 1

Time
p

Forward search
Search area
(a)

Vehicle j − 1

Vehicle j
A(j) < c

Stop 1

1
dj−1
+ Imin

1
dj−1

1
dj−1
+ Imax

p

Forward search

Time

Search area
(b)

Figure 3: Illustration of search forward the possible times ahead one minute at a time.
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Figure 4: Checking the length of the interval between the last two consecutive vehicles.

headway constraints. All possible time points are searched
1
+𝐼min until a satisfactory time
forward from the start time 𝑑𝑗−1
point is obtained. The following two cases are possible during
the process of searching forward, as shown in Figure 3.
Figure 3(a) indicates that if the search reaches a point
1
1
located within the predetermined area [𝑑𝑗−1
+ 𝐼min , 𝑑𝑗−1
+
𝐼max ] and vehicle 𝑗 is already full (namely 𝐴(𝑗) = 𝑐),
the search should terminate and take the corresponding
point as the departure time (namely 𝑑𝑗1 = 𝑝). Figure 3(b)
indicates that if the number of in-vehicle passengers 𝐴(𝑗)
for vehicles 𝑗 departing from all the search points within
the predetermined area is less than the capacity 𝑐, the end
moment should be taken as the departure time (namely 𝑑𝑗1 =
1
𝑑𝑗−1
+ 𝐼max ).

4.2. Bound Check. According to assumption A5 that the
provided supply meets the total passenger demand, the
passengers waiting for the last vehicle can board the final run.
To satisfy this assumption, this paper also assumes that the
last vehicle departs from the start station at 𝑇, the study’s last
moment. When the forward search reaches the last moment,
𝑇, either all vehicles satisfy the headway constraints, or the
interval between the last two vehicles does not satisfy the
minimum headway condition. As a result, we need to perform
the bound check while the departure times are generated
from the forward search. During the bound check process,
the following two cases, shown in Figure 4, are possible.
Figure 4(a) shows a case where the bound check is not
required because the interval 𝐻(𝑗) between vehicle 𝑗 (the last
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4.4. Heuristic Algorithm. The above-described forward
search, bound check, and backward adjustment form a
heuristic algorithm, which is summarized as follows.
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4.3. Backward Adjustment. In the case occurring in
Figure 4(b), adjustments must be made to those departure
times that do not satisfy the minimum headway constraint.
The adjustment should be executed from the last vehicle
by moving backward the associated time point when the
vehicle-interval at the start station violates the headway
constraint. The interval 𝐻(𝑗) between vehicle 𝑗 and vehicle
𝑗 − 1 at the start station must be checked, as well as the
interval 𝐻(𝑗 − 1) between vehicle 𝑗 − 1 and vehicle 𝑗 − 2.
Figure 5(a) shows a case where the departure time of
vehicle 𝑗 − 1 should be moved backward to a point at which
the interval between vehicle 𝑗 and vehicle 𝑗 − 1 is 𝐼min (so
𝐻(𝑗) = 𝐼min ), while the departure time of vehicle 𝑗 − 2
is not required to move backward because the new interval
𝐻(𝑗 − 1) between vehicle 𝑗 − 1 and vehicle 𝑗 − 2 still satisfies
the minimum headway constraint. Figure 5(b), by contrast,
shows a case where the departure time of vehicle 𝑗 − 2 is
required to move backward after an adjustment is made to
the departure time of vehicle 𝑗 − 1 because the new interval
between vehicle 𝑗 − 1 and vehicle 𝑗 − 2 does not satisfy the
minimum headway constraint.

06:50

run) and vehicle 𝑗 − 1 at the start station has already satisfied
the minimum headway constraint. Figure 4(b) shows, however, a case in which the minimum headway constraint is not
satisfied.

The third stop

06:40

Figure 6: Illustration of a simple transit line.

10
8
6
4
2
0

06:40

4

06:40

3

06:30

2

06:30

1

The number of
passengers

Figure 5: Illustration of backward adjustment in order to satisfy the minimum headway constraint.

Time

Figure 7: Passenger demands counted in one-minute intervals at
intermediate stations.

Step 1. Set 𝑝 = 1, 𝑗 = 1, and 𝑑01 = 0.
Step 2. Set 𝑑𝑗1 = 𝑝. If 𝑑𝑗1 ≥ 𝑇, then 𝑑𝑗1 = 𝑇 and go to Step 5;
1
1
otherwise, if 𝑑𝑗1 − 𝑑𝑗−1
= 𝐼max , go to Step 4, and if 𝑑𝑗1 − 𝑑𝑗−1
<
𝐼max , go to Step 3.
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Table 1: The departure times and the associated numbers of boarded and in-vehicle passengers.
Vehicle
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Departure
time

BP/RN

6:40
6:47
6:53
6:58
7:02
7:06
7:10
7:14
7:17
7:20
7:24
7:27
7:30
7:32
7:35
7:38
7:41
7:44
7:48
7:53
8:00

10/0
17/0
23/0
28/0
32/0
36/0
40/0
44/0
47/0
50/0
54/0
57/0
60/0
62/0
65/0
68/0
71/0
74/0
78/0
83/0
90/0

The first station
The second station
The third station
Boarded
In-vehicle
Boarded
In-vehicle
Boarded
In-vehicle
BP/RN
BP/RN
passengers passengers
passengers passengers
passengers passengers
13
19
22
25
18
20
22
25
20
21
30
20
23
17
22
19
16
14
18
13
14

13
19
22
25
18
20
22
25
20
21
30
20
23
17
22
19
16
14
18
13
14

15/0
22/0
28/0
33/0
37/0
41/0
45/0
49/0
52/0
55/0
59/0
62/0
65/0
67/0
70/0
73/0
76/0
79/0
83/0
88/0
95/0

17
19
22
18
18
20
20
21
15
18
23
22
19
13
19
22
26
23
24
17
16

30
38
44
43
36
40
42
46
35
39
53
42
42
30
41
41
42
37
42
30
30

22/0
29/2
34/6
38/9
44/3
48/3
52/5
54/12
59/4
62/0
64/16
67/17
70/20
74/5
76/9
79/16
81/18
84/11
88/13
95/2
102/0

26
22
16
17
24
20
18
14
25
21
7
18
18
30
19
19
18
23
18
30
14

56
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
44

Table 2: The departure times of vehicles at start station associated with a regular schedule.
Vehicle number
1
2
3
4
5
6
7

Departure time
6:36
6:42
6:48
6:52
6:56
7:00
7:04

Vehicle number
8
9
10
11
12
13
14

𝑠
Step 3. Calculate 𝐴(𝑗) = ∑𝑀
𝑠=1 𝑄𝑗 . If 𝐴(𝑗) = 𝑐, go to Step 4;
otherwise, set 𝑝 = 𝑝 + 1 and go to Step 2.

Step 4. Set 𝑗 = 𝑗 + 1, 𝑝 = 𝑝 + 𝐼min , and go to Step 2.
1
.
Step 5. Calculate 𝐻(𝑗) = 𝑑𝑗1 − 𝑑𝑗−1
1
1
− 𝑑𝑗−2
and go to
Step 6. If 𝐻(𝑗) ≥ 𝐼min , set 𝐻(𝑗 − 1) = 𝑑𝑗−1
1
1
Step 7; otherwise, set 𝑑𝑗−1 = 𝑑𝑗−1 − 1 and go to Step 5.

Step 7. If 𝐻(𝑗 − 1) ≥ 𝐼min , then stop; otherwise, set 𝑗 = 𝑗 − 1
and go to Step 5.

Departure time
7:08
7:12
7:16
7:20
7:24
7:28
7:32

Vehicle number
15
16
17
18
19
20
21

Departure time
7:36
7:40
7:44
7:48
7:52
7:56
8:00

5. Numerical Example
In this section, we consider a simple transit line on which
there are three boarding stations and one destination station,
as shown in Figure 6. The running time from station 1 to
station 2 is 4 minutes; from station 2 to station 3, the time
is 6 minutes; and from station 3 to station 4, the time is
15 minutes. The dwell time at each station is 1 minute. The
study horizon is from 6:30 to 8:00, and the length of each
subdivision is 1 minute. Each transit vehicle has a capacity of
60 passengers, and the maximum and minimum headways
are 10 minutes and 2 minutes, respectively.
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Table 3: Comparison of regular schedule with irregular schedule.

Schedule

Number of departed
vehicles

Total waiting time
(min)

Average waiting
time (min)

Boarded passenger

Average load rate
(%)

Irregular
Regular

21
21

1417
3943

1.14
3.38

1240
1168

98.41
92.70

Stop

4

56

26

3

17

2
13

1
6:30

0
40

19

19

22

22

7

3
50

22

25

16

18

60

17

18

18

20

8 2
7:00

6

20

22

24

20

60

60

18

14 25 21

20

21 15 18

25 20 21

0 4 7 0
10
20

60

60

60

7

60 60

60

60 60 60 60 60 60 60 60

18 18 30 19 19 18 23

23 22 19 13 19 22 26 23

30 20 23 17 22 19 16 14

18

4 7 0 2 5 8 1 4
30
40
Time

8

24

13

3
50

18

17

30

60

60

44

14

16

14

0
8:00

10

20

8:30

140
120
100
80
60
40
20
0
6:30 6:40 6:50 7:00 7:10 7:20 7:30 7:40 7:50 8:00
Time
Demand curve
Supply curve

Figure 9: Illustration of demand and supply curves.

The period-dependent passenger demands, as shown in
Figure 7, are illustrated by the total number of passengers
arriving at the intermediate stations within each minute. By
using the heuristic algorithm developed above, the departure
times of vehicles at the start station and the associated numbers of boarded and in-vehicle passengers are determined; the
results are given in Table 1. In this case, the necessary number
of vehicles is 21.
In Table 1, BP and RN denote board period and residual
number, respectively, and the total waiting time of all passengers at the stations is 1417 minutes. Using the information
presented in Table 1, the corresponding schedule was created;
this schedule is shown in Figure 8. Figure 8 shows that longer
intervals between departure times occur from 6:30 to 7:00
than from 7:30 to 7:45. This temporal distribution of vehicles
is approximately consistent with the passenger demands.

Cumulative load
(passengers)

The number of passengers

Figure 8: Illustration of transit schedule corresponding to heuristic algorithm.

1400
1200
1000
800
600
400
200
0
6:30 6:40 6:50 7:00 7:10 7:20 7:30 7:40 7:50 8:00
Time
Demand curve
Supply curve

Figure 10: Cumulative curves of the demand and supply.

In Figure 9, the two curves illustrate the relation between
the demand and supply associated with the designed schedule
for the transit line. The demand curve shows the total number
of passengers waiting at the stations every five minutes.
The five-minute periods used at a subsequent station should
be equivalent to those at the first station delayed by the
running time between this subsequent station and the first
station because the same vehicle arrives at that subsequent
station after no less than the running time between the
stations. The supply curve displays the number of boarded
passengers every five minutes as the vehicles follow the
designed schedule. The corresponding cumulative curves
are shown in Figure 10, which indicates the correspondence
between the demand and supply.
In order to further demonstrate the advantage of the
method proposed in this paper, Table 2 shows a regular
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schedule associated with the same fleet supply and other
parameters; in this case, 72 passengers cannot board the last
vehicle.
In Table 2, the intervals between the first three vehicles
are 6 minutes, and those between the remaining vehicles are
4 minutes. A comparison between the designed schedule and
the regular schedule is made in Table 3.
From Table 3, we can see that all passengers can board
the vehicles using the designed schedule, while some cannot
when using the regular one. Moreover, the average waiting
time associated with the proposed method is reduced by
66.27%, which further demonstrates the efficiency of the
method proposed in this paper.

[10]

6. Conclusions

[11]

This paper studies the transit scheduling problem to optimize
the departure times of vehicles for a congested urban public
transit line. Based on some reasonable assumptions, a biobjective optimization model has been established to minimize
the number of required vehicles and the total waiting times
of passengers. Under period-dependent demand and strict
capacity conditions, our method has fully considered the
situation in which there are more than two passengers
arriving at a station simultaneously during one same period.
The proposed model is a nonlinear programming problem, which is difficult to solve with a conventional approach.
Due to the potential of heuristic approaches to handle complex problems, a hybrid procedure embedded in a heuristic
algorithm is applied to solve the model. The validation of the
model and the algorithm has been successfully tested with
the help of a numerical example. In future research, we will
consider the response of passengers to the optimized schedule
and extend our method to a more general transit case.
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Travel behaviors and activity patterns in the historic urban area of a city are expected to be different from the overall situations in
the city area. The primary objective of this study is to analyze the residents’ travel activity patterns in historic urban area. Based on
survey data conducted in the historic urban area of Yangzhou, the travel activities of local residents in a whole day were classified
into five types of patterns. The multinomial logit (MNL) model was developed to evaluate the impacts of explanatory variables on
the choices of activity patterns. The results showed that the choice of activity pattern was significantly impacted by five contributing
factors including the gender, age, occupation, car ownership, and number of electric bikes in household. The other variables, which
were the family population, preschoolers, number of conventional bikes in household, motorcycle ownership, and income, were
found to be not significantly related to the choice of activities. The results of this study from historic urban area were compared to
findings of previous studies from overall urban area. The comparison showed that the impacts of factors on activity pattern in the
historic urban area were different from those in the overall area. Findings of this study provide important suggestions for the policy
makings to improve the traffic situations in historic urban areas of cities.

1. Introduction
In the past decade, cities in China have experienced extremely
large changes in their appearances and land use patterns. A
number of new buildings and new road facilities were built in
the city area. However, to keep the features of old buildings
and save the panorama of history of the city, the historic
urban area in a city has not been changed too much in the
past years. Generally in China, the historic urban area is not
only the concentrated residential area but also the political,
commercial, and cultural center of the city. The historic urban
area has a high population density, mixed land use pattern,
and multiple types of travel activities. Thus, currently in cities
of China, the historic urban areas are experiencing extremely
severe traffic congestions as compared to other areas in cities.
An analysis on the travel activity patterns in historic urban
areas could help transportation planners better understand
the characteristics of travel activities and develop strategies
to reduce the congestions in such areas.

Traditionally, the aggregate methods such as the FourStage Method were commonly used to analyze the characteristics of travel activities [1–3]. However, the aggregate
methods were based on the traffic analysis zone (TAZ) level
which cannot reflect the travel behaviors of certain people in
a certain area. Then the disaggregate modeling techniques,
such as MNL model, MNP model, and NL model, were developed by researchers to model the travel behaviors in certain
areas at an individual level [4–18]. The models developed in
previous studies can be used to make a prediction on the
decision of an activity or trip mode for an individual traveler
in a single trip. Actually, however, travelers usually plan their
travel activities with multiple purposes or destinations in a
whole day simultaneously.
In recent years, many researchers have recognized the
importance of multitrip patterns in travel behavior analysis.
A sequence of multiple travel activities was descripted as
an activity pattern or trip chain in previous studies [19–28].
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Figure 1: The location of historic urban area of Yangzhou.

The disaggregate modeling techniques were commonly used
in the analysis of trip arrangement [9–17], trip route choice
[10, 11], activity choice [18, 20, 21, 25], and trip chain pattern
[19, 22–24, 27]. These studies have shown that the analysis
on travelers’ activity pattern (i.e., trip chains) can provide
important information for transportation researchers and
planners to understand the travel behaviors of travelers and
improve the transportation system in city areas. The factors
impacting individuals’ travel behaviors include the sociodemographic characteristics, physical environments, attitudinal
factors, and travel-related features. Some other factors such as
land use pattern and road facility were also found to affect the
residents’ travel behaviors [29–33].
A review on the literature shows that though some
previous studies have analyzed the characteristics of travel
activity patterns, those studies generally paid attention to the
overall situation in the whole city areas. None of previous
studies have paid attention to the travel activity pattern in the
historic urban area of a city. The travel behaviors and activity
patterns within the historic urban area of a city are expected
to be quite different from the overall situations in the city. For
example, due to the concentrated land use pattern, the trip
distance within the historic area is quite short as compared
to that in the overall city area. Besides, the facilities of streets
as well as attributes of trip modes are also very different from
those of the overall city area. As a consequence, the findings
from the overall cities in previous studies cannot accurately
reflect the features of travel activity patterns in the historic
urban areas. A study particularly focuses on the historic
urban area which is important to help understand the unique

characteristics of travel activities in the area. In addition, the
study results that particularly focus on travel behaviors in
historic urban areas can provide useful suggestion for the
policy makings or city planning in the historic urban areas.
The primary objective of this study is to analyze the choice
of residents’ travel activity pattern in historic urban areas.
Based on the survey data conducted in the historic urban area
of Yangzhou, the travel activities of local residents in a whole
day were classified into five types of patterns. The individual and household characteristics significantly related to
the choice of activity patterns were investigated using the
multinomial logit modeling (MNL) technique. The findings
from historic urban areas were then compared to previous
studies. The remainder of this study is organized as follows.
The next section introduces the data resource. Section 3
introduces the methods used for modeling. Section 4 gives
the data analysis results and discusses the findings. This paper
ends with brief conclusions in Section 5.

2. Data
2.1. Study Area. The historic urban area in the city of
Yangzhou was considered in this study to conduct the relevant analysis on the travel activity pattern. The description of
the urban area of Yangzhou are shown in Figure 1. The historic
urban area of Yangzhou is surrounded by the ancient canal,
moat, and internal moat which covers about 5.09 square
kilometers. The historic urban area is located in the central
part of Yangzhou and is the commercial, financial, cultural,
and medical center of the city. The city area of Yangzhou
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Figure 2: The corridor schematic of historic urban area of Yangzhou.
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Figure 3: Illustrations of five types of travel activity patterns.

contains several subgroups with a distribution of a belt from
east to west, as shown in Figure 2. The historic urban area
is located in the middle of the belt. Because OF the city
structure, the traffic from east to west and west to east
all travels through the historic urban area. As a result, the
historic urban area has quite a large amount of traffic which
makes the area become congested.
The population of the historic urban area of Yangzhou in
year 2012 is about one hundred thousand. The distribution of
age of residents in this area presents a pattern of dumbbell:
most middle-aged people with higher economic status have
moved out of the historic urban area to the new developed
area of the city, and the majority of people who currently live
in the historic urban area are retired or self-employed with
low income. Besides, there are many elementary and middle
schools in the historic urban area which makes this area have
a large number of young travelers. On average, the population
density in the historic urban area is much higher than the
other parts of Yangzhou. The travel activities in the historic
urban area are expected to be different from the other areas,
which are discussed in later sections.
2.2. Data Resource. Data used for analysis were obtained
from the household survey in the city of Yangzhou, China, in
year 2010. The household survey was conducted by the local
government in one typical weekday to draw up the planning
for transportation system in the city. The survey included two
parts: (1) individual and household characteristics and (2)
travel information of all trips in the whole day. A total of
2,000 questionnaires were assigned randomly to residents in
the historic urban area. Questionnaires were distributed and
collected by the neighborhood committees. Initially, 1,528
questionnaires were obtained. Samples with the following
issues were excluded from further analysis: (1) cases of
missing key information (such as trip mode or trip purpose)
and (2) cases that have logic problems in the encoding

process. Totally, 1,221 samples were obtained after the data
selection.
In this study, a travel activity pattern (or trip chain) is
defined as a sequence of trips that starts and ends at the home
location in a whole day. According to previous studies, an
activity pattern can be classified into different types by the
complexity of activities (i.e., single and complex patterns) or
trip purpose (i.e., subsistence and nonsubsistence patterns).
In this study, the information of travel activity pattern was
extracted from the household survey data in Yangzhou.
Activity types that have small sample sizes (less than 1%) were
excluded from analysis to avoid inaccurate estimates. Since
this study focuses on the historic urban area in a city, the
classification of activities is different from previous ones.
Finally, five major types of travel activity pattern were
used for analysis, which are home-work/school (in historic urban area)-home (H-W/S(I)-H), home-work/school
(in historic urban area)-other-home (H-W/S(I)-O-H), homework/school (outside historic urban area)-home (H-W/S(O)H), home-work/school (outside historic urban area)-otherhome (H-W/S(O)-O-H), and home-other-home (H-O(I)H). The illustrations of these activity patterns are shown
in Figure 3. The descriptions of these five activity patterns
are given as follows, where “h” denotes home, “w” denotes
work, “s” denotes school, and “o” refers to other activities
(nonsubsistence activities).
H-W/S(I)-H: there is one subsistence activity within a
day. This activity pattern contains only a simple commuting
activity stop. All the home and commuting stops are within
the historic urban area.
H-W/S(I)-O-H: there are two types of activities within
a day. This activity pattern is a combination of a simple
commuting chain with a noncommuting activity stop. All the
home and activity stops are within the historic urban area.
H-W/S(O)-H: there is one subsistence activity within a
day. This activity pattern contains only a simple commuting
activity stop. The home is located within the historic urban
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area but the work/school is located outside the historic urban
area.
H-W/S(O)-O-H: there are two types of activities within
a day. This activity pattern is a combination of a simple
commuting chain with a noncommuting activity stop. The
home is located within the historic urban area, but at least
one of the activity stops are outside the historic urban area.
H-O(I)-H: there is only one nonsubsistence activity
within a day. This chain contains only a simple noncommuting activity stop. All the home and intermediate stop are
within the historic urban area.

3. Methodology
In this study, we would like to estimate the impacts of
explanatory variables on the choice of activity patterns in
the historic urban area. The dependent variable includes five
categories which are the five types of activity patterns. Thus,
the MNL model which is based on the logistic distribution
for disordered category variables is used for the data analysis.
The MNL model has been widely used by researchers for the
analysis of choices of trip modes and activities [26–28]. The
methodology of MNL model was briefly introduced in this
section.
On the basis of the random utility theory, the unity of 𝑛
selects the activity pattern of 𝑖 which can be expressed as
𝑈𝑖𝑛 = 𝑉𝑖𝑛 + 𝜀𝑖𝑛 ,

𝐾

(2)

𝑘=1

where 𝐾 is the number of explanatory variables; 𝜃𝑘 is coefficient to be estimated; 𝑥𝑖𝑛𝑘 is an explanatory variable.
Assuming that the random terms of the utility function
subject to the double exponential distribution, the probability
that the activity pattern 𝑖 selected by the individual 𝑛 is
exp (∑𝐾
exp 𝑉𝑖𝑛
𝑘=1 𝜃𝑘 𝑥𝑖𝑛𝑘 )
.
=
𝑃𝑖𝑛 =
∑𝑗∈𝐴 𝑛 exp 𝑉𝑗𝑛 ∑𝑗∈𝐴 exp (∑𝐾
𝑘=1 𝜃𝑘 𝑥𝑖𝑛𝑘 )
𝑛

(3)

For estimation of the parameter vectors 𝜃 by maximum
likelihood, the log likelihood function is shown as follows:
𝑁

𝐾

𝑛=1

𝑘=1

LL = ∑ ( ∑ 𝛿𝑖𝑘 [𝜃𝑘 𝑋𝑘𝑛 − 𝐿𝑁∑EXP (𝜃𝑘 𝑋𝑘𝑛 )]) .

Categories

Yangzhou

Historic urban area

Average daily travel times
Trip mode

2.81 times/day

2.99 times/day

Walk
Electric bicycle/bicycle
Car
Public transit
Motorcycle
Other
Age

16.4%
53.9%
5.5%
6.3%
15.5%
2.4%

27.4%
50.3%
3%
8.5%
9.9%
0.9%

<50 years old
>50 years old
Occupation

70.8%
29.2%

61.4%
38.6%

Retiree
student/staff/service
Private
Trip purpose

16.5%
58.0%
25.5%

25.4%
49.9%
24.7%

24.7%
6.8%
47.1%
21.4%

19.3%
6.3%
47.3%
27.1%

School
Work
Home
Other

(1)

where 𝑈𝑖𝑛 is the utility sample 𝑛 for activity pattern 𝑖, 𝑉𝑖𝑛
is called the systematic components of utility, and 𝜀𝑖𝑛 is the
random parts.
When it is a linear relationship between 𝑉𝑖𝑛 and the
explanatory variables, it contains 𝑉𝑖𝑛 which can be express as
𝑉𝑖𝑛 = 𝜃 𝑋𝑖𝑛 = ∑ 𝜃𝑘 𝑥𝑖𝑛𝑘 ,

Table 1: Trip characteristics between Yangzhou and its historic
urban area.

(4)

∀𝑘

Since the estimation process of maximum likelihood is
not the major objective of this study, the details of the
estimation process are not given here. Interested readers
could refer to Washington et al. [28] for more details on the
estimation of MNL models.

4. Results and Discussion
4.1. Preliminary Analysis. In the first section we have discussed that the travel behaviors in the historic urban area
of a city are expected to be quite different from the overall
situations. In this section, the preliminary analysis was first
conducted to compare the basic characteristics of travels
between the historic urban area and the overall city. The
results are shown in Table 1. The contents in Table 1 suggest
that an analysis of travel activity pattern particularly on the
historic urban area is necessary.
It is found that the travel behaviors are quite different
between the two area scopes: (1) the average daily travel time
in historic urban area (2.99 times/day) is more than that of
overall area in Yangzhou (2.81 times/day). (2) The percentage
of age above 50 in historic urban area (38.6%) is higher than
the overall city area of Yangzhou (29.2%), and the occupations
in historic urban area are also different from the overall
area. (3) The percentage of walk mode in historic urban area
(27.4%) is significantly higher than in the overall area of
Yangzhou (16.4%), which could be because the trip distance
within the historic urban area is shorter. (4) There are more
public transit travels and less bicycle, car, and motorcycle
in the historic urban area. (5) The trips to work/school in
historic urban area are a little lower than overall area, and the
trips to home in historic urban area higher.
Table 2 reports the statistics of activity patterns by type
in the sample. The activity patterns “H-W/S(I)-H” and “HO(I)-H” are the most common patterns that present 41.3
and 33.9 of all activities, respectively, which is comparable to
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Table 2: Statistics of five types of travel activity patterns.
Activity pattern
H-W/S(I)-H
H-W/S(I)-O-H
H-W/S(O)-H
H-W/S(O)-O-H
H-O(I)-H
Total

Frequency
505
183
96
23
414
1221

Percentage
41.3
15
7.9
1.9
33.9
100

some previous studies [18, 23, 25]. The activity pattern “HW/S(O)-O-H” occupies the least market which is only 1.9%.
The information in Table 2 suggests that most of the activities
were made within the historic urban area.
In the preliminary analysis we also compared the proportion of trip modes for the five types of activity patterns. The results are shown in Table 3. It is found that
bicycle (including electric bike and conventional bike) is the
nominate trip mode in the commuting activities (which are
H-W/S(I)-H, H-W/S(I)-O-H, and H-W/S(O)-H) with the
percentages over 50%. In the two nonsubsistence activity
patterns (which are H-W/S(O)-O-H, and H-O(I)-H) bicycle
usages are much lower. Public transit occupies a low mode
share in all the activity patterns. Car is most commonly used
for nonsubsistence travels outside the historic urban area.
Besides, motorcycle accounts for a relative large number of
travels in most of activity patterns. The information in Table 3
suggests that the mode share is different between activity
patterns in the historic urban area of Yangzhou.
Our research team also investigated several personal
attributes in the five types of travel activity patterns in the
historic urban area. The results are shown in Figure 4. It is
found in Figure 4(a) that there are more male travelers in
the subsistence activity patterns H-W/S(I)-H and H-W/S(O)H, and less males in the nonsubsistence patterns including
H-W/S(I)-O-H, H-W/S(O)-O-H, and H-O(I)-H. The reason
could be that females are more likely to have shopping or
other maintenance travels than males. Figure 4(b) suggests
that people older than 50 are more likely to have nonsubsistence activities. The percentage of population over 50 years
old in activity pattern H-O(I)-H is much higher than the
other patterns. The information of Figure 4 suggests that
the personal (and household) characteristics have significant
impacts on the choice of travel activity patterns, which are
discussed in detail in the following section.
4.2. Modeling Results. The choice of travel activity pattern is
impacted by the personal and household characteristics. In
the household survey of this study, personal attributes include
gender, occupation, and age. While household population,
preschoolers, private cars, the number of bikes and electronic bikes, motorcycle, and incomes constitute household
attributes. Affected by those factors, residents plan their daily
activities and adopt appropriate activity patterns. The statistics of explanatory variables used for model development are
shown in Table 4.

The MNL model was developed in this section to identify
the impacts of explanatory variables listed in Table 4 on the
choice of activity pattern. Initially, all explanatory variables
were considered in the models. Variables not significantly
related to the outcome were excluded from the model specification step by step. The contributing factors were kept in
the model specification. The variable selection processes were
repeated to carefully determine the contributing factors in
the final model. The multinomial logistic module of statistical
software SPSS was used to calibrate the parameters of each
available in the MNL model. The estimation results of the
MNL model shown in Table 5.
In the MNL model, the activity pattern H-O(I)-H is specified as the reference category. All the parameter estimates in
Table 5 reflect the impacts of each variable on the changes
of probabilities of the activity patterns with respect to the
probability of pattern H-O(I)-H. The model estimates are
interpreted as follows.
Gender is estimated to have significant effects on the
probabilities of H-W/S(I)-H, H-W/S(I)-O-H and H-W/S(O)H, activity patterns. The coefficient of gender for the HW/S(W)-H and H-W/S(O)-H patterns is 0.76 and 0.891, and
for the H-W/S(W)-H pattern is −0.559. It suggests that male
travelers prefer to choose the activity pattern of H-W/S(I)W and H-W/S(O)-H, of which the probabilities are 2.138 and
2.437 times more than female travelers. The reason for this
phenomenon is that females could be more likely to make
shopping and other types of travels for maintenance and
recreations. Thus females are more likely to make H-W/S(I)H activity pattern between work and home.
The occupation variable (OCC = 1) estimated in the HW/S(I)-H, H-W/S(I)-O-H, and H-W/S(O)-H activity patterns is negative, and OCC = 2 are all positive in the
four activity patterns. The reasons for the results could be
that students/staff/service participate in work/school while
retirees have little such trip purposes which coincides with
the real situation. The coefficients of age variable (AGE =
1 and AGE = 2) for H-W/S(I)-H, H-W/S(I)-O-H, and HW/S(O)-H activity patterns estimated in the model are all
positive. It could be because the residents younger than 50 are
mainly staff and students, which could have more commuting
activities than these older than 50.
Several household attributes such as car ownership and
number of electric bicycles are found to have significant
impacts on the probability of H-W/S(O)-H activity pattern.
The coefficient of car ownership and number of electric
bicycles is −2.064 and −2.177, indicating that travelers that
do not have a car or electric bicycles is less likely to choose
the activity pattern H-W/S(O)-O-H. The reason could be
that car and electric bicycle have relative high speeds and
are quite convenient to use. Without a car or electric bicycle
travelers that do not make activities with multiple purposes
outside the historic urban area. Some variables including the
income, household population, preschoolers, and number of
conventional bicycles and motorcycles are not found to have
obvious impact on the choice of travel activity pattern in the
historic urban area.
The modeling results of choice of activity pattern from
the historic urban area are compared to the findings from
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Table 3: The proportion of trip modes for the five types of activity patterns.

Activity pattern

Walk (%)

Bicycle (%)

Car (%)

Public transit (%)

Motorcycle (%)

H-W/S(W)-H
H-W/S(W)-O-H
H-W/S(O)-H
H-W/S(O)-O-H
H-O(I)-H

5.3
10.5
0
13.0
35.2

65.6
50.9
58.6
34.8
39.7

4.4
6.7
4.0
26.1
9.1

6.1
7.4
8.1
4.3
10.7

18.6
24.5
29.3
21.8
5.3

0.8

0.9

0.7

0.8

0.6

0.7
0.6

0.5

0.5

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1

Male
Female

H-O-H

H-W/S(E)-O-H

H-W/S(E)-H

H-W/S(W)-O-H

0
H-W/S(W)-H

H-O-H

H-W/S(E)-O-H

H-W/S(E)-H

H-W/S(W)-O-H

H-W/S(W)-H

0

<50
>50

(a) Gender information in each activity pattern

(b) Age information in each activity pattern

Figure 4: Personal attributes in the five activity patterns in historic urban area.

previous studies which focus on the overall city areas. Several
consistent findings are obtained for the two study scopes.
For example, both this study and previous ones report that
the individual characteristics including age, gender, and
occupation are significantly related to the choice of activity
pattern. For example, the studies conducted by Allaman et
al. [34], Lu and Pas [35], and Kuppam and Pendyala [36]
all showed that the personal attributes such as gender, age,
and occupation significantly affected travelers’ activities. The
findings from our study further confirmed the results of
previous studies.
There are some inconsistent findings between our study
and previous ones. For the historic urban areas as found in
this study, only two household characteristics variables were
found to be significantly related to activity choices. The other
household related variables were not found to be contributing
factors which was different as compared to previous findings
for the overall city areas. For example, Kuppam and Pendyala
[36] and Lu and Pas [35] found that the household income,
number of bicycles in household, and number of family
members were found to be contributing factors which were
not found in this study. The number of children in household
was found to be an important factors in the study by Golob
[37] and Lu and Pas [35]. The reason for the difference of
findings could be that in the historical areas, the choice

of activity pattern is restricted by the characteristics of
historical areas such as limited road resource and large traffic
demands. In our case of Yangzhou in 2012, the road length
per capita in the overall city is 8.84 m and the road area
per capita is 13.94 m2 , while the two measures in the historic
area are 13.26 m and 19.45 m2 , respectively. And the average
daily travel times in the overall city is 2.81 times/day, while
in the historic area is 2.99 times/day. Thus, travelers with
different household characteristics have to make similar
activity choices, making the impacts of household factors on
travel activities less significant.
The possible reason for the different findings could be that
in the historic urban area most of the people have relative
low income level which makes the variable of income not
significant. Another reason could be that due to the limited
road resource and high activity frequency the people that
have higher income level do not have more selections on the
travels. In historic areas the width of streets is much lower
than the other places in the city area, and the buses usually
run slow due to the congested traffic in historic areas. Thus,
these reasons lead to the results that the number of bicycles
in household is not significantly related to activity choice.
Household population is not significant, probably because
there are many retirees in historic urban area of Yangzhou
(the proportion of people over 50 years old is 29.2% for
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Table 4: Statistics of explanatory variables for model development.
Attributes

Variable
Gender (GEN)
Occupation (OCC)

Personal attributes

Age (AGE)

Household population (HP)
Preschoolers (CH)
Car ownership (CAR)
Number of conventional bicycle (BIC)
Household attributes
Number of electric bicycle (EBIC)
Motorcycle ownership (MOT)
Income (INC)

Definition
Male (=1)
Female (=0)
Retiree (=1)
Student/staff/service (=2)
Private (=0)
<30 (=1)
30–49 (=2)
>50 (=0)
<3 (=1)
More than 3 (=0)
Have (=1)
Without (=0)
Have (=1)
Without (=0)
0 (=0)
1-2 (=1)
>3 (=2)
0 (=0)
1-2 (=1)
>3 (=2)
Have (=1)
Without (=0)
<¥ 10000 (=1)
¥ 10000–50000 (=2)
>¥ 50000 (=0)

Frequency (%)
653 (53.5%)
568 (46.5%)
273 (22.4%)
599 (49.1%)
349 (28.6%)
579 (47.4%)
118 (9.7%)
524 (42.9%)
397 (32.5%)
824 (67.5%)
200 (16.4%)
1021 (83.6%)
68 (5.6%)
1153 (94.4%)
254 (20.8%)
855 (70%)
112 (9.2%)
498 (40.8%)
698 (57.2%)
25 (2%)
477 (39.1%)
744 (60.9%)
190 (15.6%)
900 (73.7%)
131 (10.7%)

Table 5: Estimation results of the MNL model.

Intercept
[GEN = 1]
[OCC = 1]
[OCC = 2]
[AGE = 1]
[AGE = 2]
[HP = 1]
[CH = 1]
[CAR = 1]
[BIC = 1]
[BIC = 2]
[EBIC = 1]
[EBIC = 2]
[MOT = 1]
[INC = 1]
[INC = 2]
a
b

H-W/S(I)-Ha
Coeff.
Sig.
−2.329
0.002
0.76
0.001
−2.604
<0.001
2.297
<0.001
1.521
<0.001
1.143
<0.001

H-W/S(I)-O-H
Coeff.
Sig.
−1.969
0.002
−0.559
0.027
−1.443
<0.001
2.191
<0.001
1.091
0.024
1.297
<0.001

H-W/S(O)-H
Coeff.
Sig.
−3.469
0.002
0.891
0.007
−2.076
0.008
2.687
<0.001
1.51
0.005
1.421
<0.001

H-W/S(O)-O-H
Coeff.
Sig.
−5.493
0.002

1.624

0.001

2.064

0.001

2.177

0.040

b

The reference category of activity pattern is H-O(I)-H.
Estimates of variables not significant at a 90% confidence level are not given.
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the overall city area and 38.6% for the historic urban area),
and they have done shopping and other travel behaviors
during their travels. The families with preschoolers are always
taken care of by the retirees, so the impact of preschoolers on
travel activity pattern is not significant either.

5. Conclusions
This study analyzed the characteristics of residents’ travel
activity patterns in historic urban area of a city and evaluated
the impacts of explanatory variables on the choice of activity
pattern. The data used for analysis in this study were obtained
from the household survey in the historic urban area of
Yangzhou. Based on the data, the travel activities of local
residents in a whole day were classified into five types of
patterns which were the (H-W/S(I)-H), home-work/school
(in historic urban area)-other-home (H-W/S(I)-O-H), homework/school (outside historic urban area)-home (H-W/S(O)H), home-work/school (outside historic urban area)-otherhome (H-W/S(O)-O-H), and home-other-home (H-O(I)-H).
The multinomial logit (MNL) model was developed in this
study to evaluate the impacts of explanatory variables on the
choices of activity patterns. The findings of this study were
compared to previous ones.
Based on the data analysis results, the following conclusions were obtained.
(1) Bicycle is the dominate mode of transport in historic urban area for the subsistence or commuting
activity patterns H-W/S(I)-H, H-W/S(I)-O-H, and HW/S(O)-H. Car is most commonly used for activity
patterns H-W/S(O)-O-H which contains trips outside the historic urban area. Public transit is most
commonly used in the single noncommuting activity
pattern H-O(I)-H. The overall mode share of public
transit is quite small, indicating that improving the
level of service of public transit will help reduce the
pressure of traffic in historic urban area.
(2) Male travelers prefer to select the activity pattern HW/S(W)-H and H-W/S(O)-H, and female are prone
to choose the H-W/S(W)-O-H pattern. The households without car and electric bicycle seldom select
the H-W/S(O)-O-H pattern. The residents who are
younger than 50 and students/staff/services are more
likely to choose the H-W/S(I)-H, H-W/S(I)-O-H, and
H-W/S(O)-H patterns.
(3) Among family attributes, ownership of private car and
the number of electronic bicycles have significant
effect on the choice of activity pattern. The other variables, which were the family population, preschoolers, number of conventional bike in household,
motorcycle ownership, and income, were found to be
not significantly related to the choice of activities.
Findings of this study on the travel activity patterns
in historic urban areas could help transportation planners
better understand the characteristics of travels and develop
strategies to reduce the congestion in such areas. This study
provides important suggestions for the policy makings to

improve the traffic situations in historic urban areas of cities.
However, due to the limitations of the survey data, we just get
the relationship between historic urban area resident activity
pattern and personal and family attributes. We did not
consider the trip mode selection during the analysis on travel
activity pattern choice. In our future studies, we would like to
analyze the choices of trip modes and activity patterns
simultaneously and consider the correlations between the two
choices. Besides, many travelers in historic urban area are
tourists other than local residents. It is interesting to compare
the characteristics of travel activities between tourists and
residents. Future studies may focus on the above topics.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
This research is supported by the Projects of the National
Natural Science Foundation of China (no. 51208256 and no.
51178157). The authors would like to thank the senior students
from Department of Transportation Engineering of Nanjing
University of Science and Technology for their assistance in
data collection and reduction. Especially, the authors thank
Dr. Chen Yang and Dr. Zhibin Li in Southeast University for
offering to help in this research.

References
[1] A. B. Sosslau, A. B. Hassan, M. M. Carter, and G. V. Wickstrom, “Quick response urban travel estimation techniques and
transferable parameters, user guide, NCHRP report 187,” in
Proceedings of the Annual Meeting of the Transportation Research
Board, pp. 22–63, Washington, DC, USA, 1978.
[2] M. Florian, M. Gaudry, and C. Lardinois, “A two-dimensional
framework for the understanding of transportation planning
models,” Transportation Research Part B, vol. 22, no. 6, pp. 411–
419, 1988.
[3] E. Weiner, “Urban transportation planning in the United States:
an historical overview, fifth edition,” Tech. Rep. DOT-T-97-24,
US Department of Transportation, Washington, DC, USA, 1997.
[4] M. Ben-Akiva, J. L. Bowman, and D. Gopinath, “Travel demand
model system for the information era,” Transportation, vol. 23,
no. 3, pp. 241–266, 1996.
[5] B. De Geus, I. De Bourdeaudhuij, C. Jannes, and R. Meeusen,
“Psychosocial and environmental factors associated with
cycling for transport among a working population,” Health
Education Research, vol. 23, no. 4, pp. 697–708, 2008.
[6] J. Pucher and R. Buehler, “Making cycling irresistible: lessons
from the Netherlands, Denmark and Germany,” Transport
Reviews, vol. 28, no. 4, pp. 495–528, 2008.
[7] J. Pucher, J. Dill, and S. Handy, “Infrastructure, programs,
and policies to increase bicycling: an international review,”
Preventive Medicine, vol. 50, pp. S106–S125, 2010.
[8] I. N. Sener, N. Eluru, and C. R. Bhat, “Who are bicyclists? why
and how much are they bicycling?” Journal of the Transportation
Research Board, vol. 2134, pp. 63–72, 2009.

Mathematical Problems in Engineering
[9] Y. Xing, S. L. Handy, and P. L. Mokhtarian, “Factors associated
with proportions and miles of bicycling for transportation and
recreation in six small US cities,” Transportation Research Part
D, vol. 15, no. 2, pp. 73–81, 2010.
[10] J. G. Su, M. Winters, M. Nunes, and M. Brauer, “Designing
a route planner to facilitate and promote cycling in Metro
Vancouver, Canada,” Transportation Research Part A, vol. 44, no.
7, pp. 495–505, 2010.
[11] C. Yang, W. Wang, X. Shan, J. Jin, J. Lu, and Z. B. Li, “Effects of
personal factors on bicycle commuting in developing countries:
case study of Nanjing, China,” Transportation Research Record,
no. 2193, pp. 96–104, 2010.
[12] E. Heinen, B. van Wee, and K. Maat, “Commuting by bicycle: an
overview of the literature,” Transport Reviews, vol. 30, no. 1, pp.
59–96, 2010.
[13] E. Heinen, K. Maat, and B. Van Wee, “The role of attitudes
toward characteristics of bicycle commuting on the choice to
cycle to work over various distances,” Transportation Research
Part D, vol. 16, no. 2, pp. 102–109, 2011.
[14] J. Pucher and R. Buehler, “Analysis of bicycling trends and
policies in large North American cities: lessons for New York,”
Finial Report, University Transportation Research Center, 2010.
[15] Z. B. Li, W. Wang, P. Liu, and D. R. Ragland, “Physical environments influencing bicyclists’ perception of comfort on separated
and on-street bicycle facilities,” Transportation Research Part D,
vol. 17, no. 3, pp. 256–261, 2012.
[16] Z. B. Li, W. Wang, P. Liu, J. Bigham, and D. R. Ragland,
“Modeling bicycle passing maneuvers on multilane separated
bicycle paths,” Journal of Transportation Engineering, vol. 139,
no. 1, pp. 57–64, 2013.
[17] Z. B. Li, W. Wang, C. Yang, and D. R. Ragland, “Bicycle commuting market analysis using attitudinal market segmentation
approach,” Transportation Research Part A, vol. 47, pp. 56–68,
2013.
[18] Z. B. Li, W. Wang, C. Yang, and G. Jiang, “Exploring the causal
relationship between bicycle choice and trip chain pattern,”
Transport Policy, vol. 29, pp. 170–177, 2013.
[19] J. G. Strathman and J. K. Dueker, “Understanding trip chaining,
1990 NPTS special reports on trip and vehicle attributes,” Tech.
Rep. FHWAPL-95-033, 1-1-1-28, FHWA, US Department of
Transportation, 1995.
[20] C.-H. Wen and F. S. Koppelman, “A conceptual and methdological framework for the generation of activity-travel patterns,”
Transportation, vol. 27, no. 1, pp. 5–23, 2000.
[21] H. Timmermans, P. van der Waerden, M. Alves et al., “Spatial
context and the complexity of daily travel patterns: an international comparison,” Journal of Transport Geography, vol. 11, no.
1, pp. 37–46, 2003.
[22] N. McGuckin, J. Zmud, and Y. Nakamoto, “Trip-chaining trends
in the United States: understanding travel behavior for policy
making,” Journal of the Transportation Research Board, vol. 1917,
pp. 199–204, 2005.
[23] M. Yang, W. Wang, X. Chen, T. Wan, and R. Xu, “Empirical
analysis of: commute trip chaining case study of Shangyu,
China,” Journal of the Transportation Research Board, vol. 2038,
pp. 139–147, 2007.
[24] X. Ye, R. M. Pendyala, and G. Gottardi, “An exploration of
the relationship between mode choice and complexity of trip
chaining patterns,” Transportation Research Part B, vol. 41, no.
1, pp. 96–113, 2007.

9
[25] S. Krygsman, T. Arentze, and H. Timmermans, “Capturing tour
mode and activity choice interdependencies: a co-evolutionary
logit modelling approach,” Transportation Research Part A, vol.
41, no. 10, pp. 913–933, 2007.
[26] K. A. Small and C. Hsiao, “Multinomial logit specification tests,”
International Economic Review, vol. 26, no. 3, pp. 619–627, 1985.
[27] T. Adler and M. Ben-Akiva, “A theoretical and empirical model
of trip chaining behavior,” Transportation Research Part B, vol.
13, no. 3, pp. 243–257, 1979.
[28] S. P. Washington, M. G. Karlaftis, and F. L. Mannering, Statistical and Econometric Methods for Transportation Data Analysis,
CRC Press, Boca Raton, Fla, USA, 2nd edition, 2010.
[29] M. Boarnet and R. Crane, “The influence of land use on travel
behavior: specification and estimation strategies,” Transportation Research Part A, vol. 35, no. 9, pp. 823–845, 2001.
[30] K. K. W. Yim, S. C. Wong, A. Chen, C. K. Wong, and W.
H. K. Lam, “A reliability-based land use and transportation
optimization model,” Transportation Research Part C, vol. 19, no.
2, pp. 351–362, 2011.
[31] P. Waddell, G. F. Ulfarsson, J. P. Franklin, and J. Lobb, “Incorporating land use in metropolitan transportation planning,”
Transportation Research Part A, vol. 41, no. 5, pp. 382–410, 2007.
[32] Q. Su, “Travel demand in the US urban areas: a system dynamic
panel data approach,” Transportation Research Part A, vol. 44,
no. 2, pp. 110–117, 2010.
[33] V. Van Can, “Estimation of travel mode choice for domestic
tourists to Nha Trang using the multinomial probit model,”
Transportation Research Part A, vol. 49, pp. 149–159, 2013.
[34] P. M. Allaman, F. C. Dunbar, and D. Steinberg, “Impacts of
demographic trends on time allocations for household activities,” in Proceedings of the Annual Meeting of the Transportation
Research Board, pp. 231–244, Washington, DC, USA, 1981.
[35] X. Lu and E. I. Pas, “Socio-demographics, activity participation
and travel behavior,” Transportation Research Part A, vol. 33, no.
1, pp. 1–18, 1999.
[36] A. R. Kuppam and R. M. Pendyala, “A structural equations analysis of commuters’ activity and travel patterns,” Transportation,
vol. 28, no. 1, pp. 33–54, 2001.
[37] T. F. Golob, “A simultaneous model of household activity participation and trip chain generation,” Transportation Research Part
B, vol. 34, no. 5, pp. 355–376, 2000.

Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2013, Article ID 524861, 8 pages
http://dx.doi.org/10.1155/2013/524861

Research Article
Using Principal Component Analysis to Solve a Class
Imbalance Problem in Traffic Incident Detection
Changjiang Zheng,1 Shuyan Chen,2 Wei Wang,2 and Jian Lu2
1
2

College of Civil and Transportation Engineering, Hohai University, Nanjing 210098, China
Transportation School, Southeast University, Nanjing 210096, China

Correspondence should be addressed to Changjiang Zheng; zhenghhu@sina.com
Received 21 August 2013; Revised 6 November 2013; Accepted 12 November 2013
Academic Editor: Wuhong Wang
Copyright © 2013 Changjiang Zheng et al. 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.
High imbalances occur in real-world situations when a detection system needs to identify the rare but important event of a traffic
incident. Traffic incident detection can be treated as a task of learning classifiers from imbalanced or skewed datasets. Using
principal component analysis (PCA), a one-class classifier for incident detection is constructed from the major and minor principal
components of normal instances. Experiments are conducted with a real traffic dataset collected from the A12 highway in The
Netherlands. The parameters setting, including the significance level, the percentage of the total variation explained, and the upper
bound of the eigenvalues for the minor components, is discussed. The test results demonstrate that this method achieves better
performance than partial least squares regression. The method is shown to be promising for traffic incident detection.

1. Introduction
Early detection of traffic incidents can minimize the delay
experienced by drivers, wasted fuel, emissions, and lost
productivity, while also reducing the likelihood of secondary
collisions [1]. Traffic incident detection is thus a critical issue
and it is important to develop mechanisms to detect traffic
incidents as early as possible. The incident detection problem
has received great interest from researchers and many incident detection techniques have been developed. Black and
Sreedevi [2] have extensively reviewed many approaches to
incident detection. Existing incident detection methods fall
into the following major categories: pattern recognition, time
series analysis, Kalman filters, partial least squares regression
[3, 4], and data mining technologies, which include neural
networks, fuzzy logic, support vector machines (SVM) [5, 6],
rough set [7], ensemble learning [8, 9], and decision tree
learning [10]. Data mining technologies have been shown to
be the most promising techniques of the incident detection
methods.
The typical classifiers in data mining, such as decision
tree inductive systems or neural networks, are designed to
optimize overall accuracy without accounting for the relative

distribution of each class. As a result, these classifiers tend
to neglect small classes while focusing on classifying the
large classes accurately [11]. Unfortunately, these classifiers
perform poorly in incident detection because the real-world
traffic data suffers from class imbalances that typically contain
much fewer incident cases than incident-free cases. Such situations pose challenges for these classifiers. Many solutions to
the class imbalance problem have been previously proposed
both at the data and algorithmic levels. At the data level,
resampling methods are commonly used to address the class
imbalance problem [12, 13]. Although such approaches can
be very simple to implement, tuning resampling methods to
be effective in an application is not an easy task. At the algorithmic level, cost-sensitive learning [14], one-class classifiers
[15], and ensemble-based classifiers, such as Boosting and
Adaboost [16, 17], are very well-known approaches for solving
dataset imbalance problems.
Typically, in a conventional multiclass classification problem, data from two (or more) classes are available and the
decision boundary is supported by the presence of examples
from each class. However, a one-class classifier completely
neglects one of the classes and learning is accomplished using
examples from a single class only at the learning stage.
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Different researchers have used other terms to present similar
concepts, such as outlier detection, novelty detection or
concept learning [18]. One-class approaches to solving classification problems may be superior to discriminative (twoclass) approaches, such as decision trees or neural networks
[19]. Raskutti and Kowalczyk [15] demonstrated that oneclass learning with positive-class examples can be a very
robust classification technique when dealing with extremely
unbalanced datasets composed of a high-dimensional noisy
feature space.
When a traffic incident occurs, the associated traffic
data change dramatically, so that the incident observation is
different from most of the traffic data. Thus, we can detect
traffic incidents by recognizing that the traffic incident data
deviate significantly from normal traffic data. From this
point of view, one-class classifiers or outlier detection can
be employed to address the incident detection problem. A
one-class classifier can be built from normal data to detect
any deviation from the normal model in the observed data.
Given a set of normal data to train from, together with a
new piece of test data, the goal is to determine whether the
test data belong to “normal” or anomalous behavior. For
traffic incident detection, the task is to build an incident
detector from the traffic data, that is, a predictive model
capable of distinguishing between abnormal traffic states
(called incidents) and normal states.
Shyu et al. [20] proposed a novel outlier detection scheme,
based on principal components that was applied to intrusion
detection. The underlying assumption of such a method
is that intrusions appear as outliers in the normal data.
Similarly, traffic incident cases also appear as outliers in the
normal traffic data. In this paper, this principal componentbased approach was used to detect traffic incidents. We
used this approach for incident detection mainly due to the
advantages of the principal component approach over many
anomaly detection methods. First, the principal component
approach does not make any distributional assumption. Second, this approach is typically used with high-dimensional
datasets. Another benefit of this scheme is that the statistics
can be computed in a shorter time during the detection stage
so that the scheme can be used in real time. Last but not least,
the detection model can be built using only normal cases,
thereby avoiding the class imbalance problem.
This paper is organized as follows. Section 2 provides
background on principal component analysis (PCA) and
outlier detection. Section 3 provides details of the datasets
used in the experiments, followed by an analysis of the
results; the results are discussed in Section 4. Finally, the work
concludes in the last section.
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If the variables are measured on scales with widely different
ranges or if the units of measurement are not commensurate,
it is preferable to perform PCA on the sample correlation
matrix. In our study, we perform PCA on the correlation
matrix of the normal group because the features of the data,
such as time, volume, or speed, are measured on different
scales.
Let the original dataset 𝑋 = [𝑋1 𝑋2 ⋅ ⋅ ⋅ 𝑋𝑝 ] be an 𝑛 ∗ 𝑝
data matrix of 𝑛 observations, each consisting of 𝑝 variables,
and let 𝑅 = [𝑅1 𝑅2 ⋅ ⋅ ⋅ 𝑅𝑝 ] be the correlation matrix of 𝑋. If
(𝜆 1 , e1 ), (𝜆 2 , e2 ), . . ., (𝜆 𝑝 , e𝑝 ) are the 𝑝 eigenvalue-eigenvector
pairs of the matrix R, then the 𝑖th principal component is
𝑦𝑖 = 𝑧𝑒𝑖 = 𝑧1 𝑒1𝑖 + 𝑧2 𝑒2𝑖 + ⋅ ⋅ ⋅ + 𝑧𝑝 𝑒𝑝𝑖 ,

where 𝜆 1 ≥ 𝜆 2 ≥ ⋅ ⋅ ⋅ ≥ 𝜆 𝑝 ≥ 0, 𝑒𝑖 = (𝑒1𝑖 , 𝑒2𝑖 , . . . , 𝑒𝑝𝑖 ) is the
𝑖th eigenvector and 𝑧 = (𝑧1 , 𝑧2 , . . . , 𝑧𝑝 ) is the standardized
matrix defined as
𝑧𝑘 =

2.1. Principal Component Analysis (PCA). Principal component analysis (PCA) describes the variance-covariance
structure of a set of variables in terms of fewer new variables
that are linear combinations of the original variables. The new
variables are easily obtained from eigenanalysis of the covariance matrix or the correlation matrix of the original data.

𝑥𝑘 − 𝑥𝑘
,
𝑠𝑘

(𝑘 = 1, 2, . . . , 𝑝) ,

(2)

where 𝑥𝑘 and 𝑠𝑘 are the average and standard deviation of the
observations in the 𝑘th dimension of 𝑋, respectively.
2.2. Outlier Detection. Most datasets often contain one or a
few samples that do not conform to the general behavior
of the dataset and which are called outliers. When an
observation is different from most of the data or is sufficiently
unlikely under the assumed probability model for the data,
the observation is considered to be an outlier. With data on a
single feature, outliers are those that are either very large or
very small relative to the others. Many features correspond to
a complex situation. In high dimensions, all features need to
be considered together using a multivariate approach.
The procedure commonly used to detect multivariate
outliers is to measure the distance of each observation from
the center of the data using the Mahalanobis distance. Any
observation larger than a threshold value is considered to
be an outlier. The threshold is typically determined from the
empirical distribution of the distances.
PCA has long been used for multivariate outlier detection. Consider the sample principal components 𝑦𝑖 (𝑖 =
1, 2, . . . , 𝑝) of an observation 𝑥, the sum of squares of the
standardized principal component scores is then given by
𝑦𝑝2
𝑦𝑖2 𝑦12 𝑦22
=
+
+ ⋅⋅⋅ +
,
𝜆1 𝜆2
𝜆𝑝
𝑖=1 𝜆 𝑖
𝑝

∑

2. Anomaly Detection Scheme

(𝑖 = 1, 2, . . . , 𝑝) ,
(1)

(3)

which is equivalent to the Mahalanobis distance of the
observation 𝑥 from the sample mean [20]. It is customary
to examine the individual principal components or some
functions of the principal components for outliers. Hawkins
[21] obtained superior performance for a scheme that used
statistics derived from principal components to detect errors
in multivariate data.
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Because the sample principal components are uncorrelated, under the normal assumption and assuming the sample
size is large, the major components are given as follows:
𝑦𝑞2
𝑦𝑖2 𝑦12 𝑦22
∑ =
+
+ ⋅⋅⋅ + ,
𝜆1 𝜆2
𝜆𝑞
𝑖=1 𝜆 𝑖
𝑞

𝑞 ≤ 𝑝,

(4)

corresponding to a chi-square distribution with 𝑞 degrees of
freedom. For a given significance level 𝛼, an observation 𝑥 is
an outlier if the following criterion is satisfied:
𝑞

𝑦𝑖2
> 𝜒𝑞2 (𝛼) ,
𝑖=1 𝜆 𝑖

∑

(5)

where 𝜒𝑞2 (𝛼) is the upper 𝛼 percentage point of the chisquare distribution with 𝑞 degrees of freedom. The value of
𝛼 indicates the error or false alarm probability in classifying
a normal observation as an outlier. The number of major
components, 𝑞, can be determined from the amount of the
variation in the training data that are described by these
components. Based on experiments, Shyu et al. suggested
using 𝑞 major components that can explain approximately 50
percent of the total variation of the standardized features.
In addition to the major components, Shyu et al. [20] pro𝑝
posed that the minor components, ∑𝑖=𝑝−𝑟+1 (𝑦𝑖2 /𝜆 𝑖 ), should be
used to detect observations that do not conform to the normal
correlation structure. The value of 𝑟 can be determined by
examining those components whose variance or eigenvalue
is less than 0.20.
An observation is an outlier with respect to the correlation structure if
𝑝

𝑦𝑖2
> 𝜒𝑟2 (𝛼) ,
𝑖=𝑝−𝑟+1 𝜆 𝑖
∑

(6)

where 𝜒𝑟2 (𝛼) is the critical value for a chi-square distribution
with 𝑟 degrees of freedom testing at a given significance level
𝛼.
The anomaly detection scheme differs from other existing
approaches in the use of both the major and minor components of the data. A clear advantage of this scheme over others
is that outliers can be detected based on being extreme values
or not having the same correlation structure as the normal
data.
2.3. Incident Detection Scheme. In this paper, the principal
component classifier (PCC) mentioned above is used to
detect traffic incidents. The procedure for traffic incident
detection is as follows.
Step 1. Divide the original dataset into a training set and
a testing set. Note that the outlier detection model is constructed from only the normal instances in the training set
that correspond to nonincident traffic data.
Step 2. Perform PCA on the correlation matrix of this
training set. Determine the number of major components
𝑞 and the number of minor components 𝑟 according to the
obtained eigenvalues.

Step 3. Determine the outlier thresholds, 𝑐1 and 𝑐2 , for a given
error probability in the distribution of the test statistics.
As previously mentioned, the collected data are assumed
to conform to a multivariate normal distribution, such that
the thresholds are the inverse of the chi-square cumulative
distribution function; that is,
𝑐1 = 𝜒𝑞2 (𝛼1 ) ,

𝑐2 = 𝜒𝑟2 (𝛼2 ) .

(7)

In practice, the normality assumption seldom holds true.
Therefore, we opt to set the outlier thresholds based on
empirical distributions of the test statistics rather than on the
chi-square distribution. The values of 𝛼1 and 𝛼2 are chosen
to reflect the relative importance of the types of outliers we
would like to detect. Without loss of generality, we choose
𝛼1 = 𝛼2 .
Step 4. Compute the principal component scores for the
major components and the minor components for each
observation 𝑥 in the testing dataset.
Step 5. Classify 𝑥 in the testing set as an outlier corresponding
to an incident state if
𝑞

𝑦𝑖2
> 𝑐1
𝑖=1 𝜆 𝑖

∑

𝑝

or

𝑦𝑖2
> 𝑐2 .
𝑖=𝑝−𝑟+1 𝜆 𝑖
∑

(8)

3. Data Description
In this study, we investigated PCC performance in incident
detection, as applied to real-life loop detector traffic data
collected from the A12 freeway in The Netherlands. The
distance between two adjacent detectors installed on A12 is
approximately equal to 500 m. Individual vehicle data are
collected by the detectors. More specifically, the passing time,
the speed, the occupancy time, and the lane in which the
vehicle is being driven are recorded for every car passing the
detector.
To assess PCC performance in incident detection, two
different datasets were employed. The first dataset consisted
of loop detector data from many neighboring detectors
installed on the A12 Dutch freeways collected during December 2007. The second data source contained information on
all the registered incidents that occurred over the period
considered on the A12 freeway.
3.1. Loop Detector Data. The loop detector data, in the form
of lane-specific traffic volume and speed, were collected at
60-second intervals during normal conditions and incident
conditions. Because one incident occurred on the road rather
than in a lane, we computed the average volume and speed
over all the lanes.
We cannot expect all collected data to be of a high quality.
Suspicious or dirty data may be buried in a dataset. Upon
close examination of the data, cases where the traffic volume
and speed changed dramatically were easily found, but these
cases did not always correspond to an incident case registered
over that time period in the incident database. If no incident
occurred during the respective time period, dramatic changes
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in the traffic volume or speed may have been due to a faulty
detector or transmission distortion. For anomaly detection to
function effectively, such nonpertinent data must be captured
and removed from the dataset to improve the veracity and
reliability of the traffic information. This procedure is called
data quality control or data cleaning. Various methods may
be used for this purpose. More details on these methods can
be found in the literature [22–24].
3.2. Incident Data. The database contained information on
the incidents that occurred during December 2007 as mentioned above; the database included the following information for each incident:
(i) the location of the incident,
(ii) the “approximate” starting time and ending time of
the incident,
(iii) a short description of the incident (the lanes in which
the incident occurred, a qualitative description of the
incident, etc.).
Note, however, that the exact times (start times as well
as end times) of the incidents were unknown. The database
contained only the time at which the incident was reported
and the time at which the end of the incident was reported.
Thus, we must keep in mind that the actual starting time
would have been a little earlier than the reported starting
time.
We constructed the incident dataset using all the incidents with duration between 20 and 180 minutes. We
obtained a total of 95 incidents that occurred on the A12
freeways during December 2007. There were 6 columns in this
dataset, including the date, direction, location, start time, end
time, and duration of the traffic incident.
3.3. Construction of Training and Testing Sets. Incident
detection was based on section-related traffic data, which
means that the traffic data were collected from two adjacent
detectors: an upstream detector and a downstream detector.
Each incident instance included the following items:
(i) time (reported as hh + mm/60) of data collection,
(ii) traffic volume and speed from the upstream detector,
(iii) traffic volume and speed from the downstream detector,
(iv) traffic state,
where the item “traffic state” is a label with a value of −1 or 1,
which denotes that there was no incident or that an incident
occurred, respectively, as determined by the incident dataset.
Each instance in the dataset contained 5 feature values and was labeled as either a normal traffic state or
an incident state. The entire dataset was divided into two
parts, a training set and a testing set, which were used for
calibration and testing, respectively. The training set was
composed of 99961 nonincident instances and 2751 incident
instances (58 incident cases), collected from 1 to 14 December;
the testing set was composed of 67791 samples, including

65957 nonincident instances and 1834 incident instances (33
incident cases), collected from 15–31, December.
The outlier thresholds are determined from the normal
instances in training data, and they were used to decide the
label of each instance in the testing set; thus the model’s
detection ability can be computed. The incident instances in
the training set were of no use in the PCC. However, the
incident instances were used to build other incident detection
models for comparison with PCC, such as the partial least
squares (PLS) model.

4. Case Studies
Incident detection results are typically evaluated using the
following criteria: the detection rate (DR), the false alarm
rate (FAR), and the mean time to detection (MTTD). The
classification rate (CR) is an additional performance measure
of interest. Detailed information on these criteria can be
found in references [3–10].
The experiments were conducted within the following
framework:
(i) only major components were used to detect outliers,
(ii) both major components and minor components were
used,
(iii) PCC was compared with PLS.
Matlab subroutines were written for these procedures and
all the algorithms were run on a computer with a 1.50 GHz
Intel Pentium processor and 1024 MB of memory.
4.1. Use of Only Major Components. To determine the appropriate number of major components to be used in PCC, we
conducted a preliminary study by varying the percentage of
total variation explained by the major components. In the
distribution of the test statistics, the major components scores
were closer to a log-normal distribution than to any other
distribution.
The major components were considered to account for
50% up to 100% of the total variation at 5% increments
and a 0.04 significance level; thus, we obtained 11 classifiers
with different numbers of major components, ranging from
2 to 5. All these classifiers were evaluated using the same
testing set. The results showed that as the percentage of the
variation explained increased, corresponding to increasing
the number of major components used, the values of the four
measurements, DR, FAR, MTTD, and CR, appeared to stay
the same until 90% of the variation was explained. It means
that the PCC method based on the major components that
can explain from 50% to 90% of the total variation has the
same ability for incident detection.
When more than 90% of the variation was explained,
corresponding to all the major components being included
in the classifiers, the measurement values changed: DR and
FAR increased, while MTTD and CR decreased. Thus, PCC
with more major components yielded a higher false alarm
rate and a lower classification rate, which is undesirable in
incident detection. Figure 1 illustrates the changes in DR,
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Figure 1: DR, FAR, MTTD, and CR versus the percentage of the
variation explained.

FAR, MTTD and CR, as a function of the percentage of the
variation explained for a significance level of 0.04.
The significance level was then increased from 0.01 to
0.10 in 0.01 increments and the process described above was
repeated. A total of 110 classifiers were obtained. Applying all
these classifiers to the same testing set, we observed that when
the significance level exceeded 0.06, the PCC models with
major components explaining 75% to 90% of total variation
performed poorly, as evidenced by a rapid decrease in the
detection rate. This result is illustrated in Figure 2 for a
significance level of 0.08.
The results suggest that a value of 𝑞 of 2 or 3 should be
used at lower significance levels, while a 𝑞 value of 2 should be
used at a significance level larger than 0.06, when the classifier
is only constructed using the major components.
4.2. Use of Both Major Components and Minor Components.
We next constructed outlier models using PCC with both
the major and minor components; the performance of these
models when applied to traffic incident detection was then
evaluated. First, the percentage of the variation explained was
set to 70% and the upper bound of the eigenvalues for the
minor components was set to 0.2 [20]; thus, the numbers
of the major and minor components were found to be 2
and 1, respectively. We constructed a series of outlier models
with significance levels ranging from 0.01 to 0.10 in 0.01
increments. We always used the same values for 𝛼1 and 𝛼2
in (7), as we did not know in advance which type of outliers
we should pay more attention to.

90
88
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0.55

0.6

0.65 0.7 0.75 0.8 0.85
Total variation explained (%)

Figure 2: DR, FAR, MTTD, and CR versus the percentage of the
variation explained.

In the distribution of the test statistics, the major components scores followed a log-normal distribution with a
freedom degree of 2, while the minor components scores
followed a Weibull distribution with a freedom degree of 1:
these distributions fit the test statistics more closely than any
other distribution.
Figure 3 presents the testing results of these classifiers,
showing how the four measurements changed with the
significance level. Within increasing significance levels, DR
increased while the MTTD decreased, which is desirable for
an incident detection model. However, the FAR values were
too high to apply the classifiers at a high significance level.
Keeping the percentage of the variation explained the
same; the upper bound of the eigenvalues for the minor components was increased to 0.3 and the number of the minor
components was increased from 1 to 2; we then constructed
another 10 classifiers and tested their performance.
Next, we let the major components account for 90% of the
total variation and let the upper bound of the eigenvalues for
the minor components range from 0.2 to 0.3; we repeated the
experiments above again.
Table 1 shows the testing results obtained for 4 classifiers
that were built with different numbers of major components
and minor components due to different values of the parameters setting. The significance level for all 4 classifiers was set to
0.08. The first column is the parameters setting; for example,
(70%, 0.2) indicated that the major components accounted
for 70% of the total variation and that the upper bound of the
eigenvalues for the minor components was 0.2. The column
“numbers” corresponds to the number of major and minor
components used.
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Table 2: Performance of PLSR built with a different proportion of
incident instances.

70% of total variation explained
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2.58
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96.49
93.42
85.12
66.72
46.69
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for FAR and CR, the DR values were too low to be used
in practice. A classifier using minor components can thus
dramatically improve the detection rate of models, as has
been proven by Shyu et al. [20].
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Figure 3: DR, FAR, MTTD and CR versus significance level.

Table 1: Comparison of the performance of classifiers built with
different parameters.
Classifiers
Parameters
Numbers
(70%, 0.2)
(2, 1)
(70%, 0.3)
(2, 2)
(90%, 0.2)
(3, 1)
(90%, 0.3)
(3, 2)
Only major components

DR

FAR

MTTD

CR

81.82
72.73
72.73
63.64
54.55

12.48
12.04
12.10
11.65
6.60

15.63
12.21
16.29
11.76
12.56

85.59
85.97
85.93
86.32
91.11

In this table, the best result in each column is shown
in bold (not including the last row). The classifiers with the
parameter pair (90%, 0.3) outperformed the other classifiers
in terms of the FAR, MTTD, and CR values. However, the
detection rate for the parameter pair (90%, 0.3) did not perform acceptably. The table shows that as the percentage of the
variation explained increased, DR tended to decrease, while
FAR and CR exhibited small fluctuations and performed at a
similar level. Another observation is that a classifier yielded
good MTTD values when more minor components were used
by increasing the upper bound of the eigenvalues for the
minor components.
For comparison, we also list the testing results achieved
by a classifier that only used the major components in the
last line of Table 1. The significance level was also set to 0.08
and the major components accounted for 70% of the total
variation. Although this classifier achieved the best values

4.3. Comparison with PLS. Wang et al. [3, 4] developed
automatic incident detection (AID) models based on partial
least squares regression, which were compared to the use
of support vector machines for freeway incident detection.
Here, we compare PCC and PLS for incident detection.
The training dataset had 102712 instances, with only 2751
incident instances compared to 99961 nonincident instances.
The class distribution was therefore highly skewed as the
frequency of the main class was more than 97%. The PLSR
model is sensitive to imbalanced training data; that is, the
proportion of incident samples in the training set strongly
influences the detection performance [3]. To address this
problem, we discarded random nonincident instances while
retaining all the incident instances to increase the proportion
of incident instances. In this way, we obtained a series of new
training datasets with the proportion of incident instances
ranging from 35% to 55% in 5% increments. Then, we built
a PLSR model for each new set. Next, we tested the detection
performance of the PLSR models with the testing dataset
mentioned above.
Table 2 shows the testing results obtained with the PLSR
model. Using the dataset containing 40% to 50% of incident
instances to build the PLSR resulted in relatively good model
performance. If there were too few incident instances, the
PLSR model would produce DR values that would be too low;
if there were too many incident instances, the PLSR model
would produce FAR values that would be too high. Taking
all these criteria into consideration, we chose the classifier
modeled on the training set with 45% incident instances for
further study. The testing results of this classifier are shown
in bold.
Twelve classifiers were then constructed by allowing the
significance level to range from 0.07 to 0.09, adjusting the
percentage of the variation explained from 0.7 to 0.9, and
increasing the upper bound of the eigenvalues for the minor
components from 0.2 to 0.3. The detection performances
of the 12 classifiers are presented in Table 3, along with the
average detection performance; the PLSR performance is
listed in the last row for comparison.
The results show the variation in classifier performance.
Table 3 shows that the upper bound of the eigenvalues for the
minor components strongly influenced the DR and MTTD
values. To increase its value, the MTTD values decreased,
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Table 3: Performance comparison between PCC and PLSR.
Classifiers
DR
FAR MTTD CR
Significance Explained Bound
0.2
75.76 10.78 18.08
87.16
70%
0.3
69.70 10.75 12.65
87.17
0.7
0.2
69.70 10.40 18.57
87.53
90%
0.3
63.64 10.31
12.29
87.58
0.2
81.82 12.48 15.63
85.59
70%
0.3
72.73 12.04
12.21
85.97
0.8
0.2
72.73 12.10
16.29 85.93
90%
0.3
63.64 11.65
11.76
86.32
0.2
81.82 14.37
11.70
83.81
70%
0.3
72.73 13.42
11.92
84.68
0.9
0.2
75.76 13.93
11.64 84.22
90%
0.3
66.67 13.01
11.18
85.05
Average of PCC
75.76 13.93
11.64 84.22
PLSR
69.70 13.07
11.04
85.12

which was a desirable result. Unfortunately, the DR values
also decreased as the MTTD values decreased. Comparing
the PCC and PLSR model results, PCC appeared to exhibit
poorer performance in terms of the FAR, MTTD, and CR
values, but yielded higher average DR values. However, we
should keep in mind that the highest performing PLSR model
was compared with the PCC model results. If the average
PLSR performance was compared to PCC performance, PLSR
performance would be observed to be slightly inferior to PCC
performance.

5. Conclusion
The detection of traffic incidents, congestion, and other traffic
operational problems is a very important component of
traffic system operation. The task of incident detection can
be regarded as constructing classifiers from imbalanced or
skewed datasets. In such problems, almost all the instances
are labeled as a nonincident class, while far fewer instances
are labeled as an incident class, which is usually the more
important class. The learned classifier determines whether
an incident occurs using traffic flow measurements, so that
classifying the traffic state is any efficient means of using
the class imbalance problem to solve the incident detection
problem.
In this study, we determined the applicability of principal
component analysis. PCA is often applied to reduce the
dimensionality of a problem, as well as to detect outliers.
In this paper, PCA was used to construct a simple classifier
to detect incidents. This classifier consisted of two simple
functions, the major components and the minor components.
Only a few parameters, the significance level, the percentage
of the total variation explained by the major components,
and the upper bound of the eigenvalues for the minor
components, needed to be retained for future detection. The
influence of these parameters on detection performance was
discussed in our experiments.

7
PCA performance was tested on a real dataset collected
from the A12 freeway in The Netherlands. The PCC results
were compared to the results of the standard linear PLSR
method. The experimental results showed that PCC outperformed the PLSR model for AID.
Although the test results showed that PCC can achieve
good incident detection performance, there is still room
for improvement; the FAR values were too high and the
MTTD values were too high with PCC. These results may be
attributed to the poor quality of real traffic data. Real traffic
data are always easily contaminated by a high noise level
in the dataset, due to missing values, transcription errors,
incomplete information, and the absence of standard formats.
Learning from noisy data is a challenging and practical
issue for real-world data mining applications. Common
practices include data cleaning, error detection, and classifier
ensembles [25, 26].
Refinements in data quality show promise in terms
of improving incident detection performance. Note that
common data cleaning methods are not suitable for AID
data because these methods recognize incident instances as
noise and consequently delete the incidents based on their
rarity. Therefore, further research should focus on developing
suitable algorithms for data cleaning.
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Recently, battery-powered electric vehicle (EV) has received wide attention due to less pollution during use, low noise, and high
energy efficiency and is highly expected to improve urban air quality and then mitigate energy and environmental pressure.
However, the widespread use of EV is still hindered by limited battery capacity and relatively short cruising range. This paper aims
to propose a state of charge (SOC) estimation method for EV’s battery necessary for route planning and dynamic route guidance,
which can help EV drivers to search for the optimal energy-efficient routes and to reduce the risk of running out of electricity
before arriving at the destination or charging station. Firstly, by analyzing the variation characteristics of power consumption rate
with initial SOC and microscopic driving parameters (instantaneous speed and acceleration), a set of energy consumption rate
models are established according to different operation modes. Then, the SOC estimation model is proposed based on the presented
EV power consumption model. Finally, by comparing the estimated SOC with the measured SOC, the proposed SOC estimation
method is proved to be highly accurate and effective, which can be well used in EV route planning and navigation systems.

1. Introduction
In recent years, energy and environment have suffered from
heavy pressure caused by rapidly increased gasoline and
diesel powered vehicles, and the growing concern about
energy reserves and environmental quality of cities has called
for sustainable transportation technologies and motivated
active research on vehicles with alternative energy sources
[1, 2]. The electric vehicles (EVs), which run on electricity,
have received wide attention due to less pollution during use,
low noise, and high energy efficiency [3, 4].
Although EV has considerable advantages, the popularization of EV is still hindered by limited battery capacity
and relatively short cruising range. Up to now, the battery
management system (BMS) has been developed as one of the
EV’s key technologies, and the accurate estimation of SOC of
battery is viewed as a critical part of BMS. Since the battery
is a strong nonlinear and time-variability system for its complicated electrochemical process [5, 6], the SOC is affected

by many factors such as open-circuit voltage, self-rescue
effect, temperature, charge and discharge efficiency, and circle
life. Although a great many SOC estimation methods have
been explored by researchers, the accurate estimation of SOC
is very difficult and complex due to limited battery models
and parametric uncertainties [7].
According to different methodologies, the SOC estimation methods can be classified into four categories, including
direct measurement, book-keeping estimation, adaptive system, and hybrid methods [8]. The direct measurement methods refer to measuring the SOC based on the battery properties (battery voltage, battery impedance, etc.), which mainly
include open-circuit voltage (OCV) method [9, 10], terminal
voltage method [11], impedance measurement method [12,
13], and impedance spectroscopy method [14, 15]. The bookkeeping is a method based on current measurement and
integration, which uses battery discharging current data and
other relevant data (self-discharge rate of battery, temperature, charge/discharge efficiency, etc.) as inputs [16]. The two

main book-keeping estimation methods are Coulomb counting method and modified Coulomb counting method [17].
With the development of artificial intelligence, various new
adaptive systems for SOC estimation have been explored,
which mainly include back propagation (BP) neural network
[18, 19], radial basis function (RBF) neural network [20],
fuzzy logic methods [21, 22], support vector machine [23],
fuzzy neural network [24], and Kalman filter [25, 26]. In addition, the hybrid methods are explored by some researchers,
which take advantage of multiple SOC estimation methods
to improve the estimation accuracy [27].
Although extensive research has been undertaken in
exploring approaches to estimate the SOC of battery based on
the complex external characteristic of battery as mentioned
above, few papers have been devoted to studying the relationship between the SOC of EV’s battery and microscopic
driving parameters. This means that the SOC at some specific
points, which is necessary for EV route planning, cannot be
predicted before the travel using the current estimation methods. Therefore, in an attempt to overcome the limitations of
current SOC estimation methods for EV’s battery, this paper
proposes a SOC estimation approach based on the forecasted
microscopic driving parameters, which can predict the power
consumption and SOC accurately before departure and then
reduce the risk of running out of electricity before arriving at
the destination or charging station.
This paper is organized into four sections. In the first
section, the background and significance on SOC estimation
models are provided, along with a review of existing studies
on SOC estimation. In the second section, by analyzing the
impacts of initial SOC for each second and microscopic driving parameters on power consumption rate, the EV power
consumption rate models for different operation modes are
established. On that basis, the SOC estimation model is
proposed, which uses the initial SOC, instantaneous speed,
and acceleration as input variables. In the third section,
the model parameters are calibrated and the estimation
results are discussed by comparing the measured SOC with
estimated SOC. The conclusions and future work are then
provided in the last section.

2. Modeling
Since the SOC of battery is decided by the initial SOC
and power consumption during the discharge time, in order
to establish the relationship between SOC and microscopic
driving parameters, it is important to study the impact of
microscopic driving parameters on power consumption of
EV. Therefore, in this paper, the EV power consumption rate
models for different operation modes are set up firstly, which
give a full consideration to the influence of the initial SOC
for each second, instantaneous speed, and acceleration on the
power consumption rate. Then, the SOC estimation model
is proposed based on the presented EV power consumption
model.
2.1. Data Source. The data used for establishing and verifying
the power consumption rate models and SOC estimation
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Figure 1: New European Driving Cycle.
Table 1: Correlation coefficient.
Correlation
coefficient
Power consumption
rate

Parameters
Initial SOC for
Speed
each second (%) (km/h)
−0.136

0.765

Acceleration
(m/s2 )
0.410

model are collected by a chassis dynamometer test with New
European Driving Cycle (NEDC). NEDC is a driving cycle
consisting of four repeated ECE-15 driving cycles and an
Extra-Urban Driving Cycle (EUDC), as shown in Figure 1,
and NEDC is supposed to represent the typical usage of a car
in China and Europe, and designed to assess the emission
levels of car engines and fuel economy in passenger cars
(excluding light trucks and commercial vehicles). The data
include four NEDCs and contain time, vehicle speed, battery
working current, battery voltage, and so forth. In the paper,
the data of the first three NEDCs are used to set up the EV
power consumption rate models and SOC estimation model,
and the data of the rest one driving cycle are used to verify
the accuracy of the proposed models.
2.2. Model Methodology. Both the initial SOC for each second
and microscopic driving parameters have a significant impact
on the power consumption rate. Therefore, in this section,
by analyzing the correlation between the power consumption
rate and initial SOC for each second and microscopic driving
parameters, the EV power consumption rate models are built
up according to different operation modes. On that basis, the
SOC estimation model is established.
2.2.1. Modeling Power Consumption Rate for EVs. The correlation coefficients between the EV power consumption rate
and initial SOC for each second, instantaneous speed, and
acceleration are summarized in Table 1. It can be concluded
that there is a relatively strong correlation between power
consumption rate and these parameters.
Further, the variation characteristics of power consumption rate with these parameters are analyzed (shown in
Figure 2). According to Figure 2(a), the change rules of
power consumption rate vary in different initial SOC for
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each second. Figures 2(b) and 2(c) illustrate graphically the
nonlinear relationship between power consumption rate and
microscopic driving parameters. It is clear that power consumption rate generally tends to increase with the increase
of speed and acceleration. In addition, the gradient of the
power consumption rate for decelerating mode is generally
smaller than that for accelerating mode, in which it should
be noted that the power consumption rate varies in different
operation modes. Therefore, in this paper, the running status
of EVs is divided into four operation modes, including
accelerating, decelerating, cruising, and idling, and then four
power consumption rate models are established, respectively.
Based on the analysis above, this paper attempts to
establish the EV power consumption rate models for different
operation modes that require initial SOC for each second,
instantaneous speed and acceleration as independent variables.
The derivation of the model structure involves experimentation with numerous polynomial combinations of the
initial SOC for each second, speed, and acceleration. Based
on the VT-Micro model of fuel consumption and emission
for gasoline and diesel powered vehicles [28, 29], the final
regression model includes the linear initial SOC for each
second coupled with a combination of linear, quadratic, and
cubic speed and acceleration terms because it indicates a
relatively high goodness of fit for the collected data as (1).
Since the above model may produce negative dependent
variable values in a few instances, a data transformation
method [29] is applied to the model presented in (1), and
the exponential function model presented in (2) is obtained.
Furthermore, the power consumption rate for idling mode is
estimated using the average value of the power consumption
of every second:
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Figure 2: Variation characteristics of power consumption rate with
initial SOC for each second and microscopic driving parameters.
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where 𝑞 is the power consumption rate, namely, the power
consumption of each second, C/s; 𝑆 is the initial SOC for
each second, %; (𝑎0 , 𝑎𝑖,𝑗 ), (𝑏0 , 𝑏𝑖,𝑗 ), and (𝑐0 , 𝑐𝑖 ) are the coefficients of accelerating, decelerating, and cruising, respectively,
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Table 2: Results of parameters calibration for power consumption rate models.

Variable
Constant
𝑆
V
V2
V3
𝑎
𝑎2
𝑎3
V𝑎
V𝑎2
V𝑎3
V2 𝑎
V2 𝑎2
V2 𝑎3
V3 𝑎
V3 𝑎2
V3 𝑎3
Adjusted 𝑅2

Accelerating
coefficients (𝑡-value)
1.862 (14.816)
0.226 (2.132)
—
—
—
—
—
—
0.098 (23.0313)
—
−0.030 (−6.753)
—
—
—
—
−5.054𝐸 − 005 (−13.667)
2.965𝐸 − 005 (12.637)
0.947

Decelerating
coefficients (𝑡-value)
1.098 (18.314)
0.317 (4.743)
0.025 (42.068)
—
1.184𝐸 − 006 (12.008)
—
—
—
0.115 (49.117)
0.152 (35.344)
0.053 (28.475)
—
—
—
—
−2.324𝐸 − 006 (−13.310)
—
0.894

Cruising
coefficients (𝑡-value)
0.602 (2.704)
0.633 (3.002)
0.037 (10.492)
—
−1.062𝐸 − 006 (−3.314)
—
—
—
—
—
—
—
—
—
—
—
—
0.927

Idling
coefficients
3.62
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

V is the instantaneous vehicle speed, km/h; 𝑎 is the acceleration, m/s2 ; 𝑆 is the initial SOC for each second, %; 𝑅2 is the coefficient of determination.

for polynomial model, 𝑖, 𝑗 = 0, 1, 2, 3; (𝑙0 , 𝑙𝑖,𝑗 ), (𝑚0 , 𝑚𝑖,𝑗 ),
and (𝑛0 , 𝑛𝑖 ) are the coefficients of accelerating, decelerating,
and cruising respectively, for exponential model, 𝑖, 𝑗 =
0, 1, 2, 3; V is the instantaneous speed of EV, km/h; 𝑎 is
the instantaneous acceleration, m/s2 ; 𝑞 is the average power
consumption of every second for idling, C/s.
2.2.2. Estimating SOC for EVs. Based on the power consumption rate models proposed above, the power consumption
during the discharge time can be obtained by the time integral
as
𝑛

𝑄 = ∑𝑞𝑖 × 𝑡,

(3)

𝑖=1

where 𝑄 is the power consumption during the discharge time,
C; 𝑛 is the discharge time, s; 𝑞𝑖 is the power consumption of
each second, namely, the power consumption rate, C/s; 𝑡 is
the time interval, 1 s.
Thus, the SOC estimation model based on the initial SOC
and microscopic driving parameters can be calculated by
𝑆𝑛+1 = 𝑓 (𝑆0 , V, 𝑎) = 𝑆0 −

∑𝑛 𝑞 × 𝑡
𝑄
= 𝑆0 − 𝑖=0 𝑖
,
3600 × 𝑄𝑟
3600 × 𝑄𝑟
(4)

where 𝑆𝑛+1 is state of charge after the discharge time 𝑛, %; 𝑆0 is
the initial SOC, %; 𝑄𝑟 is the nominal capacity of battery given
by the manufacturer, Ah.

3. Results and Analysis
In this section, using SPSS software, the parameters of
EV power consumption rate models for different operation

modes are calibrated, respectively, based on regression analysis method. Further, the estimated power consumption and
SOC are compared with the measured power consumption
and SOC to verify the accuracy of the proposed EV power
consumption rate estimation models and the SOC estimation
model.

3.1. Parameter Calibration. Based on the data of the first
three driving cycles mentioned above, using regression analysis method, the parameters for accelerating, decelerating,
cruising, and idling are calibrated, respectively. Since the use
of polynomial speed and acceleration terms may result in
multicollinearity between the independent variables due to
the dependency of the variables, stepwise regression analysis
method is utilized in the parameters calibration. However, the
study shows that heteroskedasticity exists in the accelerating
model calculated with ordinary least square (OLS). Therefore,
for accelerating mode, weighted least square (WLS) is used
for model calibration. The results of parameters calibration
for power consumption rate models are shown in Table 2.
According to Table 2, the statistical results indicate a
relatively high goodness of fit for power consumption rate
estimation (the adjusted 𝑅2 values in excess of 0.89 and the
absolute t-values of the variables in excess of 1.96 for all the
operation modes).

3.2. Estimation Results. On the one hand, in order to evaluate
the accuracy of the proposed power consumption rate estimation models, the measured power consumption rate data
are compared with the regression models estimation through
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Table 3: Results of MAPE for different operation modes.

4.3

Operation modes Accelerating Decelerating Cruising Idling
MAPE
8.74%
9.92%
9.45%
9.67%

4.1



1  𝑄 − 𝑄𝑖 
 × 100%,
MAPE = ∑  𝑖
𝑛 𝑖=1  𝑄𝑖 
𝑛

(5)

where 𝑄𝑖 is the measured power consumption, C; 𝑄𝑖 is the
estimated power consumption using the proposed models, C;
𝑛 is the number of tested data samples.
With the purpose of ensuring consistency in comparison,
in this paper, the data of the rest one driving cycle mentioned
above are utilized to verify the accuracy of proposed models. The MAPEs for second-by-second power consumption
illustrate that the models are relatively accurate with MAPE
ranging from 8.74% to 9.92% (shown in Table 3).
Further, in order to evaluate the applicability of the proposed models in EV route planning and navigation systems,
the MAPE of a specific route is also taken as evaluation indicator. The rest one driving cycle is divided into different time
intervals (2 min, 4 min, 6 min, 8 min, 10 min, 12 min, 14 min,
16 min, 18 min, and 20 min) and each time interval is regarded
as a specific planned route of EV. The power consumption for
each time interval is estimated using the proposed models,
and then the MAPEs for the planned route are calculated
under different time intervals (shown in Figure 3). It is clear
that the MAPEs for different time intervals are all less than
4.50% and the MAPE generally tends to decrease with the
increase of length of time interval. Therefore, for the data of
NEDC used in this paper, the presented power consumption
rate models for different operation modes can estimate the
EV power consumption with sufficient accuracy.
On the other hand, the accuracy of the presented SOC
estimation model is analyzed and discussed. Due to the
limited battery capacity and relatively short cruising range,
it is necessary to obtain several specific SOC values of EV’s
battery during the route planning. Therefore, the several
specific SOC values are calculated using the above SOC
estimation model. To evaluate the accuracy and applicability
of the proposed model in EV route planning and navigation
systems, the estimated SOC is compared with the measured
SOC (shown in Figure 4). The relative errors for different time
points between the measured SOC and estimated SOC are
all quite small. Therefore, for the data of NEDC used in the
paper, the presented model is appropriate for estimating the
SOC with sufficient accuracy and can be well applied in EV
route planning and navigation systems.

4. Conclusions
The paper presents a novel SOC estimation approach based
on the data collected by a chassis dynamometer test with
NEDC, which is characterized by fully considering the
impacts of microscopic driving parameters on SOC. Firstly,
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Figure 4: Comparison between measured SOC and estimated SOC.

through the variation characteristics analysis of power consumption rate with initial SOC for each second, instantaneous speed, and acceleration, a set of EV power consumption rate models with exponential function are established
for different operation modes. Further, using the presented
EV power consumption rate models, the SOC estimation
model that requires the initial SOC and microscopic driving
parameters as input variables is set up. Then, the parameters
of EV power consumption rate models for different operation modes are calibrated, respectively, using the regression
analysis method. For the data of NEDC used in the paper,
the power consumption rate models for different operation
modes are relatively accurate with MAPE ranging from 8.74%
to 9.92%, and the SOC estimation model can be well applied
in EV route planning and navigation systems to estimate
the SOC of battery. In the future practical application, the
models presented in this paper can be utilized in conjunction
with microscopic traffic simulation technologies or GPS to
further demonstrate their application to routing planning and
dynamic route guidance for EV.
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This paper develops an integer programming model for the scheduling problem in train circulations on an intercity rail line.
The model that aims to minimize the sum of interval time for any two consecutive tasks is proposed to characterize the train
operation process. Two main constraints, namely, time-shift and equilibrium constraint, are considered to get the feasible and
practical solution of train schedules. A heuristic procedure using tabu search algorithm is also designed to solve the model by
introducing the penalty function and a neighborhood search method with the trip exchange and insert strategy. A computational
experiment performed on test instances provided by two major stations on the Beijing–Tianjin Intercity Railway in China illustrates
the proposed model and algorithm.

1. Introduction
Transit scheduling problem is a major area in operations
research because of the complexity of problems that arise
from various transit modes, such as airlines, railways, maritime, and urban transit. Vehicle scheduling and crew scheduling are two main problems that arise in this area. Generally,
these two problems are considered separately, where the first
is the vehicle scheduling problem and the second is the crew
scheduling problem [1–3].
Recently, most scholars have focused on the two problems
simultaneously. In [4], a single depot case with a homogeneous fleet of vehicles was considered and an exact
approach was proposed to solve the simultaneous vehicle and
crew scheduling problem in urban mass transit systems. An
integrated approach to solve a vehicle scheduling problem
and a crew scheduling problem on a single bus route was
presented in [5]. An integrated vehicle and crew scheduling
problem was described using an integer linear programming
formulation combining a multicommodity network flow
model with a set partitioning/covering model in [6]. An
approach was presented to solve the bus crew scheduling
problem that considers early, day, and late duty modes with
time-shift and work intensity constraints in [7]. The authors
in [8] proposed an integrated vehicle-crew-roster model with

days-off pattern, which aimed to simultaneously determine
minimum cost vehicle and daily crew schedules.
In the field of rail transit, train and crew scheduling
problems are key steps in the rail operational process. The
train scheduling problem involves assigning trains to a set
of trips generated by a train timetable. The crew scheduling
problem involves assigning crews to trains that operate at a
given schedule. The authors in [9] proposed a phase-regular
scheduling method and applied a regular train-departing
interval and the same train length for each period under
the period-dependent demand conditions. In [10], a binary
integer programming model incorporated with passenger
loading and departure events was built to optimize the
passenger train timetable in a heavily congested urban rail
corridor. The authors in [11] established an optimization
model based on maximum passenger satisfaction for train
operations at the junction station in passenger dedicated
lines. The authors in [12] described research in progress that
would determine the minimum circulation of trains needed
to execute a given timetable with given bounds on demand
and capacities.
Train and crew scheduling is an NP hard problem. Generally, the difficulties stem from a large set of complex and
conflicting restrictions that must be satisfied by any solution.
Most of these restrictions are reflected in a sizable number
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of operational conditions that involve trips in daily train
timetables, train numbers, train capacities, crew numbers,
and certain constraints related to time-shift, equilibrium, and
work intensity. The authors in [13] proposed an algorithm
which was based on local optimality criteria in the event
of a potential crossing conflict to solve the train scheduling
problem. A model designed to optimize train schedules on
single line rail corridors was described in [14]. In [15], a
multiobjective optimization model was developed for the
passenger train-scheduling problem on a railroad network
which included single and multiple tracks, as well as multiple platforms with different train capacities. To minimize
shortages in capacity during rush hours, the authors in [16]
described a model that could be used to find an optimal
allocation of train types and subtypes for lines.
Meanwhile, various optimization models that relate to
many aspects of train and crew schedules in railways are
being studied extensively. The column generation approach
is an effective algorithm for solving these problems. For
example, the authors in [17] developed a column generation
approach for a rail crew rescheduling problem. The authors
in [18] presented a column generation approach based on the
decomposition algorithm, which would achieve high-quality
solutions at reasonable runtimes.
In recent years, a number of studies have paid more
attention to developing a heuristic algorithm for the train
scheduling problem. An algorithm that combined a compact
assign and a matrix, as well as an operational time strategy
was proposed in [19]. The authors in [20] developed twosolution approaches based on a space-time network representation that would operate a predetermined set of train duties
to satisfy the strict day-off requirement for crew in railways.
On the premise of unfixed train used sections, the authors
in [21] built an optimized train operation and maintenance
planning model using an algorithm with a penalty function
and a 3-opt neighborhood structure to solve the model. A
particle swarm optimization algorithm with a local search
heuristic was presented to solve the crew scheduling problem
in [22].
For an overview of the above papers, most studies on
constructing the train scheduling model have been paid to
the factors associated with train numbers, train capacities,
interval time of trains, and so on. Moreover, interval time
often includes night waiting time, which allows a train to
conduct the trip tasks for the following day when the shortest
layover time is less than the interval time of two consecutive
trips. In fact, most trains run on the intercity line with
high frequency, which is highly similar to bus transit. The
origin and destination stations are generally equipped with
train bases. In this paper, the factor of night waiting time is
neglected, and the train scheduling problem is merely based
on the train timetables in one day.
This paper is organized as follows. In Section 2, the rail
train scheduling problem and an optimization model that
minimizes the total interval time cost are described. A tabu
search algorithm is presented in Section 3. In Section 4, a
numerical example is provided to illustrate the application of
the model and algorithm. The last section draws conclusions
and discusses future research directions.
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Figure 1: A simple train timetable.

2. Rail Train Scheduling Model
2.1. Problem Description. This paper considers train scheduling on a bidirectional intercity railway line with several
stations. The location and number of trains available in each
station are known. Every day, the trains are arranged from
the designated stations to perform a set of trips. For each
trip, the departure and arrival times and locations, which
are determined by train timetables, are also known. Figure 1
shows a simple train timetable with three stations and 10 trips.
Train scheduling aims to assign a number of timetabled
trips to a set of trains with the objective of minimizing total
train operation costs and satisfying a range of constraints,
including labor union agreements, government regulations,
and company policy. For clarity, the following assumptions
have to be considered.
(1) Any two consecutive trips arranged for a train should
have compatible terminals. Deadhead trips are not
considered in this paper. Thus, the arrival location of
a trip should be similar to the departure location of
the next trip (e.g., Trips 1 and 6).
(2) Any two consecutive trips arranged for a train should
be compatible in time. A lower bound, called layover
time, is present when a train arrives at a terminus.
During this time, the trains wait for passengers to
alight, board, turnaround, and so on. If the interval
time of two trips cannot exceed the shortest layover
time, the two trips for any train is voided. If we assume
that the shortest layover time is 15 minutes, then we
can say that Trips 4 and 5 cannot be compatible.
(3) The train scheduling problem is solved as a daily
problem in which every train schedule is assumed
to be obtained from a daily train timetable. For two
consecutive trips, the departure time of one trip
should not be earlier than the arrival time of the next
trip (e.g., Trips 1 and 2).
(4) The number of required trains cannot exceed the
prescribed maximum number of trains.
Figure 2 illustrates train schedules corresponding to the
data from the train timetable in Figure 1. Three trains are
arranged for 12 trips. Each row corresponds to the trip tasks of
a train. For instance, the trip tasks of the first train (no. 1) are
in a chain with C-A, A-C, C-B, B-C, and C-A. The columns
correspond to the trips in a timetable. Notably, the number of
columns that correspond to different trains differs from one
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another. For any trip task of a particular train, the departure
station of the first trip and the arrival station of the last trip
are not necessarily the same.
2.2. Objective Function. The train is an important piece of
equipment used in intercity railways, which is expensive
to produce or purchase. To complete train timetables, the
required number of trains should be as few as possible.
Furthermore, the interval time of trains, a key factor in
measuring their circulation efficiency, can be described as
follows: a train runs in a section and reaches an intermediate
station in one trip. It operates and waits at the station and
then departs from the station for the following trip task. The
interval time includes the operation time and waiting time
at the station. When the train arrives and departs from the
terminus, the interval time can be called the turn-back time.
Therefore, the optimal objective of rail train scheduling is
to determine the minimum number of trains required and
ensure the minimum cost of interval time.
As the sum of interval time and running time of trains
is a multiple of the number of trains, and the running time
of each train is a constant number, the objective of having
the smallest number of trains is equivalent to the objective
of having minimal cost in interval time. In this paper, the
optimal objective is to minimize the total interval time, which
can be formulated as follows:
𝑚

𝑛

𝑛

𝑘=1 𝑖=1 𝑗=1

(2)

where 𝑧𝑖 is the destination station of trip 𝑖, 𝑠𝑗 is the origin
station of trip 𝑗, 𝑎𝑖 is the arrival time of trip 𝑖 at destination
station, and 𝑑𝑗 is the departure time of trip 𝑗 at origin station.

Figure 2: Illustration of train schedules.

min ∑ ∑ ∑ 𝑐𝑖𝑗 ⋅ 𝑦𝑖𝑗𝑘 ,

calculated using the formula 𝑑𝑗 − 𝑎𝑖 . Therefore, interval time
𝑐𝑖𝑗 between trips 𝑖 and 𝑗 can be expressed as follows:

(1)

where 𝑚 represents the number of trains required in a day, 𝑛
represents the number of trips provided by a train timetable
in a day and 𝑐𝑖𝑗 is the interval time between trip 𝑖 and trip 𝑗.
𝑦𝑖𝑗𝑘 is a binary 0-1 variable that indicates the status of trip 𝑖 and

trip 𝑗 conducted by train 𝑘. 𝑦𝑖𝑗𝑘 has two values: 𝑦𝑖𝑗𝑘 = 1 if trip

𝑗 is the next trip after trip 𝑖 conducted by train 𝑘, and 𝑦𝑖𝑗𝑘 = 0
otherwise.
The interval time of any two trips in train timetables is
significantly influenced by factors related to the trip, such as
origin station, destination station, and arrival and departure
time at the two stations. For any two trips, if the destination
station of the former trip is different from the origin station
of the latter trip, or if the interval time is less than the shortest
layover time 𝑇0 , then the two trips cannot be arranged using
the same train. Obviously, the two trips cannot satisfy the
time-shift constraint. In this paper, the interval time can be
set to an infinite positive number 𝑀. If the interval time of
the two trips meets the time-shift constraint, then it can be

2.3. Constraints
(1) To ensure that each trip can be conducted using only
one train, we formulate
𝑚

∑ 𝑥𝑖𝑘 = 1,

∀𝑖.

(3)

𝑘=1

(2) The relationship between decision variable 𝑥𝑖𝑘 and
auxiliary variable 𝑦𝑖𝑗𝑘 can be formulated using the
following equation:
𝑦𝑖𝑗𝑘 = 𝑥𝑖𝑘 ⋅ 𝑥𝑗𝑘 ,

∀𝑘.

(4)

(3) The two consecutive trips taken by the same train
should satisfy the time-shift constraint, which means
that the arrival time when the former trip ends at the
destination station must be earlier than the departure
time when the latter trip starts at the origin station.
The minimum difference should be not less than 𝑇0 ,
𝐼 (𝑑𝑗 − 𝑎𝑖 − 𝑇0 ) ≥ 𝑦𝑖𝑗𝑘 ,

∀𝑘,

(5)

where 𝐼(𝑥) represents sign function, which is calculated using (6),
1,
𝐼 (𝑥) = {
0,

𝑥 ≥ 0,
𝑥 < 0.

(6)

(4) To ensure that the running mileage between different
trains is equal, we have to make sure that the actual
operation time between different trains does not vary
significantly because of the constant speed of each
train. The parameter 𝐺𝑘 , which represents the total
operation time of train 𝑘, can be calculated using the
following equation:
𝑛

𝐺𝑘 = ∑ 𝑥𝑖𝑘 (𝑎𝑖 − 𝑑𝑖 ) .

(7)

𝑖=1

Therefore, we can calculate the maximum and minimum operation times of trains, and the difference
should not exceed the maximum value of the operation time between any two trains 𝑇1 ,


max
𝐺𝑘 − 𝐺𝑘  ≤ 𝑇1 .
 
𝑘,𝑘

(8)
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(5) The decision variable 𝑥𝑖𝑘 is a 0-1 variable to indicate
whether trip 𝑖 is conducted by train 𝑘. 𝑥𝑖𝑘 has two
values: 𝑥𝑖𝑘 = 1 if trip 𝑖 is conducted by train 𝑘, and
𝑥𝑖𝑘 = 0 otherwise. Thus,
∀𝑖, 𝑘.

Trains
1

Exchange

Figure 3: Expression of solution.

𝑥𝑖𝑘 ∈ {0, 1} ,

Trips
1 6 7 8 9

(9)

3. Algorithm Design
The tabu search algorithm uses a neighborhood search procedure to iteratively move from one potential solution to
an improved solution, until a stopping criterion is satisfied.
Tabu search is a metaheuristic local search algorithm that
can be used to solve combinatorial optimization problems.
The major advantages of this algorithm are its simplicity,
speed, and flexibility, and the scheduling model for rail train
circulations in this paper is a complex zero-one programming
problem. Thus, the tabu search algorithm can be used easily.
The main parameters of the algorithm are designed as follows.
3.1. Expression of Solution. The two-dimensional integer
array encoding method can be used to solve the train scheduling problem. In this method, rows represent trains, and
columns represent trips. The trips are numbered according to
departure time in ascending order. For example, in the train
operation data presented in Figure 2, the trip chains of each
train can be expressed as follows: train 1: 1-6-7-8-9, train 2:
2-5-10, and train 3: 3-4-11-12. The expression of solution is
shown in Figure 3.
Based on the values in the two-dimensional array, the
decoding process is the inverse of the encoding process. For
example, Figure 3 contains 3 trains and 12 trips. The numbers
of trips conducted by train 2 are 2, 5, and 10. Thus the variables
2
2
2
= 1, 𝑦2,5
= 1, and 𝑦5,10
= 1. Other
are 𝑥22 = 1, 𝑥52 = 1, 𝑥10
trains are decoded using the same method used in the former
method.
3.2. Generation of Initial Solution. The initial solution is the
starting point of the algorithmic search. A superior initial
solution enables the algorithm to arrive quickly at the optimal
solution. In the process of generating the initial solution, the
time-shift constraint should be satisfied. The procedure of the
algorithm is as follows.
Step 1 (initialization). The set of trips to be conducted by train
𝑘 is set 𝑃𝑘 = ⌀, for all 𝑘. Let 𝑖 = 1, 𝑘 = 1, and 𝑎0 = −𝑇0 .

Step 2. The train number 𝑘 and consecutive trip number 𝑖
corresponding to trip 𝑖 are determined. If 𝑃𝑘 = ⌀, then let
𝑘 = 𝑘 and Step 4 is performed. Otherwise, 𝑖 = min{𝛼𝑙 |
𝑙 ∈ {1, 2, . . . , 𝑘}}, 𝑘 = {𝑙 | 𝑖 = 𝛼𝑙 , 𝑙 ∈ {1, 2, . . . , 𝑘}}, where
𝛼𝑙 = max{𝑠 | 𝑠 ∈ 𝑃𝑙 }, and go to Step 3.
Step 3. The time-shift constraint is verified. If 𝑑𝑖 − 𝑎𝑖 ≥ 𝑇0
and 𝑠𝑖 = 𝑧𝑖 , then go to Step 4. Otherwise, 𝑘 ← 𝑘 + 1, and go
to Step 2.
Step 4. Let 𝑃𝑘 = 𝑃𝑘 ∪ {𝑖}, 𝑖 ← 𝑖 + 1; go to Step 5.
Step 5. If 𝑖 > 𝑛, then the algorithm ends and the results are
obtained. Otherwise, go to Step 2.
3.3. Neighborhood Structure. The neighborhood structure
uses trips exchange and insert strategies between different
trains. The trips exchange strategy can be described as
follows: a single exchange point on both the trip chains of
the two parents is selected. The trip number of that point
is swapped between the two parent organisms. The resulting
organisms are the children. For example, trip 7 of train 1 (16-7-8-9) is exchanged with trip 5 of train 2 (2-5-10), and new
solutions can be obtained. The trip chain of train 1 becomes
1-6-5-8-9 and that of train 2 becomes 2-7-10, as shown in
Figure 4.
The trips insert strategy can be described as follows: two
consecutive trips from train 1 are inserted into the trip chain
of train 2. The insert point depends on the departure time in
the trips chain of train 2 in ascending order, and two new trip
chains for the trains result. For example, if trip 5 of train 1
(1-5-7-8-10) is inserted into the trip chain of train 2 (2-6-9),
then new solutions can be obtained. The trip chain of train
1 becomes 1-8-10 and the trip chain of train 2 becomes 25-7-6-9, as shown in Figure 5. The trips exchange or insert
operation cannot be performed if the trip chain of any crew
cannot satisfy the time-shift constraint using any operation.
3.4. Evaluation of Solution. To search for better solutions
in the algorithmic iterative process, we have to evaluate the
solution. It must simultaneously calculate the value of the
objective function and consider the constraints. Given that
the initial solution satisfies the time-shift constraint and the
new solution generated in the neighborhood search also
satisfies the former constraint, we can consider only the
equilibrium constraint as the only factor in the former steps
that should be punished.
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Table 1: Departure and arrival time of trips.

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

DT
6:25
6:30
6:40
6:45
7:10
7:05
7:20
7:25
7:40
7:35
7:55
7:45
8:00
7:55
8:10
8:20
8:25
8:30
8:40
8:45
8:45
9:00
9:05
9:20
9:10
9:30
9:25
9:40
9:35
9:50
9:55
10:00
10:10
10:10
10:20
10:25
10:35

AT
6:58
7:03
7:18
7:23
7:43
7:38
7:58
8:03
8:13
8:08
8:28
8:18
8:38
8:33
8:43
8:53
9:03
9:08
9:13
9:18
9:18
9:38
9:38
9:53
9:43
10:03
10:03
10:13
10:08
10:28
10:28
10:33
10:48
10:43
10:53
11:03
11:08

No.
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

DT
10:40
10:45
10:45
11:00
10:55
11:20
11:10
11:25
11:25
11:30
11:35
11:50
11:55
12:00
12:20
12:20
12:30
12:25
12:40
12:45
12:55
13:10
13:05
13:20
13:10
13:25
13:15
13:50
13:30
14:05
13:40
14:10
13:45
14:25
14:05
14:35
14:15

AT
11:13
11:23
11:18
11:33
11:28
11:53
11:48
11:58
11:58
12:08
12:08
12:23
12:33
12:33
12:53
12:53
13:03
12:58
13:18
13:23
13:28
13:43
13:38
13:53
13:43
13:58
13:48
14:28
14:03
14:38
14:13
14:43
14:23
15:03
14:38
15:08
14:48

No.
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

DT
14:40
14:25
14:50
14:35
15:00
14:45
15:05
14:55
15:15
15:15
15:20
15:25
15:35
15:35
15:50
15:50
15:55
16:05
16:05
16:15
16:15
16:20
16:30
16:30
16:45
16:40
17:05
17:00
17:25
17:20
17:35
17:25
17:50
17:40
18:00
18:05
18:15

AT
15:13
14:58
15:23
15:13
15:33
15:18
15:43
15:33
15:48
15:48
15:53
15:58
16:13
16:13
16:23
16:23
16:28
16:43
16:38
16:48
16:48
16:53
17:08
17:03
17:18
17:18
17:43
17:38
17:58
17:53
18:13
17:58
18:23
18:18
18:38
18:43
18:48

No.
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

DT
18:25
18:30
18:35
18:50
19:05
19:00
19:15
19:10
19:30
19:30
19:40
19:40
19:55
20:05
20:10
20:15
20:30
20:20
20:40
20:30
20:50
20:55
21:00
21:05
21:15
21:20
21:30
21:35
21:40
21:50
21:55
22:00
22:10
22:15
22:25
22:45
23:00

AT
18:58
19:08
19:08
19:28
19:38
19:33
19:53
19:43
20:03
20:03
20:13
20:18
20:28
20:38
20:43
20:48
21:03
20:53
21:18
21:08
21:23
21:28
21:33
21:38
21:53
21:53
22:03
22:08
22:13
22:23
22:28
22:33
22:43
22:48
22:58
23:18
23:33

Notes: “DT” stands for departure time and “AT” stands for arrival time. Trains with odd numbers run from Tianjin Station to Beijing Station, and trains with
even numbers run from Beijing Station to Tianjin Station.

In this study, the parameters in 𝛼 can be considered as
the punish factors and the value becomes a large positive
number. If the solution can satisfy the equilibrium constraint,
then the values of the fitness function and the objective
function become equal. Otherwise, the value of the fitness
function becomes significantly larger than that of the objective function, which means that the set of values for the
decision variables cannot create a feasible solution. The fitness
function can be formulated as follows:


𝑓 = 𝑍 + 𝛼 ⋅ max {max
𝐺𝑘 − 𝐺𝑘  − 𝑇1 , 0} ,
 
𝑘,𝑘

(10)

𝑛
𝑛
𝑘
where 𝑍 = ∑𝑚
𝑘=1 ∑𝑖=1 ∑𝑗=1 𝑐𝑖𝑗 ⋅ 𝑦𝑖𝑗 represents the value of the
objective function.

3.5. Other Parameters. The record of the tabu table is the
transform (exchange or insert) node, and tabu length has
a fixed value. Regulation is selected based on the value of
evaluation as the aspiration criterion. In other words, the
solution of the objective can be free if it is better than any of
the best candidate solutions currently known. The stopping
criterion is based on the value of the fitness function. If the
best value does not change after a given number of iterations,
then the algorithm stops the calculation.
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Table 2: The optimal results for train scheduling.

Train number
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15

Trains
1

Trips
1-16-31-46-61-76-91-106-121-136
2-17-32-47-62-77-96-107-122-137
3-18-33-48-63-78-93-108-123-138
4-19-38-49-64-85-100-109-126-139
5-20-35-50-65-80-95-110-125-140
6-21-42-51-66-81-92-111-130-141
7-22-37-52-67-82-97-112-127-142
8-23-34-53-72-83-98-113-134-143
9-24-39-54-69-84-99-114-129-144
10-15-40-55-70-79-94-115-128-145
11-26-41-56-71-86-101-116-131-146
12-29-44-59-74-89-104-117-124
13-28-43-58-73-88-103-118-133-148
14-27-36-57-68-87-102-119-132-147
15-30-45-60-75-90-105-120-135

Trips
1 6 7 8 9

Trains
1

Trips
1 8 9

Insert
2
3

2 5 10

2

2 5 6 7 10

3 4 11 12

3

3 4 11 12
New solution

Initial solution

Figure 5: Trips insert strategy.

4. Numerical Example
The Beijing-Tianjin intercity rail line is a major railway system
that serves passengers who travel between the cities of Beijing
and Tianjin in China. The line starts from Beijing South
Railway Station and ends at Tianjin Railway Station. It has
a total length of 119.4 km and covers 74 trips in two directions
every day. The main pieces of information about each trip,
such as origin and destination stations as well as departure
and arrival time, are presented in Table 1.
The shortest layover time for trains at switchback station
is 15 minutes, and the maximum deviation value of any two
trains is set to 90 minutes. The parameters for the tabu search
algorithm are as follows: the tabu length is 6; the punish
factor is 10,000; and the given number of iterations without
improving the solution is 100. The optimal solution can be
calculated using the VC++ program, as shown in Table 2. The
objective value of the optimal solution is 5,099 minutes.
Table 2 indicates that the total number of trains is 15 in
two directions. The maximum value of train operation time
is no more than 360 minutes (nos. 3 and 14). The minimum
value of train operation time is 302 minutes (no. 12). The
deviation value of operation time between train nos. 3 and
12 is 58 minutes, which is less than the specified value of 90
minutes. Thus, the equilibrium constraint is satisfied.

Operation time (min)
335
340
360
345
345
345
350
340
335
340
350
302
345
360
307

5. Conclusions
In this paper, we present an optimized scheduling method
of rail train circulations on a bidirectional intercity railway
line. A binary integer programming model with the objective
of minimizing the train fleet and the total interval times is
presented to show the schedule process. To work out a practical schedule, the time-shift and equilibrium constraints are
also considered. We have developed a tabu search algorithm
to solve the proposed scheduling model.
Computational results with the trip data on BeijingTianjin have shown that the algorithm can produce highquality train scheduling solutions. Furthermore, this method
can be widely applied to rail train circulations characterized
by high-density trips and large-quantity trains. During the
peak period of an intercity railway line, because of the
unbalanced feature of trip numbers in both two directions,
future research work may focus on considering the rail train
circulations with deadhead strategy.
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This paper explores the travel time distribution of different types of urban roads, the link and path average travel time, and
variance estimation methods by analyzing the large-scale travel time dataset detected from automatic number plate readers installed
throughout Beijing. The results show that the best-fitting travel time distribution for different road links in 15 min time intervals
differs for different traffic congestion levels. The average travel time for all links on all days can be estimated with acceptable precision
by using normal distribution. However, this distribution is not suitable to estimate travel time variance under some types of traffic
conditions. Path travel time can be estimated with high precision by summing the travel time of the links that constitute the path.
In addition, the path travel time variance can be estimated by the travel time variance of the links, provided that the travel times on
all the links along a given path are generated by statistically independent distributions. These findings can be used to develop and
validate microscopic simulations or online travel time estimation and prediction systems.

1. Introduction
Traffic congestion during peak hours has become unavoidable in numerous cities worldwide because of the rapid
increase in car ownerships and the lack of resources for proportionately increasing the supply capacity of road systems.
This problem is causing travel time to be highly unreliable.
Travel time and travel time reliability have become important
performance measures in assessing traffic system conditions.
A previous study [1] suggests that travel time reliability may
be more important than travel time savings; that is, road users
may choose a reliable route over an unreliable one despite the
longer travel time of the former. The reliability and variability
of travel time have attracted significant attention in the past
decade.
Traffic systems are complex and stochastic. For instance,
a number of notable sources of traffic congestion (traffic
incidents, work zones, bad weather, special events, and
traffic demand fluctuations) can disrupt system performance
and lengthen travel time. A high variability indicates the
unpredictability of travel time and the reduced reliability
of traffic service [2]. However, the accurate estimation and
prediction of travel time are essential to traffic operation and
traveler information systems.

The insufficient amount of actual travel time data has
caused several previous studies to use either loop detector
data to analyze travel time reliability or microsimulation
technique. In the past decade, numerous cities have implemented various travel time direct measurement techniques,
such as automatic number plate readers (ANPR), automated
vehicle identification (AVI) systems, GPS-equipped vehicles, smart phone devices, and Bluetooth [3]. All of these
techniques provide accurate individual vehicle travel time
data for analysis. For instance, gathering travel times with
moving GPS-equipped vehicles produces accurate, continuous, and automated point-to-point measures, which are
more representative of road performance compared with the
point estimates of speed from fixed detectors. However, the
sampling rate is occasionally low (no more than 10% of the
traffic flow) without the wide use of GPS equipment in private
cars.
The remainder of the paper is organized as follows.
Section 2 provides a brief review of the literature with respect
to modeling travel time distribution. A description of the
data set used in this study and data preprocessing are then
presented in Section 3. Section 4 explains the methodology
used to investigate the statistical properties of the travel time
distributions and results and discusses whether the normal

2
distribution can be used for all travel times to obtain the
mean and variance, which usually indicates the travel time
variability. Finally, Section 5 provides the conclusion of the
study.

2. Literature Review
Travel time distribution is an important basis for modeling
travel time variability and reliability, which can be measured
using several travel time distribution properties, such as
standard deviation and coefficient of variation. Previous
studies on travel time variability and reliability assumed that
travel time distribution may follow either normal distribution
or log-normal distribution [4], particularly for freeways.
However, several studies suggested that travel time data are
skewed and that such data possess long upper tail [5, 6].
Numerous studies have been conducted to investigate
the probability distribution of travel time on freeways and
signalized arterial roads. Recently collected empirical travel
time data exhibit positive skews and long tails. Therefore,
normal distribution is not suitable for these data. During the
1950s, Wardrop [7] reported that travel times follow a skewed
distribution with a long tail. Using the data of trip times to and
from work on 25 routes in Detroit collected over 20 months;
Herman and Lam [8] subsequently verified this observation
with an empirical study on travel time variability. This study
showed that the to-work trip time histogram tended to
follow a normal distribution, whereas the from-work trip
time histogram closely resembled a uniform distribution.
Using the travel time data collected in Michigan, Polus [9]
concluded that travel times fit a gamma distribution relatively
well. Richardson and Taylor [10] analyzed the travel time
data in Melbourne and found that the observed travel time
variability may be represented by a log-normal distribution.
Dandy and McBean suggested a log-normal or gamma
distribution [11] and proposed that the log-normal distribution is a useful descriptor of in-vehicle travel times. A
log-normal fit has been derived in several studies, such as
those by Mogridge and Fry [12] and Arroyo and Kornhauser
[13]. Montgomery and May [14] conducted a survey in Leeds
city and found that individual travel times were fit to a
log-normal distribution with means and dispersions that
are considerably more stable on a number of routes than
others. Rakha et al. [15] studied the AVI data from San
Antonio through goodness-of-fit tests and demonstrated that
normal distribution is inconsistent with the field travel time
observations. A previous study [16] showed that a lognormal
distribution is highly representative of travel times, particularly under steady state conditions, and that a mixture
distribution is appropriate for modeling travel times under
nonsteady state conditions. Chen et al. [17] modeled the travel
rate (travel time per unit distance) distribution and found
that a log-normal distribution exhibits good approximation
performance for the travel rate distribution at an a.m. peak
hour on Wednesday.
To obtain a better view of the travel time distribution,
Susilawati et al. [18] analyzed the GPS travel time data from
the Adelaide database and found that the Burr distribution
fits the empirical travel time data, that such distribution
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can be used to represent the observed data at two urban
arterial roads in Adelaide, and that the bimodal distribution
is appropriate for travel time distribution in a number of
short arterial links [19]. Fosgerau and Fukuda [20] studied
the minute-by-minute travel times for a congested urban road
over five months and found that a stable distribution fits the
standardized travel time of a link or a sequence of links. A
number of recent studies have focused on the link travel time
distribution prediction to generate reliable real-time traffic
condition forecasts [21, 22].
In most of these studies, the data derived from GPSbased probe cars only provide the travel time for the probe
vehicles, resulting in a small sampling rate of traffic flow
and preventing the collection of a large sampling data set
for various routes and times of day. Moreover, this low
sampling rate may not reflect the real distribution of travel
time during a short period, such as 15 min. With the rapid
development of traffic flow data collection techniques, the
ANPR system allows traffic management engineers to record
the time when a vehicle passes a specific location on roads.
The time differences between continuous locations can be
directly used as the travel time of this vehicle. The ANPR
system provides almost the entire sampling rate of the traffic
flow, except for the identification error of the camera. These
accurate travel time data are beneficial to the studies on travel
time variations in urban environments.

3. Data Preprocessing
Different travel time monitoring techniques have been developed over the past decades. These techniques include ANPR
cameras, Bluetooth scanners, GPS-based in-car devices,
smart phones, and speed sensors. The first two have been
proven to be promising methods. Various models for estimating or predicting travel time distribution have been proposed
on the basis of the data obtained from these techniques,
and these models have exhibited excellent performance on
freeways.
Approximately 200 ANPR identification detectors are
currently being mounted throughout Beijing city to collect
vehicle passing time. These detectors allow the travel time on
the target road link to be obtained through the comparison
and analysis of the passing time between two consecutive
detectors.
However, the major problem of ANPR in urban networks
lies in the difficulty in determining whether a vehicle has
traveled exactly along the route between two locations without making unexpected stops. Thus, a number of invalid
travel times from individual vehicles are inevitably observed.
These invalid travel times do not represent the average traffic
conditions on the link considered at the time the vehicle
was detected. For instance, an invalid travel time that is
considerably longer than the average travel time of vehicles
can be observed from a vehicle making unexpected stops
between two detection stations or from a bus that must stop
at bus stops to load and unload passengers. Such travel times
must be removed from the dataset to avoid bias in the analysis
results.
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The data must be preprocessed to remove the outlier
value before the estimation of the date distribution. Quartile
screening method using quartile interval is applied in this
study to reflect the variation scale.
Specifically, the data interval is the difference between the
upper and lower quartiles. If the data lies outside the interval,
then it will be identified as abnormal data and deleted:
𝑍 = [𝑄0.25 − 1.5𝑅, 𝑄0.75 + 1.5𝑅] ,
𝑅 = 𝑄0.75 − 𝑄0.25 ,

(1)

where 𝑍 indicates the valid data interval, 𝑄0.25 and 𝑄0.75 are
the lower and upper quartile values (the lowest and highest
25% of the data), respectively, and 𝑅 is the quartile range.
Figure 1 presents a comparison diagram that shows the
before and after preprocessing results obtained through
quartile screening method for the travel time dataset of a
single day in link 69–68. Several scattered and unreasonable
values were discarded.

As shown in Table 1, the numbers and percentiles of
the different distributions for each traffic condition were
observed for each road type, that is, arterials and urban
expressways. A total of 660 15 min intervals without adequate
data to test the distribution are not shown in Table 1.
Table 1 shows that when the average speed on certain
road links is relatively low (i.e., congested traffic), the Weibull
distribution percentile is the largest (arterial: 0.432; urban
expressway: 0.378). The average travel speed increase causes
a decrease in the Weibull distribution percentile and an
increase in log-normal distribution percentile. Under free
flow traffic conditions in urban expressways, the log-normal
distribution percentile is 0.569, indicating that the lognormal distribution best fits the distribution of the 15 min
travel time for most intervals under free flow conditions.
Evidently, different traffic conditions have different travel
time distributions, suggesting that we should adopt different
distributions for travel time reliability and variability estimation.

(2)

4.2. 15 min Travel Time Estimation. For a 15 min travel time
and its variance estimation, the specific distribution of travel
time for certain road links during certain times must first
be obtained using distribution fitting process; then, the
average travel time and the standard deviation of travel
time can be derived from the corresponding distribution
function. However, in actual application, the parameter
estimation of log-normal, gamma, and Weibull distributions
is complicated, thereby highly constraining online real-time
application. By contrast, the parameter estimation of normal
distribution is simple. Therefore, the average travel time and
variance estimation results for the normal distribution were
compared with those for the other distributions (i.e., lognormal, gamma, and Weibull). In actual application, such
as travel time estimation for dynamic traffic assignment or
travel time reliability estimation, if the difference is within an
acceptable range, then normal distribution can be considered
a substitute for other distributions to obtain higher real-time
calculation efficiency and reduce computer workload.
First, we consider the “Nanheyan Intersection -> Wangfujing Intersection” as an analysis example. The dataset
consists of four 15 min intervals from 8 AM to 9 AM on June
16, 2011. The average travel time and variance estimation
results of different distributions in various 15 min intervals are
shown in Table 2:
 𝑡 − 𝑡



𝛿1 =  𝑖 normal  × 100%,


𝑡𝑖
(3)
 𝜎 − 𝜎

 𝑖
normal 
𝛿2 = 
 × 100%,

𝜎𝑖


where 𝑙𝑗 is the length of link 𝑗 and 𝑡𝑗 is the estimated time on
link 𝑗.
The relationship between the travel speed V𝑗 and the
travel time can be studied. The traveler information system of
the Beijing Traffic Management Bureau was used to classify
the traffic conditions of various types of roads in Beijing
according to the average travel speed, as shown in Table 1.

where 𝑖 represents the log-normal, gamma, or Weibull distribution; 𝑡𝑖 and 𝜎𝑖 indicate the estimated average travel time
and standard deviation of travel time from 𝑖 distribution,
respectively; 𝑡normal and 𝜎normal indicate the estimated average
travel time and standard deviation of travel time from
normal distribution, respectively; 𝛿1 and 𝛿2 are the absolute
percentage errors of the estimated average travel time and
standard deviation of travel time, respectively.

4. Estimation
4.1. Estimation of Travel Time Distribution. The influence of
signal timing and other parameters causes the travel time on
arterial road links to show unimodal, bimodal, or multimodal
distribution shape. Therefore, in this study, the distribution
patterns of the travel times of different links were analyzed
in order of priority. A total of 17 unimodal distribution
links were selected: seven signalized arterials with lengths
ranging from 417 m to 2028 m and 10 nonsignalized urban
expressways with lengths ranging from 1600 m to 4100 m.
A 15 min interval is used to study how the travel time
distribution on actual road varies over time. This interval
provides sufficient data for most times of a day, and these
data can be used for travel time distribution estimation. In
addition, this interval is short enough to capture short-term
variations in travel time.
The data collected on June 16, 2011, were selected for use
in this paper. For each road link, a total of 96 15 min travel
time datasets may be used for analysis. Normal, log-normal,
gamma, and Weibull distributions are fitted to these 15 min
travel time datasets, and the Chi squares are selected for
testing goodness-of-fit.
To determine the relationship between the distribution
pattern and the congestion degree of the road link, travel
speed V𝑗 is used to indicate the congestion degree of the road
link. Then, the average travel speed on each link is calculated
using the following formula for each 15 min interval:
V𝑗 =

𝑙𝑗
𝑡𝑗

,

𝑗 = 1, 2, . . . , 17,
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Table 1: Distribution form of 15 min travel time under different traffic conditions.
Congested
<10 km/h
Number
Percentile
12
0.136
23
0.261
15
0.170
38
0.432
Congested
<20 km/h
Number
Percentile
10
0.222
12
0.267
6
0.133
17
0.378

Signalized arterial link
Normal distribution (1)
Log-normal distribution (2)
Gamma distribution (3)
Weibull distribution (4)
Urban Expressway
Normal distribution (1)
Log-normal distribution (2)
Gamma distribution (3)
Weibull distribution (4)

Slow
10 km/h to 30 km/h
Number
Percentile
23
0.155
55
0.372
22
0.149
48
0.324
Slow
20 km/h to 50 km/h
Number
Percentile
48
0.142
149
0.442
98
0.291
42
0.125

Free flow
>30 km/h
Number
Percentile
13
0.169
35
0.455
17
0.221
12
0.156
Free flow
>50 km/h
Number
Percentile
16
0.050
181
0.569
115
0.362
6
0.019

Table 2: Errors between estimation of normal distribution and other distributions.
8:00–8:15
𝜎 (standard
Error 𝛿1
deviation of
travel time)

𝑇 (average
travel time)
(seconds)

31.803

—

47.688

—

34.109

—

45.593

2.18%

29.036

9.53%

46.592

2.35%

31.789

7.30%

46.587

0

28.03

13.46%

47.688

0

30.241

12.79%

47.143

1.18%

29.891

6.40%

48.257

1.18%

31.988

6.63%

Error 𝛿2

𝑇 (average
travel time)
(seconds)

8:30–8:45
𝜎 (standard
Error 𝛿1
deviation of
travel time)

8:45–9:00
𝜎 (standard
Error 𝛿1
deviation of
travel time)

Error 𝛿2

73.982

—

32.15

—

56.626

—

28.849

—

75.431

1.92%

43.737

26.49%

56.929

0.53%

33.011

12.61%

73.982

0

36.347

11.55%

56.626

0

29.279

1.47%

74.214

0.31%

30.92

3.98%

56.964

0.59%

28.201

2.30%

Time
(a)

0:00

21:36

19:12

16:48

14:24

12:00

9:36

7:12

4:48

2:24

69-68 travel time distribution in a day (after data preprocessing)
140
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110
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90
80
70
60
50
0:00

0:00

21:36

19:12

16:48

14:24

12:00

9:36

7:12

4:48

2:24

69-68 travel time distribution in a day (before data preprocessing)
450
400
350
300
250
200
150
100
50
0
0:00

Travel time (s)

Error 𝛿2

—

𝑇 (average
travel time)
(seconds)
Normal
distribution
Log-normal
distribution
Gamma
distribution
Weibull
distribution

8:15–8:30
𝜎 (standard
Error 𝛿1
deviation of
travel time)

46.587

Travel time (s)

Normal
distribution
Log-normal
distribution
Gamma
distribution
Weibull
distribution

Error 𝛿2

𝑇 (average
travel time)
(seconds)

Time
(b)

Figure 1: Travel time distribution of link 69-68 before and after preprocessing. Note. 68, 69 is the ID number of the intersections; link 69-68
refers to the unidirectional link from intersection 69 to intersection 68.
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4.3. Trip Travel Time Estimation. In actual trips, travelers are
more concerned with the travel time of a path or trip, which
is the travel time from the original point to the destination.
For a path 𝑠 composed of 𝑚 links that form the set 𝐿(𝑠), the
path travel time can be computed using the following two
methods.
Method 1. If there is a set 𝑉(𝑠) of 𝑛 vehicles travelling along
the path 𝑠, then the path travel time at a certain time interval
can be calculated as follows:
∑𝑛𝑖=1 𝑇𝑖
(4)
, ∀𝑖 ∈ 𝑉 (𝑠) ,
𝑛
where 𝐸𝑖 {∗} denotes the conditional expectation over all the
realizations 𝑖 and 𝑇𝑖 is the travel time experienced by a vehicle
𝑖 ∈ 𝑉(𝑠) along the path 𝑠.
Similarly, the path travel time variance can be computed
using the path travel time realizations [16]:
𝑇 = 𝐸𝑖 {𝑇𝑖 } =

𝜎𝑡2 =

∑𝑖∈𝑉(𝑠) 𝑇𝑖2
𝑛

2

−𝑇 .

(5)

1.5
1

Error (%)

0.5
0
−0.5
−1
−1.5
−2
−2.5
0:00 2:24 4:48 7:12 9:36 12:00 14:24 16:48 19:12 21:36 0:00

Time
1
2
3
4

5
6
7
8

9
10
11
12

13
14
15
16

17

(a)

40
20
Error (%)

The following observations are drawn from Table 2. (1)
For the estimation of average travel time, the errors between
the estimation results obtained from the normal distribution
and those obtained from other complex distributions are
insignificant, with the maximum being 2.35%. (2) For the
estimation of standard deviation of travel time, the errors
are large (ranging from 1.47% to 26.49%). Therefore, whether
the normal distribution can substitute other distributions for
parameter estimation must be decided on the basis of the
accuracy requirements for actual application.
Without loss of generality, 17 road links observed on June
16, 2011, were used to determine the estimation error between
the best-fitting and normal distributions. A total of 962 valid
15 min travel time datasets were left for analysis after the
invalid datasets were removed. The errors of average travel
time estimation and standard deviation estimation derived
using normal distribution with other distributions are shown
in Figures 2(a) and 2(b), respectively.
As shown in Figures 2(a) and 2(b), the average travel
time estimation using normal distribution is either more or
less than that using other distributions, and the maximum
error is ±2%. However, the errors between standard deviation
estimation with different distributions are relatively large,
with the maximum error reaching –90%. The mean absolute
relative error (MARE) was only 6.9%. The standard deviation
estimation errors are mostly distributed within (–0.1, 0.1),
accounting for over 85%; that is, under most traffic situations,
the accuracy of the average travel time estimation and
standard deviation estimation through normal distribution
estimation for various road links is acceptable.
These results suggest that the average travel time under
most traffic situations can be estimated using normal distribution. For the estimation of the standard deviation of travel
time, that is, travel time variability or reliability, the errors
are occasionally large. For high accuracy requirements, for
example, more than 95%, the accuracy of normal distribution
estimation cannot be ensured.

0
−20
−40
−60
−80
−100
0:00 2:24 4:48 7:12 9:36 12:00 14:24 16:48 19:12 21:36 0:00
Time

1
2
3
4

5
6
7
8

9
10
11
12

13
14
15
16

17

(b)

Figure 2: (a) Average travel time estimation errors using normal
distribution with other distributions. (b) Errors of standard deviation estimation using normal distribution with other distributions.
Note. The numbers at the bottom of this figure indicate the road link
number.

This equation serves as the ground truth used for comparison purposes.
Method 2. The majority of vehicles do not travel the entire trip
length; thus, the trip travel times from various road segments
or link travel times should be estimated. Without loss of
generality, the path travel time can be determined as the sum
of the experienced link travel times along the set of links
constituting the path, as shown in the following:
𝑇 = ∑ 𝑡𝑗 ,
𝑗∈𝐿(𝑠)

(6)

where 𝑡𝑗 is the travel time experienced by vehicles along link
𝑗 ∈ 𝐿(𝑠).
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The expected travel time along a link can be computed as
follows:
𝑝

∑𝑖=1 𝑡𝑖𝑗

𝑡𝑗 = 𝐸𝑖 {𝑡𝑖𝑗 } =

𝑝

,

∀𝑗 ∈ 𝐿 (𝑠) ,

(7)

where a total of 𝑝 vehicles are traveling along link 𝑗.
The travel time variance for link 𝑗 can be computed as
follows:
2

2

𝜎𝑗2 = 𝐸𝑖 {𝑡𝑖𝑗 − 𝑡𝑗 } = 𝐸𝑖 {𝑡𝑖𝑗2 } − 𝑡𝑗 =

∑𝑖∈𝑉(𝑠) 𝑡𝑖𝑗2
𝑛

2

− 𝑡𝑗 .

(8)

For method 2, three methods were used to compute the
path travel time variance from the link travel time variance
[16].
Method 2.1. The current state-of-the-practice technique for
estimating path travel time variability assumes that the travel
times on all the links along a given path are generated by
statistically independent distributions. Therefore, the path
variance can be computed as the summation of the link travel
time variances for all links along a path as follows (Method
2.1, noted with subscript 1):
𝜎1𝑡 =

1/2

𝑚

(∑𝜎𝑗2 )
𝑗

.

(9)

Method 2.2. Sherali et al. [23] used the maximum and
minimum link travel time coefficients of variations (CV)
to construct bounds on the path CV because the CV is
independent of the length of the link. The following equation
is derived to estimate the path variance (Method 2.2, noted
with subscript 2):
𝜎2𝑡 = 𝑇 ⋅ COV𝑡 = 𝑇 ⋅ (
=

𝑇

∑𝑗∈𝐿(𝑠) 𝜎𝑗2
2

∑𝑗∈𝐿(𝑠) 𝑡𝑗

1/2

)
(10)

𝜎1𝑡 ,
2 1/2

(∑𝑗∈𝐿(𝑠) 𝑡𝑗 )

where COV𝑡 is the coefficient of variation.
Method 2.3. Another method for estimating the trip variance
[16] (Method 2.3, noted with subscript 3) is to compute the
expected path CV as the conditional expectation over all
realizations 𝑗 of the various roadway links making up a path.
The path variance estimation can be computed as follows:
𝜎3𝑡 =

𝜎𝑗
𝑇
).
( ∑
𝑚 𝑗∈𝐿(𝑠) 𝑡𝑗

(11)

The majority of vehicles do not travel the entire trip
length; thus, the travel time data of a path within a shortterm interval is limited. To retrieve a significant amount of
travel time data, the sampling time interval is set to 30 mins
in this study. Five paths are used for analysis. The main

consideration in choosing these five paths are as follows. (1)
In the observed period, the datasets for these paths have
an enough number of valid records to support the analysis.
(2) These paths have consecutive links within the path. The
dataset has a travel time for each link and a travel time for the
entire path, thus allowing the correlation analysis of the links
and error estimation. The data of the selected path consist of
24 hour data obtained from September 3, 2008. This dataset
is then divided into 48 groups of values for every 30 mins.
The five paths travel time estimation error is illustrated in
Figures 3(a) and 3(b). The standard path travel time for error
estimation is directly obtained from the estimation of path
travel time and its standard error, as described in method 1
and shown in (4).
As shown in Figures 3(a) and 3(b), most of the related
errors of the five paths are lower than 10%, except for a few
values exceeding 10%.
Figure 4 shows that the five paths’ travel time variance
estimation errors derived by the three methods. As shown
in Figure 4, most of the cases using Method 2.1 have the
minimum estimation error of path travel time variance. For
path 18-17-16 (Chang’an Street, signalized arterials) and path
136-135-134 (Jing-Kai Expressway), Methods 2.2 and 2.3 have
similar errors for most intervals. For the other three paths
(all of which are expressways), no evident regular patterns
are found. The MARE of three methods for path travel time
variance estimation of the five paths is shown in Table 3.
The following observations are drawn from Table 3. (1)
For the entire day, the MARE of paths 18-17-16, 70-69-68,
and 136-135-134 show that Method 2.1 has the lowest error,
whereas the MARE of paths 133-134-135 and 140-139-138 show
that Method 2.3 has the lowest error. (2) For the a.m. peak
hours, the MARE of four paths (i.e., 18-17-16, 70-69-68, 140139-138, and 136-135-134) show that Method 2.1 has the lowest
error. For path 133-134-135, Methods 2.1 and 2.3 have similar
precision. (3) For the p.m. peak hours, the MARE of the two
paths with data show that Method 2.1 has the lowest error.
For nonpeak hours, a similar regular pattern throughout the
entire day is found.
These results are relatively different from those described
in [16], which utilized field data and simulated data. In this
study, Method 2.2 is shown to have the highest estimation
errors, whereas Method 2.1 is shown to have the best estimation performance under most situations.
These findings suggest that the path average travel time
can be estimated by summing the travel time along the set of
links constituting the path. On the basis of the performance of
Method 2.1, the assumption that travel times on all links along
a path are generated by statistically independent distributions
is reasonable under most traffic conditions, particularly for
congested periods. Nevertheless, for a number of paths,
Method 2.3 is more suitable than Method 2.1 for calculating
the path travel time variance.

5. Conclusion
This paper discussed three issues concerning travel time
variability and reliability estimation on the basis of the
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100.00
90.00
80.00
Percentile (%)

70.00
60.00
50.00
40.00
30.00

23:30–24:00

20:00–20:30

16:00–16:30

12:00–12:30

8:00–8:30

4:00–4:30

0:00–0:30

Five paths travel time estimation error by equation (4.6) (%)
30.00
20.00
10.00
0.00
−10.00
−20.00
−30.00
−40.00

20.00
10.00
0.00
Less than 5%

Path 136-135-134
Path 18-17-16

Path 70-69-68
Path 140-139-138
Path 133-134-135

5%–10%

More than 10%

Path travel time estimation error with equation (6)
Path 70-69-68
Path 133-134-135
Path 18-17-16

(a)

Path 140-139-138
Path 136-135-134
(b)

Figure 3: (a) Path travel time estimation error by (6). (b) Statistical graph of path travel time estimation error by (6). Note. Path 70-69-68
indicates the unidirectional path from intersection 70 to intersection 68 via intersection 69. All numbers following the word “path” are the ID
numbers of intersections.
Table 3: MARE of the three methods for path travel time variance estimation of five paths.
Method

Path
18-17-16

Path
70-69-68

Path
133-134-135

Path
140-139-138

Path
136-135-134

Whole day

Method 2.1
Method 2.2
Method 2.3

18.96
57.04
53.97

9.40
26.70
16.47

24.49
22.85
16.12

17.88
29.67
17.15

28.54
33.72
36.96

a.m.
(7:00–9:00)

Method 2.1
Method 2.2
Method 2.3

6.83
47.60
43.77

12.94
22.03
19.79

12.23
24.11
11.49

5.37
24.18
6.02

31.17
35.78
35.88

p.m.
(17:00–19:00)

Method 2.1
Method 2.2
Method 2.3

10.36
40.33
39.46

#
#
#

#
#
#

4.39
21.88
4.84

#
#
#

Nonpeak
hours

Method 2.1
Method 2.2
Method 2.3

21.57
61.18
57.89

8.22
28.25
15.36

26.95
22.60
17.05

20.69
31.10
19.68

27.99
38.12
37.18

MARE

# indicates that, during this period, there are no data for the paths.

ANPR data in the Beijing road network. The first observation
involves link travel time distribution estimation through
goodness-of-fit tests within short-term time intervals of
15 min. The results show that for congested periods, approximately 40% of the 15 min travel time distribution followed
Weibull distribution, with 43.2% for signalized arterials and
37.8% for urban expressways. The increase in average travel
speed caused the 15 min travel time distribution percentile
following log-normal distribution to gradually increase until
the values become 45.5% for signalized arterials and 56.9%
for urban expressways (uncongested traffic conditions).

The second observation involves the quick estimation
process of the average travel time for 15 min intervals. The
comparison between estimation results based on normal distribution and those based on other more fitting distributions
shows that the estimation results based on normal distribution for the average travel time estimation are acceptable, with
errors of no more than 2% and less than 1% for more than
90% of the estimations. For travel time variance estimation,
although the MARE is 6.9%, approximately 1/3 of the absolute
relative error is more than 50%. Thus, under most traffic
conditions, normal distribution can be used to estimate
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Method 2.1
Method 2.2
Method 2.3
(e)

Figure 4: Standard deviation of travel time estimation. Note. Path 18-17-16 is from intersection 18 to 16 via 17; the value 0 of error means that,
in this time interval, no vehicle travel time data along the entire path is found.

the average travel time, whereas the most fitting distribution
can be used to estimate the travel time variance.
The third observation involves the estimation process of
the path travel time and variance on the basis of the travel
time of the links constituting the path. The results show that
the path travel time can be computed by summing the average
travel time of links constituting the path. In addition, Method

2.1 produces the best results for path travel time variance
estimation under most traffic conditions, particularly during
congested periods.
In the future, more travel time data should be collected
to conduct similar studies based on large-scale data sets and
to further understand the travel time distribution pattern and
relationship between path travel time and travel time of links

Mathematical Problems in Engineering
constituting a given path, particularly for long distance paths
or trips with more than three links.
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In urban road traffic systems, roundabout is considered as one of the core traffic bottlenecks, which are also a core impact of vehicle
emission and city environment. In this paper, we proposed a transport control and management method for solving traffic jam and
reducing emission in roundabout. The platform of motor vehicle testing system and VSP-based emission model was established
firstly. By using the topology chart of the roundabout and microsimulation software, we calculated the instantaneous emission rates
of different vehicle and total vehicle emissions. We argued that Integration-Model, combing traffic simulation and vehicle emission,
can be performed to calculate the instantaneous emission rates of different vehicle and total vehicle emissions at the roundabout.
By contrasting the exhaust emissions result between no signal control and signal control in this area at the rush hour, it draws a
conclusion that setting the optimizing signal control can effectively reduce the regional vehicle emission. The proposed approach
has been submitted to a simulation and experiment that involved an environmental assessment in Satellite Square, a roundabout in
medium city located in China. It has been verified that setting signal control with knowledge engineering and Integration-Model
is a practical way for solving the traffic jams and environmental pollution.

1. Introduction
In the traditional traffic environmental management research
field, in order to improve fuel efficiency and reduce emissions,
varieties of static conservation and emissions reduction
technologies have been widely studied and used, such as
the static control testing technology of the vehicle fuel
consumption and exhaust emissions on cars or engines [1].
Recently, researchers from different countries have begun to
explore the relationship between the traffic activities and the
vehicle fuel consumption and emissions. They focused on the
study of reducing the vehicle fuel consumption and vehicle
emissions by intelligent transportation information control.
Compared to the conventional static control technology,
such a new control strategy stands out for its significant
characteristics on dynamic energy-saving, with focus on the
dynamic management control of the vehicles and traffic flow.
Practices have shown that this dynamic control strategy can

serve the purpose of energy conservation and emissions
reduction in traffic system. Moreover, it is especially suitable
for the economic construction in China at present.
Generally, vehicle emission models can be divided into
the macroregional emission model, the medium emission
model, and the microscopic emission model according to
the applicable scale and function. Because of the difference
in applicable scale, the emission model structures are also
different [2]; these structures of the emission model are
shown in Table 1.
As an important part in traffic networks, an intersection
is a place where multiple traffic flows converge. Therefore, the
intersection has always become the bottleneck in the traffic
network. The vehicles which run through the intersection
often have to slow down, stop, and then speed up and during
this process more gas emissions will be produced in the
intersection. Thus, it is significant to take an insight into the
characteristics of vehicle exhaust emissions at intersections
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Table 1: Classification of vehicle emission models.

Classification of emission
models
Macroscopic emission model
Medium
Emission model
Microscopic emission model

Transportation
model /data
Regional transportation model
The transport model based on
equipment; behavior
distribution pattern
Microscopic transport mode;
Driving cycle mode

over the entire traffic network. Moreover, there are also some
relevant practical researches about reducing vehicle emission
by signal control in foreign countries.
In this field, Tzeng and Chen [3] are among the foregoers
who take in account the environmental factors in traditional
traffic assignment, and they established the multiobjective
traffic assignment model. Rilett and Benedek [4] used a simple two node two path network to evaluate the environmental
improvement quantitatively by using the IVHS technology.
Hallmark et al. [5] studied the effects on exhaust emissions by
the method of intersection signal timing. Under the condition
of different speed limits, Jackson et al. [6] analyzed the motor
emissions on the highway. For the single point control of the
intersections, Yoon et al. [7] calculated the optimal signal
formula to reduce the queuing delay and exhaust emission
effect. Pandian et al. [8] calculated and compared the traffic
characteristics and the vehicle exhaust emissions between the
ETC system and the conventional toll stations. Zhangb and
Zietsmana [9] made a comparative analysis of the emission
factor on these two strategies of vehicles idling in front of red
light and the motor restart after flameout in the intersection.
In addition, some scholars used the existing emission
models to calculate vehicle emissions directly and combined
it with the city traffic signal control optimization. Hallmark
and Guensler [10] used Measure model to prove the effect of
the signal timing on the emissions of CO. Li et al. [11] used
the computation formula of Mobile model and proposed an
overall optimization scheme that uses the signal timing to
reduce the emissions. In China, the optimization methods
and the related researches are also conducted by Southeast
University, Wuhan University of Technology, Beijing Jiaotong
University, and Jilin University [12–18].
According to the study of vehicle emission test on the road
and at the intersection both at home and abroad, it is evident
that the researches on vehicle emission are studied extensively
in recent years. At the same time, more attention is paid to
the subject of how to reduce the vehicle exhaust pollution
by traffic management and traffic control methods, especially
by the method of traffic signal control. However, when it
comes to the city road vehicle exhaust pollution problems,
there seems to be a long way to go in theoretical analysis and
methodology.
This paper is organized as follows. Following the introduction, the problem description of roundabout is presented
in Section 2. Section 3 illustrates emission measure test of

Model parameter

Emission model pattern

Average speed
(macroscopic parameter)
Acceleration, speed, and v/c that
are based on the traffic facilities
(medium parameter)
Vehicle operation data per
second
(microscopic parameter)

Regional emission (speed
correction factor method)
The emissions of entire network
based on the types of
equipment
Vehicle emissions
per second

city road and Section 4 illustrates the microscopic emission
model for motor vehicle based on VSP. In the Section 5, we
introduce the optimizing transportation management and
control laws for roundabout intersection with low carbon.
Finally, Section 6 concludes the paper.

2. The Problem Description of Roundabout:
Congestion and Polluted
2.1. Traffic Characteristics of Roundabout. Changchun
(China) is a city which owns a smaller number of overpasses,
and most of the road segments are connected with various
intersections. At present, with the improvement of people’s
living standard in modern society and the remarkable
increase of motor vehicle volume, all kinds of road segments
which are connected with intersections are overloaded.
In particular some roundabouts (such as Xinmin square,
People Square, and Satellite Square) have failed to satisfy
the traffic demands, and serious traffic congestions often
occurred in rush hours. And furthermore, these intersections
also become the traffic accident black-spots. Once a traffic
accident or traffic blocks occurs at such spots, it would turn
into a large obstacle to the whole traffic system and cause
serious traffic environment pollution, which cuts down the
traffic capacity of road network continuously.
In this paper, a typical roundabout, Satellite Square
Roundabout, as is shown in Figure 1, is selected as the
study site. It is an important transport hub throughout the
northsouth and eastwest areas. With a circle radius of 70 m,
the roundabout is a landmark building in Changchun. And it
is a large intersection of no traffic signal control, which means
that traffic flows running through mingle together freely. The
traffic characteristics in this intersection are manifested as
follows.
(1) The mixed traffic flow of pedestrians and vehicles
is unbalanced in time and space distributions. Thus,
traffic congestion occurs frequently on the intersection, especially at the two-way junction on the People
Road.
(2) According to a traffic survey of each intersection, the
traffic flow through the satellite square intersection
has far exceeded the threshold of the intersection
capacity in rush hours. It implies that at the present
the original design capacity of the intersection has
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Figure 1: Satellite square roundabout aerial in Changchun.

failed to meet the growth of traffic demand in
Changchun city.
(3) Taxi is a very important means of transportation in
Changchun and occupies a large share of traffic flows.
Furthermore, the operation and management mode
of taxi enhances the probability of illegal driving
activities. Also, the centralized distribution of bus
stops near the Satellite Roundabout leads to large
passenger flow and stagnation of the bus on the bus
stop, which also exacerbates traffic conditions there.
(4) In the area of Satellite Roundabout, the coordination
of intersection traffic flow is so poor, and it lacks drive
auxiliary facilities, both of which contribute to the
anomalies traffic flows on a certain crossroad. Moreover, unharmonious traffic flow of the intersection
traffic eventually leads to serious traffic congestion
and traffic pollution at the roundabout during the
rush hour.
Therefore, this typical intersection (suffering from big
saturation, serious traffic congestion, and serious motor
exhaust pollution) serves the purpose of traffic pollution
reduction research perfectly.
2.2. Traffic Control Scheme on the Roundabout. The key point
of the intersection signal control is to assign a right-of-way for
vehicles by signal light. Compared to intersections without
signal control, stop lines are added on the imports of different
lanes at the roundabout and signal lights with applicable
signal timing are set up for the purpose of controlling vehicles
running through. In this way, the traffic flows from different
directions are separated in time dimension, which makes
it possible to eliminate traffic congestion and problems of
traffic pollution existing in the no signal control roundabout.
The signal set analysis is shown in Figure 2. In a word,
by optimizing the allocation of time and space resource,
both the intersection traffic capacity and traffic order will be
improved. Correspondingly, the traffic congestion and jams
will decrease and the traffic efficiency will also be promoted.

3. Emission Measure Test of City Road
3.1. On-Board Emission Test System. In this paper, the onboard emission testing platform is chosen as the method for

The first phase in southnorth road

32 s

3s

35 s

The second phase in eastwest road
35 s

32 s

3s

70 s

Figure 2: Signal set analysis.

test and Changchun city roads with different road grades are
selected as the study object. Then, we can get the driving state
of test vehicle going on the actual road and the corresponding
emission test data per second, so as to pave the way for traffic
area emissions analysis on the different traffic situations.
In the experiment, we chose the portable car emissions
measurement instrument OEM 2100 as the instrument for
emission measurement. OEM 2100 is produced by Clean Air
Technologies Inc of America and has passed the New York
environmental protection department test in EPA’s nation
fuel and vehicle emission laboratory. For speed measurement,
we chose TN-200GPS receiver (produced by Rayming and
notebook computer) as real-time road speed measurement
system. Its precision can reach 1 meter, and it can be placed at
any position in the car, so it is a suitable subsidiary measuring
instrument that measures vehicle driving condition on road
motor experiment. Besides, we used GPS mapping software
made by Fugawi Company to record vehicle road running
parameters gathered by GPS. Actual on-road vehicle speed
parameter, distance parameter, and other parameters are
measured, and these data will be recorded in the computer.
Figure 3 is the operation panel and the installation position in
experiment of OEM-2100. Figure 4 is the structure diagram
of the vehicle emission testing system.
3.2. Experimental Vehicle Selection. In accordance with “the
measurement method of air pollution from motor vehicle
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Figure 3: The operation panel and the installation position in experiment of OEM 2100.

Table 2: The test vehicle parameter statistics.
Vehicle type

Model
Jetta Gix
Red flag CA7201
Sea lion Ruichi
Haf H3

Light vehicle
Midsize car

Productive life
2001
2004
2002
2008

Engine displacement
1.6 L
2.0 L
2.4 L
2.4 L

Fuel supply
Electric injection
Electric injection
Electric injection
Electric injection

3.3. Experimental Road Selection. The road network pattern
in Changchun city is a combination of a radioactive and
irregular chessboard type, and commercial areas and administrative areas are both located in the center of city. We choose
these typical city roads for experiment, as shown in Figure 5,
for the reason that they bear the major traffic flows and are
distinguished from each other in some aspects.

Exhaust gas analyzer: OEM2100

Group of engine sensors
Group of gas sensor analyses

Gas collecting tube

Mileage
42000 km
35000 km
28000 km
18000 km

Vehicle power supply

Figure 4: The structure of on-board emission test system.

emissions in urban” which is formulated by the State Environmental Protection Administration, research group conducted
the emissions experiments of the on-road vehicle and the
emissions calculation [19]. All test vehicles participated in
the annual inspection on time per year and passed the test
of pollution emissions. So the requirements of the road
emission experiment are satisfied and the data we obtain
are receivable. Besides, bus transportation is also included
in the emission calculation. According to the measurement
method, bus transportation (diesel vehicle) belongs to heavyduty vehicle. However, our test system can only measure
emission data of light-duty gasoline vehicles, so there is no
heavy-duty vehicle in the test experiment. As a result, we
choose to refer to overseas and domestic research status when
we set up emission model to calculate vehicle emissions.
The statistics data of the technology parameter of the test
vehicle are as follows in the Table 2.

Path Line One. People Street (trunk road), Minkang Road
(secondary trunk road), Jiefang Road (express way), Anda
Street (secondary trunk road), Xi’an Road (express way),
Changchun Street (express way), Yatai Street (Trunk Road),
Nanhu Road (express way).
Path Line Two. North People Street, South People Street, Xi’an
Road, Changchun Street, Minkang Road. Each road drives
into People’s Square Roundabout and each road drives out
of People’s Square Roundabout, and then drive around the
People’s Square Roundabout on the inner and outer ring road
at normal speed.
3.4. The Emission Experiment Data Acquisition in Real-Time
Road. By processing and matching experiment data, we can
obtain the final database which is established from both the
emission experiment data and vehicle driving data.
The experimental data processing flow chart is as shown
in Figure 6.

4. Microscopic Emission Model for Motor
Vehicle Based on VSP
4.1. Calculation Method of Vehicle Specific Power (VSP). In
order to describe and calculate accurately the on-road motor
vehicle emission pollution, Jose had proposed the concept
of Vehicle Specific Power (VSP), he pointed out that driving
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Table 3: Ranges of VSP.

Xian Road

Renmin Road
Changchun Road
Satellite Square

Nanchang Road

Yaitai Road

Jiefang Road

Figure 5: The road route of emission experiments.

conditions of motor vehicle have serious impact on these
vehicle emission pollution.
According to the literature [20–23], vehicle specific power
(VSP), with the unit of kw/t, is also referred to as instantaneous power per quality of motor vehicle. It consists of
two parts. One is the output power of engine which is used
for overcoming the friction from wheel rotation resistance,
aerodynamics resistance and increasing kinetic, and potential
energy of motor vehicle. And the other is transmission
mechanical power loss caused by internal fingernail friction
during transmission. As Figure 7 is the VSP of vehicle.
Mathematical expression (Jose, 1999a) is shown in [24]
VSP =

(𝑑 (𝐸𝐾 + 𝑃𝐸) /𝑑𝑡) + 𝐹V + 𝐹𝐴V + 𝐹V𝑖𝑟
;
𝑚

Range
1
2
3
4
5
6
7
8
9
10
11

Frequency
0.035
0.061
0.074
0.294
0.212
0.206
0.037
0.016
0.016
0.013
0.037

In order to show the load conditions of motor vehicles
on-road, it is necessary to depict the driving conditions of
moving vehicles precisely. Firstly, we figure out the correlation between instantaneous gas emissions of on-road vehicles
and VSP and keep a track of driving conditions of on-road
vehicle. Then on the basis of statistical probability value of
VSP, we divided vehicle specific Power into eleven ranges [25–
27], as shown in the Table 3. In the process of dividing, we
adhere to the following two principles.

(1)
(1) When there are great fluctuations between different
ranges, we will get these two different vehicle specific
power frequency values into different ranges in order
to calculate the different ranges of VSP.

formula expansion is
(( (𝑑/𝑑𝑡) (0.5 × 𝑚 (1 + 𝜀𝑖 ) V2 + 𝑚𝑔ℎ)
2

+𝐶𝑅 𝑚𝑔V + 0.5 × 𝜌𝑎 𝐶𝐷𝐴(V + V𝑚 ) V + 𝐶𝑖 𝑚𝑔V)
× (𝑚)−1 )

VSP (kw/t)
VSP < −10
−10 ≤ VSP < 2
−2 ≤ VSP < 0
0 = VSP
1 ≤ VSP < 3
3 ≤ VSP < 5
5 ≤ VSP < 9
9 ≤ VSP < 13
13 ≤ VSP < 17
17 ≤ VSP < 20
20 ≤ VSP

(2)

(2) Dividing the vehicle specific power ranges as much
as possible can help in reducing standard deviation of
values of each range, as a result of which the computing result of the emissions will be more accurate.

= V [𝑎 (1 + 𝜀𝑖 ) + 𝑔 × sin 𝜃 + 𝑔 × 𝐶𝑅 ]
+ 0.5 × 𝜌𝑎

𝐶𝐷𝐴
2
(V + V𝑚 ) V + 𝐶𝑖 𝑔V,
𝑚

where V is vehicle speed (in m/s); 𝑚 is vehicle weight
(in kg); 𝑎 is vehicle acceleration (in m/s2 ); 𝜀𝑖 is quality
factor (nondimensional); ℎ is vehicle altitude (in m); 𝜃 is
road grade; 𝑔 is gravitational acceleration, (9.81 m/s2 ); 𝐶𝐷 is
drag coefficient (nondimensional); 𝐶𝑅 is rolling resistance
coefficient (nondimensional), which is connected with the
type of tire and pavement materials; 𝐴 is vehicle windshield
area (in m2 ); 𝜌𝑎 is ambient air density (1.207 kg/m3 at
20 centigrade); V𝑚 is wind speed; 𝐶𝑖 is internal friction
coefficient (nondimensional), which is negligible.
Put the data measured directly into the formula, after
simplifying the formula, we will get the following general
formula of vehicle specific power:
VSP = V [1.1𝑎 + 9.8 (𝑎𝑠) + 0.132] + 0.000302V3 ,

(3)

where 𝑠 = tan(sin 𝜃) is the gradient (nondimensional), which
will be perceived as quotient of vehicle lift height and slope
length when calculated.

4.2. The Microemission Model under VSP Model. Traditionally, researchers may use the average emission factors to
calculate the actual pollutant emissions of road vehicles.
However, such conventional methods generate large errors.
Therefore, we now use actual road test to accurately describe
and calculate the actual road vehicle emissions of gaseous
pollutants situation.
Jose proposed road vehicle specific power for the first
time, and he pointed out that emissions are affected by the
probability of time throughout average speed and instantaneous speed of the vehicle and acceleration, and also affected
by vehicle categories on-road.
According to the characteristics of the actual emissions
of vehicles transient analysis, as is shown in Figure 8, we
can know that for the actual road running vehicles, the
instantaneous rate of discharge is significantly related to
vehicle speed and specific power [28]. This correlation is
even more evident in certain conditions of the running
vehicles. According to the aforementioned specific power
ranges, the research group established an actual road vehicles
microscopic emissions model based on a large number of
experimental data.
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Data acquisition and processing

GPS system (developed)

OEM 2100

Speed and acceleration data

Raw data of emission

Data check

Remove

Y

Invalid data

Invalid data

Spread sheet

Spread sheet

Y

Remove

Data according to the time

Special processing software (developed)

Relationship of the fuel consumption and emissions and various factors

Figure 6: The processing flowchart for experimental data.
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FA
Mg
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According to the data characteristics, we could get the related
statistical regular pattern in the way of regression analysis.
On the basis of different probability distribution of the same
VSP range, we calculate these 3 gas instantaneous vehicle
emissions quality in each VSP range, as shown in Tables 4,
5, and 6 Thus, the relationships between 11 VSP ranges and
the 3 gas instantaneous vehicle emissions quality selected are
formed, respectively. According to the analysis, VSP mostly
spread over the ranges of −3 ∼ 7, as shown in Figures 9, and
10.

Figure 7: VSP of vehicle.

By analyzing driving condition data of on-road vehicle,
we can get the required data of vehicle real-time speed and
vehicle acceleration. Then, we import the data into VSP
formula to generate the second-by-second data of VSP. In
the next stage, these VSP values will be divided into different
ranges, which then will be analyzed to develop a database.

5. Optimizing Transportation Management
and Control for Roundabout Intersection
with Low Carbon
In this section, a typical intersection suffering from traffic
congestion is chosen as the object of the research. VISSIM
(dynamic traffic simulation software) is used to simulate the
real-time operation state. Then, the combining of VISSIM
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Traffic flow parameters,
road service level

Working parameters of

Power
requirements
Running vehicles
working parameters

Fuel consumption/

internal combustion

emission

engine

/vsp

Figure 8: Microscopic emissions model flow of vehicles.

3000

Table 4: Rate of instantaneous vehicle emission quality under light
vehicles specific power ranges.
High frequency region

Count numbers

2500

Ranges of VSP

2000
1500
1000
500
0
−20

−15

−10

0
5
−5
VSP of light vehicle

10

15

20

Figure 9: Specific power frequency distribution of light vehicles.

1400

1
2
3
4
5
6
7
8
9
10
11

Range of
values
VSP < −10
−10 ≤ VSP < 2
−2 ≤ VSP < 0
0 = VSP
1 ≤ VSP < 3
3 ≤ VSP < 5
5 ≤ VSP < 9
9 ≤ VSP < 13
13 ≤ VSP < 17
17 ≤ VSP < 20
20 ≤ VSP

CO (mg/s) HC (mg/s) NOx (mg/s)
1.9037
2.0903
2.5399
1.9546
2.3780
2.2679
2.9534
4.0731
3.9956
4.5140
4.2339

0.0659
0.1032
0.1589
0.2456
0.1938
0.3001
0.3329
0.4380
0.5469
0.5177
0.5065

0.3433
0.5041
0.5559
0.5889
0.7026
0.8429
1.0572
1.1759
1.3584
1.4520
1.4531

Table 5: Rate of instantaneous vehicle emission quality under
middle-sized car vehicle specific power ranges.

1200

Ranges of VSP

1000

Range of
values
VSP < −10
−10 ≤ VSP < 2
−2 ≤ VSP < 0
0 = VSP
1 ≤ VSP < 3
3 ≤ VSP < 5
5 ≤ VSP < 9
9 ≤ VSP < 13
13 ≤ VSP < 17
17 ≤ VSP < 20
20 ≤ VSP

CO (mg/s) HC (mg/s) NOx (mg/s)

with microscopic emission model can provide the necessary
support for the emission of a certain traffic area. By calculating the vehicle driving emission of the chosen traffic area, we
can find out approaches to improve the traffic situation. By
the way, it also lays a foundation for energy conservation and
emissions reduction, which can be achieved by optimizing
the existing traffic control scheme.

5.1. The Establishment of the Roundabout Simulation Model.
To establish the roundabout simulation model, it is necessary
to know the characteristics of actual traffic area road data,
traffic flow, and a specific time period. As shown in Figure 11
and Table 7. Then, according to the basic steps of simulation
model, the aforementioned data are added to the model as
parameters.

Count numbers

Figure 10: Specific power frequency distribution of middle vehicles.

1
2
3
4
5
6
7
8
9
10
11

800
600

High frequency region

400
200
0
−20

−15

−10

0
5
−5
VSP of medium vehicle

10

15

20

1.7339
2.3420
2.5245
3.1301
3.4744
3.9401
5.0478
5.7706
5.5012
4.4231
4.0965

0.2288
0.2641
0.2679
0.3124
0.2699
0.3187
0.4341
0.5351
0.6296
0.6101
0.5921

0.1237
0.0899
0.0767
0.1695
0.1799
0.2536
0.3924
0.5249
0.5877
0.7433
0.7249
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Table 6: Rate of instantaneous vehicle emission quality under bus
specific power ranges.
Range of
values

CO (mg/s) HC (mg/s) NOx (mg/s)

North of
Renmin Road

0.3428
0.8659
3.3380
4.6788
6.9784
7.7868
8.5160
7.9499
6.5076
6.2015
5.2770

1540

VSP < −10
−10 ≤ VSP < 2
−2 ≤ VSP < 0
0 = VSP
1 ≤ VSP < 3
3 ≤ VSP < 5
5 ≤ VSP < 9
9 ≤ VSP < 13
13 ≤ VSP < 17
17 ≤ VSP < 20
20 ≤ VSP

1
2
3
4
5
6
7
8
9
10
11

0.8936
1.2138
1.7685
1.9398
1.9929
1.9834
1.9482
2.0052
2.1758
2.1810
2.2033

2.3350
3.8250
12.293
19.076
22.7980
23.8749
24.209
26.620
27.345
30.827
32.970

326
614 1327
387

Ranges of VSP

𝑚 𝑛

𝐺𝐸𝑗 = ∑ ∑𝐺 (𝑝𝑖𝑗 ) 𝑀 (𝑝𝑖𝑗 ) ,
𝑖=1 𝑗=1

(4)

where 𝐺𝐸𝑗 is total vehicle emissions of a certain vehicle; 𝐽
represents three vehicle models (light, medium, and heavy); 𝑖
is for different VSP ranges; 𝑝𝑖𝑗 is for the 𝑗 models in VSP range
of the 𝑖; 𝐺(𝑝𝑖𝑗 ) means the cumulative time s of the 𝑗 models in
VSP range 𝑖; 𝑀(𝑝𝑖𝑗 ) is for quality of emissions of the 𝑗 models
in VSP range 𝑖, g/s.
The total emissions in the whole area can be calculated by
the following formula:
𝑛

West of
Weixing Road
354
1215 600
261

East of
Weixing Road

𝐴 = ∑𝐺𝐸𝑗 ,

1250

𝐴 is the total regional emissions. Table 9 is total gas
pollutants emissions in an hour in simulation area.

323
721 1205
261

1136

313
1439 863
263

1360

South of
Renmin Road

emission model, we get the average of the transient emissions
rate from different types of vehicles in traffic simulation area,
which is shown in Table 8. The following table shows the
average rate of instantaneous vehicle emission quality.
Depending on the average rate of instantaneous vehicle
emission quality as well as the total running time of the
driving vehicle in the simulation, we can calculate the three
kinds of different vehicle pollutant emissions in the morning
rush for one hour.
For a particular intersection traffic simulation area, the
calculation formula of the total toxic emission is as follows:

Figure 11: The traffic flow graph of intersection at peak hour.

On the basis of the traffic survey data, the motor vehicle
flow at the intersection is about 5000 pcu/h. Additionally, the
intersection is located at the confluence of two trunk roads
and pedestrians flow is large. As a result, the capability of
entrance roads without intersection controls cannot satisfy
the increasing traffic demand, which becomes the traffic
bottlenecks.
5.2. Vehicle Emissions Compute and Simulation Model for
Roundabout. After establishing the typical intersection traffic area by microscopic traffic simulation software, we can
obtain the vehicle’s instantaneous speed and acceleration in
any single area of simulation. Then, by combining with micro
emissions model based on VSP, we can calculate the motor
vehicle emissions of intersection area and car emissions share
rate, which could serve the purpose of the evaluation of traffic
environment.
We get the integer data based on VSP and put them
into different 11 VSP ranges for statistical compute. With the

𝑗=1

(5)

5.3. Gas Emission Calculate Result of the Roundabout under
Traffic Signal Control. Roundabout is an important part of
city roads, and its capacity largely depends on how well an
intersection traffic flow runs. Traffic capacity of Roundabout
is limited by the weaving section capacity. In the case of a
traffic increase in particular, when the traffic flow gets close
to or exceeds the traffic capacity of roundabout, it can cause
ring road traffic congestion. And then the vehicle emissions
pollution exceeds amount in the intersection area.
To achieve a reasonable allocation on time and space of
traffic flow in traffic areas by setting up traffic signal light and
signal timing optimization at the entrance of the roundabout,
we can not only balance the entrance traffic flow but also
eliminate the traffic congestion at the entrance, which reduces
the vehicle delay in the traffic area. As shown in Figure 12.
By adding traffic signal lights and optimizing signal
timing, we get the instantaneous speed and acceleration of
each single vehicle from simulation software and calculate
the single vehicle’s VSP. Then we put VSP data into model to
calculate so that we can get instantaneous emission rate and
total quality of these three kinds of gas emissions in one hour.
We put these data to calculate instantaneous gas emissions
at the roundabout with traffic signals for different vehicle
models and calculate the whole intersection of gas emissions.
Results are shown in Tables 10 and 11.
5.4. Comparison of Environmental Protection Quota for
Roundabout under Signal Control or under No Signal Control. By setting up traffic signal light and optimizing the
signal timing at the roundabout, it can be found that the
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Table 7: Intersection road structure and traffic data.
Steering vehicle volume percentage (%)
Left
Straight
Right

Lane number ∗ width (m)

Entrance name
People’s avenue north
People’s avenue south
Satellite Road left
Satellite Road east

3 × 3.2
3 × 3.2
3 × 2.6
3 × 2.6

21
23
24
21

56
54
53
48

Traffic flow (Pcu/h)

Midsize cars

1540
1136
1360
1250

13%
10%
20%
13%

23
23
23
31

Models
Gas
(discharge rate) Light vehicle Midsize vehicle

Bus

Sum (mg/s)

0.6066
2.3011
0.2400

21.029
4.0993
1.9075

21.8681
9.7064
2.5181

NOx (mg/s)
CO (mg/s)
HC (mg/s)

0.2325
3.3060
0.3706

North

Table 8: Average of rate of instantaneous vehicle emission quality
for different models.

Table 9: Total gas pollutants emissions in an hour in simulation
area.

NOx
CO
HC
Vehicle
emissions

Models
Light vehicle Midsize vehicle

Bus

Sum (kg/h)

9.1717
34.7926
3.6288

0.837
11.9016
1.3341

2.2711
0.4427
0.2060

12.2798
47.1369
5.1689

47.5931

14.0727

2.9198

64.5856

East

West

Signal lights and
South

Gas pollutants
(kg/h)

parking line

Figure 12: Setting signals at the roundabout.
Table 10: Instantaneous gas emissions at the roundabout under
traffic signals for different vehicle models.
Gas (mg/s)
CO
HC
NOx

Light vehicle
2.1123
0.2036
0.5798

Models
Midsize vehicle
3.0012
0.3298
0.2175

Bus
3.5688
1.6970
19.1548

Table 11: Gas emissions at the roundabout under traffic signals.
Gas pollutant Emissions from all sources (kg/h)
CO
42.3289
HC
10.7791
NOx
4.7843

Table 12: Comparison of light vehicle’s instantaneous gas emissions
rate.
Control
In control
No control
Improved percentage

CO
2.3011
2.1123
8.20%

Gas (mg/s)
HC
0.2400
0.2036
15.16%

NOx
0.6066
0.5798
4.42%

Percentage (%)
73.12
18.62
8.26

vehicle under the traffic control is in a relatively steady
state, as shown in the simulation output of road vehicle
running status, we can get the comparisions of different
vehicle’s instantaneous gas emission rate in Tables 12, 13
and 14. During the rush hour, intersection congestion rarely
appears at the entrance, which means that the traffic flow
is in smooth running state, and the times of acceleration and deceleration of a single vehicle reduce which
makes the transient emissions rate of gas pollutant decline
obviously.

5.5. Contrastive Analysis of the Traffic Flow Indicators at the
Roundabout Based on Simulation. We get some important
evaluation indexes by VISSIM 3.60. Because at the beginning
of the simulation the traffic needs a certain amount of time
to stabilize, this period of time must be excluded from the
simulation time of 3600s when we make the evaluation for
a variety of traffic parameters [17, 18, 29]. That means we
make the data statistics with the output data at the time of
a relatively stable traffic flow. To get a better understanding
of the test, we compare two kinds of states at the roundabout
and the evaluation indexes are shown in the following Tables
15 and 16, and Figure 13.
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(a) No control

(b) In control

Figure 13: Roundabout with control VS roundabout without control.

Table 13: Comparison of midsize vehicle’s instantaneous gas emissions rate.
Control
No control
In control
Improved percentage

CO
3.306
3.0012
9.22%

Gas (mg/s)
HC
0.3706
0.3298
11.00%

Table 15: Comparison of traffic average volume.
Control

NOx
0.2325
0.2175
6.45%

No control
In control
Percentage (%)

Table 14: Comparison of bus’s instantaneous gas emissions rate.
Control
No control
In control
Improved percentage

CO
4.0993
3.5688
12.94%

Gas (mg/s)
HC
1.9075
1.6970
11.04%

NOx
21.0290
19.1548
8.91%

6. Conclusion
Choose the car exhaust gas detection equipment (MONTATA
OEM 2100) certificated by the U.S. environmental protection
agency (EPA) and Vehicle driving condition monitor system
based on GPS to construct the motor-mounted data acquisition system for emission test and make data acquisition
for on-road vehicle driving condition and vehicle exhaust
second-by second test. Through theoretical analysis of VSP
and a large number of theoretical researches both at home
and abroad, we use VSP which includes on-road vehicle
instantaneous velocity, acceleration, and specific power of
road slope as a modeling basis.
We use the database from the experiments and basic principle of vehicles specific power and the reference standard
of the on-road driving situation to get the motor vehicle
actual road micro emissions model based on three different
vehicle models. At the same time, we get rate of instantaneous
vehicle emission quality in the different VSP ranges. Thus,
combined with the microsimulation model we can evaluate
the traffic environment in the certain traffic region based on
the Microscopic emission model.

Light vehicle
(km/h)

Models
Midsize vehicle
(km/h)

12.36
14.11
14.16

12.77
14.94
16.99

Bus (km/h)
8.90
9.83
10.45

Table 16: Comparison of traffic operation.
Control
No control
In control
Improved percentage

Indicators
Average
Average number of
Saturation
delay (s/veh) parking (times/veh)
91.4
39.7
56.5%

4.69
2.57
45.2%

1.42
0.83
41.5%

The results of the experiment show that under the traffic
signal control the total gas emissions of CO, HC, and NOX
for the same flow all reduced but in different degrees, with
CO by 10.20%, HC by 12.22%, and NOX by 7.44%. When
it comes to pollutant instantaneous gas emissions rate of
different vehicle models, we can find that HC gas emissions
show the biggest drop in light vehicle, and the NOX gas
emissions reduce most in bus. In summary, it shows that with
the increment of traffic flow, setting traffic signal control at
the roundabout can reduce traffic pollution emissions of the
region effectively. In addition, when putting optimized timing
parameter into the simulation software VISSIM, we got the
evaluation parameters of traffic flow, including the average
delay and average number of parking, saturation, and so
forth. By comparing the simulation results (which are mainly
related to traffic flow and traffic environment evaluation)
under both conditions (with signal control and without signal
control at the roundabout), we may deduce that under the
traffic signal control, whether there is a rush hour or not,
both the instantaneous vehicle emission quality and total
traffic gas pollutant emissions are reduced to a certain extent.
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At the same time, corresponding traffic flow status is also
improved and regional traffic congestion is alleviated.
In summary, this paper provided a new idea and technology investigation about traffic environment evaluation for a
particular area under traffic control.
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Temperature variations and concrete shrinkage influence structural behavior by reducing the strength of materials and changing
their thermal strain contributions. This problem is particularly important for isolated buildings that are characterized by large
horizontal dimensions and are sensitive to thermal action and shrinkage. In this study, the measurement of an overlong isolated
building shows that the deformations of some isolators exceed the allowed deviation during the construction phase because the
building is completely exposed. These deformations are induced by climatic thermal changes and shrinkage effects and cause the
complex dynamic behavior and instability of the structure. To ensure the safety of overlong isolated buildings, the structural stress
and deformation caused by temperature variations and shrinkage effects are studied. A three-story frame model is developed,
and the rule of deformation within isolated frame buildings is analyzed by the deformation distribution method. The theoretical
predictions are consistent with the experimental measurements. Therefore, the theoretical model is used to predict the deformation
of isolated buildings caused by temperature variations and shrinkage effects. For reinforced concrete frame isolated buildings,
expansion joint distances are proposed according to different thermal design regions and heating design conditions.

1. Introduction
In a concrete structure, temperature variations and concrete
shrinkage influence stress and strain distribution within the
elements of the structure. Studies on thermal action and
concrete shrinkage are important for isolated buildings with
large horizontal dimensions. Given that large floor slabs
have no expansion joints, temperature variation and concrete
shrinkage generate stresses that must be considered by a
designer. Moreover, large displacements of isolated layers
are generally incompatible with the deformations allowed
by the isolation system during the construction phase when
the building is unprotected by thermal insulation. Thus,
the influences of thermal actions and shrinkage effects are
important in the first phase of a structure’s life.
Temperature varies because of different reasons: seasonal changes in air temperature, daily solar radiation on
the element surface, heat dissipation in the building, and
hydration heat. In this study, the magnitude of thermal
effects mainly depends on seasonal changes in air temperature because seasonal temperature variations cause overall

structural deformation, which cannot be reduced by thermal
insulation.
The issue of thermal actions caused by temperature variation or concrete shrinkage in buildings, bridges, and other
structures has been extensively studied by many researchers.
These studies have mainly focused on the thermal response
of buildings with long longitudinal axes [1, 2] or precast
continuous-beam bridges with hollow cross sections [3].
Studies have also investigated the effect of concrete shrinkage
[4]. However, the literature on isolated buildings because
of temperature variations and concrete shrinkages islimited.
Han and Lytton [4] studied a model of natural and lead
rubber bearings on the seismic responses of a highway bridge.
The model parameters for the isolation bearings were evaluated from experimental results at a low temperature (−20∘ C).
The effect of modeling isolation bearings at low temperature
was significantly observed in the responses. Razzaq et al. [5]
investigated eight building seismic rubber bearings in fire
tests that follow the ISO834 standard heating process. The
effects of vertical load and fire duration on the failure mode
and residual mechanical properties of the rubber bearings
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Figure 1: Plan of the isolated building with isolation bearing locations.
Table 1: Deformation of isolated bearings (mm).
Axis number
Type of isolated bearing
Deformation (mm)
2∘ C
4∘ C

A-©
GZY700

E-©
GZY700

F-©
GZY800

2-©
GZY800

3-©
GZY700

6-©
GZY700

10
9

0
0

3
0

−2
−2

−2
−1

−10
−10

were analyzed. Wu et al. [6] and Kalpakidis and Constantinou
[7] discussed the effects of heating on the behavior of
lead rubber bearings. Kalpakidis and Constantinou [8] and
Yakut and Yura [9] investigated the performance of isolated
bearings at low temperatures. Huang et al. [10] created a
mechanical model of isolated bearings according to temperature variations. These studies focused on the mechanical
behavior of isolation bearings with thermal effects. However,
few studies have investigated isolated building deformation
caused by temperature variations and concrete shrinkages.
In this study, an experimental investigation is conducted
to characterize the effects of temperature variations and concrete shrinkages in an overlong isolated building. To evaluate
properly the deformation of an isolated building because of
temperature variations and shrinkage, a three-story frame
model is developed and the deformation distribution method
is used for numerical analysis. Based on the test and analysis
results, the distances of the expansion joints and poststrips of
isolated buildings are proposed.

2. Measured Deformation of
an Overlong Isolated Building
The isolated building measured is a seven-story Chinese
hospital with a reinforced concrete frame structure. The
building has a 94.2 m-long floor slab. The plan of the isolated
building is shown in Figure 1. To avoid problems in dynamic

Figure 2: Deformation of the isolated bearing.

behavior, expansion joints are not installed. The isolated layer
has two postcast strips.
The isolated bearings were installed in August 2010,
when the average air temperature was 22∘ C. In March 2011,
we found some isolation bearings with large deformations.
Figure 2 shows an example of this case.
Six isolated bearings were selected to measure the extent
of deformation (Table 1). We measured these bearings at separate times on April 1 and 3, 2011, when the air temperatures
were 2 and 4∘ C, respectively.
Table 1 shows the measured deformation of the isolated
bearings. A positive sign indicates that the deformation
occurs along the longitudinal axis 𝑥, whereas a negative sign
indicates that the deformation is opposite the axis 𝑥. The
deformations of the A-© and 6-© bearings are positive and
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negative, respectively. We observe that the isolated building
shortens. The deformations of the A-© and 6-© bearings,
which are located at the end of the building, are almost
10 mm. The deformations of the F-© and 2-© bearings,
which are located in the middle of the building, are almost
3 mm. The isolated bearings at the end of the building are
more deformed than the isolated bearings in the middle of
the building. Moreover, the deformations of the bearings
at the end of the building exceed the maximum allowed
deviation of the bearings; that is, the deformations exceeded
the serviceability limit states during the construction period.
Isolated bearings are deformed by thermal action and
concrete shrinkage because such bearings are installed at
an average air temperature of 22∘ C but are measured at 2
and 4∘ C. Moreover, the postcast strips are placed in the
superstructure and the influence of concrete shrinkage is
considered.

3. Deformation of Isolated Bearings Caused by
Thermal Changes and Concrete Shrinkage
3.1. Calculation of Temperature Difference. Isolated reinforced concrete structures are deformed by temperature
variation and concrete shrinkage. The coefficient of heat conduction is low, and most buildings have thermal insulation.
The magnitude of the thermal effects depends on seasonal
climatic changes. Therefore, in this study, the temperature difference is defined as the seasonal temperature difference. To
calculate the deformation, concrete shrinkage is considered
equivalent to the temperature variation [11]. Temperature
differences include seasonal climate thermal changes and
equivalent shrinkage temperature variations:
𝑡 = 𝑡1 + 𝑡2 ,

(1)

where 𝑡1 , 𝑡2 are the seasonal thermal changes and equivalent shrinkage temperature variations, respectively. 𝑡2 is expressed as follows:
𝜀
𝑡2 = ,
𝛼

(2)

where 𝛼 is the coefficient of linear expansion according to
concrete properties and is equal to 1 × 10−5 /∘ C [12]. 𝜀 is the
deformation caused by concrete shrinkage and is mainly a
function of concrete use, for example, the physical properties
of the material used, the condition of concrete curing, and the
local climatic condition. 𝜀 can be obtained as follows:
𝜀 = 3.24 × 10−4 (1 − 𝑒−0.01𝑇 ) 𝑀1 𝑀2 ⋅ ⋅ ⋅ 𝑀𝑛 ,

(3)

where 𝑇 is the time of concrete curing (i.e., 180 d). 𝑀1 , 𝑀2 ,
. . . , 𝑀𝑛 are the modification coefficients according to nonstandard conditions such as cement type, water cement ratio,
concrete curing time, environment humidity, reinforcement
ratio, and wind speed [13].
3.2. Structural Model and Deformation Analysis. Isolated
bearings are fixed between the base and superstructure.
Therefore, isolation bearings are approximated by columns

with stiffness being equal to the horizontal stiffness of the
isolated bearing. Structural strains and any stress caused
by thermal action depend on the geometry and boundary
conditions of the element considered. Given that column
stiffness is inversely proportional to the cube of column
height, structural strains and stresses decrease with increasing building height. At floors above the second floor, the
resulting structural stresses are approximately equal to zero.
Therefore, an isolated building can be simplified by a threestory building. When the superstructure is a frame, the model
of an isolated building affected by thermal action is created by
a three-floor frame, where the frame on the first floor stands
for the isolated layer and the second and third floors are the
first and second stories of the superstructure, respectively.
According to the deformation distribution method, beam
deformation can be expressed as follows:
𝛿 = 𝛼𝑡𝐿,

(4)

where 𝛼 is the coefficient of the concrete linear expansion
and 𝑡, 𝐿 are the temperature difference and beam length,
respectively.
The left and right ends of the deformation distribution
coefficient of the beam are written as follows:
𝑐𝐿 =

𝑘𝑅
,
𝑘𝑅 + 𝑘𝐿

𝑐𝑅 =

𝑘𝐿
,
𝑘𝑅 + 𝑘𝐿

(5)

where 𝑘𝑅 is the sum of the stiffness of the right columns
and 𝑘𝐿 is the sum of the stiffness of the left columns.
Thus, the right and left ends of the beam deformation can
be obtained as follows:
𝛿𝑅 = 𝑐𝑅 𝛿,

𝛿𝐿 = 𝑐𝐿 𝛿.

(6)

The 𝑖th point deformation of the structure is expressed as
follows:
𝑛

𝑖

𝑗=𝑖

𝑟=1

𝛿𝑖 = ∑𝛿𝐿𝑗 − ∑𝛿𝑅𝑟 ,

(7)

where ∑𝑛𝑗=1 𝛿𝐿𝑗 is the sum of the left ends of the beam defor-

mation at the 𝑖th point and ∑𝑖𝑟=1 𝛿𝑅𝑟 is the sum of the right
ends of the beam deformation at the 𝑖th point.
3.3. Numerical Example and Analysis. The measured isolated
building is selected as the example for numerical analysis. For
the isolated building, each story has a height of 3.3 m, except
the first story, which is 4.2 m high. The sectional dimension of
the beam in the isolated layer is 400 × 800 mm; the sectional
dimension of the frame columns is 600 × 600 mm; the types
of the isolated bearings are GZY700 and GZY800; the yield
displacements of the isolated bearings are 11 mm to 12 mm;
the reinforcement ratio is 1.5%; the grade of the concrete
strength is C30; the grade of rebar is HRB335; the common
cement grade is 425; the water cement ratio is 0.5; the ratio
of cement paste to total weight is 25%; the initial curing
time of concrete is 14 d; the local environmental humidity is
40%; and the temperature is 22.2∘ C to 2∘ C. The building is
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Table 2: Column stiffness.

Column
𝐾 (kN/m)
Column
𝐾 (kN/m)

GZY700
1034
GZY800
1238

1∼9
7074
9∼17
11800

2∼10
15580
10∼18
24346

3∼11, 4∼12, 5∼13
18243
11∼19, 12∼20, 13∼21
27204

6∼14
17812
14∼22
26470

7∼15
18313
15∼23
27325

Table 3: Node displacements of the isolated layer.
Nodes
Analyzed displacement
Measured displacement

1
20.0
10

2
18.1
—

3
14.8
—

exposed without thermal insulation during construction. The
building, except the isolated bearings, is protected by thermal
insulation and heating measures during the service period.
Given that the isolated building is symmetric, the building can be simplified in half. The model of the isolated
building affected by thermal action and concrete shrinkage
is shown in Figure 3, where the equivalent stiffness of the
isolated bearing is defined as the yield stiffness. Table 2
shows the column stiffness, which consists of the equivalent
stiffness of the isolated bearings and the actual stiffness of the
columns.
Seasonal temperature change can be represented as follows:
𝑡1 = 22.2 ∘ C − (2 ∘ C) = 20.2 ∘ C .

(8)

Consider the following link parameters: time, cement
type, cement fineness ratio, aggregate condition, water cement ratio, initial curing time, environment humidity, reinforcement ratio, and beam sections. The equivalent shrinkage
temperature variation is expressed as follows:
𝜀 1.9371 × 10−4
= 19.4 ∘ C .
𝑡2 = =
𝛼
1 × 10−5

(9)

Thus, we obtain the temperature difference as follows:
𝑡 = 𝑡1 + 𝑡2 = 20.2 + 19.4 = 39.6 ∘ C .

(10)

The deformation distribution method is applied to obtain
the deformation of the building affected by thermal changes
and concrete shrinkage. The deformation of the half building
is shown in Figure 4. The deformation in the middle of the
structure is zero, whereas the deformations increase with
the increasing distance between elements. An increasing
symmetry axis maximizes the deformations at the end of the
building. Moreover, deformation is predominant on the first
floor, that is, the isolated layer, and the deformations of the
second floor are almost equal to that of the third floor; that is,
the deformation of the superstructure is nearly uniform.
Table 3 shows the displacement of the isolated bearing
with measured data and theoretical results. The theoretical
results are higher than the measured data because the postcast
strips are disregarded in the numerical analysis. The numerical result shows a safe value to ensure that the deformation
of the isolated building is caused by thermal changes and

4
11.5
—

5
8.2
0

6
4.8
3

7
1.5
—

concrete shrinkage. Thus, the theoretical results can be represented as the deformation rule of isolated buildings affected
by thermal change and concrete shrinkage.
Based on the analysis, several key issues are presented as
follows.
(1) The drift of isolated buildings affected by thermal
changes and shrinkage is concentrated on the isolated
layer, whereas the deformation of the superstructure
is nearly equal.
(2) The isolated bearings at the end of the building have
maximum deformation. The deformations of the isolated bearings are reduced by shortening the distance
between the bearings and the symmetric axis. If the
temperature difference is large and the concrete is
poorly cured, the deformations of the bearings at the
end of the building will exceed the maximum allowed
deviations of the bearings. Thus, thermal changes
and concrete shrinkage significantly affect overlong
isolated buildings and cannot be neglected.
(3) After the construction of a building, the building
can be protected by thermal insulation and heating
measures. Moreover, most of shrinkage has been
finished. Therefore, the influence of thermal changes
and concrete shrinkage mainly manifests during construction period.

4. Expansion Joint Distance
Temperature variations and concrete shrinkage increase
deformations in overlong isolated structures. To avoid
exceeding the allowed deviations of the isolated bearings,
expansion joints in floor slabs are present. Although considerable literature is available on expansion joint distances in
fixed-base buildings, few studies have investigated expansion
joint distances in isolated buildings. Based on the analysis, we
obtain the distance of expansion joints in isolated buildings.
The theoretical model is used to predict the deformations of
isolated buildings affected by temperature variations and
shrinkage effects. Given that the magnitude of temperature
difference depends on local climatic conditions and building
finishes, the distances of expansion joints are proposed
according to the thermal design regions and heating design
conditions of buildings.
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Figure 3: Model of the isolated building affected by thermal action and concrete shrinkage.

Figure 4: Deformation of the isolated building affected by temperature variations.

Table 4: Distance of postcast strips for isolated buildings.
Distance of postcast strips
(m)

Type of thermal design region
Cold area and severely cold area
Other areas

20
30

The deformation of an isolated bearing because of thermal action and concrete shrinkage can be expressed as
follows:
𝛿 = 𝛼𝑡𝑙,

(11)

where 𝑙 is the distance between an isolated bearing and a
fixed point where deformation is zero. The stiffness center
of the isolated layer is generally defined as the fixed point.
Thus, the isolated bearing with the maximum deformation is
the farthest from the building’s center. To ensure the safety
of the isolated building, no deformations of the isolated
bearings must exceed the allowed deviation. Thus, we obtain
the following:
𝛼𝑡𝑥𝑐 ≤ [Δ] ,

(12)

where [Δ] is the allowed deviation of the bearing [Δ] =
5 mm [14] and 𝑥𝑐 is the distance between the end isolated
bearing and the stiffness center of the isolated layer.
Equation (12) takes the following form:
𝑥𝑐 ≤

[Δ]
.
𝛼𝑡

(13)

Suppose that the stiffness center is close to the center of
the building,
𝑥𝑐 =

𝑋
.
2

(14)

Substituting (14) and [Δ] into (13) yields the equation
for 𝑋:
𝑋≤

0.01
,
𝛼𝑡

(15)

where 𝑋 is the maximum length of the floor slab; that is,
when the length of the isolated buildings is limited by
(13), the effects of thermal action can be neglected. If the
isolated building is overlong, 𝑋 is defined as the distance of
expansion joints.
If the material of the building is concrete,
substituting 𝛼 solves 𝑋:
𝑋≤

1000
,
𝑡

(16)

where 𝑡 is the temperature difference that is considering
thermal changes and concrete shrinkage depending on local
climatic conditions, building finishes, building heating, and
thermal insulation. During construction period, the building is exposed and the influence of concrete shrinkage is
important; thus, 𝑡 is large. During service period, concrete
shrinkage is nearly finished and the building is protected by
heating and insulation measures; thus, 𝑡 is small. Therefore,
the expansion joint distance can be proposed according to
these two conditions.
4.1. Construction Period. The building is exposed without
heating and thermal insulation during construction to ensure
the safety of the building. Temperature variation is defined
as the maximum seasonal temperature difference, which
is equal to the average temperature in the hottest month
minus the average temperature in the coldest month. A
direct correlation exists between the seasonal temperature
differences and the thermal design regions of the building.
In China, the different thermal design regions consist of
cold areas, severely cold areas, warm areas, hot summer and
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Table 5: Distance of expansion joints for isolated building.

Building’s heating and thermal insulation condition
Indoor heating
Indoor without heating but wall with exterior insulation
Open air

Temperature difference (∘ C)
7∼12
20∼25
25∼35

cold winter areas, and hot summer and warm winter areas
[15]. The resulting seasonal temperature differences are 30,
28, 15, 20, and 15∘ C, respectively. Furthermore, the influence
of concrete shrinkage is important during construction.
Suppose that concrete curing is in the standard condition.
Thus, the equivalent variation in shrinkage temperature is
20∘ C. We obtain the temperature differences of 50, 48, 35, and
40∘ C in the different thermal design regions of the building.
By substituting 50, 48, 35, and 40∘ C into (16), the expansion
joint distances in the different thermal design regions of the
building are obtained and simplified (Table 4). Considering
that expansion joints are used during construction, such
joints also represent the postcast strips.
4.2. During Service Period. The buildings are generally protected with heating and thermal insulation during the service
period. Thus, temperature variation is directly correlated with
the heating and thermal insulation conditions of the building.
In China, the heating and thermal insulation conditions of
buildings have three types, that is, indoor heating, indoor
without heating but walls with exterior thermal insulation,
and open air [15]. The temperature variations are shown in
Table 5. Given that concrete has mostly shrunk after construction, the equivalent variation in shrinkage temperature
can be neglected during the service period. Thus, the temperature differences are equal to the temperature variations.
Substituting these values into (16) yields the expansion joint
distances (Table 5).

Distance of expansion joints (m)
80∼140
40∼50
30∼40

layer, whereas the deformation of the superstructure
is nearly equal. Thus, for the superstructure of isolated buildings, temperature variations and shrinkage
effects can be neglected.
(2) Isolated bearings at the end of the building have
maximum deformation. The deformations of isolated
bearings are reduced by shortening the distance
between the bearings and symmetric axis. For an
overlong isolated building, the problem of thermal
actions and shrinkage effects should be considered. If
the temperature difference is large and the concrete
is poorly cured, the deformations of the bearings at
the end of the overlong building will exceed the maximum allowed deviation of the building. To ensure the
safety of the building, construction measures such as
reduction of water cement ratio should be employed
to reduce concrete shrinkage deformation.
(3) For overlong isolated buildings, we use expansion
joints to reduce the effect of thermal and concrete
shrinkage. After the construction of the building, the
building is protected by heating and thermal insulation while most of the concrete shrinkage finishes.
The influences of thermal changes and shrinkage
mainly manifest during construction. Therefore, for
isolated buildings, the distance of the postcast strip is
proposed during construction, whereas the distance
of the expansion joints is confirmed during the
service period.

5. Conclusion
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Combined with improved Pallottino parallel algorithm, this paper proposes a large-scale route search method, which considers
travelers’ route choice preferences. And urban road network is decomposed into multilayers effectively. Utilizing generalized travel
time as road impedance function, the method builds a new multilayer and multitasking road network data storage structure with
object-oriented class definition. Then, the proposed path search algorithm is verified by using the real road network of Guangzhou
city as an example. By the sensitive experiments, we make a comparative analysis of the proposed path search method with the
current advanced optimal path algorithms. The results demonstrate that the proposed method can increase the road network
search efficiency by more than 16% under different search proportion requests, node numbers, and computing process numbers,
respectively. Therefore, this method is a great breakthrough in the guidance field of urban road network.

1. Introduction
Path optimization is one of the most key issues in traffic flow
guidance filed, and it is mainly used for vehicle positioning
and system navigation. As we know, travelers need some route
information to assist them to get to their destinations. So path
guidance technology has been developed which not only can
provide travel routes but also relieve the traffic congestion.
The optimal path search theory [1] is the core of the path
optimization. There are a lot of relevant researches on the path
search algorithms and classic calculation methods around
the world. For example, Dijkstra algorithm, A∗ algorithm,
and ant colony algorithm are mature algorithms. But all the
above algorithms are generally applied to small-scale road
network. Currently, the advanced search path algorithms
were improved via parallel computing [2] in order to solve
the large network path problem (LNPP). So some optimized
algorithms such as Dijkstra algorithm with approximation
barrel structure, Pallottino algorithm, and Dijkstra algorithm
[3] with quad heap structure have been proposed. These
mentioned improved path search algorithms can meet the
needs of search speed of large-scale road network path

optimization. However, it rarely considers the travelers’ drive
habits and preferences, which leads to the path optimization
results which are often not accepted by travelers. That is, the
travelers’ obey rate will drop, and guidance effects cannot be
presented.
In view of above-mentioned insufficiency, we consider
the drive habits and preferences in order to ensure implementation of the real-time path optimization of large-scale
road network. And we construct a traffic network simulation
system and a multilayer and multitasking network data
storage structure in which parallel data is shared according to
the traffic network data [4, 5]. We also adequately analyze the
interactional relationship between road network decomposition and shortest path calculation. And then a Hierarchical
Pallottino parallel search algorithm model has been proposed
in accordance with the data storage and parallel computing
technology. The proposed model can dynamically adjust the
search level in terms of travel distance. And the multilayer
Pallottino search algorithm is run separately in subnets,
achieving real-time interaction within boundary nodes via
information transmission among the adjacent subnets. Consequently, a global optimal solution can be obtained.
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Remove node

Joint node of Q1 and Q2

Q1

Q2
Insert temporary label
node

Insert not
access node

Figure 1: Schematic diagram of deque data structure.

2. A Hierarchical Pallottino Parallel Search
Algorithm Model Based on the Data Storage
Pallottino algorithm adopts priority deque structure to calculate the optimal path. Deque algorithm [6–8] is a combination
of two first-in first-out (FIFO) queues, Q1 and Q2 . Q2 has a
higher priority than Q1 . As for a node, if its state numeral
is not accessed, then this indicates it has a higher priority
and it will enter the candidate node set from the end of Q2 ;
if its state numeral is temporary, then this indicates it has a
lower priority and the candidate node will enter from the end
of Q1 . During the process of route search, the nodes of Q2
are always firstly searched for achieving the two-queue search
mechanism and the fast iterative correction of node labeling
[9]. When removing nodes from the candidate node set, the
deque needs to be detected whether it is empty or not. If the
queue Q1 is not empty, then it will delete nodes from the
front of Q1 ; if the queue Q1 is empty, it will continue to detect
whether the queue Q2 is empty or not. If the queue Q2 is not
empty, then it will delete nodes from the front of Q2 . Operate
the above cycle after deleting a node. The operation does not
end until the queue Q2 is empty. The schematic diagram of
deque data structure is shown in Figure 1.
In daily life, a sizable number of drivers prefer to select
the main sections to travel. However, when driving for a near
distance, they may not select the main road [10]. Therefore,
a multilayer road network data storage means is utilized to
improve the Pallottino search algorithm, and a Hierarchical
Pallottino parallel search algorithm is put forward. When
the driver travels for a far distance, the proposed algorithm
should be used to search the main road node layer. When the
driver travels for a near distance (when the number of the
cells between the origin and destination is less than or equal
to 1, it is regarded as “the travel distance is near”), it needs
to search both the main road node layer and secondary road
node layer.
2.1. Urban Road Network Partition and Optimization
2.1.1. Urban Road Parallel Data Structure. The data structure
of urban road network [11] is a key point of solving path problem, which directly determines the difficulty and timeliness of
path algorithm procedures. When organizing network data,
it not only invokes conveniently and fast, but also reduces
the occupation of memory resources and expresses clearly in
order to facilitate data calls and program checks. In terms of
urban road traffic network, its corresponding data structure
has the following three characteristics: (a) the data is so large,
and the program needs to call and access it frequently; (b)
the topological relations of road network are clear and the

Simulated entity

Data structure

Vehicle

TVehicle

Road section

TLink

Intersection

TIntersection

Clock

TClock

OD desire

TOD

Route

TRoute

Figure 2: Traffic network simulation systems and shared parallel
data structure.

relationship between the nodes and the sections is fixed; (c)
there is concurrency when the data structure is accessed by
the program.
The basic element of traffic network data system is composed of car, section, route, intersection, clock, and so forth.
Furthermore, every traffic network element and road network
structure all can be considered as a single object. This
paper will adopt C++ to set up traffic network simulation
system and shared parallel data structure through objectoriented class definition (shown in Figure 2), to meet the
demand of the following Hierarchical Pallottino parallel
search algorithm.
The above different types of member variables and member properties are shown in Algorithm 1.
After defining various types of entities in network structure, for every type of entity, a single object is just one
unit of traffic network objects set. Therefore, multitasking
concurrent accessing data could be implemented through
establishing shared data structures so as to improve the speed
of accessing data, satisfying the timeliness requirement of
large-scale road network guidance.
2.1.2. Network Structure Optimization Considering Drivers’
Characteristics. As we know, drivers often choose the road
they are familiar with or the urban trunk roads as their
priority travel routes. In view of the characteristics, we
should give priority to search and calculate this layer of the
road network to ensure the speed of calculation, which is
particularly important for the large-scale road network.
In this paper, urban road network is divided into multiple
levels [12, 13]. The roads preferred by drivers are taken as main
roads to constitute the main road network which divides the
urban road network into small zones. In addition, a series of
minor road networks are constituted by the road network of
every zone (like zone K, M, and L in Figure 3). With regard
to doing route optimization, the final route optimization
network is made up of the minor road network within the
scope of drivers’ origin zone or destination zone and the main
road network. Thus searching road network will be simplified
and the speed of searching improved.
As for the road impedance function, there are five popular
items including traveling time, driving distance, congestion
degree, road quality, and comprehensive cost [14–16]. In view

Mathematical Problems in Engineering

3

Deque<TVehicle>vehiclelist
// Define the vehicle queues;
Deque<TLink>linklist
// Define the road section queues;
Deque<TIntersection>intersectionlist // Define the intersection queues;
Deque<TOD>ODlist
// Define the OD queues;
Deque<TRoute>Routelist
// Define the Route queues;
Algorithm 1: Definitions of road network structure and queue structure.

A node of main
node layer

A section of main
road layer

A section of minor
road layer

Figure 3: Multilevels of urban road network.

A node of minor
node layer

of above ideas, real-time dynamic generalized travel time
could be defined as road impedance (1) in this paper. There
are several ways to determine the road impedance data,
which reflects different user requirements and system control
strategies. Considering the circumstances, the final route is
not the absolute optimal one in accordance with generalized
road impedance in the whole road network, but the result
of quasi-drivers changing directions based on optimization
principle.
Consider the following:
𝐶𝑖 (𝑘) = 𝑡𝑖 (𝑘) .

Figure 4: Layered search thought diagram.

(1)

The formula above is the most common dynamic road
impedance form, which indicates the average time that
vehicles take on the 𝑘th road section, containing travel time
and parking delay time (including intersection delay).
In order to avoid common problems caused by the road
network partition, this paper adopts the thought of layered
optimization. Firstly, the main roads and the minor roads are
separated into two layers. The intersections of the main roads
are defined as main nodes and the intersections of the minor
roads are defined as minor nodes (Figure 4). The triangle
symbol indicates the node of the main nodes layer and its
number is equal to the number of intersections of the main
roads in the whole map. According to the network layered
perspective, removing the intersections of the main roads and
the minor roads will greatly reduce the time complexity in the
process of route calculation, thereby the calculation speed will
be improved.
In order to solve the problem that drivers may not choose
the main roads when the driving distance is relatively short,
this paper adopts the calculating method of neighboring
zones union. If the origin and the destination are in the same

Figure 5: Neighboring zones incorporated principle diagram.

or the neighboring zones, this paper will take the nodes of
the same or the neighboring zones as a union and search
the union during the process of calculation. In principle, if
there are excessive nodes in zone, it will affect the speed of
route calculation. Thus in the process of zone division, the
scope of zones should be reduced as much as possible in order
to reduce the number of nodes. Figure 5 shows the route
calculation results incorporated into the principle.
2.2. The Hierarchical Pallottino Parallel Search Algorithm
Model. According to the above mentioned road network data
storage and network decomposition method, a large-scale
network will be decomposed into several subnetworks [17]
whose number is the same as that of the processor. We use the
Hierarchical Pallottino search algorithm in every processor.
At this moment, it cannot obtain the information of adjacent
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nodes of boundary nodes, so the global optimal solution
cannot be obtained. Therefore, while using the Hierarchical
Pallottino search algorithm for parallel computing, the paper
uses the way of information transfer to send the boundary
node’s real-time information to the processor. And the
processor receives the information sent from the adjacent
subnet so as to complete the boundary node label iterative
correction and obtain global optimal solution.
The specific calculation steps are as follows.

Step 7. In current subnet, observing each adjacent node 𝑟 of
node 𝑙 and judging whether it is the shortest path, we can
write

Step 1. According to the starting point 𝑂 and the terminal
point 𝐷 position that user inputs, processor could analyze the
road node layer and generate a road barrier matrix 𝑊. Define
the node collection of cell 𝑖 as 𝑃(𝑖), the node collection of the
main road as 𝑃𝑍, and the road network node collection as 𝑃.
Identify the starting point 𝑂 and the terminal point 𝐷 that
user inputs and determine their cells 𝑘, and 𝑙, respectively. If
the starting point and the terminal point are located in the
same cell, then set 𝑃 = 𝑃(𝑘); if they are not in the same cell,
then set 𝑃 = 𝑃𝑍 and incorporate the nodes of the cells 𝑘
and 𝑙 into 𝑃. If there is only one cell 𝑚 between the starting
point and the terminal point, then the nodes of cell 𝑚 will be
incorporated into 𝑃.

Step 8. Judge the condition of message queue. If it is empty,
go to Step 10, and otherwise, go to Step 9.

Step 2. Label each node 𝑖 in the search network node collection. There are three numerals which are length numeral
𝑑𝑖 , predecessor node numeral 𝑝𝑖 , and current node status
label 𝑠𝑖 . Length numeral 𝑑𝑖 indicates the accumulated weights
from the starting point to the point 𝑖. Predecessor node
numeral 𝑝𝑖 is the previous direct point when the shortest
distance between the starting point 𝑞 and the point 𝑖 obtains
the maximum value. Current node status label 𝑠𝑖 contains
unvisited temporary labels and permanent labels.
Step 3. Define a message queue about the boundary node
information for each subnetwork: 𝑀𝑥 [ℎ] (𝑥 = 1, 2, . . . , 𝑘, ℎ <
𝑛/𝑘).
Step 4. Initialize the queues Q1 and Q2 when calculating the
shortest path from arbitrary starting point 𝑞 to all other nodes
𝑖, and we can set
𝑑𝑞 = 0

𝑑𝑖 = +∞

𝑖 ≠
𝑞.

(2)

Step 5. Judging the condition of queue Q, if it is empty, then
go to Step 7, and if not, go to Step 6.
Step 6. Judge whether the formula (3) is established or not for
each adjacent node 𝑗 of node 𝑖 in the nonempty queue Q
𝑑𝑗 > 𝑑𝑖 + 𝜔𝑖,𝑗 ,

(3)

where 𝜔𝑖,𝑗 is the section weight between nodes 𝑖 and 𝑗. If the
formula (3) is established, the following formula will be set:
𝑑𝑗 = 𝑑𝑖 + 𝜔𝑖,𝑗 .

(4)

If node 𝑗 is not in the Q and 𝑠𝑗 is not accessed, 𝑗 will be
inserted into the end of the Q1 and 𝑠𝑗 will be updated to a
temporary label. If node 𝑗 is not in the Q and 𝑠𝑗 is temporary
mark state, 𝑗 will be inserted into the end of the Q2 .

𝑑𝑟 > 𝑑𝑙 + 𝜔𝑙,𝑟 .

(5)

If (5) is established, the node 𝑟 will be added to its subnet
message queue, and message queue will be sent to all adjacent
subnetworks.

Step 9. Each subnet sends a message queue to adjacent subnets and accepts feedback from other subnets, and each
received adjacent node 𝑎 which is adjacent to node 𝑡 in the
current process is calculated as follows:
𝑑𝑎 > 𝑑𝑡 + 𝜔𝑡,𝑎 .

(6)

If (6) is established, then the following formula will be set:
𝑑𝑎 = 𝑑𝑡 + 𝜔𝑡,𝑎 .

(7)

If node 𝑎 is not in the Q and 𝑠𝑎 is not accessed, then 𝑎 will
be inserted into the end of the Q1 and 𝑠𝑎 will be updated to a
temporary label. If node 𝑎 is not in the Q and 𝑠𝑎 is temporary
mark state, 𝑎 will be inserted into the end of the Q2 .
Step 10. Each processor sends the results of shortest path
calculation to the host processor, and the algorithm ends.

3. Experimental Analysis
In order to verify the optimization results of the proposed
Hierarchical Pallottino parallel search algorithm based on
data storage, the paper uses C++ and OpenMP parallel programming method to design and develop parallel
computing program of large-scale road network, utilizing
client/server/(C/S) mode for setting up parallel computing
platform. We test the proposed method based on real road
network data of Guangzhou. This traffic network includes
11,489 nodes and 18,364 paths.
Experimental platform: Cluster of Workstations; CPU:
Intel(R) Core(TM)2 Duo CPU E8600@3.33 GHZ Dual-Core
Processor; Memory: 2 GB, each node Gigabit Switch: 4 sets.
3.1. Road Network Decomposition. Combined with the characteristics of drivers route choice, Guangzhou road network
(central urban area as shown in Figure 6(a)) is divided into
the following areas, and the dynamic topological relations of
each subinterval (the corresponding dual connectivity graph)
are shown in Figure 6(b).
According to the corresponding dual connectivity characteristics, it can be illustrated that the selected network, to
some extent, possesses the small-world property, and road
network has both smaller characteristic path length and
larger clustering coefficient. Furthermore, fewer obstacles of
road network are reflected from the small-world property,
which has a good accessibility. According to the calculation
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Figure 6: (a) Subarea of road network; (b) the dynamic topological relations.

results of network characteristic value and characteristic
judgment conditions of small-world network, combined with
the characteristics of the network and the connectivity of
the intersection, we are convinced that it is the basis for
evaluation of road network structure and the optimization
strategy. Due to limited space, this paper is not to research
this part. Decomposition of Guangzhou actual road network
is shown in Figure 7.
3.2. Shortest Path Parallel Computing Experiment. On the
traffic network, the paper separately applies the proposed Hierarchical Pallottino parallel search algorithm
(HTWO Q), Dijkstra algorithm based on approximate barrel
structure (DIKBA), Pallottino algorithm (TWO Q), and
Dijkstra algorithm based on improved quad-stack structure
(DIKQH) to calculate shortest path search time within all
pairs based on the weights of generalized travel time.
In order to ensure the executive effectiveness of algorithms, the paper adopts both undecomposed and decomposed networks to analyze algorithms. In the undecomposed
network conditions, we separately compare them in different
conditions (i.e., 1 : 1, 1 : N, and N : N) and search results are
shown in Table 1.
Table 1 shows that the search speeds of the proposed
HTWO Q algorithm and TWO Q algorithm are basically
equivalent in the standard network. In 1 : 1 search, the computation times of DIKQH and DIKBA algorithms are superior
to the proposed algorithm, but their calculation times are
inferior to the HTWO Q algorithm and TWO Q algorithm
in N : N search. Due to the advantages of the deque data
extraction and storage, the path search times of HTWO Q
and TWO Q algorithms are superior to the other two search
algorithms by more than 5% in 1 : N search.
Under the decomposed network conditions, we use the
parallelization algorithms to calculate the search time by
computing cluster under the processes 8 and 10. The calculative results are shown in Table 2.
From Table 2 we can see that the search time of the
proposed HTWO Q algorithm is obviously superior to those
of the other three algorithms in 1 : N and N : N search, but it
is inferior to DIKQH and DIKBA algorithms in 1 : 1 search.
In the actual urban guidance system, 1 : 1 path search has

limitations, while 1 : N and N : N search could satisfy the
dynamic requirements of traveler and have more extensive
application value.
During the path search, it is obvious that different
numbers of network nodes will affect executive time of
algorithm. In order to better illustrate the calculation time
of these algorithms under different vertices, the algorithms’
executive efficiency is compared and analyzed, respectively,
in 4000, 8000, and the whole road network nodes. Results
are shown in Figure 8. When road network data is stored
in the way we have mentioned, the time of multiprocessor
parallel computing optimal path (or global optimal solution)
is closely related to the number of processes. Then, we
compare the algorithms, respectively, using 6, 8, and 10
processes, and the results are shown in Figure 9.
Figure 8 demonstrates that the search speeds of HTWO
Q and TWO Q are similar within 4000 nodes’ network,
which are lower than those of DIKBA and DIKQH. However,
when searching in 8000 nodes and in the whole network, the
proposed HTWO Q algorithm is superior to the other three
algorithms, and its operating efficiency is 16.32% faster than
that of the other three ones.
As shown in Figure 9, with the increasing of processes, the
path-searching efficiency is not upward trend. By contrast, it
firstly increases and then decreases, which is concerned with
consumption of communication time when parallel algorithms are running. The result indicates that when process
number is 8, the search efficiency of road network can be
greatly enhanced.

4. Conclusions
Considering travelers’ preferences, the purpose of this paper
is to solve large-scale road network path optimization problem. With the way of object-oriented classified definition, a
simulated traffic network system and parallel data structures
have been constructed. To analyze the relationship between
data storage and network decomposition, a multilayer Pallottino parallel search algorithm is proposed. Then, series of
sensitive experiments are conducted to verify the algorithm
under actual road network environment. Finally, the results
show that the search time of the proposed optimization
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Table 1: Comparison of path search times under initial network environment.
Computing time (s)
HTWO Q
DIKBA
TWO Q
DIKQH

1 : 1 route searching
0.0097331000
0.0051053340
0.0098270450
0.0050473020

1 : N route searching
0.0097331000
0.0103312830
0.0098270450
0.0110842745

N : N route searching
94.2922860000
100.4570000000
95.3031400000
103.4130000000

Table 2: Comparison of path search times under Hierarchical network environment.
Computing time (10−3 s)
HTWO Q
DIKBA
TWO Q
DIKQH

1:1
8
0.94271
0.71433
1.15031
0.807979

1:N
10
1.00325
0.91125
1.20301
0.91966

8
0.94263
1.30764
1.14998
1.58446

N:N
10
1.00399
1.38241
1.21334
1.78677

8
80.3311
153.296
100.775
174.210

10
83.6300
168.117
119.068
195.429

200
180
160
140
120
100
80
60
40
20
0

0

0.2
HTWOQ
DIKBA

0.4

0.6

0.8

1

1.2

1.4

TWOQ
DIKQH

Figure 8: Computation times comparison of the four algorithms under N : N search pattern. The 𝑥-axis represents numbers of vertices (unit:
thousand) and the 𝑦-axis represents computed times (unit: ms).
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Figure 9: Computation times comparison of the four algorithms
under multiple processes. The 𝑥-axis represents numbers of processes and the 𝑦-axis represents computed times (unit: ms).

method is significantly better than those of DIKBA, TWO Q,
and DIKQH during the time of running 1 : N and N : N
patterns. Calculated results can not only meet the real-time
demand but also satisfy the preferences of travelers, which
can effectively improve the obey rate of guidance service and
have positive impacts on development of intelligent guidance
systems.
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Based on the mathematical model of fuel cell hybrid vehicle (FCHV) proposed in our previous study, a multistate feedback control
strategy of the hybrid power train is designed based on the linear quadratic regulator (LQR) algorithm. A Kalman Filter (KF)
observer is introduced to estimate state of charge (SOC) of the battery firstly, and then a linear quadratic regulator is constructed
to compute the state feedback gain matrix of the closed-loop control system. At last, simulation and actual test are utilized to
demonstrate this new approach.

1. Introduction
Fuel cell vehicle (FCV) is one of the most important trends
of new energy vehicles. Since the dynamic response of fuel
cell has a property of time lag, which fails to meet the
demands of the fast-changing vehicle load, a hybrid power
system equipped with auxiliary energy storage device is
indispensable. This is so-called fuel cell hybrid vehicle. For
such a complex system which has multiple power sources, it is
very important for energy management strategy to maintain
the power balance of the power train.
There have been many academic papers discussing the
energy management of the FCHV in recent years. Hyun et al.
[1] discussed the feature of hydrogen FCHV power train
based on experimental study. Pede et al. [2] discussed hybrid
degree of fuel cell vehicle power train. Mohammadian et al.
[3] utilized neural network and genetic algorithm to solve
the control problem of the fuel cell power system. Kim and
Peng [4] designed a power allocation algorithm based on
Markov decision programming (MDP). Eren et al. [5] proposed a control strategy for fuel cell hybrid power system
based on fuzzy logic. Ryu et al. [6] designed different energy
distribution strategies according to the driving modes of the
motor. Torreglosa et al. [7] put forward a power control
method based on optimal theory. Recently, there are several

patents [8–10] with the focus on configuration and control of
FCHV power train. In addition, several research teams pay
attention to model and simulation of FCHV [11–14].

2. Simulation Model of the FCHV Power Train
The fuel cell hybrid vehicle (FCHV) studied in this research
is SHANGHAI prototype vehicle from Shanghai Motor Company, whose power train configuration is shown in Figure 1.
The mathematic model of SHANGHAI power train has been
constructed based on test data and the equivalent circuit
model in our previous research [15].
The following equation is the state-space equation of the
mathematic model:
𝑥̇= 𝐴𝑥 + 𝐵𝑢,
𝑦 = 𝐶𝑥 + 𝐷𝑢,

(1)

where the state vector x = [𝐼𝑑𝑐𝑓 𝐼𝑚 𝑈𝐸 𝑈1 𝑈2 ]𝑇 , the input
vector u = [𝐼𝑑𝑐𝑓𝑠𝑒𝑡 𝐼𝑚𝑠𝑒𝑡 ]𝑇 , the output vector y = 𝑈bus , and 𝐴,
𝐵, 𝐶, and 𝐷 are the state matrix, as defined in (2), respectively:
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Figure 1: Power train configuration of SHANGHAI FCHV.
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Idcfset : current setting (FCE with DC/DC); Imset : motor current setting

Pfset : FCE power setting; PLmt : upper limit of FCE power
Im : motor output current; Idcf : DC/DC output current
OCV: battery open circuit voltage; Ubus : bus voltage
Idcset : DC/DC current setting

Figure 2: The block diagram of the simulation model.
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Based on the mathematic model, a simulation model is
constructed. Figure 2 is the overall system model block diagram, which indicates the input and output signals of all component models and how they are interconnected.
To verify the mathematic model and simulation model of
the power train, the exampled comparison between simulation results with test data is presented in Figure 3, confirming
that the FCHV model can meet the demand of model-based
FCHV control design.
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[ 0
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[ 0
𝐶 = [𝑅0 −𝑅0 1 1 1] ,

𝐷 = [0 0] .

Herein, 𝐾𝑓 , 𝑇𝑓 , 𝐾𝑚𝑐 , 𝑇𝑚𝑐 , 𝐶𝐸 , 𝐶1 , 𝐶2 , 𝑅0 , 𝑅1 , and 𝑅2 are
constants of the model, which can be estimated by the leastsquares parameter estimation method.

3. Multistate Feedback Control Strategy
Designing Based on LQR
According to state equation of the FCHV power train, the
power train is marginally stable and little random interference may cause system instability. Therefore, it is very
important for energy management system to maintain the
power balance of the power train.
In this study, a multistate feedback control strategy is
designed based on linear quadratic regulator (LQR) algorithm. A multistate feedback controller is designed using
LQR technique and a Kalman filter (KF) observer is designed
for battery open circuit voltage (OCV) estimation. Figure 4
shows the schematic diagram of this new control strategy,
where 𝑢𝑓 is feedforward control input, 𝑢𝑏 is feedback control
input, 𝑢 is actual input, 𝑦 is actual output, 𝑥target is target
setting of the controller, and 𝑥̂ is the state observed by the
KF observer.
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Figure 3: Comparison between simulation results and test data (part of J1015 cycle).
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Figure 4: The schematic diagram of the multistate feedback control
strategy.

To make the control framework more suitable for the
actual control input, the control framework shown in Figure 4
is reformed, as shown in Figure 5. This control strategy can be
described by
𝑢 = 𝑢𝑓 + 𝑢𝑏
𝑢𝑓 = [0 0 𝐼𝑚𝑠𝑒𝑡𝑓𝑓 ]

𝑇
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]
̂
𝑢𝑏 = [𝐼𝑑𝑐𝑓𝑠𝑒𝑡𝑓𝑏 ] = 𝐾 (𝑥target − 𝑥)
𝐼𝑚𝑠𝑒𝑡𝑓𝑏
[
]

Kalman filter
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Figure 5: The schematic diagram of the multistate feedback strategy
(reformed).
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= 𝑈bus [𝐾11 𝐾12 𝐾13 𝐾14 𝐾15 ] .
(3)
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Figure 6: Current and voltage of the battery (J1015 cycle).

Gaussian stochastic process, and 𝐺, 𝐻, 𝑀, and 𝑁 are discrete
state matrices defined as
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(5)

Figure 7: Battery OCV estimated by the KF observer and current
integral method.

Herein, OCVtarget represents the target value of the battery
OCV, and 𝐾 is the state feedback matrix. The variables shown
in (3) have been explained in Figure 2. In the actual control
system, 𝑢𝑓 is computed by power demand of the power train
and limited by some boundary condition 𝑢𝑏 is computed by
control deviation and the state feedback matrix 𝐾.

Herein, 𝑇 is the sampling period. The filter is initialized with
the best information available on the state and error covariance, and the recursive equation of the KF is summarized as
follows:
Initialization:
̂ (0) = 𝐸 [𝑋 (0)] ,
𝑋
𝑄 = 𝐸 [𝑤 × 𝑤𝑇 ] ,

𝑃 (0) = 𝐸 [𝑋 (0) 𝑋(0)𝑇 ]
𝑅 = 𝐸 [V × V𝑇 ]

Recursive Computation:
3.1. Observer Designing Based on KF. Although battery OCV
is not a linear function of battery SOC, according to [16],
when battery SOC is in 20% ∼ 90% (its work range), battery
OCV has a corresponding relationship with battery SOC.
Therefore, the fluctuated ranges of the SOC can be regulated
by changing the target value of the battery OCV OCVtarget ,
namely, 𝑈𝐸 of the state-space model. However, the state 𝑈𝐸
is not a measurable variable in the power train. To estimate
the state 𝑈𝐸 , a KF observer is designed. The discrete statespace model of the battery can be obtained from the statespace model of the battery equation as follows:
𝑥 (𝑘) = 𝐺𝑥 (𝑘 − 1) + 𝐻𝑢 (𝑘) + Γ𝑤 (𝑘) ,
𝑧 (𝑘) = 𝑀𝑥 (𝑘) + 𝑁𝑢 (𝑘) + V (𝑘) ,

(4)

where state vector x(k) = [𝑈𝐸 (𝑘) 𝑈1 (𝑘) 𝑈2 (𝑘)]𝑇 , input
vector u(k) = [𝐼𝑏 (𝑘)], output vector y(k) = [𝑈bus (𝑘)], Γ is
the noise transfer matrix, 𝑤(𝑘) and V(𝑘) are zero-mean white

𝑃 (𝑘 | 𝑘 − 1) = 𝐺𝑃 (𝑘 − 1) 𝐺𝑇 + Γ𝑄Γ𝑇 ,

(6)
−1

𝐾𝑘 = 𝑃 (𝑘 | 𝑘 − 1) 𝑀𝑇 [𝑀𝑃 (𝑘 | 𝑘 − 1) 𝑀𝑇 + 𝑅] ,
̂ (𝑘) = [𝐼 − 𝐾𝑘 𝐻] [𝐺𝑋
̂ (𝑘 − 1) + 𝐻𝑢 (𝑘)]
𝑋
+ 𝐾𝑘 𝑧 (𝑘) − 𝑁𝑢 (𝑘) ,
𝑃 (𝑘) = [𝐼 − 𝐾𝑘 𝑀] 𝑃 (𝑘 | 𝑘 − 1) .
Although the hypothesis about the noise process cannot
conform exactly to the fact, the result obtained from the test
shows that the KF observer still performs well.
To validate the KF observer designed here, a J1015
dynamic test was performed (sample period was 50 ms) As
the input data of the KF observer, the current and voltage of
the battery were collected in the test, as shown in Figure 6.
The estimated results of the battery OCV by the KF observer
and current integral calculation method shown in Figure 7
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Figure 8: Step responding of the model.

experience. 𝐾11 is selected according to the test, 𝐾13 , 𝐾14 , and
𝐾15 can be selected properly by analyzing the step responding
of the model. To compute state feedback gain in an optimal
way, LQR is constructed based on the linear mathematic
model of the power train, and the quadratic characteristic
index function of the regulator is as follows:
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+ 𝑒𝐼𝑑𝑐𝑓𝑠𝑒𝑡 2 + 𝑓𝐼𝑚𝑠𝑒𝑡 2 ] 𝑑𝑡

Figure 9: Changing process of vehicle speed (ECE EUDC cycle).

indicate that, if the initial deviation is excluded from consideration, the maximum error is not more than 1% in the
cycle test. Though the current test data has its inevitable error,
in a relatively short time OCV estimated by current integral
calculation approaches the actual value. Therefore, the test
result indicates that the KF designed for battery OCV
estimation is valid.
3.2. Multistate Feedback Controller. The state feedback matrix
𝐾 is very important for the multistate feedback controller.
In actual control strategy, elements of the matrix 𝐾 need to
be restrained by some limitation and boundary condition, as
shown in the following:
𝐾11 < 𝑚,

𝐾13 < 𝑛,

2
1 ∞
∫ [𝑎(𝐼𝑑𝑐𝑓 − 𝐼𝑚 ) + 𝑏𝑈𝐸2 + 𝑐𝑈12 + 𝑑𝑈22
2 𝑡0

𝐾14 < 𝑜,

𝐾15 < 𝑝,

𝐾21 = 𝐾22 = 𝐾23 = 𝐾24 = 𝐾25 = 0,

(7)

where 𝑚, 𝑛, 𝑜, and 𝑝 are the limitations determined by
configuration parameters of the power train and practical

=

(8)

1 ∞ 𝑇
∫ [𝑥 (𝑡) 𝑄𝑥 (𝑡) + 𝑢𝑇 (𝑡) 𝑅𝑢 (𝑡)] 𝑑𝑡.
2 𝑡0

In (8), 𝑎, 𝑏, 𝑐, 𝑑, 𝑒, and 𝑓 are the weight of each
item, 𝑄 is the state weight matrix, and 𝑅 is the control
weight matrix. Using Hamilton minimum principle, the state
feedback matrix can be obtained by solving (8) for analytic
solution. Note that the selection of proper weight matrix is
very important for solving the equation. There are several
helpful rules on the selection of 𝑄 and 𝑅: (1) 𝑄 and 𝑅 are
symmetrical matrixes, in which 𝑄 is a half positive definite
matrix and 𝑅 is a positive definite matrix; (2) because 𝑄 and
𝑅 are interrelated, once 𝑅 is determined firstly, 𝑄 can be
determined by simulation and test. In addition, state feedback
matrix is limited by the boundary conditions, namely, (7) in
this paper.
In state weight matrix 𝑄, 𝑏 is very important, which
affects the stability of the close-loop control system directly.
To make control system stable, 𝑏 must be properly selected to
make sure that all poles of the close-loop control system are
in left quadrant. In addition, it can be seen that the larger the
𝑏, the more stable the control system.
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Figure 10: Changing process of subsystem current (part of the ECE EUDC cycle).
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cycle includes J1015, UDDS, and NEDC. Exampled simulation and test data from NEDC driving cycle are presented in
Figures 9–12. Figure 9 shows the changing process of vehicle
velocity in the simulation and practical test during the NEDC
cycle, indicating that the vehicle’s power performance can
be ensured using the designed strategy. Figure 10 shows the
changing process of the subsystem current. Figure 11 shows
the changing processes of the battery voltage and SOC during
the NEDC driving cycle, where the battery voltage and SOC
fluctuate within the prescriptive range, indicating that the
proposed control strategy can guarantee the stable control of
the FCHV power train.

Figure 11: Changing process of battery voltage (ECE EUDC cycle).

5. Conclusions
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Figure 12: Changing process of battery SOC (ECE EUDC cycle).

Figure 8 presents the exampled system step responding
curves. It can be seen that the larger 𝑏 leads to the faster
converging behavior of 𝑈𝐸 . However, if 𝑏 is over large, 𝑈bus
will become vibration. When 𝑏 equals 2, 𝑈𝐸 and 𝑈bus tend to
balance position with moderate speed.

In summary, a LQR-based control strategy designing method
for FCHV power train is proposed in this study. A multistate
feedback control strategy is designed and applied in the
power train of SHANGHAI FCHV. In this control strategy,
a KF observer is introduced to estimate battery OCV and the
state feedback gain matrix of the multistate feedback control
system is computed by the LQR algorithm. To verify the
designed control strategy, simulation and practical driving
test with three types of driving cycles are conducted. The
results of the simulation and practical testing show that
the designed LQR-based power control strategy can ensure
power performance of the vehicle and guarantee the stable
control of the hybrid power train, which proves that the
designed control strategy works excellently.
The LQR-based control design method presented in this
research well suits to control development for FCHV power
train. And it provides valuable reference to the model-based
control strategy development for other types of hybrid power
train.

4. Verification of the Control Strategy
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Freeway traffic state estimation is useful for intelligent traffic guidance, control, and management. The freeway traffic state is featured
with rapid and dramatic fluctuations, which presents a strong nonlinear feature. In theory, a particle filter has good performance
in solving nonlinear problems. This paper proposes a particle filter based approach to estimate freeway traffic state. The freeway
link between the west of Peace Bridge and the west of San Yuan Bridge of the third ring in Beijing is used as the experimental
object. According to the traffic characteristics and measurement mode of the link, the second-order validated macroscopic traffic
flow model is adopted to set up the link model. The implementation steps of the particle filter for freeway traffic state estimation
are described in detail. The estimation error analysis for the experiments proves that the proposed approach has an encouraging
estimation performance.

1. Introduction
The increasing traffic flow is resulting in serious congestion
of urban road network, which can decrease flow rate, delay
travel time, increase fuel consumption and travel cost, and
make negative environmental effect. Measures should be
taken to alleviate traffic congestion. Traffic state estimation
of freeway network is useful for traffic management, which
involves estimating the traffic variables of the network based
on available real-time traffic measurements [1]. A real-time
Lagrangian traffic state estimator for freeway state has been
proposed, which is considered to be more accurate and more
computationally efficient than the Eulerian approach [2, 3].
However, the Lagrangian method is only appropriate for the
sensing data obtained via GPS technology or other tracking
devices providing position and velocity of individual vehicles.
Chao Deng et al. present an approach using cluster analysis
and multiclass support vector machine to estimate freeway
traffic state. Historical traffic flow data are divided into
clusters with different traffic states and the multiclass support
vector machine is applied to identify the real-time traffic
states [4]. Many previous researches in estimating aggregated
traffic variables are based on applications of Kalman filter
or extended Kalman filter [5–7]. Furthermore, most of them
assume that noises obey Gaussian distribution and use

linear models for state functions and observation functions.
However, traffic state can fluctuate rapidly and dramatically
in a short time, which indicates the strong nonlinear features
of the freeway traffic state. Therefore, using Kalman filter
may cause inaccurate estimation results and even divergent
results. Particle filter is a powerful approximate solution to
a general nonlinear problem or a non-Gaussian filtering
problem [8, 9]. The basic idea of particle filter is that a
posterior probability density function (PDF) of state can be
represented by a set of particles with associated weights, and
the estimation can be computed as the expected value of the
discrete PDF [10, 11]. Currently only limited number of papers
have discussed freeway traffic state estimation using particle
filter algorithm. Mihaylova and Boel [12] proposed a particle
filter (PF) to estimate freeway traffic based on the model
of aggregated states and observations, and the investigations
are conducted using the real traffic data from a Belgian
freeway. Nicolae Marinica developed a particle filter (PF)
state estimator using a platoon based model for urban traffic
networks [13]. This paper uses the second-order validated
macroscopic traffic flow model to evaluate a freeway link in
Beijing according to its characteristics and proposes a particle
filter method for estimating the freeway speed and density.
The rest of the paper is organized as follows. Section 2
describes a freeway traffic flow model in Beijing. Section 3
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presents the design of the traffic state estimator based on the
particle filter algorithm. In Section 4, several experiments are
conducted to evaluate the particle filter estimation performance. Finally, the conclusions are summarized in Section 5.

Detector

Link m

Link m − 1

2. Traffic Flow Modeling of a Freeway
2.1. Description of a Freeway. A freeway network can be
represented as a directed graph. Bifurcations, junctions, onramps, and off-ramps of a freeway are represented as nodes,
and a freeway stretch between two nodes is represented
as a link in the graph [12]. A bidirectional freeway stretch
is modeled as two opposite directional links. As shown in
Figure 1, the freeway is divided into several links and each
link is composed of several sections. In the paper, each link
is assumed to have homogeneous geometric characteristics
such as the number of lanes, slopes, and curvatures. Detectors
are available only at some boundaries between sections. In
Figure 1, 𝑞𝑖 is the average number of vehicles at the boundary
between sections 𝑖 and 𝑖 + 1, 𝑑𝑖 is the average density in
section 𝑖, V𝑖 is the average speed in section 𝑖, 𝑠𝑖 is the traffic
flow into ramp 𝑖, and 𝑟𝑖 is the traffic flow off ramp 𝑖. The
whole state of the link 𝑚 at time 𝑘 is described by the vector
𝑇
𝑇
𝑇 𝑇
, 𝑥2,𝑘
, . . . , 𝑥𝑖,𝑘
) , and 𝑥𝑖,𝑘 = (V𝑖,𝑘 , 𝑑𝑖,𝑘 )𝑇 is a local state
𝑥𝑘 = (𝑥1,𝑘
vector of the 𝑖th section.
The progression from one sampling time to the next
sampling time is described by the update equation
𝑥𝑘+1 = 𝑓 (𝑥𝑘 , 𝑝𝑘 , 𝑞𝑘In , V𝑘in , 𝑞𝑘out , V𝑘out , 𝜉𝑘 ) ,

(1)

where 𝑝𝑘 denotes the vector of all time-varying parameters
such as road conditions and the number of available lanes,
𝑞𝑘in is the number of vehicles entering Section 1 during the
interval [𝑡𝑘 , 𝑡𝑘+1 ), V𝑘in is the average speed of these vehicles,
𝑞𝑘out specifies the outflow at the speed V𝑘out from section 𝑁,
and 𝜉𝑘 is a disturbance vector reflecting random fluctuation
in the traffic states and the model error.
Noisy measurements of the average speed of vehicles
crossing the boundary between section 𝑖 and section 𝑖 + 1
during the time interval [𝑡𝑘 , 𝑡𝑘+1 ) together with noisy measurements of the mean density of the vehicles are collected as
the measurement data. The observation equation is given as
𝑦𝑘+1 = ℎ [𝑥𝑠 , 𝜂𝑘 , 𝑠 ∈ [𝑡𝑘 , 𝑡𝑘+1 )] ,

(2)

where 𝑥𝑠 is the state at time 𝑠 and 𝜂𝑘 is the measurement noise.
2.2. Macroscopic Traffic Flow Model of a Freeway. The secondorder validated macroscopic traffic flow model is employed to
describe the dynamic behavior of traffic flow along a freeway
stretch in terms of appropriate aggregated traffic variables
such as traffic density, space average speed, and traffic flow
[14]. Generally, a freeway stretch is divided into a number
of 𝑁 sections. Assume that the length of each section is 𝐿 𝑖 ,
𝑖 = 1, 2, . . . , 𝑁, the time discretization is based on a time
step 𝑇, and 𝑘 (𝑘 = 0, 1, 2, . . .) is a discrete time index. For
the section 𝑖, the stochastic nonlinear difference equations

··· i− 1 i
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Link m + 1

d i ,  i , qi
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d N ,  N , qN

ri
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Section N
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Figure 1: Freeway links and measurement points.

based on the second-order macroscopic traffic flow model are
described as follows [14]:
𝑑𝑖 (𝑘 + 1) = 𝑑𝑖 (𝑘) +

𝑇
𝜆𝑖𝐿 𝑖

× [𝑞𝑖−1 (𝑘) − 𝑞𝑖 (𝑘) + 𝑟𝑖 (𝑘) − 𝑠𝑖 (𝑘)] ,
𝑠𝑖 (𝑘) = 𝛽𝑖 (𝑘) 𝑞𝑖−1 (𝑘) ,
V𝑖 (𝑘 + 1) = V𝑖 (𝑘) +

𝑇
[V (𝑑𝑖 (𝑘)) − V𝑖 (𝑘)]
𝜏

+

𝑇
V (𝑘) [V𝑖−1 (𝑘) − V𝑖 (𝑘)]
𝐿𝑖 𝑖

−

𝑛𝑇 [𝑑𝑖+1 (𝑘) − 𝑑𝑖 (𝑘)]
𝜏𝐿 𝑖
𝑑𝑖 (𝑘) + 𝜅

−

𝛿𝑇 𝑟𝑖 (𝑘) V𝑖 (𝑘)
+ 𝜉𝑖V (𝑘) ,
𝜆 𝑖 𝐿 𝑖 𝑑𝑖 (𝑘) + 𝜅

(3)

1 𝑑 𝑎
V (𝑑) = V𝑓 exp [− ( ) ] ,
𝑎 𝑑cr
𝑞

𝑞𝑖 (𝑘) = 𝑑𝑖 (𝑘) V𝑖 (𝑘) 𝜆 𝑖 + 𝜉𝑖 (𝑘) .
In (3), the variables and parameters are denoted as
follows:
(1) traffic density 𝑑𝑖 (𝑘) (in veh/km/lane) is the number of
vehicles in section 𝑖 at time 𝑘𝑇 divided by the section
length 𝐿 𝑖 and the number of lanes 𝜆 𝑖 ,
(2) space average speed V𝑖 (𝑘) (in km/h) is the average
speed of the vehicles in section 𝑖 at time 𝑘𝑇,
(3) traffic flow 𝑞𝑖 (𝑘) (in veh/h) is the number of vehicles
leaving section 𝑖 during the interval [𝑘𝑇, (𝑘 + 1)𝑇),
divided by 𝑇,
(4) 𝑟𝑖 (𝑘) is the on-ramp inflow and 𝑠𝑖 (𝑘) is the off-ramp
outflow (both in veh/h) in section 𝑖.
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(5) 𝜏, 𝑛, 𝜅, 𝑎, and 𝜆 are the model parameters which are
the same given values for all sections,

data 𝑍𝑘 . Suppose that the initial probability density function
of the state vector is 𝑝(𝑥0 | 𝑍0 ) = 𝑝(𝑥0 ); then we have [9, 10]

(6) V𝑓 denotes the free flow speed, 𝑑cr is the critical
density, and 𝑎 is the exponent of the stationary speed
equation,

𝑝 (𝑥𝑘 | 𝑍𝑘−1 ) = ∫ 𝑝 (𝑥𝑘 | 𝑥𝑘−1 ) 𝑝 (𝑥𝑘−1 | 𝑍𝑘−1 ) 𝑑𝑥𝑘−1 , (7)

𝑞

(7) 𝜉𝑖V (𝑘) and 𝜉𝑖 (𝑘) reflect the model error, 𝜉𝑖V (𝑘) denotes
the zero-mean Gaussian white noise acting on the
𝑞
empirical speed equation, and 𝜉𝑖 (𝑘) denotes the zeromean Gaussian white noise acting on the approximate
flow equation.
The detectors in the link entrance or exit can collect the
speed data and density data. The speed measurement function is
V
V
𝑍in
or out (𝑘) = Vin or out (𝑘) + 𝜉in or out (𝑘) ,

𝑝 (𝑥𝑘 | 𝑍𝑘 ) =

𝑝 (𝑦𝑘 | 𝑍𝑘−1 ) = ∫ 𝑝 (𝑦𝑘 | 𝑥𝑘 ) 𝑝 (𝑥𝑘 | 𝑍𝑘−1 ) 𝑑𝑥𝑘 .

(4)

(𝑘) = 𝑑in or out (𝑘) +

(𝑘) ,

3. Particle Filter for Freeway Traffic
State Estimation
Nonlinear characteristics exist in the freeway traffic state,
which makes it difficult to estimate the traffic state. Since
particle filter is able to solve a general nonlinear problem in
theory, particle filter is well studied to estimate the traffic state
based on the second-order validated macroscopic traffic flow
model.
3.1. Particle Filter Theory. The discrete-time stochastic model
of a dynamic system is described as follows:
𝑥𝑘 = 𝑓𝑘 (𝑥𝑘−1 , 𝑤𝑘−1 ) ,
𝑦𝑘 = ℎ𝑘 (𝑥𝑘 , V𝑘 ) ,

(6)

where 𝑦𝑘 is the observation vector at time 𝑘, 𝑥𝑘 represents
the state vector at time 𝑘, 𝑓𝑘 is the nonlinear state transition
function, and ℎ𝑘 is the nonlinear observation function. The
stochastic processes 𝑤𝑘 and V𝑘 represent the state noise
process and the measurement noise process, respectively. The
available information at time 𝑘 is the set of measurements
𝑍𝑘 = {𝑦𝑖 : 𝑖 = 1, 2, . . . , 𝑘}. According to the Bayesian theory,
all state information can be obtained from the posterior
state distribution. Within the Bayesian framework, particle
filter is used to sequentially update a priori knowledge about
predetermined state vector 𝑥𝑘 by using the measurements

(10)

𝑖=1

𝑤𝑘𝑖 =

𝑤𝑖𝑘 = 𝑤𝑖𝑘−1

(5)

𝑑
where 𝑍in
or out (𝑘) is the measurement value of the mean density through entrance or exit during the interval [(𝑘−1)𝑇, 𝑘𝑇)
𝑑
and 𝜉in
or out (𝑘) is the measurement noise of the density.

(9)

𝑁

𝑝 (𝑥𝑘 | 𝑍𝑘 ) = ∑𝑤𝑘𝑖 𝛿 (𝑥𝑘 − 𝑥𝑘𝑖 ) ,

where
is the measurement value of the average
speed through entrance or exit during the interval [(𝑘 −
V
1)𝑇, 𝑘𝑇) and 𝜉in
or out (𝑘) is the measurement noise of the
speed.
The measurement function of the density for the link
entrance or exit is
𝑑
𝜉in
or out

(8)

Particle filter uses Monte Carlo techniques and sequence
importance sampling (SIS) methods to solve (7). The posterior PDF is computed based on 𝑁 samples from an important
distribution function, as follows,

V
𝑍in
or out (𝑘)

𝑑
𝑍in
or out

𝑝 (𝑦𝑘 | 𝑥𝑘 ) 𝑝 (𝑥𝑘 | 𝑍𝑘−1 )
,
𝑝 (𝑦𝑘 | 𝑍𝑘−1 )

𝑤𝑖𝑘

𝑖
∑𝑁
𝑖=1 𝑤𝑘

,

𝑖
𝑝 (𝑦𝑘 | 𝑥𝑘𝑖 ) 𝑝 (𝑥𝑘𝑖 | 𝑥𝑘−1
)
𝑖
𝑞 (𝑥𝑘𝑖 | 𝑥𝑘−1
, 𝑦𝑘 )

(11)

,

(12)

where 𝑤𝑘𝑖 is the weight of each particle and satisfies 0 ≤ 𝑤𝑘𝑖 ≤
1 and 𝑞 is an important distribution function.
Particle filter has good effects in solving both nonlinear
and non-Gaussian applications, which is suitable for estimating the nonlinear freeway state.
3.2. Application to Freeway Traffic State Estimation. The
application steps of freeway traffic state estimation based on
particle filter are as follows.
(1) Initialization. Set the iteration variable 𝑘 = 0. The particle
set {𝑥0𝑖 , 𝑤0𝑖 } (𝑖 = 0, 1, 2, . . . , 𝑁, 𝑁 is the number of particles) is
obtained based on the initial distribution 𝑝(𝑥0 ).
(2) Particle Generation. For 𝑖 = 1, 2, . . . , 𝑁, 𝑥𝑘𝑖 is sampled from
𝑖
𝑝(𝑥𝑘 | 𝑥𝑘−1
, 𝑍𝑘 ) according to (3).
(3) Weight Computation. Equation (12) is complex to compute
the weight, and usually the weight is updated by the following
equation when the new measurement data are obtained by the
detector in the section:
𝑤𝑖𝑘 = 𝑤𝑖𝑘−1 × 𝑝 (𝑦𝑘 | 𝑥𝑘𝑖 ) .

(13)

The normalized weight 𝑤𝑘𝑖 is computed using (11).
(4) Resampling. Drawing a random sample 𝑢𝑖 from the
𝑗
uniform distribution over (0, 1]. If 𝑢𝑖 satisfies ∑𝑚−1
𝑗=1 𝑤𝑘 < 𝑢𝑖 ≤
𝑗

∑𝑚
𝑗=1 𝑤𝑘 , the 𝑚th particle is resampled as follows:
𝑥̃𝑘𝑖 = 𝑥𝑘𝑚 ,
̃𝑘𝑖 = 𝑤𝑘𝑚 .
𝑤

(14)

(5) State Estimation. The approximate posterior PDF is computed using (10); then the state is estimated by
𝑁

̃𝑘𝑖 𝑥̃𝑘𝑖 .
𝑥̂𝑘 = ∑𝑤

Flow
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4.2. Experiments and Analysis. The state vector 𝑥𝑘 and measurement vector 𝑍𝑘 are computed, respectively, as follows:
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Figure 2: Traffic state example of exit in the link.
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4.1. Experimental Object. A freeway between the west of
Peace Bridge and the west of San Yuan Bridge of third ring in
Beijing is used as an experimental link. The link has no ramps.
The length of the link is 1476 m. The link is composed of 3
sections with 3 lanes and the length of each section is 556 m,
475 m, and 445 m, respectively. The measurement detectors
are located in the boundaries between the first section and the
third section. The detectors can collect the traffic flow, speed,
and density of the link every 2 min.
One example of the entrance traffic state during 3 hours
between 8:00 and 11:00 AM on July 23, 2010, is shown
in Figure 2. We know that the traffic flow varied between
40 veh/2 min and 60 veh/2 min, the speed varied between
32 km/h and 50 km/h, and the density varied between
23 veh/km and 58 veh/km. In most of the time, the traffic state
varied smoothly except for a rapid change at 8:20 AM.
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4. Freeway State Estimation Experiments
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(6) 𝑘 Is increased by Itself. If the end condition of algorithm is
not satisfied, the algorithm goes to step (2) again; otherwise,
it ends.
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𝑇

𝑥𝑘 = [V1 (𝑘) , 𝑑1 (𝑘) , V2 (𝑘) , 𝑑2 (𝑘) , V3 (𝑘) , 𝑑3 (𝑘)] ,
V
𝑑
V
𝑑
𝑍𝑘 = [𝑍in
(𝑘) , 𝑍in
(𝑘) , 𝑍out
(𝑘) , 𝑍out
(𝑘)] .

(16)

The parameters of traffic model in Section 2 are set as follows.
According to the experimental object in Section 4.1, each
section of the freeway has 3 lanes, and the length of each
section is about 500 m. The data detection period is 2 min. In
daytime, the free flow speed of the freeway is about 80 km/h
and the critical density is about 50 veh/km. Therefore, some
of the parameters can be set as 𝜆 𝑖 = 3, 𝐿 𝑖 = 500 m, 𝑇 =
120 s, V𝑓 = 80 km/h, and 𝑑cr = 50 veh/km. Based on the
prior knowledge, other parameters can be set as 𝜏 = 20 s,
𝑛 = 45 km2 /s, and 𝜅 = 15 veh/km/lane.
According to the data analysis in Figure 2, the initial state
is set to be
𝑥0 = [42, 40, 50, 35, 48, 35]𝑇 .

(17)

The number of particles 𝑁 is set to be 500.
The freeway speed and density are estimated using the
particle filter algorithm in the Section 3. The estimation
results for the speed and the density of each section are,
respectively, shown in Figures 3 and 4. In the horizontal axis
of each figure, the step time interval is 2 min which is equal
to the data collecting interval of the detectors. According to
Figures 3 and 4, the estimation trend is similar to the true
trend.

Estimation
True

Figure 3: Speed estimation for three sections.

The indices of relative error (RE), mean square error
(MSE), and root mean square relative error (RMSRE) are utilized to evaluate estimation performance.
The indices of RE, MSE, and RMSE are, respectively,
defined as follows:
RE =

𝑥𝑖 − 𝑥̂𝑖
× 100%,
𝑥𝑖

1 𝑛
2
MSE = √ ∑(𝑥𝑖 − 𝑥̂𝑖 ) ,
𝑛 𝑖=1

(18)

1 𝑛 𝑥 − 𝑥̂𝑖 2
RMSRE = √ ∑( 𝑖
),
𝑛 𝑖=1
𝑥𝑖
where 𝑥𝑖 represents the true state and 𝑥̂𝑖 represents the
estimation state.
The REs of speed estimation and density estimation for
each section are, respectively, shown in Figures 5 and 6. In the
horizontal axis of each figure, each step time interval is 2 min.
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Figure 6: REs of density estimation for three sections.

Figure 4: Density estimation for three sections.
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Table 1: MSE and RMSRE of estimation of density and speed.
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Figure 5: REs of speed estimation for three sections.

According to Figures 5 and 6, the RE is in [−10%, +10%]
and varies smoothly in most of the time. Only at several time
intervals, the absolute RE is more than 15%.
The MSE and RMSRE of speed estimation and the MSE
and RMSRE of density estimation for each section are shown
in Table 1. The maximum MSE difference of speed estimation
among the sections is 1.8675 and the maximum RMSRE
difference of speed estimation among the sections is 0.0156.
The maximum MSE difference of density estimation among
the sections is 1.0273 and the maximum RMSRE difference of
density estimation among the sections is 0.0062. The mean
MSE of the speed estimation is 3.7136, the mean RMSRE of
the speed estimation is 0.0750, the mean MSE of the density
estimation is 2.6859, and the mean RMSRE of the density estimation is 0.0751. Therefore, the estimation effect is desirable.
In theory, the resampling procedure in particle filter has a
complexity of 𝑂(𝑁); 𝑁 is the number of sample variables generated from the uniform distribution [11]. In fact, the computation time can be reduced in the particle filter implementation by using the multithread programming technology.

This paper proposes an approach to estimate the freeway
traffic state based on the particle filter algorithm. The freeway
traffic is modeled by the second-order validated macroscopic
traffic flow model. A freeway link between the west of Peace
Bridge and the west of San Yuan Bridge of third ring in Beijing
is used as an experimental object and real traffic data are
used in the experiments. The mean square error of the speed
estimation is 3.7136 and the mean square error of the density
estimation is 2.6859. The results suggest that particle filter
is valid and effective in freeway traffic state estimation. In
addition, the proposed approach for traffic state estimation
is modular, and therefore different traffic models can be used
in different sections on a freeway link. In the future research,
we will use parallel computation to improve the performance
of the particle filter for estimating freeway state.
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Longitudinal liquid sloshing in partially filled clear-bore tanks causes extensive degradation of tankers braking performance. To
reduce the negative effect of longitudinal liquid sloshing on tankers, three kinds of transverse baffles were designed, namely, the
conventional baffle, the circular baffle, and the staggered baffle. Each kind of baffle took several forms to investigate the impact of
baffle installation angle, the sizes of holes pierced on the baffle, and their arrangement on the antisloshing effect. FLUENT software
was used to simulate liquid sloshing in tanks equipped with different kinds of transverse baffles and subject to constant braking
deceleration. A time-series analysis of the forces act on tank walls and transverse baffles was carried out. It was drawn that the
baffle shape and its installation angle have great impact on the antisloshing effect of baffles. The study on the antisloshing effect of
different transverse baffles is of great significance for tank vehicle driving and braking safety, as well as for the design of optimal
transverse baffles.

1. Introduction
Tank vehicles are widely used in the road transportation of
liquid cargoes throughout the world. According to the 2007
Commodity Flow Survey, in the United States, about 1200
million tons of hazardous fluid materials were shipped by
tankers per year [1]. In China, about 76% of chemical products were delivered by tank trucks, and the total freight load
was nearly 1 million tons. Tankers are hugely convenient for
transporting liquid cargoes and boosting national economic
development. However, many traffic accidents occurred,
causing losses in terms of human life and property. In 2011,
416 tanker accidents occurred in China, causing 643 deaths
and costing tens of millions of Yuan. On the basis of the
reported highway accidents involving heavy vehicles, it has
been suggested that tank trucks were 4.8 times more likely to
be involved in rollovers [2]. Due to the particularity of transportation cargoes, most of the liquid release tanker accidents
made direct contamination to water, air, and land [3, 4].
A lot of work has been done to investigate the characteristics of tanker accidents. Based on the accident cause,
researchers divided them into the following accident types,

namely, rollover, rear-end, crash, and over-speeding. Furthermore, the frequencies for each cause were about 45.16%,
25.81%, 17.74%, and 11.29%, respectively [5]. Hence, rollover
and rear-end are the main forms of tanker accidents.
There are many reasons for tanker accidents [6], but liquid sloshing in partially filled tanks is the most common one.
Due to the difference on cargo density and the limitations on
vehicle axle load, tank vehicles tend to be operated in the partially filled condition for the majority of the time [7, 8]. Both
the existence of sloshing space and the flow characteristic of
liquid cargo make contribution to liquid sloshing when vehicle driving state changes. For moving tanks, a minor change
in the vehicle driving state may result in a gigantic surge in
the liquid, bringing about liquid sloshing and a large change
in the amplitude of the dynamic load [7, 8]. In addition, the
free surface oscillation of a low-viscosity liquid will last for a
long time. While tank vehicles commonly subject to intense
driver operations in practice, which make the liquid sloshing
in partially filled tanks quite violent, the vehicle’s handling
stability and braking performance are degraded greatly.
Through experimental discovery and theoretical analysis,
it was found that tank geometry and liquid fill percentage are
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the main factors impacting the liquid dynamic load transfer,
the oscillation amplitude, and the sloshing duration [9, 10]. To
limit liquid sloshing in the longitudinal direction during vehicle braking and acceleration, transverse baffles were designed
and have been proved to be quite efficient. To date, the
research on transverse baffles can be summarized into the following two aspects.
(1) How do transverse baffle reduce liquid sloshing? To
solve this problem, various numerical models have been
developed to describe liquid sloshing in tanks with and without transverse baffles [11–15]. Usually, a rectangular tank was
chosen as the research object. The fluid fill level was constant
while the height of the vertical baffle increased gradually.
For vertical baffles of different heights, snap shots of fluidfree surface profiles and elevations, flow patterns, streamlines,
and pressure distributions were studied at the same external
excitation [11–13]. It has been found that a vortex is originated
near the baffle tip and a flow separation is generated before
and behind the baffle when liquid sloshing occurs [3]. Moreover, the vortex becomes weaker as the baffle height increases.
Compared with liquid sloshing in a clean-bore tank, the gradient of the liquid free surface and the maximum height that
the fluid can reach on the tank wall were decreased in tanks
with vertical baffles. This leads to smaller movements in the
center of gravity of liquid bulk and the enhancement of vehicle braking and acceleration performance.
(2) The influence of the number, appearance, baffle
arrangement, and the number and location of holes pierced
in the baffle on the antisloshing effect, as in [16–25]. FLUENT
simulation and experiment were utilized in this kind of
research. The researchers designed kinds of transverse baffle
to evaluate their antisloshing effect, including conventional,
round, solid-dished, oblique, perforated, and spiral baffles
[17–20]. In the simulation process, the liquid fill level was
assumed to be constant (50% was the most popular fill level
used) while braking deceleration changes. A time-series analysis of the forces on the tank walls was carried out to investigate the effect of the baffle in terms of reducing liquid sloshing. For all the work that has been carried out on this subject,
three problems should be mentioned: First of all, most of the
baffles were designed arbitrarily, and national standards on
baffle design were not considered. Secondly, the baffle effect
on reducing liquid sloshing at different fill levels were not
considered yet, while in practice different containers have
quite different liquid fill levels due to difference on liquid density and the limitations on road axle load. Thirdly, only sloshing forces on the tank walls were paid attention to, and force
analysis of the baffles was not mentioned at all.
Therefore, the purpose of this paper is to design different
forms of transverse baffle based on the current Chinese
standards then investigate which one has the optimal effect on
reducing liquid sloshing. To achieve this purpose, three kinds
of transverse baffle were designed and several forms of each
kind were used to investigate the impact of the installation
angle, the sizes of holes, and their arrangement on the antisloshing effect. Then, FLUENT was used to simulate liquid
sloshing in partially filled tanks that are subject to constant
braking deceleration, and a time-series analysis of the forces
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act on the tank walls and the baffles was carried out considering structural damage to both the tank and the baffles.

2. Materials and Methods
Tanks with a circular cross-section have greater volumes but
the same surface area, which makes them lighter. Therefore,
they are the most popular and were used in this paper. Three
kinds of baffle were designed and FLUENT was used to simulate longitudinal liquid sloshing in partially filled tanks with a
circular cross-section and equipped with baffles.
2.1. Theory of Similarity. The hydrodynamic equations are
solved by FLUENT using a finite-volume method. In this
method, the 2- or 3-dimensional tank model is split into thousands of meshes at first and then the hydrodynamic equations
are solved in each of them. Therefore, the bigger the tank
model is, the more time the simulation or calculation procedure needs. For time saving, the full-sized tank was scaled
down to a tank model.
The criteria of geometric similarity, kinematic similarity,
and dynamic similarity must be satisfied to ensure that liquid
sloshing in the full-sized tank and that in the tank model
exhibit similar hydrodynamic behavior. The full-sized tank is
given the subscript 𝑡 and the tank model 𝑚. According to the
geometric similarity, the length-scale factor can be calculated
as follows:
𝐿
𝛿𝐿 = 𝑡 ,
(1)
𝐿𝑚
where 𝐿 is the geometric size of the tank.
The velocity-scale factor that expresses the relation
between the moving speed of the full-sized tank and that of
the tank model can be expressed by the following equation:
V
𝛿V = 𝑡 ,
(2)
V𝑚
where V is the moving velocity of the tank.
In general, speed can be expressed as the differential of
distance, which is expressed as follows:
V=

𝑑𝐿
.
𝑑𝑡

(3)

Therefore, according to (2) and (3), the velocity-scale
factor can be reexpressed as follows:
𝛿V =

V𝑡
𝑑𝐿 𝑡 /𝑑𝑡𝑡
𝑑𝐿 𝑡 𝑑𝑡𝑚
=
=
= 𝛿𝐿 𝛿𝑡 .
V𝑚 𝑑𝐿 𝑚 /𝑑𝑡𝑚 𝑑𝐿 𝑚 𝑑𝑡𝑡

(4)

Then, the time-scale factor can be written as follows using
(4):
𝛿𝑡 =

𝛿𝐿
.
𝛿V

(5)

The acceleration-scale factor is drawn by differentiating
velocity and is presented as follows:
𝛿𝑎 =

𝛿V2
.
𝛿𝐿

(6)
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For longitudinal liquid sloshing in partially filled tank
vehicles, forces due to gravity and inertia play a more important role than the viscous and turbulent shear forces. Therefore, the Froude number, which is the function of gravity and
inertia, is the most relevant dimensionless parameter for
liquid sloshing, which is expressed as follows:
𝐹𝑟 =

2
V𝑡2
V𝑚
=
.
𝐿 𝑡 𝑔𝑡 𝐿 𝑚 𝑔𝑚

(7)

(8)

and the following equations can be deduced:
(9)

𝛿V2 = 𝛿𝐿 .

(10)

Therefore, some important conclusions can be derived
from (10), (5), and (6) and are presented as follows:

(11)

𝛿𝑎 = 1.
Equations in (11) are the conditions that must be satisfied
to ensure that liquid sloshing in the tank model exhibits
similar dynamic behavior to that in the full-sized tank.
While the liquid dynamic behavior in both the full-sized
tank and the tank model are similar, the longitudinal sloshing
force obtained by liquid sloshing simulation in the tank
model is proportionate to that obtained in the full-sized tank.
To derive the relationship of the two forces, the momentum
for the longitudinal liquid sloshing is needed, which is calculated as follows:
(12)

where 𝜏 is the control volume, 𝜔 is the velocity of the control
volume along the 𝑧 direction, 𝜌 is liquid’s density, 𝐴 is the control plane, V⃗
is the velocity of the control volume, and 𝑛⃗
is the
normal of the vertical plane.
In the case where fluid can only flow into the control volume through one of the control planes and flow out through
another one, (12) can be simplified as follows:
𝑄𝑚 (𝜔2 − 𝜔1 ) = ∑ 𝐹𝑧 ,

(13)

where 𝑄𝑚 is the fluid discharge in the control volume; 𝜔2 is
fluid flow-out velocity; 𝜔1 is fluid flow-in velocity.
Suppose that the time interval is quite small; then (13) can
be rewritten as follows:
Δ𝑄𝑚 Δ𝜔 = Δ𝐹𝑧 .

Δ𝜔 =

8m
1.1 m
0.55 m
−3 m/s2

2m
0.275 m
0.1375 m
−3 m/s2

Δ𝑄𝑚
.
𝐴𝑑

(Δ𝜔)2 𝑑𝐴 = Δ𝐹𝑧 .

(15)

(14)

(16)

According to (16), the ratio of the longitudinal sloshing
force generated in the full-sized tank to that in the tank model
in the same situation can be expressed as follows:
2

𝛿𝐹 =

𝛿V = √𝛿𝐿 ,

𝜕
𝑛)⃗
𝑑𝐴 = ∑ 𝐹𝑧 ,
∫ 𝜌𝜔𝑑𝜏 + ∮ 𝜌𝜔 (V⃗
𝜕𝑡 𝜏
𝐴

The tank
model

Therefore, (14) can be reexpressed as follows:

V𝑡2
𝐿
= 𝑡,
2
V𝑚
𝐿𝑚

𝛿𝑡 = √𝛿𝐿 ,

Length
Radius of circular cross section
Height of the elliptical head
Longitudinal deceleration

The full-sized
tank

The transient flow rate is generally expressed by

For the situation discussed in this paper,
𝑔𝑡 = 𝑔𝑚 ,

Table 1: Parameter values of the full-sized tank and the tank model.

(Δ𝜔𝑡 ) 𝑑𝐴 𝑡
Δ𝐹𝑡
=
= 𝛿V2 𝛿𝐴 = 𝛿𝐿 𝛿𝐿2 = 𝛿𝐿3 .
Δ𝐹𝑚 (Δ𝜔𝑚 )2 𝑑𝐴 𝑚

(17)

In other words, the ratio is 1 : 𝛿𝐿3 .
2.2. Baffle Design. The dimensions and other variables of
the full-sized tank and the tank model are listed in Table 1.
The length-scale factor is set at 4. The two ends of the tank
are covered by 2 : 1 elliptical heads. According to the current
Chinese standard, GB/T 25198-2010 Heads for pressure vessels,
the height of the head is just a quarter of the diameter and its
radius varies between the major and minor axis.
In real life, the braking deceleration of a heavy truck can
be expressed as follows:
𝑎𝑥 = 𝑔𝜑,

(18)

where 𝑎𝑥 is the vehicle’s longitudinal deceleration and 𝜑 is the
road adhesion coefficient.
For heavy trucks, the coefficient of road adhesion is about
0.68. Therefore, the maximum longitudinal deceleration of
tank trucks is approximately 6.7. In this paper, a deceleration
of 3 is chosen for the tank model.
Before baffle design, the current national standard in
China should be considered. The current Chinese standard,
GB/T 18564-2001 General specification for normal pressure
tank body of transportation liquid dangerous goods, states the
following.
(1) The transverse baffle should be capable of bearing the
following longitudinal inertia force:
𝐹𝑥 = 𝑚 × 2𝑔,

(19)

where 𝑚 is the mass of liquid bulk.
(2) The free area of the transverse baffle should be greater
than 40% of the tank’s cross-sectional area. For tanks
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with a volume less than or equal to 25 m3 , the volume
between the two tank cross-sections at which adjacent
baffles locate should be less than or equal to 3 m3 ; for
those with a volume greater than 25 m3 , the volume
between adjacent cross-sections can be up to 7 m3 .

Y

Tank walls

15%

(3) A manhole should be cut in the center of the baffle,
and the top and bottom segments should be removed
to allow air and fluid, respectively, to drain out.
For this paper, three kinds of baffle have been designed
according to the national standard, namely, conventional, circular, and staggered baffles. The baffles are designed to fit the
geometric size of the tank model.

0.1609

57.34%

Baffle

X

−0.0987

27.66%

Figure 1: Schematic diagram of the conventional baffle.
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20∘

ffle
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Vertical plane

20

ue
liq
Ob

2.2.3. The Staggered Baffle. Unlike the conventional and
circular baffle, a complete staggered baffle is divided into two
parts, and the free area of each part is set to be 28.67% of the
tank’s cross-sectional area. The two parts look just the same,
as shown in Figure 4. The baffle has the same radius as the
tank’s cross-section so as to the baffle match with the tank
well. The two baffle parts are located in two vertical planes,
and there is a longitudinal distance between them.
The angle from the 𝑋-coordinate to the line connecting
the middle point of the baffle chord and the center of the
tank’s cross-section is defined as the arrangement angle, as
shown in Figures 5-6.
The staggered baffle can be arranged in two ways: either
the arrangement angles of the two adjacent baffle parts are
opposite to each other, as presented in Figure 5, which is
defined as the reverse staggered baffle or the arrangement

Tank walls
∘

ffle
ba

2.2.2. The Circular Baffle. A series of circular baffles have
been designed to investigate how the sizes of pierced holes
influence the liquid sloshing reduction, as shown in Figure 3.
The free area of all the circular baffles is set to comprise 57.34%
of the tank’s cross-sectional area. The removed top segment is
equal to 5% of cross-sectional area and the removed bottom
segment 10% in order to enable liquid to drain away quickly.
In Figure 3(a), only a manhole is cut in the center of
the baffle. In Figures 3(b)–3(e), the radius of the manhole is
decreased and a few small holes are arranged around it. The
circular baffles plotted in Figures 3(a)–3(e) are labeled C0, C2,
C4, C6, and C18, respectively, according to the number of
small holes.

Longitudinal tank cross section

ue
liq
Ob

2.2.1. The Conventional Baffle. The conventional baffle is
depicted in Figure 1. Its free area is set to comprise 57.34%
of the tank’s cross-sectional area. The removed top segment
comprises 15% and the removed bottom segment 27.66% of
tank’s cross-sectional area in order to enable liquid to drain
away quickly and to play the role of manhole at the same time.
To investigate the influence of the baffle installation angle
on liquid sloshing reduction, different oblique angles are
configured, as shown in Figure 2. The oblique angle is set to be
0-, 5-, 10-, 15-, and 20-degree. The corresponding baffles are
labeled N0, N5, N10, N15, and N20. It should be noted that all
of the conventional baffles have the same projection area in
the vertical plane.

Figure 2: Oblique angle of conventional baffles.

angles are equal to one another, as shown in Figure 6, which
is defined as the similar staggered baffle. For each option, the
absolute value of the arrangement angle is set as 10-, 15-, and
20-degree in this paper, and labeled SR10, SR15, and SR20
(reverse staggered baffles) and SS10, SS15, and SS20 (similar
staggered baffles).
2.2.4. The Spatial Distribution of Baffles. The volume between
the two adjacent tank cross-sections at which baffles locates
should meet the specified requirements. For the conventional
and circular baffle, four baffles are needed, and they divide the
tank into five parts, as illustrated in Figure 7. Four groups of
staggered baffle made up of eight baffle parts are needed, and
they divide the tank into nine parts, as Figure 8 shows.
By the principle of inertia, fluid flows forward when
tanker brakes, and the fore elliptical head (the wall marked as
𝑤𝑎𝑙𝑙1 in Figures 7 and 8) bears the maximum sloshing force.
To make the illustration of the simulation results easier, the
fore and aft tank walls as well as the baffles are all labeled, as
shown in Figures 7 and 8.
2.3. FLUENT Simulation Settings. Before liquid sloshing is
simulated using FLUENT, tank models equipped with the
designed baffles were constructed and meshed. To save on
simulation time and ensure simulation accuracy at the same
time, the interval size of the mesh volume was set at 0.05 units.
The volume-of-fluid (VOF) method was utilized to simulate the two-phase (liquid and air) flow phenomenon. The
reference pressure location was arranged at any spatial point
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(a) The circular baffle with a central
manhole, “C0”

X
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40∘

Y
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0.2189

R = 0.1089

10%

−0.1889

(c) The circular baffle with a central manhole and four small holes, “C4”

r2 = 0.0389

8

r2 = 0.0477

R = 0.1089

10%

(b) The circular baffle with a central
manhole and two small holes, “C2”

0.1

66

X

20∘

−0.1889

Y
r1 = 0.09
5%
40∘

0.17

20∘

0.1289

X
−0.1889

(d) The circular baffle with a central
manhole and six small holes, “C6”

r2 = 0.03
X

R = 0.0689

25∘
−0.1889

10%

10

∘

(e) The circular baffle with a central manhole and eighteen small holes,
“C18”

Figure 3: A series of circular baffles.

Y
0.1825

15∘

0.2437

Figure 4: A part of a staggered baffle.

X

Y

Figure 6: The similar staggered baffle.

X
15∘

Figure 5: The reverse staggered baffle.

outside of the tank to ensure that the simulation reflects the
actual situation accurately.
Unlike other research, deceleration was applied to the
tank continuously instead of being withdrawn at a certain
time. Supposing that the initial braking speed is 80 km/h,

while the maximum braking deceleration the road can
provide is about 6.7 m/s2 , the truck needs 3-4 seconds to stop
completely. Generally, the simulation time for liquid sloshing
is about 2 seconds, which is less than the actual braking time.
Therefore, if the simulation time is not being increased, there
is no need to withdraw the deceleration during the simulation, and a full-development liquid sloshing process can be
monitored and studied.
According to market research, in practice, the liquid fill
percentage or fill level is in the range of 0.4–0.8 most of the
time. Therefore, the liquid fill level varied from 0.4 to 0.8 with
a step size of 0.1 in this paper.
During the simulation, the longitudinal sloshing forces on
all of the walls were monitored separately.
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Figure 7: The distribution of the conventional and circular baffle.
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Figure 8: The distribution of the staggered baffle.
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Quasistatic method
FLUENT simulation

Figure 9: Comparison of the longitudinal liquid sloshing forces
obtained using FLUENT simulation and the Quasistatic method.

3. Results and Discussion
Liquid sloshing in tanks without baffles was simulated first
and the maximum sloshing force on 𝑤𝑎𝑙𝑙1 was compared
with the result obtained using the quasistatic method to verify
the accuracy of the FLUENT simulation settings.
In the quasistatic method, the longitudinal sloshing force
on 𝑤𝑎𝑙𝑙1 is expressed as follows:
𝐹𝑥 = 𝑚𝑎𝑥 .

0.6
Fill level

(20)

As the liquid fill level changes from 0.4 to 0.8 with a
0.1 step-size, the fluid volume (fluid in the elliptical heads is
included) takes the following values: 0.7975 m3 , 0.9083 m3 ,
1.0713 m3 , 1.1987 m3 , and 1.3616 m3 .
The results of the comparison were presented in Figure 9.
It is known that liquid sloshing forces obtained using the
quasistatic method are a little smaller than those obtained by
FLUENT simulation. While liquid sloshing obtained using
the quasistatic method is very close to the actual, the comparison result reveals the correctness of FLUENT simulation
settings.
For each kind of baffle, several forms existed. Therefore,
an intergroup comparison of the influence of different baffle
forms on the liquid sloshing reduction was carried out first.
Then a comparison of the best baffle forms for each kind was
made to determine the largest limitation to the liquid sloshing.
3.1. Results of the Conventional Baffle. The longitudinal sloshing forces on 𝑤𝑎𝑙𝑙1–𝑤𝑎𝑙𝑙6 in tanks equipped with conventional baffles and with the 0.4 liquid fill level of 0.4 are plotted
in Figure 10.
In Figures 10(a)-10(b), it is quite obvious that N0, whose
oblique angle is 0-degree, has much less of a reducing effect on
liquid sloshing than the other baffles. Moreover, the sloshing
forces on 𝑤𝑎𝑙𝑙3–𝑤𝑎𝑙𝑙6 in the tank equipped with N0 are much
larger than the forces on the same wall in tanks equipped with

N5–N20, as shown in Figures 10(c)–10(f). Furthermore, N5–
N20 have almost the same effect on liquid sloshing reduction.
It is known that the larger the sloshing force on the baffle is,
the more easily damaged it will be. Therefore, N0 is the worst
choice as a transverse baffle when liquid percentage is 0.4.
It can be seen in Figure 10 that the sloshing forces on
𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 are much bigger than those on the other
walls. As the scale ratio between the FLUENT simulation
sloshing force and the real-life case is 1 : 64, 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3
should be paid the most attention. Therefore, for liquid fill
levels of 0.5–0.8, only the sloshing forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3
are presented (see Figure 11). The sloshing force on 𝑤𝑎𝑙𝑙1
reflects the baffle effect in terms of reducing longitudinal liquid sloshing in partially filled tanks, and the sloshing force on
𝑤𝑎𝑙𝑙3 is just the maximum sloshing force the baffle bears.
It can be seen in Figures 11(a1)–11(d1) that the sloshing
forces on 𝑤𝑎𝑙𝑙1 differ very little between tanks equipped with
conventional baffles of different arrangement angles at the
same liquid fill level. The same can be said of the sloshing
forces on 𝑤𝑎𝑙𝑙3. That is to say that, at the same liquid fill level,
conventional baffles of different oblique angles have almost
identical effects in terms of reducing liquid sloshing, and the
maximum sloshing forces on the baffles are also quite similar.
However, a closer watch reveals that the following conclusions can be drawn. For liquid fill level changing from 0.5
to 0.6, N0 does not reduce liquid sloshing to the same extent
as the other baffles, and the force on 𝑤𝑎𝑙𝑙3 is also larger than
those in tanks equipped with the baffles of N5–N20. For the
liquid fill level of 0.7, the sloshing forces on 𝑤𝑎𝑙𝑙1 in tanks
equipped with conventional baffles of N0–N20 are quite close
to each other, so are the sloshing forces on 𝑤𝑎𝑙𝑙3. Finally, for
the liquid fill level of 0.8, N10 bears the largest sloshing force
and is not as effective as the other baffles in limiting sloshing.
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Figure 10: Sloshing forces on 𝑤𝑎𝑙𝑙1–𝑤𝑎𝑙𝑙6 in tanks with conventional baffles and the liquid fill level of 0.4.
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Figure 11: Sloshing forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 in tanks with conventional baffles and liquid fill levels of 0.5–0.8: (a) fill level = 0.5; (b) fill level =
0.6; (c) fill level = 0.7; (d) fill level = 0.8.
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Figure 12: Sloshing forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 in tanks with circular baffles and liquid fill level changing from 0.4 to 0.8: (a) fill level = 0.4;
(b) fill level = 0.5; (c) fill level = 0.6; (d) fill level = 0.7; (e) fill level = 0.8.

According to the above analysis, N5, N15, and N20 are
the ideal conventional baffles as they limit sloshing the most.
However, while baffles with different oblique angles have
the same projection area in the vertical plane, the larger
the oblique angle is, the heavier the baffle will be. That will
increase the structural container’s mass and reduce the useful
load capacity of the tank vehicle. Therefore, N5 is the best
conventional baffle.
3.2. Results of the Circular Baffle. The number of circular baffle arranged in the tank model is equal to that of conventional
baffle used in the previous section. Similar with the former,
the longitudinal sloshing forces on 𝑤𝑎𝑙𝑙2 and 𝑤𝑎𝑙𝑙4–𝑤𝑎𝑙𝑙6
are much smaller than those on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3. Therefore,
only the sloshing forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 are provided here,
again for liquid fill level changing from 0.4 to 0.8. The simulation results were used to evaluate the sloshing restraint effects
of different circular baffles and the maximum sloshing forces
the baffles have to bear.
Under liquid sloshing in tanks equipped with different
circular baffles, the forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 change steadily

while the liquid fill level changes from 0.4 to 0.5, as shown in
Figure 12. As the liquid fill level increases, the variation in the
forces becomes irregular and harsh, and many sharp peaks
and valleys appear. These abrupt changes in the forces acting
on the tank walls and the baffles could reduce the lifetimes of
both. Therefore, such large and abrupt force change is not welcome. The steadier the force change is, the better force analysis the object has, even if the steady value of the force is a little
higher.
It can be seen in Figures 12(a1)–12(e1) that, for circular
baffles with the same free area, the smaller the radii of the
holes (including both the manhole and the small holes around
it) are, the more holes the baffle must have, and thus the larger
the reduction in sloshing will be. For the tank equipped with
C18, the sloshing force on 𝑤𝑎𝑙𝑙1 is the smallest, and the force
variation on this baffle is much smoother. Therefore, C18, the
baffle with a central manhole and eighteen small holes around
it has the best effect in terms of reducing liquid sloshing.
The sloshing forces on the baffles tend to steady values
with an increase in simulation time. However, the steady
sloshing forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 in the tank equipped with
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Figure 13: Sloshing forces on 𝑤𝑎𝑙𝑙1–𝑤𝑎𝑙𝑙10 in tank equipped with staggered baffles and with the liquid fill level of 0.4.

C18 are not the smallest when the liquid sloshing develops
fully. As mentioned earlier, while we pay much more attention
to the steady and gentle change of sloshing forces, their absolute values are less of importance. Therefore, C18, the baffle
with a central manhole and 18 small holes around the manhole, is the best circular baffle.
We can also discover that circular baffle with more holes
has a better antisloshing effect. According to the force distribution of the baffle, sloshing forces near the holes are much
bigger. By Newton’s third law, liquid sloshing force is greatly
degraded when liquid flows through the holes. Moreover,
the small holes make much bigger contribution to the antisloshing effect. Therefore, if we could get a baffle with many
small holes pierced on it, the baffle must have an excellent
behavior on reducing liquid sloshing. Limited by mesh-grid
size and simulation time, simulation for liquid sloshing in a
tank equipped with such baffles is not conducted.
3.3. Results of the Staggered Baffle. Unlike the conventional
and circular baffles, a complete staggered baffle is composed

of two parts, as shown in Figures 5 and 6. They are arranged in
a staggered fashion so as to restrain fluid sloshing in partially
filled tank vehicles. Therefore, there are four baffle pieces fitted on the left side of the tank and four on the right, as shown
in Figure 8.
In tanks equipped with different staggered baffles and
with the liquid fill percentage of 0.4, the longitudinal sloshing
forces on 𝑤𝑎𝑙𝑙1–𝑤𝑎𝑙𝑙10 are plotted in Figure 13. It can again
be seen that the sloshing forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 are much
bigger than those on the other walls. As in the cases of the
conventional and circular baffles, 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 bear the
biggest sloshing forces and are the most easily damaged parts
in the tank.
In Figure 13(a) we can see that SR20 has the best effect in
terms of reducing liquid sloshing. However, as can be seen
in Figures 13(c), 13(e), and 13(g)–13(j), the sloshing forces on
𝑤𝑎𝑙𝑙3, 𝑤𝑎𝑙𝑙5, and 𝑤𝑎𝑙𝑙7–𝑤𝑎𝑙𝑙10 in the tank with SR20 are the
largest. In this situation, the sloshing restraint effect is chosen
as the criterion for evaluating the best staggered baffle. This
is due to the fact that sloshing force on 𝑤𝑎𝑙𝑙1 is much bigger
than that on 𝑤𝑎𝑙𝑙3.
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Figure 14: Sloshing forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 in tanks equipped with staggered baffles and with liquid fill levels of 0.5–0.8: (a) fill level = 0.5;
(b) fill level = 0.6; (c) fill level = 0.7; (d) fill level = 0.8.
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Figure 15: Sloshing forces on 𝑤𝑎𝑙𝑙1 in tanks equipped with reverse staggered baffles and with liquid fill levels of 0.4–0.8.

The sloshing forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 in tanks with staggered baffles while the liquid fill level changes from 0.5 to 0.8
are presented in Figure 14. It is very apparent that SR20 has
the best effect on reducing the liquid sloshing, and the SR20
baffles bear the largest sloshing forces at the same time. As the
fill level increases, the sloshing forces on the walls become
irregular and harsh, and force peaks and valleys appear.
The variations in the sloshing forces generated in the tank
equipped with the SR20 baffle are much smoother than those
generated in tanks equipped with the other staggered baffles.
Therefore, the SR20 baffle can be considered as the best the
staggered baffle.
It can be drawn in Figures 14(a1)–14(d1) that, for the
reverse staggered baffle, there is a direct relationship between
the arrangement angle and the baffle’s antisloshing effect.

With the increase of arrangement angle, the antisloshing
effect of the baffle becomes better. Consequently, a few more
reverse staggered baffles whose arrangement angles are 21degree, 22-degree, and 25-degree were designed to investigate
whether SR20 is indeed the best staggered baffle, and the
complementary reverse staggered baffles are labeled SR21,
SR22, and SR25. An arrangement angle that is bigger than 25degree was not considered to ensure that the fluid could still
drain away quickly and easily.
Therefore, for tanks equipped with reverse staggered baffles whose arrangement angle is 20-, 21-, 22- and 25-degree,
the sloshing forces on 𝑤𝑎𝑙𝑙1 while liquid fill level changing
from 0.4 to 0.8 are plotted in Figure 15. As the curves on
𝑤𝑎𝑙𝑙1 were quite similar to fill levels of 0.7 and 0.6, only the
curves for the liquid fill level of 0.6 are shown.
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Figure 17: Sloshing forces on 𝑤𝑎𝑙𝑙1 in tanks equipped with different kinds of baffles and with liquid fill levels of 0.4–0.8.

The increase in the arrangement angle strengthens the
reduction effect of the reverse staggered baffle on liquid sloshing. However, for sloshing forces generated in tanks with the
reverse staggered baffles of 20- and 25-degree arrangement
angle, with the increase of the liquid fill level, the difference
in these two cases becomes smaller. Furthermore, the change
in the baffle’s sloshing restraint effect when the baffle arrangement angle change from 20- to 25-degree is smaller than
that when the baffle arrangement angle changes from 5- to

20-degree (under the same conditions). While it is not suggested that the arrangement angle should exceed 25-degree,
it can be deduced that the reverse staggered baffle with an
arrangement angle of 25-degree is the best staggered baffle.
An attempt was made to discover why the bigger the
arrangement is, the better antisloshing effect the staggered
baffle has. With the increase in the arrangement angle, for
liquid fill level changes from 0.4 to 0.8, the area of staggered
baffles used for reducing liquid sloshing grows, as shown

12
in Figure 16. While the external acceleration or deceleration
keeps constant, the bigger the antisloshing area is, the better
antisloshing effect the baffle has.
3.4. Effect of Different Kinds of Baffles on the Reduction of
Liquid Sloshing. Now, the three baffles with the best liquid
sloshing restraint effects, one of the conventional baffle, one
of the circular baffle, and one of the staggered baffle, are compared to each other so as to select the most effective one. The
comparison curves are plotted in Figure 17.
It is obvious that the reverse staggered baffle with an
arrangement angle of 25-degree has much more better effect
on reducing liquid sloshing than the other baffles when the
liquid fill level is in the range of 0.4–0.7. When the liquid fill
level is higher than 0.7, C18, the circular baffle with a central
manhole and eighteen small holes gives an identical performance to the latter. The conventional baffle performs quite
poorly when the liquid fill level is smaller than 0.7. Therefore,
across the whole range of liquid fill levels, the reverse staggered baffle with an arrangement angle of 25-degree would be
the first choice for reducing liquid sloshing in a tank with a
circular cross-section.

4. Conclusions
To reduce longitudinal liquid sloshing in a partially filled
tank, the conventional, circular, and staggered baffles were
deigned and several forms in each kind were used to investigate the impact of baffle installation angle, the sizes of holes in
the baffle, and their arrangement on the antisloshing effect. A
full-sized tank was scaled down to a tank model according to
the theory of similarity to save on simulation time. The FLUENT software was used to simulate liquid sloshing in tanks
with different fill percentages, equipped with kinds of baffles
and subject to constant braking deceleration. A time-series
analysis on forces that act on tank walls and transverse baffles
was carried out to obtain the viable optimal baffle designed in
this paper.
It was found that the fore elliptical head and the baffle
closest to the fore head are the most easily damaged parts in a
partially filled tank equipped with baffles. Therefore, sloshing
forces on 𝑤𝑎𝑙𝑙1 and 𝑤𝑎𝑙𝑙3 must be examined to ensure the
structural integrity of both the tank and the baffle. By a
time-series analysis of the sloshing forces, it was found that
for the conventional baffle, baffle equipped with a 5-degree
oblique angle is the best one on reducing liquid sloshing,
and the sloshing force on this baffle is the smallest. For the
circular baffle, baffle has a central manhole and 18 small holes
around it is the most effective one on reducing liquid sloshing,
and the changing of forces on this baffle is much smoother.
For staggered baffles, the reverse staggered baffle with an
arrangement angle of 25-degree has the best antisloshing
effect; however, the force on this baffle is the biggest. In the
end, by comparison of the three baffles that are chosen from
each kind of baffle, the staggered baffle is the optimal one on
reducing liquid sloshing.
During the analysis procedure, it was discovered that the
baffle area used for antisloshing has a direct relation with
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baffle’s liquid sloshing reduction effect. The bigger the area
used for antisloshing is, the better antisloshing effect the baffle
has. Besides, the distance between adjacent baffles can make
great contribution to the development of liquid sloshing;
hence, a smaller distance is suggested. Combined with the
limitation on the structural container’s mass, the reverse staggered baffle might be the best transverse baffle on reducing
liquid sloshing.
Since we just illustrate liquid sloshing in tanks with different transverse baffles, the function mechanism of transverse
baffle on antisloshing as a further study should be conducted.
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As an important component of the urban adaptive traffic control system, subarea partition algorithm divides the road network
into some small subareas and then determines the optimal signal control mode for each signalized intersection. Correlation model
is the core of subarea partition algorithm because it can quantify the correlation degree of adjacent signalized intersections and
decides whether these intersections can be grouped into one subarea. In most cases, there are more than two intersections in
one subarea. However, current researches only focus on the correlation model for two adjacent intersections. The objective of
this study is to develop a model which can calculate the correlation degree of multiple intersections adaptively. The cycle lengths,
link lengths, number of intersections, and path flow between upstream and downstream coordinated phases were selected as the
contributing factors of the correlation model. Their jointly impacts on the performance of the coordinated control mode relative
to the isolated control mode were further studied using numerical experiments. The paper then proposed a correlation index (CI)
as an alternative to relative performance. The relationship between CI and the four contributing factors was established in order
to predict the correlation, which determined whether adjacent intersections could be partitioned into one subarea. A value of 0
was set as the threshold of CI. If CI was larger than 0, multiple intersections could be partitioned into one subarea; otherwise, they
should be separated. Finally, case studies were conducted in a real-life signalized network to evaluate the performance of the model.
The results show that the CI simulates the relative performance well and could be a reliable index for subarea partition.

1. Introduction
When the network-wide traffic signal control strategy is
implemented to an urban road network, subarea partition
must be conducted to divide the network into some small
subareas. The subarea can be classified into three types.
The first type only includes one signalized intersection. The
second type includes several intersections located on one
artery. The third type includes several intersections located on
some intersected arteries. For the three type subareas, isolated
signal control mode, arterial signal coordination mode, and
area signal coordination mode should be implemented to the
intersection(s), respectively. Accordingly, subarea partition
is the basis for network-wide signal control. A well subarea
partition algorithm can improve the adaptive level of the
signal control system significantly [1–3].
In fact, the most important part of subarea partition is
calculating the correlation degree among adjacent signalized

intersections. The purpose of subarea partition is to improve
the whole control performance of the network. If the performance could be improved, then adjacent intersections can
be partitioned into one subarea. Otherwise they should be
partitioned into different subareas. Thus, a straightforward
method for subarea partition is to calculate and compare the
control performances under the coordinated control mode
and the isolated control mode. However, this method is not
easy to implement in practice although it is theoretically
straightforward. This is because it would be time consuming
to iteratively estimate the performances of hundreds of
adjacent intersections in the network. Thus, an effective
alternative is to propose an index that reflects the changes in
control performance indirectly; this is called the correlation
index (CI) in this paper.
Because of the importance of subarea partition, the
related researches have been conducted from the 1970s [4–
11]. Yagoda et al. defined a coupling index (𝐼) as 𝐼 = 𝑉/𝐿.
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A higher value of the index would indicate that it would be
preferable to have the two intersections coupled. 𝑉 is the
traffic volume and 𝐿 is the link length between two adjacent
intersections [12]. Chang brought forward the interconnection desirability index by considering both flow pattern and
platoon dispersion characteristic. If the value of the index was
greater than 0.35, the two intersections should be grouped
together [13]. Moore and Jovanis [14] thought that adjacent
intersections can be partitioned together when their V/𝑐 ratios
were close. However, the threshold of V/𝑐 ratios was not
determined. Lin and Huang [15] established a simple model
to identify whether two adjacent signalized intersections can
be coordinated based on the block length. The block length
is affected by original platoon size and platoon completeness
ratio. However, the block length cannot depict the impacts
of all contributing factors on subarea partition. Lu et al.
[16] selected link length, link volume, and cycle length
as contributing factors and then developed two models to
describe the correlation between two adjacent intersections
and between multiple adjacent intersections, respectively,
according to expert knowledge. Bie et al. [17] chose not only
cycle length but also platoon length as contributing factors.
An integrated correlation model was developed to quantify
the correlation between two adjacent intersections. However,
the determination of the weighted coefficients in the model
and the threshold value were dependent on past experience
and lacked a theoretical basis.
As described above, some valuable results have been
achieved on the subject of correlation model development.
However, there are still some deficiencies that needed to be
resolved, which are summarized as follows.
(1) The contributing factors to the correlation index and
the model structure are mainly determined according
to the past experience of traffic engineers. Most
weighting factors and parameters are fixed and cannot
vary as the traffic state changes. Thus, the developed
models cannot quantify the correlation between adjacent intersections accurately.
(2) The threshold value for the correlation has not been
theoretically justified. The threshold value directly
determines whether adjacent intersections can be
partitioned into one subarea. However, in existing
studies, the threshold value is again determined based
on the experience of engineers. Accordingly, the
subarea partition results may not be optimal.
(3) The existing studies have not yet developed a model
that can measure the correlation among multiple
intersections. In most cases, one subarea includes
more than two intersections. Thus, it is inevitable
to calculate the correlation among multiple intersections. However, existing studies only calculate the
correlation between two adjacent intersections.
Targeting the real-time traffic control systems, an appropriate correlation index should reflect the dynamic nature
of traffic flow and interactions among adjacent intersections.
In this paper, we propose an approach that can estimate the
dynamic correlation among multiple adjacent intersections

for the purpose of subarea partition. The key innovation of
this study is that the contributing factors are expressed as
variables and the relation model between correlation and
the variables is developed. The correlation can be calculated
dynamically as the traffic state changes. Moreover, our modeling approach provides a reasonable way to determine the
threshold value of correlation at which adjacent intersections
should be grouped into one subarea.

2. Contributing Factors for Subarea Partition
The determination of contributing factors for subarea partition is the basis for developing the correlation model. Correlation model is the core of subarea partition, thus the principles of subarea partition must be obeyed when developing
the model. If all intersections in the urban network execute
isolated signal control mode, it is unnecessary to develop
the correlation model because isolated control mode only
concerns the intersection itself. However, when we identify
whether multiple adjacent intersections can be partitioned
together to execute signal coordination mode, the factors that
may affect signal coordination should be analyzed. Thus, the
factors that can improve signal coordination performance
are also those that affect subarea partition. In this paper, the
following four factors are selected.
(1) Difference between Cycle Lengths of Adjacent Intersections.
When intersections in a subarea execute signal coordination
mode, they should run the common cycle length (CCL). The
CCL can help the signal controller to achieve maximum green
wave bandwidth and maintain optimal offsets. Usually CCL
equals the maximum cycle length (MCL) of all optimal cycle
lengths (OCL) of the intersections. OCL is the cycle length
of one intersection when it executes isolated control mode.
However, the implement of CCL would increase the vehicle
delay, because the CCL is larger than the OCLs. The increased
delay is directly proportional to the difference between the
CCL and the OCL. If the difference is large enough, the
increased vehicle delay may be larger than the reduction in
delay achieved by the signal coordination.
(2) Link Length between Two Adjacent Intersections. Signal
coordination can reduce vehicle delay by providing green
time for the approaching traffic platoon. A compact platoon
is proven to be effective in improving coordination benefit
because more vehicles can pass through the stop line during
green time. According to Robertson’s platoon dispersion
model [18], the original platoon that departs from the
upstream stop line would disperse to some extent and the
dispersion level is directly proportional to the link length.
Accordingly, a long link would pay a negative impact on the
arterial progression.
(3) Path Flow between Upstream and Downstream Coordinated Phases. When a platoon travels to the downstream
intersection, some vehicles in the platoon may turn to
uncoordinated downstream phases. Therefore, the path flow
between the two coordinated phases would be less than the
original flow that departs from the upstream coordinated
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phase. A greater path flow indicates that more vehicles are
traveling between the two phases and there is greater opportunity to reduce vehicle delays through signal coordination.
Thus, the coordination benefit is directly proportional to the
path flow.
(4) Number of Intersections. According to the field experiences of engineers, the control performance of signal
coordination would decrease with the increase in the number
of intersections in the subarea. In fact, the reason for performance decrease is due to the cumulative negative impacts
incurred by the other three contributing factors. In reality,
there may be large differences between the cycle lengths of
adjacent intersections, long link length, and low path flow.
Therefore, from this perspective, the number of intersections
is not a direct contributing factor to subarea partition, but an
indirect one caused by the other three factors.
However, if we assume there is no difference between
the cycle lengths of adjacent intersections, the link lengths
are exactly right, and the path flows are great enough,
then these three factors would not have negative impact on
signal coordination performance. In such situation, the larger
the number of intersections in the subareas, the better the
coordination performance would be. Therefore, from this
perspective, the number of intersections would be a direct
contributing factor to subarea partition.

3. Modeling the Correlation
3.1. Performance Index. Let us take two adjacent signalized
intersections 𝑖 and 𝑗 as an example. Their total vehicle
delays per cycle are denoted by 𝐷𝑖 and 𝐷𝑗 when they are
running the isolated control mode. 𝐷𝑖 and 𝐷𝑗 can be obtained
using the delay function from HCM 2000 [19]. If the two
intersections are grouped into one subarea, they will run
signal coordinated mode. In this case, the total vehicle delays
⌣

⌣

per cycle are denoted by 𝐷𝑖 and 𝐷𝑗 . Therefore, we propose an
index PI, and it indicates the improved performance achieved
by grouping 𝑖 and 𝑗 into one subarea and can be calculated
using
⌣

PI = 𝐷 − 𝐷
= (𝐷𝑖

(1)
⌣
⌣
3600
3600
3600
.
+ 𝐷𝑗
) − (𝐷𝑖 + 𝐷𝑗 )
𝐶𝑖
𝐶𝑗
max (𝐶𝑖 , 𝐶𝑗 )

In (1), 𝐶𝑖 is the OCL of 𝑖 when it is run in the isolated control
mode. max(𝐶𝑖 , 𝐶𝑗 ) is the CCL when the signal coordinated
mode is run, 𝐷 is the total vehicle delay per hour under the
⌣

isolated control mode, and 𝐷 is the total vehicle delay per
hour under the coordinated mode. All delays are unified into
the total vehicle delay per hour (the unit of PI is s/h). Because
the OCL of a nonseed intersection may be smaller than the
CCL, the number of arriving vehicles in each cycle may also
be smaller than that when the signal coordinated mode is
operated.
If PI is larger than 0, then the signal coordinated mode
achieves better control performance than the isolated control
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mode; accordingly 𝑖 and 𝑗 can be grouped into one subarea.
Otherwise, they should be assigned to different subareas.
The performance of the signal coordination is also
affected by the coordination type (i.e., one-directional or
two-directional coordination); different coordination types
will produce different partition results. In this paper, we
only study the relations between the correlation index and
the contributing factors under two-directional coordination
conditions, which is useful to judge whether adjacent intersections can be partitioned into one subarea to execute twodirectional coordination algorithm.
The best way to analyze the impact of a contributing factor
on PI is to determine the relationship between them based
on theoretical derivation and then calculate the change in
PI resulting from a unit change in the contributing factor.
However, the relationship is difficult to determine due to the
complex nature of vehicle movements between consecutive
intersections. There is no universal function that can be used
⌣
to calculate 𝐷. Thus, numerical experiments are used for this
paper. Experimental data are obtained relating the PI to the
contributing factors, and then relation models between CI
and the contributing factors are fitted in Sections 3.2 to 3.5.
An important issue that should be noted is that the
traffic control objective is closely related to the traffic state
of the intersection. For example, the control objective for
an oversaturated intersection is usually set as minimizing
the queue length to avoid queue spillovers, while that of an
unsaturated intersection is usually set as minimizing vehicle
delay. In this paper, we focus on unsaturated intersections and
minimizing vehicle delay is selected as the control objective.
Thus, in (1) PI indicates the reduced vehicle delay when using
the signal coordinated mode instead of the isolated control
mode.
Differences in cycle lengths only affect the control performances of the seed intersection and nonseed intersection.
The link length and path flow only affect the performances of
two adjacent intersections. Therefore, a network composing
of two intersections is selected to conduct numerical experiments on these three factors.
3.2. Impact of the Difference in Cycle Lengths on Correlation.
Again taking intersections 𝑖 and 𝑗 as an example, let the
link length 𝐿 equal 400 m and let the average vehicle speed
be 12 m/s. 𝑗 is the seed intersection and 𝑖 is the nonseed
intersection. Thus, when run in coordinated mode, the OCL
of 𝑗 is set as the CCL. The difference between the OCL of 𝑖
and the CCL is increased using a step of 5 s, while the link
length and path flow are fixed. Table 1 shows the results for
two experimental scenarios, where the CCL equals 125 s and
110 s, respectively. In Table 1, the improvement is shown by
the ratio of PI to 𝐷. The larger is the ratio, the better are the
signal coordination benefits.
For example, in scenario 1 when the OCL of 𝑖 equals 90 s,
the difference between the cycle lengths is 35 s and PI equals
20,044 s. The improvement ratio is only 5.7%. However, when
the OCL of 𝑖 increases to 125 s, the improvement ratio is
17.24%. The difference between cycle lengths is negatively
correlated to the improvement ratio and a similar trend
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Table 1: Results of the experimental scenarios.

Scenario

1

125

2

110

𝐷/s ⋅ h−1
351576
358915
371277
378642
390619
399471
408876
416925
322504
331007
342658
351739
360691

OCL of 𝑖/s
90
95
100
105
110
115
120
125
90
95
100
105
110

CCL/s

Scenario 1

PI/s ⋅ h−1
20044
25438
34919
40453
50311
57848
65726
71878
22407
28399
37425
44573
51658

Improvement ratio
5.70%
7.09%
9.41%
10.68%
12.88%
14.48%
16.07%
17.24%
6.95%
8.58%
10.92%
12.67%
14.32%

Scenario 2
1.1

0.8

0.8
CI

CI

1.1

0.5

0.2

0.5

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Normalized difference of cycle lengths

(a)

0.2

0
0.05
0.1
0.15
Normalized difference of cycle lengths

0.2

(b)

Figure 1: Scatter diagrams between CI and the normalized difference in cycle lengths.

is found in other scenarios. The results indicate that the
difference between cycle lengths has a substantial impact on
PI.
The data shown in Table 1 can also be interpreted as
follows. When the difference equals 0, signal coordination
achieves the maximum benefits, which means that the correlation between the two intersections is maximal and the
correlation index (CI) is 1.0. However, when the difference
equals 35 s, the ratio of the improvement to that when the
difference equals 0 is only 33%; that is, CI decreases to 0.33.
As can be seen from Table 1, CI is affected not only by
the difference in cycle lengths, but also by the CCL. Thus, the
difference in cycle lengths is normalized as follows:
𝐶𝐷 =

𝐶𝑗 − 𝐶𝑖
𝐶𝑗

.

(2)

Scatter diagrams between CI and 𝐶𝐷 are shown for the
two scenarios in Figure 1.

There is a strong linear relationship between CI and 𝐶𝐷,
and a linear function can be used to model their relationship.
The linear functions for the two scenarios are as follows:
−2.471𝐶𝐷 + 1.024,
CI = {
−2.894𝐶𝐷 + 1.009,

𝑅2 = 0.995,
𝑅2 = 0.996.

(3)

Linear functions can fit the scatter diagrams very well, as
indicated by the high 𝑅-square values. However, the problem
is that the slopes of the two lines are different from each
other. This indicates that, in different scenarios, 𝐶𝐷 will have
a different impact on CI. Therefore, a universal function
is needed that depicts the relationship between the two
variables, in which the slope varies as the traffic state changes.
The linear functions in (3) can be replaced by the following
format:
CI = 𝛼1 𝐶𝐷 + 𝑏1 ,

(4)

where 𝛼1 is the slope of the function, and 𝑏1 is the intercept.
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Figure 2: Scatter diagrams between 𝐿 and PI for the two scenarios.

Theoretically, 𝑏1 should equal 1. However, due to fitting
errors in (3), marginal differences exist between the intercepts
and 1. In this study, however, the differences are neglected and
the value of 𝑏1 is simply set to 1. Therefore, only 𝛼1 needs to
be fitted.
𝛼1 represents the change in CI resulting from a unit
change in 𝐶𝐷. It may be affected by many factors, such as
the green split and the volume to capacity ratio (V/𝑐) of
coordinated phases, the V/𝑐 of uncoordinated phases, the
total V/𝑐, the CCL and the intersection saturation degree 𝑥.
To study the impacts of these factors on 𝛼1 , a multivariate
regression can be used. First, the factors are introduced into
the fitting function and then the variables are eliminated
stepwise according to the correlation until the required
precision is achieved. Then, the residual variables in the
function are those with a significant impact on 𝛼1 . The
amount of data in Table 1 is not sufficient to carry out a
regression. Accordingly, another 10 experiments are carried
out, providing a total of 12 groups of data. The resulting
regression function is shown in
𝛼1 = 14.916 − 53.963𝑥 + 4.831𝜆 𝑐 + 36.281𝑌,
𝑅2 = 0.920.

(5)

In the function, 𝜆 𝑐 is the green split of the coordinated
phase and 𝑌 is the total V/𝑐. Only these three are retained;
the other variables are excluded. An 𝐹 test is carried out to
identify whether the real value and fitted value of 𝛼1 differ
significantly (under a significance level of 0.05). The results
of the test are acceptable.
3.3. Impact of Link Length on Correlation. Numerical experiments are conducted to establish the relationship between
the link length 𝐿 and the CI. During the experiments, 𝐿
is increased from 200 m to 1500 m with a step of 50 m
while the cycle lengths of the two intersections and the path

flow between coordinated phases are fixed in each scenario.
Figure 2 shows the results for two typical scenarios. The cycle
lengths of intersection 𝑖 and 𝑗 in the two scenarios are set to
the same value, 90 s.
In Figure 2, 𝐿 and PI have a curvilinear relationship and
the two curve shapes are similar to each other. As the value
of 𝐿 increases, the value of PI increases up to a maximum,
which is attained when 𝐿 equals about 0.5𝐶𝑗 𝑉. As 𝐿 increases
further, PI decreases and reaches a minimum when 𝐿 equals
about 0.75𝐶𝑗 𝑉. The cycle is repeated as 𝐿 increases with a step
size of 0.5𝐶𝑗 𝑉 meters. The difference is that the values of the
maximum and minimum decrease step by step. This changing
tendency is significantly different to our usual view, because
traditionally we would assume that PI would decrease linearly
with an increase in 𝐿. However, the traditional view is based
on one-directional signal coordination, and in this study
we mainly focus on the dual-directional signal coordination
of two adjacent intersections. When 𝐿 equals an integer
multiple of 0.5𝐶𝑗 𝑉, dual-directional interactive coordination
is the best approach and thus the traffic control can achieve
the maximum benefits. When 𝐿 equals an odd multiple of
0.25𝐶𝑗 𝑉, dual-directional coordination produces the worst
benefit and thus PI is minimal.
In numerical experiments, 𝐿 is increased with a step
of 50 m; however, the integer multiples of 0.25𝐶𝑗 𝑉 are not
equal to the integer multiples of 50. Thus, to obtain the exact
curvilinear relationship between 𝐿 and PI, the values of PI
corresponding to integer multiples of 0.25𝐶𝑗 𝑉 are included.
When PI achieves its maximum at 𝐿 equals 0.5𝐶𝑗 𝑉,
grouping the two intersections into one subarea achieves the
maximum control benefits; in this case, CI equals 1. In other
cases, CI equals the ratio of PI to the maximum value of PI. 𝐿
is normalized as follows:
𝐿
,
𝐿𝑐 =
(6)
𝐿 max
where 𝐿 𝑐 is the normalized link length.
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Table 2: Values of CI corresponding to the extreme points.

Scenario
1
2

1.1

First minimum
0.663
0.674

(x2 , y2 )

(x0 , y0 )

1

First maximum
1
1

(x4 , y4 )

0.9
CI

Second minimum
0.533
0.527

0.8
0.7
0.6

(x1 , y1 )

0.5

(x3 , y3 )

0.4
0

0.1

0.2

0.3 0.4 0.5 0.6 0.7
Normalized link length

(x5 , y5 )

0.8

0.9

1

Figure 3: Scatter diagram between 𝐿 𝑐 and CI (scenario 1).

𝐿 max is set as 1500 m in this study because signal coordination is not suitable when 𝐿 is larger than 1500 m according
to engineering experience. The relationship between CI and
𝐿 𝑐 is similar to that shown in Figure 2. Thus, the scatter
diagrams are not displayed for these two variables.
Following detailed analysis, it was concluded that a
piecewise linear function may be suitable to fit the curve.
Moreover, the differences between adjacent minimal values
of CI are nearly constant, while the differences between each
maximal value of CI and its previous minimal value are also
nearly constant. For scenarios 1 and 2, the extreme values of
CI corresponding to integer multiples of 0.25𝐶𝑗 𝑉 are shown
in Table 2.
In scenario 1, the difference between the first maximum
and the first minimum equals 0.337. The difference between
the second maximum and the second minimum equals 0.325.
The two numbers are very close. The difference between the
first minimum and the second minimum equals 0.130, while
the difference between the second and third minimum equals
0.133. These numbers are also very close. In scenario 2, the
same phenomenon is observed. The extreme points of the 𝐿 𝑐 CI curve are labeled and shown in Figure 3.
In the numerical experiments, 𝐿 ranges from 200 to 1500.
However, theoretically, it is only known that 𝐿 should be
larger than 0. Thus, in Figure 3, the curve is extended to the
interval [0, 200]. However, the values of CI corresponding
to that interval do not have any practical meaning because,
when 𝐿 is smaller than 200 m, the objective of the signal
control should be to minimize the queue length or avoid
queue spillovers, rather than to reduce vehicle delay. On the
basis of the changing tendency of CI, 𝑦0 should be larger than
1. But again this has no practical meaning, so it is set equal to
1 for convenience.
To fit the curve in Figure 3 using a piecewise linear
function, the values of 𝑦1 and 𝑦3 are needed. The difference

Second maximum
0.858
0.816

Third minimum
0.4
0.372

between 𝑦2 and 𝑦1 represents the reduction in CI when the
link length decreases from 0.5𝐶𝑗 𝑉 to 0.25𝐶𝑗 𝑉. Similarly, the
difference between 𝑦2 and 𝑦3 represents the reduction in
CI when the link length increases from 0.5𝐶𝑗 𝑉 to 0.75𝐶𝑗 𝑉.
The size of the reduction is affected by many factors, such
as the CCL, the green split and the V/𝑐 of the coordinated
phase, the V/𝑐 of the uncoordinated phases, the total V/𝑐, and
the saturation degree, 𝑥. The multivariate regression method
described in Section 3.2 is also adopted here to determine
which of the above factors have a significant impact on 𝑦1 and
𝑦3 . In total, 10 groups of data are used in the regression.
The regression functions are shown in (7). In the two
functions, only 𝑥, 𝑦𝑐 , and 𝑌 are retained and the other
variables are excluded. 𝑦𝑐 is the V/𝑐 ratio of the coordinated
phase:
𝑦1 = 0.381 + 0.992 ⋅ 𝑥 − 0.870 ⋅ 𝑌
+ 0.291 ⋅ 𝑦𝑐 ,
𝑅2 = 0.950,
𝑦3 = −2.716 + 11.682 ⋅ 𝑥 − 9.814 ⋅ 𝑌

(7)

+ 1.942 ⋅ 𝑦𝑐 ,
𝑅2 = 0.960.
Then, 𝑦𝑛 in the 𝐿 𝑐 CI curve equals
1.0,
{
{
{
{
{
0.381 + 0.992 ⋅ 𝑥 − 0.87
{
{
{
{
{
{ ⋅ 𝑌 + 0.291 ⋅ 𝑦𝑐 ,
{
{
{1.0,
𝑦𝑛 = {
{−2.716 + 11.682 ⋅ 𝑥 − 9.814
{
{
{
{
⋅ 𝑌 + 1.942 ⋅ 𝑦𝑐 ,
{
{
{
{
{
{𝑦𝑛−1 +𝑦𝑛−2 −𝑦𝑛−3 ,
{
{
{𝑦𝑛−2 + 𝑦𝑛−4 − 𝑦𝑛−2 ,

𝑛 = 0,
𝑛 = 1,
𝑛 = 2,
𝑛 = 3,
𝑛 ≥ 4 and even integer,
𝑛 ≥ 4 and odd integer.
(8)

The 𝑛th one in the sets of lines can be fitted by
CI (𝑛) = 𝛼2 ⋅ 𝐿 𝑐 + 𝑏2 ,
𝛼2 =

𝑦𝑛 − 𝑦𝑛−1
,
𝑥𝑛 − 𝑥𝑛−1

𝑏2 = (𝑦𝑛−1 −

𝑦𝑛 − 𝑦𝑛−1
⋅ 𝑥 ),
𝑥𝑛 − 𝑥𝑛−1 𝑛−1

where 𝛼2 is the slope of the line, and 𝑏2 is the intercept.

(9)
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Table 3: Impact of the difference between 𝑞𝑠 and 𝑞𝑠 max on control benefits.
Scenario

1

2

𝑃𝑞
0%
5%
10%
15%
20%
25%
30%
35%
40%
0%
5%
10%
15%
20%
25%
30%
35%
40%

𝐷𝑢 /s
265103
271860
276639
283045
287528
297323
299637
305460
309357
198840
202996
206948
210717
212268
215648
218853
221884
224744

𝐷𝑐 /s
77701
72611
69391
67884
64228
59695
57025
53310
49541
59700
58878
57892
56741
56461
54948
53261
51394
49342

For scenario 1, the function between 𝐿 𝑐 and CI is as
follows:
−1.872 ⋅ 𝐿 𝑐 + 1.0,
{
{
{
{
1.872 ⋅ 𝐿 𝑐 + 0.326,
{
{
{
{
{−2.594 ⋅ 𝐿 𝑐 + 1.934,
CI = {
{1.871 ⋅ 𝐿 𝑐 − 0.478,
{
{
{
{
−2.595 ⋅ 𝐿 𝑐 + 2.738,
{
{
{
{1.871 ⋅ 𝐿 𝑐 − 1.282,

0 ≤ 𝐿 𝑐 ≤ 0.18,
0.18 < 𝐿 𝑐 ≤ 0.36,
0.36 < 𝐿 𝑐 ≤ 0.54,
0.52 < 𝐿 𝑐 ≤ 0.72,
0.72 < 𝐿 𝑐 ≤ 0.90,
0.90 < 𝐿 𝑐 ≤ 1.0.

(10)

The results of the 𝐹 test show that there is no significant
difference between the real values and the fitted values of CI.
Thus, (10) can be used to depict the relationship between 𝐿 𝑐
and CI in scenario 1.
3.4. Impact of Path Flow on Correlation. Let 𝑞𝑠 denote the
path flow. The maximum value of 𝑞𝑠 (denoted by 𝑞𝑠 max ) equals
the maximum flow of the upstream coordinated phase. Since
signal coordination is not suitable to be implemented to the
near saturated intersection, 𝑞𝑠 max is taken to be the maximum
historical traffic volume of the upstream coordinated phase
when the saturation degree is no larger than 𝑥𝑐 . In this paper,
it is recommended that 𝑥𝑐 be set at 0.90.
Again taking intersections 𝑖 and 𝑗 as an example, two
scenarios are tested. Intersections 𝑖 and 𝑗 have the same cycle
length and saturation degree. The 𝑞𝑠 max values in the two
scenarios are 640 pcu/h and 670 pcu/h, respectively. The path
flows in each direction are the same. 𝑞𝑠 is decreasing from
𝑞𝑠 max with a decrement of 5%, while the cycle length and link
length remain fixed.
Table 3 shows the results. In the table, 𝑃𝑞 is the ratio of
(𝑞𝑠 max − 𝑞𝑠 ) to 𝑞𝑠 max , which increases from 0 to 40%. 𝐷𝑢 is the
total vehicle delay per hour of uncoordinated phases. To keep
the cycle length fixed in each scenario, the reduced traffic

𝑃𝑑𝑘 /s
0
5090
8310
9817
13473
18006
20676
24391
28160
0
613
3032
5926
7176
9405
11658
12925
14916

𝑃𝑑𝑢 /s
0
6757
11536
17942
22425
32220
34534
40357
44254
0
4156
8107
11877
13428
16808
20013
23044
25903

PI𝑛
0
1667
3226
8124
8951
14214
13858
15965
16094
0
3543
5075
5950
6253
7403
8354
10118
10988

𝑃𝑛
0.00%
3.08%
5.95%
14.99%
16.52%
26.23%
25.57%
29.46%
29.69%
0.00%
5.95%
8.52%
9.99%
10.49%
12.43%
14.02%
16.98%
18.44%

flow is transferred equally among the uncoordinated phases.
Thus, the traffic flow and vehicle delay in the uncoordinated
phases will increase. 𝐷𝑐 is the total vehicle delay per hour
of coordinated phase. Because the traffic volume of the
coordinated phase decreases gradually, 𝐷𝑐 also decreases. 𝑃𝑑𝑘
is the decreased vehicle delay of coordinated phase compared
with that when 𝑃𝑞 equals 0. 𝑃𝑑𝑢 is the increased vehicle delay
of uncoordinated phases compared to that when 𝑃𝑞 equals
0. PI𝑛 is the negative performance index resulting from the
decrease in 𝑞𝑠 . 𝑃𝑛 is the ratio of PI𝑛 to the PI when 𝑃𝑞 equals
0.
In Table 3, the signal control between the two intersections achieves maximum benefits when 𝑃𝑞 equals 0.
Therefore, CI equals 1. 𝑃𝑛 indicates the degradation of PI
due to an increase in 𝑃𝑞 . Taking scenario 1 as an example,
𝑃𝑛 is 14.99% when 𝑃𝑞 equals 15%. In this case, the control
benefits equal 85.01% of the PI when 𝑃𝑞 equals 0; that is, CI
equals 0.8501. CI is the difference between 1 and 𝑃𝑛 . 𝑃𝑞 can
be used as the normalized index of path flow. The scatter
diagrams between 𝑃𝑞 and CI for the two scenarios are shown
in Figure 4.
As can be seen from Figure 4, there is a strong linear
relationship between 𝑃𝑞 and CI, so a linear function can
be fitted to the scatter diagrams. The fitted functions are
shown in (11). The 𝑅 squares of the two functions are both
larger than 0.94, which indicates that a linear function fits the
relationship well:
−0.828 ⋅ 𝑃𝑞 + 0.997,
CI = {
−0.401 ⋅ 𝑃𝑞 + 0.973,

𝑅2 = 0.950,
𝑅2 = 0.940.

(11)

The problem is that, as in the earlier case, the slopes of the
two functions are different. The slope may again be affected
by our previously used set of factors, namely the CCL, the
green split and the V/𝑐 of the coordinated phase, the V/𝑐 of the
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Figure 4: Scatter diagrams between normalized path flow and CI.

uncoordinated phases, the total V/𝑐, and the saturation degree
𝑥. The multivariate regression method shown in Section 3.2 is
again adopted here to distinguish whether any of these factors
has a significant impact on the slope. The universal function
between 𝑃𝑞 and CI may be written as
CI = 𝛼3 ⋅ 𝑃𝑞 + 𝑏3 ,

𝑒𝛼3 = 5.946 − 2.664 ⋅ log (CCL) + 0.140 ⋅ 𝑦𝑢
(13)

𝑅2 = 0.93.
𝛼3 is affected by the CCL, 𝑦𝑢 , and 𝜆 𝑐 . Equation (13) can be
rewritten as
𝛼3 = ln (5.946 − 2.664 ⋅ log (CCL)
+ 0.140 ⋅ 𝑦𝑢 − 0.049 ⋅ 𝜆 𝑐 ) .

(14)

In the above numerical experiments, the path flows in
the two directions are assumed to be the same. However, in
reality they may be different. Further numerical experiments
are conducted and show that 𝑃𝑞 in (12) can be calculated as
follows:
(𝑃𝑞1 + 𝑃𝑞2 )

(15)
,
2
where 𝑃𝑞1 and 𝑃𝑞2 are the ratios between the current path flow
and the maximum historical path flow in each direction.
𝑃𝑞 =

2

3

(12)

where 𝛼3 is the slope and 𝑏3 is the intercept.
As in the earlier case, 𝑏3 equals 1 theoretically but there
are marginal differences between the intercepts in (11) and
1 because of fitting error. Once again, in this study, the
differences are neglected and 𝑏3 is set as 1.
A total of 10 groups of data are used in the regression and
the result is shown in
− 0.049 ⋅ 𝜆 𝑐 ,

1

Figure 5: Sketch of three adjacent signalized intersections.

3.5. Impact of Number of Intersections on Correlation. The
number of intersections in the subarea affects the number
of coordinated traffic streams. As was shown in Figure 5, the
arrival streams at intersection 1 in the direction of west to
east and that at intersection 3 in the direction of east to west
cannot be coordinated because they arrive from outside of the
subarea. The ratio of coordinated streams to total streams of
coordinated phases in the network is 2/3. With an increase in
the number of intersections, the ratio will decrease. Thus, the
proportion of vehicles that can be coordinated will increase
and the coordinated control performance will increase. To
validate the above deduction, numerical experiments are
conducted.
In the numerical experiments, the values of the three
other contributing factors are fixed. The difference in cycle
lengths is set to 0. The link lengths between adjacent intersections are 0.5𝐶𝑐 𝑉. The path flows of adjacent intersections are
set equal to their maximum historical values. In scenarios 1
and 2, all intersections have four phases. In scenarios 3 and 4,
all intersections have three phases. To study the impact of the
number of intersections on the coordination performance,
we simulate subareas with 2, 3, 4, 5, 6, and 7 intersections in
each scenario. The results for the four scenarios are shown in
Table 4.
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Table 4: Results for the four experimental scenarios.
𝑛
2
3
4
5
6
7

Scenario 1
Improvement ratio
8.81%
12.35%
14.92%
15.96%
16.34%
17.20%

Scenario 3
Improvement ratio
13.70%
17.39%
18.21%
19.76%
20.55%
21.38%

𝑛
2
3
4
5
6
7

Scenario 1

1.1

Scenario 2

1.1

1.05

Scenario 4
Improvement ratio
17.10%
20.39%
21.65%
22.36%
23.16%
23.90%

𝑛
2
3
4
5
6
7

1.05

CI

CI

Scenario 2
Improvement ratio
15.35%
20.30%
23.37%
24.56%
25.40%
26.20%

𝑛
2
3
4
5
6
7

1

1
2

4

6

8

2

4

n

(a)

6

8

Scenario 4

1.1

1.05

CI

CI

8

(b)

Scenario 3

1.1

6
n

1.05

1
2

4

6

8

0.98

2

4
n

n

(c)

(d)

Figure 6: Scatter diagram between number of intersections in the subarea and CI.

In Table 4, 𝑛 is the number of intersections in the
subarea. Taking scenario 1 as an example, when 𝑛 equals
2, the improvement ratio is 8.81%. With an increase in 𝑛,
the improvement ratio also increases. When 𝑛 equals 7, the
improvement ratio reaches 17.2%. This pattern can also be
seen in the other scenarios, demonstrating that the number
of intersections indeed impacts upon subarea partition.
Since there is no difference between the cycle lengths
in each scenario, the lengths of the links are optimal and
the path flows are equal to their maximum historical values.
Therefore, when 𝑛 equals 2, the value of CI for the two
adjacent intersections is 1. However, the improvement ratio
increases as 𝑛 increases, so CI also increases. This means that
CI will be larger than 1 when 𝑛 is larger than 2. Based on the
above analysis, CI can be calculated as follows:
CI (𝑛) =

1 + PIC (𝑛)
,
1 + PIC (2)

(16)

where PIC(𝑛) is the improvement ratio when there are 𝑛
intersections in the subarea.
The correlations between the intersections shown in
Table 4 are calculated according to (16), and the scatter
diagrams between 𝑛 and CI for the four scenarios are shown
in Figure 6.
From the figure, we can see that, with an increase in 𝑛,
the increase in CI decreases. The logarithmic function can
be used to fit the relation between 𝑛 and CI. For the four
scenarios, the fitting functions are as follows:
0.061 ln (𝑛) + 0.963,
{
{
{ 0.074 ln (𝑛) + 0.957,
CI = {
{
{ 0.052 ln (𝑛) + 0.969,
{ 0.044 ln (𝑛) + 0.974,

𝑅2
𝑅2
𝑅2
𝑅2

= 0.962,
= 0.960,
= 0.975,
= 0.968,

Scenario
Scenario
Scenario
Scenario

1,
2,
3,
4.
(17)

The 𝑅 squares of the four functions are all larger than 0.96,
which indicates that the logarithmic function fits the scatter
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diagrams well. However, the slopes of the functions differ
from each other, which demonstrates that the impact of the
number of intersections on the correlation changes as the
scenario changes. The slope is also affected by the same set
of factors discussed in the previous sections (the CCL, the
green split, etc.). The multivariate regression method shown
in Section 3.2 is again adopted here to determine which if any
of these have a significant impact on the slope. The universal
function between 𝑛 and CI is given by
CI = 𝛼4 ⋅ 𝑛 + 𝑏4 ,

(18)

where 𝛼4 is the slope.
CI equals 1 when 𝑛 is 2. Therefore, 𝑏4 = 1 − 𝛼4 ln(2).
Another 6 groups of data are obtained based on numerical
experiments so that a total of 10 groups of data can be used to
determine 𝛼4 . The outcome is as follows:
𝛼4 = −0.263 − 0.511𝑦𝑐 + 1.12𝑥 − 0.255 log (𝐶𝑐 ) .

(19)

The 𝑅 square of the regression model is 0.952. 𝛼4 is
affected by three factors, the V/𝑐 of the coordinated phase, the
saturation degree, and the CCL.
3.6. Integrated Correlation Model of Multiple Adjacent Intersections. In Sections 3.2 to 3.5, detailed relationships between
various contributing factors and the CI are determined. To
show their joint impact on the CI, the following integrated
correlation model is proposed:
CI = CI (𝑛)
𝑛
{
⋅ {1 − [∑ [(1 − CI𝑖,𝑗 (𝐶𝐷)) + (1 − CI𝑖,𝑗 (𝐿 𝑐 ))
{
[𝑗=1

}
+ (1 − CI𝑖,𝑗 (𝑃𝑞 ))]] (𝑛 − 1)−1 } ,
]
}

𝑗 ≠
𝑖,

𝑛
{
= CI (𝑛) ⋅ {1 − [ ∑ [3 − (CI𝑖,𝑗 (𝐶𝐷) + CI𝑖,𝑗 (𝐿 𝑐 )
{
[𝑗=1

}
+CI𝑖,𝑗 (𝑃𝑞 ))]] (𝑛 − 1)−1 } ,
]
}
(20)
where CI𝑖,𝑗 (𝐶𝐷), CI𝑖,𝑗 (𝐿 𝑠 ), CI𝑖,𝑗 (𝑃𝑞 ) and CI(𝑛) can be obtained
from (4), (9), (12), and (18), respectively.
In (20), 𝑖 is the seed intersection of the subarea, and𝑗 is a
nonseed intersection. The term 1 − (CI𝑖,𝑗 (𝐶𝐷)) indicates the
decrease in the correlation because of the difference between
the cycle lengths of 𝑖 and 𝑗. The terms in square brackets
indicate the total decrease in the correlation due to adding
𝑗 into the subarea. When 𝑗 is not adjacent to 𝑖, CI𝑖,𝑗 (𝐿 𝑐 ) is the
link length correlation between 𝑗 and the intersection that is
adjacent to𝑗 and located between 𝑗 and 𝑖. Similarly, CI𝑖,𝑗 (𝐿 𝑐 ) is
the path flow correlation between 𝑗 and the intersection that
is adjacent to𝑗 and located between 𝑗 and 𝑖.

As analyzed above, the difference in cycle lengths, the
path flow, and the link length only affect the correlation of
two intersections. Therefore, the three related correlations
are subtracted from 1. However, CI(𝑛) is related to all of
the intersections in the subarea. Thus, it is set as the base
correlation of the subarea and multiplied by the other terms.
3.7. Threshold Value of CI. PI is the improved network performance when signal coordination is implemented. When PI is
larger than 0, the coordination of adjacent intersections can
obtain better performance than the isolated control mode. In
such situations, the two can be grouped into the same subarea;
otherwise, they must be placed in different subareas.
In this paper, the CI is developed in order to simulate PI.
When PI is larger than 0, CI is also larger than 0. Therefore,
0 is set as the threshold value of CI, to determine whether
adjacent intersections should be placed in the same subarea.

4. Case Study
In this section, field experiments are conducted to validate the
correlation model developed in this paper. The experimental
setup and then the results are described in the following
subsections.
4.1. Experimental Setup. A small road network composed of
four signalized intersections in Harberin, China, is selected
as the experimental network. The four intersections are all
located in the central area of the city. A sketch and phasing
diagram of the network are shown in Figure 7. Songshan
road is an arterial road. All intersections carry out a signal
timing scheme with four phases. When executing the signal
coordinated mode, the phases in the north-south direction
are selected as the coordinated phases. The green lost time
of each phase is 3 s and the saturation flow rate of each lane
is 1700 pcu/h. For convenience, the four intersections are
labeled intersections 1, 2, 3, and 4, respectively, from north
to south. The link lengths between adjacent intersections are
730 m, 510 m, and 500 m.
An excellent CI should reflect the performance of the
coordinated control mode relative to the isolated control
mode precisely. Namely, the correlation should vary as the
relative performance varies. Thus, five scenarios are tested.
Because the signal coordinated mode is not suitable for those
intersections facing oversaturated or close to oversaturated
conditions, the five scenarios are all selected during off-peak
hours. The duration of each scenario is 15 minutes. Table 5
displays the survey times of the five scenarios.
Traffic data are collected every 5 minutes and the timing
schemes are optimized and updated every 15 minutes. Thus,
the correlation among the four intersections is calculated
once in each scenario. The calculation of the correlation
requires some basic traffic parameters, such as cycle lengths,
green splits of coordinated phases, and saturation degrees.
The values of the parameters are shown in Table 6. 𝐶𝑖 is the
optimal cycle length of each intersection when operating in
isolated control mode.
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Figure 7: Sketch and phasing diagram of the investigated network.

Table 5: Survey times of the five experimental scenarios.
Scenario
1
2
3
4
5

Survey time
9:01 am∼09:15 am
9:16 am∼09:30 am
9:31 am∼09:45 am
9:46 am∼10:00 am
10:01 am∼10:15 am

1
0.8
0.6
0.4
0.2
0
−0.2

As can be seen from Table 6, the cycle length of intersection 2 is the longest in all scenarios. Thus, intersection 2 is
set as the seed intersection when operating the coordinated
mode.
4.2. Experimental Results and Analysis. Table 7 shows the
results for the five scenarios.
From scenario 1 to scenario 5, the integrated correlations
of the four intersections are 0.42, 0.38, 0.34, 0.51, and 0.55,
respectively. Because the threshold value is 0, in the five
scenarios, the four intersections can be grouped into one
subarea. To test whether CI reflects PI accurately, we also
give the values of PI and the improvement ratio of the signal
coordination mode to the isolated control mode.
However, CI and the improvement ratio of PI have
different dimensions and cannot be compared directly. Thus,
the data for CI and the improvement ratio in Table 7 are
normalized using a linear function. The normalized data are
shown in Table 8.
The scatter diagrams for the scenarios between the normalized CIs and improvement ratios are shown in Figure 8.
From Figure 8 we can see that the two variables have
similar changing tendency, but not exactly the same. This
is because the correlation model was developed based
on numerical experiments and there are some differences
between the default values of the numerical experiments and
the field values for the traffic parameters.
An 𝐹-test and a 𝑡-test are carried out to identify whether
the two groups of normalized data differ significantly under a
significance level of 0.95. The Data Analysis tool in Microsoft

1

2

3

4

5

Normalized CI
Normalized improved range

Figure 8: Comparison between normalized CI and improvement
ratio.

Excel is convenient for executing these tests. The statistical
results are shown in Table 9 and all are acceptable.
From the experimental results, we can see that the CI is
closely related to the change in the PI, which indicates that
the CI can be used as an alternative to the PI. Therefore,
the correlation model developed in this paper is suitable for
subarea partition.

5. Conclusions
This paper developed a correlation model for multiple adjacent intersections by taking into consideration four contributing factors: the difference between cycle lengths, the
link length, the path flow between the upstream and downstream coordinated phases, and the number of intersections.
A case study was used to explain the model and the results
show that it is reliable for subarea partition.
In this paper, we selected four typical signal intersections
located on an arterial road under moderately congested
traffic conditions for our experiment. Although the traffic
and signal timing conditions of the selected sites are pretty
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Table 6: Parameters used to calculate the correlations among the intersections.

Scenarios

𝐶𝑖 /s
108
114
102
106
105
113
105
97
103
110
101
95
98
101
94
92
95
99
93
88

Intersections
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Scenario 5

𝜆𝑐
0.31
0.32
0.29
0.27
0.31
0.33
0.3
0.28
0.3
0.29
0.31
0.29
0.28
0.3
0.27
0.31
0.32
0.33
0.31
0.31

𝑥
0.89
0.89
0.88
0.88
0.88
0.89
0.88
0.87
0.88
0.89
0.88
0.87
0.87
0.88
0.87
0.86
0.87
0.87
0.86
0.86

𝑌
0.79
0.80
0.77
0.78
0.78
0.80
0.78
0.76
0.78
0.79
0.77
0.76
0.77
0.77
0.76
0.75
0.76
0.77
0.75
0.74

𝑌𝑐
0.27
0.29
0.25
0.24
0.27
0.29
0.26
0.24
0.26
0.26
0.27
0.25
0.24
0.26
0.23
0.27
0.28
0.29
0.27
0.27

𝑌𝑢
0.51
0.51
0.52
0.54
0.51
0.50
0.52
0.52
0.51
0.53
0.50
0.51
0.52
0.51
0.52
0.48
0.48
0.48
0.48
0.47

Table 7: Results for the five experimental scenarios.
Parameters
CI1,2 (𝐶𝐷 )
CI3,2 (𝐶𝐷 )
CI4,2 (𝐶𝐷 )
CI1,2 (𝐿 𝑐 )
CI2,3 (𝐿 𝑐 )
CI3,4 (𝐿 𝑐 )
CI1,2 (𝑃𝑞 )
CI2,3 (𝑃𝑞 )
CI3,4 (𝑃𝑞 )
CI(𝑛)
CI
PI/s
Improvement ratio

Scenario 1
0.86
0.71
0.81
0.71
0.86
0.83
0.84
0.79
0.77
1.07
0.42
229740
26.3%

Scenario 2
0.81
0.81
0.62
0.74
0.84
0.88
0.78
0.75
0.84
1.08
0.38
212245
22.5%

Table 8: Normalized data for CI and the improvement ratio.
Normalized CI
0.357 0.071 0.000 0.786 1.000
Normalized improvement ratio 0.409 0.131 0.000 0.956 1.000

Scenario 3
0.82
0.76
0.61
0.73
0.87
0.80
0.82
0.78
0.81
1.100
0.37
236980
20.7%

Scenario 4
0.91
0.80
0.74
0.72
0.74
0.82
0.87
0.86
0.86
1.100
0.48
196572
33.8%

Scenario 5
0.89
0.83
0.69
0.74
0.82
0.82
0.85
0.88
0.91
1.08
0.51
184634
34.4%

typical, the conclusions may still not be transferable to other
intersections due to the complexity and diversity of real-life
situations. Future research is necessary to develop statistical
models to quantitatively assess the generality of these findings.

Table 9: Statistical results of 𝐹-test and 𝑡-test.
Sample size
5

Significance level
0.95

𝐹-test
𝐹𝑐
0.16

𝑓
0.90

𝑡-test
𝑡𝑐
2.31

𝑡
−0.20

𝐹𝑐 is the one-tailed critical value for the 𝐹-test; 𝑡𝑐 is the two-tailed critical
value for the 𝑡-test.
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Typically, after the capturing, imaging, and transferring processes have been accomplished, the digital images will contain a variety
of noise, caused by both the equipment itself and by the complex working environment. Consequently, it is necessary to perform
a de-noising process to facilitate the extraction of useful information. This paper presents a fast and efficient denoising algorithm,
which combines the advantages of traditional median filters and weighted filter algorithms. In this algorithm, the noise in the figure
is determined, and those results are applied to adaptively change the size of the window, while assigning different weights to the
pixels in the filter window. The experimental results show that we can significantly remove almost all salt and pepper noise, while
retaining full image textures, edges, and other minutiae.

1. Introduction
Drivers’ behavior analysis is increasingly becoming important in the study of intelligent transportation systems (ITS)
[1]. Due to the importance of driving behavior to vehicle
safety, many researchers have attempted to model driving
behavior [2]. Ding et al. took the neural network to learn
and incorporate the uncertainties to predict the driver’s
lane-changing behavior more accurately [2]. To make a
good prediction, remote sensing technology, according to
Ewan et al. [3], is a critical component since advances
in road weather remote sensing technologies have made
noninvasive road weather sensors a valuable component
in many ITS applications. Specifically, satellite land remote
sensing has been widely used in the infrastructure and system engineering of highway transportation systems. Hence,
there is a necessity for greater accuracy in remote sensing
images. With the fast development of hyper spectral remote
sensing technology, the image can describe the characteristics
of Earth objects more comprehensively and explicitly [4].
However, the images obtained directly from the sensors, are
limited by the performance of the sensor device itself, as well
as by the impact of the postprocessing circuit, which contains
significant amount of noise interference [5]. Although over
the last decades the development of imaging spectrometers is

rapid, remote sensing image is still affected by many complex
factors during the processing of acquisition and transmission,
which will produce a mass of noises [6].
In order to improve identification and to more effectively
reflect objective reality, it is necessary for the digital image to
go through a denoising procedure. The factors that impact the
quality of the remote sensing images are the undercurrent of
the Charge Coupled Device (CCD) camera, the zero response
offsets, and the response inconsistency [7]. The noise in imaging systems is usually either additive or multiplicative. After
processing by a readout circuit, there are mainly Gaussian
and impulse noises remaining. The particle properties of
the salt and pepper noise will seriously interfere with the
characteristics of very small targets in remote sensing images,
severely reducing the credibility of the image data [8, 9].
Therefore, effective denoising processing is very important.
The impulse noise degrades the original image by replacing some image pixels by the noise value. This value could be
the maximum and minimum gray level of the image that is
known as salt and pepper noise, and a random pixel value in
the image gray level that is random-valued impulse noise [10].
It is generated during imaging, transmission, and decoding
processes. Additionally, the image cutting process will also
produce salt and pepper noise.
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The first efficient method in impulse is to carry out a lowpass filter process, based on the median filtering algorithm,
which is still in the core of many recent denoising methods
and can removes the high-frequency portion of the image
[11]. The median filter (MF) replaces each pixel with the
median of the neighborhood pixels in the square sliding
window that is around it. By using this filter, impulse noise
can be discarded, but one of its shortcomings is that in
a high-density impulse noise, the number of noisy pixels
is greater than that of the noise free ones in the window,
and so the median value can also be noisy [12]. The other
problem of median filter is that when a pixel is noise-free
in nature, it may be altered and replaced by the median
value that could lead to the blurring of the image [13].
Another common denoising procedure uses a weighted filter
(WF) algorithm [14]. The weighted filter algorithm assigns
different weights to the pixels that are in the neighborhood
of the center pixel, and then takes a mean value instead
of the center pixel’s value, to achieve denoising [15]. This
algorithm is fast in removing noise. However, it loses much
of the image detail and yields an imperfect result at the
same time. There are some other denoising methods, such
as wavelet transformation [16, 17] and sparse representation
[18]. As frequency domain transforms algorithms, the wavelet
transform (WT) is a mathematical tool which has been widely
used in image processing, and the sparse representation is
recent and widely used in image segmentation and is usually
based on the over-complete dictionary. Both of the two
algorithms are effective in removing noise, but are not easy
to implement on hardware.
In this paper, we combine the advantages of these two
types of algorithms (MF and WF) and propose a fast and
more effective and adaptive filtering denoising algorithm.
This algorithm can effectively remove the salt and pepper
noise, and obtain a good denoising effect, while preserving
details of the image such as textures and contours.

2. Weighted Filter Denoising
Shang and Sui [14], proposed an adaptive weighted filter
algorithm that assigns different weights to the pixels that are
in the neighborhood of the center spot and determines the
importance of the center pixel to achieve denoising. First,
assume a point 𝑝(𝑥, 𝑦) in the source image, the function of
which is given as
𝑞 (𝑖, 𝑗) = {𝑝 (𝑥 + 𝑖, 𝑦 + 𝑗) : −1 ≤ 𝑖, 𝑗 ≤ 1, 𝑖 ∪ 𝑗 ≠0} .

(1)

This function represents a 3 ∗ 3 set of pixels surrounding the
center pixel, labeled as neighborhood 𝑄, which is defined as


𝐴 𝑖,𝑗 = 𝑝 (𝑥, 𝑦) − 𝑞 (𝑖, 𝑗) ,

−1 ≤ 𝑖, 𝑗 ≤ 1, 𝑖 ∪ 𝑗 ≠0,

(2)

where 𝐴 𝑖,𝑗 represents the absolute differences between the
point 𝑝(𝑥, 𝑦) and other points in neighborhood 𝑄. Then, the
𝐴 𝑖,𝑗 differences are organized in ascending order, the first four
smallest differences are added into the operator ROAD(𝑥, 𝑦).
The value of ROAD(𝑥, 𝑦) represents the similarities of the
nearest four pixels in the neighborhood. Then, an evaluation

must be made based on the center pixel. If the point is valid,
we do nothing; otherwise, it is followed with a smooth filter
process. The criterion is given as follows:
Φ (𝑝 (𝑥, 𝑦)) , if (ROAD (𝑥, 𝑦)) > 𝜎𝑟 ,
𝑓 (𝑥, 𝑦) = {
𝑝 (𝑥, 𝑦) ,
if (ROAD (𝑥, 𝑦)) ≤ 𝜎𝑟 .

(3)

That is to say, if the value of ROAD(𝑥, 𝑦) is higher than that of
the threshold, then the corresponding point, 𝑝(𝑥, 𝑦), can be
considered to be a noise, and there is a need for denoising;
otherwise, we take it as an effective message and there is
no need for any transformation. The smaller the threshold
selected, the more stringent the noise determination is, but
the easier it is to lose the details. The algorithm can automatically assign different weights to the pixels in a designated
neighborhood, according to their validity. The closer the pixel
is to the center pixel, the higher the weight it is assigned.
However, some desirable details were also replaced, especially
when the window size was large, yielding the restored image
being blurred [15].

3. Adaptive Median Filter
A traditional median filtering algorithm is based on the type
of pixels in the neighborhood and takes a gray median value
to replace the original pixel [11]. The major drawback of
standard median filter is that the filter is only effective to
work at low noise densities [15]. That is to say, if the pulse
noise density was not too large (the probability distribution
of the positive and negative pulses was less than 0.2), then
the median filter has a good denoising capability, but the
filter size needs to be set in advance. If the area has intensive
noise distribution, a small filter window will result in an
unobtrusive denoising effect, while a large window will
smooth out the details of the edge region.
Nair and Mol [12], has suggested a new adaptive median
filtering algorithm as an improvement. The algorithm can
automatically modify both the size and shape of the filter
window, which can, to a certain extent, avoid the lack of
median filtering. If, however, the filter template is large, then
a mean filter can be used to effectively improve the filtering
performance. The functions of the algorithm are as follows.
(1) Calculate the median value, 𝑍med , the maximum
value, 𝑍max , and the minimum value, 𝑍min , of the
pixels in the window. When the size of the window reaches its maximum, calculate the mean value
instead.
(2) Calculate the 𝐴 1 = 𝑍med −𝑍min and 𝐴 2 = 𝑍med −𝑍max ,
and if 𝐴 1 > 0 and 𝐴 2 < 0, then the median value is
not a noise, and the algorithm is terminated and taken
as an output; otherwise, move on to step (3).
(3) If the template size is greater than (or equal to)
the maximum value, then calculate the mean value.
Otherwise, increase the template size and change its
shape. If the increased result is less than 𝑆max , then go
to step (1); otherwise, output the mean value as the
final result.
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The methodology of Masood et al.’s paper [13] is suitable
for a different degree of noise scale. It can adaptively change
the size and shape of the filter window to achieve the removal
of salt and pepper noise, but the algorithm is limited by the
size of the window. When the window becomes too large,
the mean filter is essentially a smoothing filter, and is largely
responsible for the loss of image details. At the same time,
for the actual noise, it still uses a traditional median filtering
algorithm to carry out the denoising process, which while also
removing some minor objective edges, contours, and other
minutiae, it only improves the image denoising visual effects
to a limited extent.

4. This Paper’s Algorithm
In this paper, the advantages of the weighted filter and
the improved adaptive median filter algorithms have been
combined, with help from the proposed fast noise suppression algorithm, to produce an improved adaptive weighted
correction algorithm. The main concept was to use weighted
filters to assign different weights to the pixels in the filter
window, and to utilize a median filter (for its good salt and
pepper noise removal abilities), to replace the center pixel. At
the same time, the concept of noise detection was introduced,
and an evaluation of the previous noise point was then used
to adaptively change the window size. With a premise of
removing noise, improvements have been made to the signalto-noise ratio of the postprocessing image, while preserving
the textures, contours, and other feature details.
For a source image, first a point 𝑝(𝑥, 𝑦) is assumed, and
evaluated to determine whether it is a suspected noise point
(𝑝(𝑥, 𝑦) = 255 or 𝑝(𝑥, 𝑦) = 0), and if not, skip to the next
point; otherwise, calculate the number of nonextreme points
in the window, which are marked as 𝑆 length. If the value
of 𝑆 length is higher than that of the preset threshold, then
reserve the coordinates of the point, while expanding the
filter window to continue calculations, or otherwise execute
a filtering process. That is to say, center on that point and
take its 3 ∗ 3 neighborhood as a filter window. Then, calculate
the absolute differences between the point 𝑝(𝑥, 𝑦) and other
points in the neighborhood, and add the differences into
the operator ROAD(𝑥, 𝑦). At the same time, set a threshold
𝑄 𝑡 (using the best result of 100 experimental results), and if
ROAD(𝑥, 𝑦) is greater than 𝑄 𝑡, make a denoising process;
otherwise, output the original value. The criterion is the
same for function (3). During the denoising process, different
weights must be assigned to the pixels in the neighborhood,
according to their correlation to the center. The higher the
correlation is, the greater the weight is, and vice versa. The
weight is calculated as
2

3

𝜔𝑖,𝑗 = 𝑒−ROAD(𝑖,𝑗) /3×𝜎𝑤 .

(4)

In which 𝜎𝜔 is an experimental constant, and set the 𝜎𝜔 =
63, in order to achieve an ideal removal. Obtain the final
weight coefficient for each pixel through normalization. The
function is
𝜔𝑖,𝑗
.
𝜌𝑖,𝑗 = 1
(5)
∑𝑖=−1 ∑1𝑗=−1 𝜔𝑖,𝑗
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Figure 1: The flowchart of the algorithm.

Then, multiply the gray value of each pixel with the corresponding weight coefficient, and add them to get a new center
𝑍 weight, calculated as
1

1

𝑓 (𝑥, 𝑦) = ∑ ∑ 𝜌𝑖,𝑗 × 𝑞 (𝑖, 𝑗) .

(6)

𝑖=−1𝑗=−1

Take the new result as a replacement for the center pixel and
through median filtering, obtain a final value 𝑍 med as the
output. We can cycle through all the above steps, until all the
pixels have been calculated. The flowchart of the algorithm is
shown in Figure 1.

5. Experimental Results and Analysis
In this paper, we took a remote sensing image as a source,
and added salt and pepper noise with different densities from
2 to 20%. Through the application of this new algorithm
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(a)

(b)

(c)

(d)

Figure 2: (a) Remote sensing image with 10% salt and pepper noise. (b) Weight filter result (3 ∗ 3 in size of window). (c) Adaptive median
filter result. (d) This papers algorithm result.
Table 1: Comparison of several de-noising algorithms in PSNR value.
S & P noise density
Adaptive median filter
Weight filter
This paper’s algorithm

0.02
27.9188
33.7074
41.3948

0.04
27.8494
29.2102
38.7249

0.06
27.7736
26.0911
37.2327

0.08
27.5341
23.7517
36.485

to the denoising process, and by taking the weighted filter
algorithm, and the adaptive median filter algorithm as a
comparison, the experimental results shown in Figures 2(a)
through 2(d) were obtained, assuming a noise density of 10%
for the example.
Judging by the visual effects, the results obtained by the
weighted algorithm showed that much of the noise had been
removed, but the edges, contours of the runway, houses,
and other small targets on the ground, had become blurred,
while also losing a large amount of the texture message from
the lawns and sandy lands. All of these will be detrimental
to the quality and value of a collection of remote sensing
information. The denoising results obtained by the adaptive
median algorithm were very poor, having only removed
some of the noise, and having blurred the contours of the
image. Among the three groups, the experimental results
obtained with this paper’s algorithm were the best. This
algorithm removed almost all the noise, and retained some

0.1
27.3256
21.5619
34.5214

0.12
27.0771
20.5428
33.3825

0.14
26.9283
19.1369
32.684

0.16
26.4809
18.0877
32.0604

0.18
26.1196
17.2054
31.7249

0.2
25.6974
16.3512
31.0123

of the interesting features of small targets such as the tag lines
on the runway and the support vehicles, and did not filter out
the contours and edges of the remotely sensed images.
Judging from the evaluation index, the greatest value
of peak signal-to-noise ratios was obtained by this paper’s
improved algorithm, when compared with the other two
algorithms discussed. With the continuously improving accuracy of the CCD imaging devices, remote sensing image noise
density will remain at a low level. The experimental results
in Table 1 show that when the noise density is low (less than
10%), the value of the PSNR will be significantly improved by
this new algorithm. Therefore, the improved algorithm in this
paper has a great practical value.

6. Conclusion
In this paper, the advantages of the weighted filter and
the improved adaptive median filter algorithms have been
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Figure 3: PSNR graph.

combined to propose an improved fast weighted-median
filter algorithm. The major reason why the proposed method
can significantly improve the performance of noise removing
is that it adds a noise-detection before the denoising process.
By this way, the procedure can quickly find out the noise
pot and just directly do the removing process on the noise
instead of processing the effective pixels that save a lot of
time. This new algorithm can better distinguish the noise and
effective information than traditional algorithms, and clean
out nearly all salt and pepper noise in the remotely sensed
images, while retaining some of the interesting features of
small targets such as the contours, edges, and textures. The
results obtained by processing with this new algorithm have
a high PSNR value, as shown in Figure 3, containing various
useful messages which do help to identify the small targets.
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Accurate information on future railroad track condition is essential to optimally schedule track Maintenance & Renewal activities
in order to minimize influences of the activities on rail traffic under constraints of limited budgets and maintaining allowable
condition tracks. In this paper, a track measurement data mining method is presented to this aim. It is developed on the basis
of track deterioration characteristics. Actual track measurement data is used to analyze errors in track condition predictions by
the method. The analysis results show that the proposed method can mine accurate track deterioration rates from historical track
measurement data and thus accurately provides future track condition two or three months in advance.

1. Introduction
Traffic accidents have long been social-economical problem
which has caused increasing concerns to the public worldwide [1]. According to statistics on train accidents by Office of
Safety of US Federal Railroad Administration, 542933 people
were injured or killed by railway accidents mainly resulting
from railway track from January 1975 to May 2011 [2].
Transportation systems play a critical role in the development of society and economy. Railway system constituted the
largest part of national freight ton-miles, for example, 38.2%
in 2005 in USA [3] and 49.70% in 2005 in China [4]. Railroad
track as a base element of the railway system greatly and
directly influences safety and cost efficiency of rail transport.
In the process of track management, maintenance-of-way
departments have to try to balance the cost associated with
potential damages arising from unfavorable tracks and the
cost for Maintenance & Renewal activities to minimize the life
cycle cost of track. To attain the minimization of the life cycle
cost, there are key issues which need to be addressed. One
of them is the railroad track condition forecast technology
which is able to allow maintenance-of-way departments to
acquire accurate track condition information two or three
months in advance. Such information is essential to optimally

schedule Maintenance & Renewal activities, constrained by
limited budgets and maintaining track in allowable condition,
to minimize influences of the activities on rail traffic.
To date, there are several track condition prediction
methods developed throughout the world by researchers of
universities, technology firms, and railroads. Researchers of
the Railway Technical Research Institute of Japan employed
Double Exponential Smoothing method to develop track
degradation models for predicting standard deviations of
track surface and alignment over 100 meters long sections of
track [5]. Alfelor and Fateh of the United States Department
of Transportation and Carr of the ENSCO Inc. built a
track degradation database which stores measurements of
Gage Restraint Measurement System, including track gauge
restraints and track geometry parameters and contributes
factors covering traffic loads, environmental factors, and
track structural characteristics [6]. Using the degradation
database, a track degradation analysis program was coded,
which is able to establish a one-to-one linear relationship
between track degradation and a specified contributing factor
by employing least square linear regression. Chen et al. of
the Academy of Railway Sciences of China proposed an
Integrated Factor Method (IFM) to predict values of track
geometrical parameters on next month oversampling points

2
[7]. IFM assumes that track geometrical condition on next
month is linearly dependent on the current month’s track
geometrical condition. The linear evolution rates of a given
geometrical parameter are determined according to standard
deviations of the geometrical parameter over 200 meters long
sections of track. After analyzing the determined evolution
rates of a track, Chen et al. categorize evolution rates of a
given track geometrical parameter over track sections into 17
groups, each of which has a constant evolution rate. To make
the prediction, measurements of the last running of track
geometry car are used. Based on a common denominator,
“A good track behaves well, while a poorer one deteriorates faster,” Veit of the Graz University of Technology and
Marschnig, a LCC rail consultant, of Austria considered the
relationship between initial and future track condition linear,
as well as the relationship between future track condition
and elapsed time since the last ballast temping, cleaning,
or renewal exponential, and thus proposed an exponential
model to predict condition over 5 meters long sections of
track between two adjacent maintenances of given kinds [8].
Quiroga and Schnieder of the Braunschweig University of
Technology of Germany proposed an exponential model,
like the model of Veit and Marschnig, to predict mean
deviations of track surface over 200 meters long sections of
track between two adjacent temping activities [9]. Based on
experience of experts in regard to railroad track deterioration,
Meier-Hirmer, Riboulet, and Sourget of the SNCF and Roussignol of the Université Paris-Est Marne-la-Vallée of France
employed gamma stochastic process to fit the deterioration
rate of track surface over 1000 meters long sections of
track [10]. According to track deterioration characteristics,
Xu et al. proposed a multistage linear method to describe
track condition deterioration processes between two adjacent
maintenance activities [11]. Based on the research results in
[17], Xu et al. employed piecewise linear regression to develop
a method for predicting mean values and standard deviations
of track condition over unit sections in the future two or three
months [12].
According to the track deterioration characteristics, this
paper will present a novel method that mines historical track
measurements for track condition in future two or three
months. The rest of the content will be organized as follows.
Section 2 briefly discusses the track deterioration characteristics. Based on the characteristics, the novel track measurement data mining method follows in Section 3. Using actual
track measurements, performance of the presented method
is analyzed in Section 4. Research conclusions regarding the
current research are drawn, and future research areas related
to the current research topic are briefly discussed in Section 5.

2. Track Deterioration Characteristics
Generally speaking, railroad track deteriorates as a result of
accumulative combinational influences of seven categories of
impact factors [13–16]: (1) wheel loads on the rails, (2) track
characteristics, (3) materials and manufacture, (4) design
and construction, (5) maintenance, (6) environment, and (7)
terrain. The influence of the wheel loads is by far the primary
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cause for track deterioration. The track characteristics, that is,
track configurations and condition of track components, play
a critical role in resisting track deterioration and greatly affect
dynamic wheel loads. Track deterioration usually begins
with small imperfections in the materials and errors in
the manufacture of rails and other track components, and
performances of the materials and efficacy of the manufactured components are crucial for maintaining track in
good condition. Influences of errors during the design and
construction of track add to the influences of the materials
and manufacture, as the initial source of track deterioration.
During a maintenance operation, survey errors, measurement errors, and maintenance machine tolerances may introduce additional track deviations. Moreover, different kinds
of maintenance machine usually have different effectiveness.
During track deterioration, in addition to the wheel loads,
environmental factors directly deteriorate track as well. As
the base of railroad track, terrain has obviously direct and
great influences on track deterioration. Any variations in
terrain will be reflected in rapid deteriorations of track.
During track deterioration, some of these categories of
the impact factors interact with each other. For instance,
wheel loads deteriorate a track in terms of condition of
track components and performances of the materials of the
track components. Simultaneously, the deteriorating track
increases the wheel loads and reduces the resistance to the
deterioration. Such interaction between these three categories of the impact factors continues as trains run over the
track.
The above brief introduction shows that there are many
kinds of impact factors affecting track deterioration. The
combinational influences of all the impact factors vary from
one track location to another. In other words, each track
point location has its own unique track deterioration process.
The uniqueness characteristic of track deterioration has been
qualitatively proven during the past several decades of track
management practices. To date, only few of the impact factors
are measurable, and interactions among the impact factors
are unmeasurable. Mainly because of these two facts, when
modeled, track deterioration is usually considered random.

3. Track Measurement Data Mining Method
Based on the above introduced track deterioration characteristics, this section will present a track measurement data mining method, which allows maintenance-of-way departments
to acquire track condition two or three months in advance.
To this aim, brief introductions of track condition and the
corresponding measurement data are given first. The mining
method is presented last.
3.1. Track Condition and the Corresponding Measurement
Data. Track condition is described by track geometrical
condition and track structural condition [17]. But track condition usually refers to only track geometrical condition. Our
research follows this terming convention as well. Track condition is described by eight geometrical parameters [16]: Gauge,
Cross Level, Left/Right Surface, Left/Right Alignment, Twist,
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and Curvature. These parameters of tracks under wheel loads
are often measured at a specified sampling interval with Track
Geometry Car. Within China Railroads, there are four kinds
of Track Geometry Cars. GJ-4 is the most extensively used
category, and its sampling interval is 0.25 m. In addition to the
eight geometrical parameters, measurement data by GJ-4 also
includes other two categories of parameters: positioning and
comfort. There are two positioning parameters, Milepoint
and Auto Location Detection, and four comfort parameters:
lateral and vertical box and axle accelerations.
3.2. Characteristics Based Track Measurement Data Mining.
As pointed out in Section 2, track deteriorates uniquely
at track point locations. As a result, it is ideal that track
condition data should be mined on a track-location basis. In
reality, it is impossible to obtain actual values of geometrical
parameters over track locations mainly because of errors in
milepoint measurements of track measurement data [18, 19].
This means track condition measurements cannot be mined
on a point basis. To model track deterioration as accurate as
possible, consequently, track deterioration modeling should
be done on a short track section (referred to as unit section,
hereafter), whose length is determined by the accuracy of
milepoint measurements. In previous researches, two fine
levels of milepoint error correction model have been developed. After processed with the two correction models, the
track condition measurement data can achieve milepoint
accuracy most often far below two sampling intervals, that
is, 0.5 m. Accordingly, the length of unit section, on which
track deterioration will be modeled, is 0.5 meters. Except
for unit sections that cover badly damaged rail joints, such
track length is reasonable for the track deterioration modeling, because track of 0.5 m in length deteriorates basically
similarly.
For a given unit section, the track between two adjacent
maintenance operations deteriorates nonlinearly with the
accumulative influences of combinational impact factors. But
within a short period of time, the track deterioration can
be considered approximately linear. In other words, within
the short period of time, the track has an approximately
identical deterioration rate. It is important that the length
of the short time period should match the cumulative
combinational influences of all the impact factors. Therefore,
if the deterioration rate of a unit section in a short period
of time is available, track condition over the unit section
can be forecasted. Because track condition is described
with 8 geometrical parameters (see Section 3.1), the track
deterioration rate of a unit section is characterized by 8
deterioration rates corresponding to the eight geometrical
parameters as well.
Because there are at least two sampling points on a
unit section, the mean of measurement values of a specified
geometrical parameter over the section is used to present the
value of the geometrical parameter over the section. Such
processing method has two main benefits: (1) reducing the
adverse effect of remaining milepoint errors and (2) tolerating
the negative effect of noises in geometrical measurements.
For a given geometrical parameter on a given unit section,
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its deterioration rate within a short period of time can be
obtained by employing the least square method to fit values
of the parameter in the time period. Unfortunately, for the
forecast scenario, the values of the geometrical parameter are
unavailable. There is a practical knowledge regarding track
deterioration that a section of track with high deterioration
rate deteriorates rapidly, and a section of track with slow
deterioration rate deteriorates slowly. The reason is that the
two categories of impact factors, the track characteristics,
and the terrain, over a section of track without maintenance
operations involved, are basically unchanged within a short
period. The practical knowledge indicates that for a specified geometrical parameter over a given unit section, the
deterioration rate in future several months can be estimated
by using the historical values of the parameter over the
section. The date range, within which the historical values
are used to make estimation, must match track deterioration
characteristics.
Let 𝑡𝑛,𝑥 be the number of days between the day when
the last maintenance operation was carried out on a track
section covering the given section and the day of 𝑥 days after
the 𝑛th track geometry car inspection since the last mainte𝑗
be the value of the specified geometrical
nance, and let 𝑎𝑛,𝑥
parameter over the 𝑗th sampling point in the given section
on 𝑡𝑛,𝑥 days after the last maintenance operation. Assume
that the number of sampling points in the given section is 𝑙.
Let 𝑚𝑛,𝑥 denote the value of the specified parameter over the
𝑗
)/𝑙.
given section; that is, 𝑚𝑛,𝑥 = (∑𝑙𝑗=1 𝑎𝑛,𝑥
Assume that the 𝑛th track geometry car inspection is
the current inspection and the date range, within which the
historical values are used to estimate the deterioration rate,
is from 𝑡ℎ,0 through 𝑡𝑛,0 . Accordingly, the deterioration
rate 𝑟𝑛 , which is used to forecast track condition, is obtained
according to the following:

𝑟𝑛
=

𝑛−ℎ
𝑛−ℎ
𝑛−ℎ
(𝑛 − ℎ + 1) ∑𝑖=0 𝑡ℎ+𝑖,0 𝑚ℎ+𝑖,0 − (∑𝑖=0 𝑡ℎ+𝑖,0 ) (∑𝑖=0 𝑚ℎ+𝑖,0 )
2

2

𝑛−ℎ
𝑛−ℎ
(𝑛 − ℎ + 1) ∑𝑖=0 (𝑡ℎ+𝑖,0 ) − (∑𝑖=0 𝑡ℎ+𝑖,0 )

.

(1)

Track condition in the future can be considered the sum
of the current condition and the cumulative combinational
effects of all impact factors, which are quantified by the
deterioration rate 𝑟𝑛 . Therefore, the value of the specified
parameter on a day, 𝑡𝑛,𝑥 , over the 𝑗th sampling point in
𝑗
𝑗
the given section can be estimated as 𝑎̂𝑛,𝑥
= 𝑎𝑛,0 + 𝑥 ∗
𝑗
𝑗
𝑟𝑛 , where 𝑎̂𝑛,𝑥 denotes the estimation for 𝑎𝑛,𝑥 . Let 𝐴 𝑛,𝑥 =
1
𝑙
̂𝑛,𝑥 be the estimation for 𝐴 𝑛,𝑥 ; that is,
[𝑎𝑛,𝑥
, . . . , 𝑎𝑛,𝑥
]𝑇 and 𝐴
1
𝑙
̂
𝐴 𝑛,𝑥 = [̂
𝑎𝑛,𝑥 , . . . , 𝑎̂𝑛,𝑥 ]𝑇 . The above given process of mining
historical measurement values of the specified track geometrical parameter for future track condition is graphically
demonstrated in Figure 1.
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Table 1: Error statistics for the right alignment predictions.
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Figure 1: The process of mining historical measurement values of a
specified geometrical parameter for future condition.
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Figure 2: The process of mining historical measurements after a new
track condition inspection.

As noted previously, on a unit section, the track deteriorates nonlinearly with the cumulative combinational influences of the impact factors. To approximate actual track deterioration rates as close as possible, the estimated deterioration
rates should be revised continuously as the impact factors
deteriorate the track. Therefore, after a new track condition
inspection was carried out, the inspection data is involved in
the process of the deterioration rate revision, as demonstrated
in Figure 2.

4. Performance Analysis
The Kowloon-Beijing railroad track is very important in
the Chinese rail networks. It connects Kowloon to Beijing
through 9 provinces. By the million ton kilometers, it ranks
in the top sixth of the entire Chinese rail networks; by the
million passenger-kilometers, it is ranked fourth. In this
section, errors in track condition predictions for a 2 kilometer

Date

Mean
(mm)

Sep. 24 −0.0025
Oct. 10 0.0005
Oct. 30 0.0021
Nov. 13 −0.0033
Dec. 12 0.0059
Dec. 25 −0.0031

Standard deviation
(mm)

Mean absolute error
(mm)

0.3740
0.3300
0.4165
0.3810
0.3859
0.2638

0.2412
0.2131
0.2829
0.2575
0.2391
0.1607

long section of the track by the proposed track measurement
data mining method will be presented. Specifically, 6 times
predictions for values of right alignment and twist over sampling points on the track section are analyzed. These 6 times
predictions were made for track condition on September 24,
October 10, October 30, November 13, and December 12, and
December 25, 2008.
On the presented track section, 60 U71Mn rails were laid
and continuously welded, where 60 indicates that a piece of
such rail 1 meter in length weighs 60 kilograms, and U71Mn
is the material of the rails. The ties on this section are concrete
and their model number is II. The ballast is the first class
granite rocks, and thickness of the ballast layer is 50 mm.
We made discussions with field engineers on the length
of the short time period, within which the track deteriorates
approximately linearly. The time period takes the values of
6 months. Considering the traffic characteristics of the track
section, track condition of future two months should better
be predicted. Therefore, track measurement data in the last
four months is used to estimate the deterioration rate.
For measuring the performance of the proposed method,
four statistical indices are calculated. They are the mean, the
standard deviation, the mean absolute error, and the correlation coefficient between measurement values and predicted
values.
4.1. Right Alignment. Errors for every prediction are presented in the histogram, as shown in Figure 3. Four performance measuring statistical indices are calculated for the
prediction on each target date as well, as listed in Table 1.
From these 6 histograms, it is concluded that errors of
each prediction are normally distributed around 0 mm. The
normal distributions of errors indicate that the proposed
track measurement data mining method is able to capture
the track deterioration trend components and then to use the
captured deterioration trends, that is, the deterioration rates,
to make predictions.
The above conclusions drawn from the error distributions
are quantitatively verified by the calculated statistical indices.
The mean error for each prediction is very close to 0 mm;
the standard deviation for each prediction is far below 1 mm.
From these statistical facts, it is confident that for right
alignment, the proposed method can accurately predict its
values two months in advance.
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Figure 3: Histograms of errors in the right alignment predictions.

Table 2: Error statistics for the twist predictions.
Mean
(mm)
Sep. 24 −0.0070
Oct. 10 0.0099
Oct. 30 −0.0033
Nov. 13 −0.0020
Dec. 12 0.0016
Dec. 25 0.0006
Date

Standard deviation
(mm)
0.6156
0.5360
0.4442
0.5549
0.7457
0.5979

Mean absolute error
(mm)
0.3783
0.3174
0.2606
0.3592
0.4952
0.3998

4.2. Twist. Following Section 4.1, errors in the twist predictions are graphically shown in the histogram, as illustrated in
Figure 4. The statistical indices of errors are worked out for
each prediction, as listed in Table 2.

Histograms in Figure 4 show that errors in the twist predictions are normally distributed around 0 mm. These facts
indicate that deterioration trends in the twist are captured by
the proposed method. Statistical indices in Table 2 confirm
the conclusions drawn from Figure 4. The mean error for
each prediction is very close to 0 mm; the standard deviation
is far below 1 mm. From these statistics, it is straightforward to
infer that the proposed method can accurately predict values
of twist over sampling points two months in advance.

5. Conclusions and Future Research Areas
In this paper, a track measurement data mining method has
been proposed. The method can mine the track condition
deterioration trends which are essential to make predictions
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Figure 4: Histograms of errors in the twist predictions.

for track condition. Track condition measurement data of the
Kowloon-Beijing railroad track was used to analyze errors
in track condition predictions by the method. The analysis
results show that the proposed method can accurately predict
values of geometrical parameters over sampling points.
The analysis on the track deterioration characteristics
shows that if the length of the time period (see Section 3.2)
can be determined in accordance with actual track deterioration processes, errors in track condition predictions can
be reduced further. That means more reliable track condition predictions can be available. Therefore, this direction
towards improving the proposed method will be investigated.
What is more, the distributions of errors in track condition predictions show that if a normal random variable is
incorporated into the proposed method, it will be enhanced
again.
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Because a number of image feature data to store, complex calculation to execute during the face recognition, therefore the face
recognition process was realized only by PCs with high performance. In this paper, the OpenCV facial Haar-like features were
used to identify face region; the Principal Component Analysis (PCA) was employed in quick extraction of face features and the
Euclidean Distance was also adopted in face recognition; as thus, data amount and computational complexity would be reduced
effectively in face recognition, and the face recognition could be carried out on embedded platform. Finally, based on Tiny6410
embedded platform, a set of embedded face recognition systems was constructed. The test results showed that the system has stable
operation and high recognition rate can be used in portable and mobile identification and authentication.

1. Introduction

2. Principle of Face Recognition

Face recognition technology [1] emerged in 1980s, developed rapidly, and obtained staged achievements since 1990s.
Gradually, it has been applied in feature search system,
authentication system [2], and access control system [3]. Due
to a number of images feature data, complex calculation,
and the larger storage space and high processing capacity,
currently, most face recognitions are realized only by PCs
with high performance; so portability and mobility in this
process are restricted greatly. At present, the embedded
system [4] is widely used in the front-end of entrance
guard system and attendance system in order to collect face
images. Then, the information collected is transferred to
the back-end over the network, and the face recognition
is carried out by the back-end PCs. However, this working
mode heavily relies on recognition by the back-end and is
limited by the bandwidth and stability of data transmission
network. It still cannot reach the purpose of the move at
will.
Since portability and mobility in this process are
restricted greatly in the current face recognition system, it
is necessary to develop a set of face recognition systems in
which both image collection and recognition are realized on
the embedded system.

The process of face recognition is divided into two stages,
training and recognition stages, shown in Figure 1.
2.1. Face Training. To ensure convenient face image processing, the original YUV format image is transformed to
IplImage format image. Haar-like face detection algorithm
(Viola-Jones method) is used to identify face region [5]. In
order to enhance the contrast of image, reduce the influence
from external factors and improve the following recognition
rate; the face image identified is processed with the histogram
equalization.
In order to obtain main features of original image, Principal Component Analysis [6] (PCA) subspace of eigenfaces,
the PCA is used to extract subspace of eigenface from face
image processed. This method can effectively reduce redundant data, and data can be processed in a low-dimensional
feature space. Meanwhile, most information of the original
image is saved.
2.2. Face Recognition. Similarly, the test of face image is
processed through format transformation, Haar-like face
detection, and histogram equalization.
The face image processed is projected to the PCA
subspace of eigenfaces; thus, projection coefficients on the
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Figure 2: Original forms of Haar-like features. (1, 2—edge-feature,
3—linear-feature, 4—diagonal-feature).

Training
Recognition

Euclid
distance

Recognition
result

feature is made up by the sum of pixel values in corresponding
rectangle region, shown as
𝑁

YUV format converts
Test face image
to IplImage format

Face detection
by Haar-like
features

PCA
projection

Histogram
equalization

Figure 1: Principle of face recognition.

subspace can be obtained. The projection coefficients represent the position of test face image in the PCA subspace of
eigenfaces. Then, the analysis contrasts the coefficients with
the coefficients of PCA subspace of eigefaces; finally, the face
can be recognized by using Euclidean Distance [7].

3. Major Algorithms
3.1. Haar-Like Face Detection Algorithm
3.1.1. Haar-Like Features. Viola-Jones in 2001 published
a paper [8] which was a watershed in the real-time face
detection technology. The real-time face detection was realized through combining Adaboost algorithm and Cascade
algorithm. Papageorgiou and Viola put forward the original
Haar-like features when they applied wavelet transformation
to extract features from images. The feature library contained
features of three types and four kinds. The three types, tworectangle feature, three-rectangle feature, and four-rectangle
feature, are presented in Figure 2. Since this feature library
can only describe the structure with specific directions
(horizontal, vertical, and diagonal), the features extracted
are relatively rough. Subsequently, Lienhart and Maydt put
forward a series of extended Haar-like features [9] as listed
in Table 1 based on the basis mentioned above; the edgefeature is extended to 4 types, and linear-feature is extended
to 8 types adding 2 center-features. These extended Haar-like
features make face recognition more convenient and fast.
Haar feature stands for the differential value of gray level
sum between corresponding region of the black rectangle
and the white rectangle. And Haar feature reflects the degree
of image part-graying. Each feature is composed of 2∼3
rectangles, and they are applied in the detection of edgefeature, linear-feature, and center-feature. Value of each

feature𝑗 = ∑ 𝜔𝑖 ⋅ rectSum (𝑟𝑖 ) ,

(1)

1

where rectSum(𝑟𝑖 ) represents the gray-level integration of
image enclosed by rectangular 𝑟𝑖 ; 𝑁 stands for the number
of matrices which compose featur𝑒𝑗 ; 𝜔𝑖 represents the weight
of rectangular region; value +1 represents the weight of white
rectangular region; value −1 represents the weight of black
rectangular region.
3.1.2. Integral Image. Setting the four basic features as an
example, permutation, and combination at random in a
window with size 24∗24 will generate at least hundreds
of thousands of features. Calculating eigenvalues of these
features will make a large amount of calculation. Therefore,
obtaining gray value of the pixel and then making evaluation
obviously cannot meet real-time needs. The integral-image
method can make fast to process image on calculating the
eigenvalues of current subimage.
Integral image is a method of fast calculation of
rectSum(𝑟𝑖 ) with the idea of replacing time with space. The
sum of pixel values in rectangle region formed from starting
point of image to the rest is saved as an array. We can
directly use the array to do calculation when we need to
calculate rectSum(𝑟𝑖 ) of certain region. This method avoids
recalculation of pixels of this region; so calculation speed
improves.
3.1.3. Adaboost Algorithm. Adaboost algorithm is a kind of
classifier algorithms. Its basic idea is constructing an accurate
classifier with strong ability of classification by means of
combining a large number of simple classifier according to
some rules.
(1) Training of Simple Classifiers. The form of simple
classifier generated by the 𝑗th feature is shown as
1,
ℎ𝑗 (𝑥) = {
0,

𝑝𝑗 ⋅ 𝑓𝑗 (𝑥) < 𝑝𝑗 ⋅ 𝜃𝑗
otherwise,

(2)

where ℎ𝑗 is the value of simple classifier; 𝑥 is a testing subwindow; 𝜃𝑗 is the threshold; 𝑝 𝑗 is the attribution of sample
and it indicates the direction of the sign of inequality; value
+1 represents positive samples and −1 negative samples; and
𝑓𝑗 (𝑥) is eigenvalue.
Training samples include positive samples and negative
samples. The object samples (human face images) to be
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Table 1: Three kinds of Haar-like features.

Edge-feature

Linear-feature

Center-feature

{
{1,
𝐶 (𝑥) = {
{
{0,

𝑇
1𝑇
∑𝑎𝑡 ⋅ ℎ𝑡 (𝑥) ≥ ∑𝑎𝑡
2 𝑡=1
𝑡=1
otherwise,

(3)

where 𝑇 represents the number of optimal weak classifiers
included in the strong classifier and 𝑎𝑡 = log(1 − 𝜀𝑡 )/𝜀𝑡 , 𝜀𝑡
represents error ratio of the 𝑡th optimal weak classifiers.
From formula (3), all weak classifiers have their judgments for testing image. This process is similar to “voting.”
Then through getting the weighted sum of “voting” in terms
of error rates of weak classifiers, the final result can be made
by comparing the result of weighted sum of “voting” with the
result of average “voting.” The result of average “voting” is,
namely, probability average value under the condition where
the supporting probability is equal to objecting probability.
3.1.4. Cascade Classifier. Since the detection process of the
strong classifier composed of several weak classifiers costs lots
of time, Paul Viola and Michael JoneS put forward the cascade

Detected-to-be
image
Extraction of all subwindows

1

T

2
F

T

F

3

T

F

Multiclassifier
fusion

F

detected represent positive samples, and any other images
represent negative images. All sample images are normalized
to the same size with 20∗20.
From formula (2), a weak classifier is decided by both
corresponding threshold 𝜃𝑗 and feature𝑓𝑗 . Each feature 𝑓𝑗 will
be trained to obtain a specified classifier, and the analysis will
find the optimal threshold 𝜃𝑗 and minimize the classification
error of using this weak classifier to classify all samples under
current weight distribution.
For each feature, the corresponding weak classifier is
trained. Finally, the weak classifier with lowest classification
error ratio for all training samples is selected, called optimal
weak classifier.
(2) Training of Strong Classifiers. Adaboost classifier
includes many optimal weak classifiers which are connected
together by some rules and weights. After 𝑇 times training, 𝑇
optimal weak classifiers are generated.
A strong classifier has been constructed by 𝑇 optimal
weak classifiers in terms of the following:

4

T ··· T

N

Face

··· F

Nonface

Figure 3: Structure of cascade classifier.

face classifier based on Adaboost algorithm. This classifier
can detect face quickly and recognize face effectively.
In fact, the multilayer structure proposed by Paul Viola
and Michael JoneS is a degenerated decision tree. If the
current subwindow is a human face when the images go
through all simple classifiers in a certain order, the current
image will go to the next detection, otherwise, the current
sub-window is ceased and the next sub-window will work,
as shown in Figure 3.
3.2. “Eigenface” Recognition Algorithm. Based on principal
component method, “Eigenface” recognition algorithm [10]
has been widely applied to face detection and face recognition.
“Eigenface” is the assembly of these eigenvectors corresponding to the large eigenvalues in face covariance matrix.
It treats face image as a vector and gets eigenvectors by
Karhunen-Loeve transform [11]. The eigenvectors which are
similar to the face are called eigenface. The linear combinations of these eigenvectors are used to describe, represent, and
recognize the face image.
The preprocessed face image is projected to the subspace
composed of “Eigenface”. Then projection coefficients on the
subspace can be obtained. The projection coefficients that
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represent the position of test face image in the PCA subspace
of eigenfaces compare with coefficients of the subspace of
eigenfaces and finally recognize by using Euclidean Distance.
The method of computing credibility is the key to recognition. Now the best method of computing confidence is base
on Euclid Distance, as shown in the following:
√𝐷/ (trainFacesNum ⋅ eigenVectorsNum)

, (4)
255.0
where 𝐶 represents credibility; 𝐷 is the Euclidean Distance
between the projection of a test image and the projection
of the trained images; trainFaceNum is the number of faces
in training; and eigenVectorsNum is the number of face
eigenvectors.
𝐶 = 1.0 −

Figure 4: Face training.

4. System Construction
4.1. General Architecture. Based on Tiny6410 embedded
platform, a set of embedded face recognition system is
constructed. The man-machine interface of the system is
programmed with Qt graphic library; the part of video
gathering is implemented by video interface of v4l2 [12] in
Linux; and OpenCV library is applied in the video processing
part.
Two steps in the system work as follows:
(1) detection stage: system searching for the face region
(displayed by rectangle) in the whole image;
(2) recognition stage: contrasting the face image obtained
above to the face image trained in the database, and
then judging the person who it is.
If the system recognition is successful, the recognition
result will be displayed in white text and the system will pop
a dialog box which shows logon. If failed, system will pop a
warning dialog.
4.2. Working Process
4.2.1. System Training. As shown in Figure 4, test ID is
inputted firstly, a frame of image from USB camera is gotten
by system, and then the image is grayed and processed with
histogram equalization in order to enhance the degree of contrast of image. Next, the preprocessed image is determined
whether it will be added to the training set. PCA algorithm
is applied to deal with all images in the training set when the
number of images in training set reach the presented number.
Finally, the XML database is generated.
4.2.2. System Recognition. In the recognition stage, system
reads the database file of trained images and applies PCA
algorithm to compare test image with the database data. If
credibility goes beyond the threshold value, the corresponding user name is displayed on the screen and a message will
be popped; otherwise, a warning dialog will be popped.
System can capture several images from camera and
compute average credibility of these images in order to
improve the accuracy and the reliability.
Figures 5 and 6 are recognition result of pretraining and
recognition result of posttraining, respectively.

Figure 5: Recognition result of pretraining.

5. System Test
The system carries out 9 times tests.
In the No. 1∼No. 4 tests, only the face data of person A is
added to the face database. At this time, person B and person
C are “strangers.” Only Person A can login the system.
In the No. 5∼No. 9 tests, the face data of person B is added
to the face database. At this time, only person C is a “stranger,”
but both person A and person B can login the system.
The results of test are shown as Table 2.
In the 1st test, the time consuming for login person
A is 14 s. At this time, system temporarily saves the login
information of person A. In the 2nd test, person A can login
immediately. In the 3rd and 4th test, since person B and
person C did not login before, and person B and person C are
not trained, thus B and C cannot login. At this time, system
still saves the login information of person A. So person A
can login immediately. In the 5th and 6th tests, person B is
trained. At this time, person B can login immediately, and
system temporarily saves the login information of person B.
In the 7th test, because person C did not be trained, person
C cannot login. In the 8th test, system still saves the login
information of person B when person A login again. So
system needs to rescan all sub-windows (time consuming is
12 s), and temporarily saves the login information of person
A. In the 9th test, system still saves the login information
of person A when person B login again. So system needs
to rescan all sub-windows (time consuming is 11 s), and
temporarily saves the login information of person B.
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Table 2: Test results of embedded face recognition system.
No. of test
1
2
3
4
5
6
7
8
9

No. of person
A
A
B
C
A
B
C
A
B

Time for login (s)
14
—
∞
∞
—
—
∞
12
11

No. of frames for recognition
2
10
10
10
10
10
10
2
2

Average credibility
0.856
0.866
0.675
0.778
0.878
0.906
0.824
0.883
0.913

No. of error recognition
0
0
0
0
0
0
0
0
0

(1) Time consuming for login: referring to the time consumed from test user sitting in front of camera to test user login successfully.
(2) Number of frames recognized: referring to the number of frames used to calculate the average credibility.
(3) —: referring to the immediate login.
(4) ∞: referring to the failure of login.
(5) The threshold value of credibility is set as 0.85.
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Figure 6: Recognition result of posttraining.

6. Conclusion
This paper introduces the specific face recognition technology which is based on embedded platform and puts forward
a solution, which stresses on face detection algorithm, face
recognition algorithm, and application development. This
technology makes full use of the advantage of PCA algorithm
on feature extraction and the advantages (such as fast detection speed and high detection rate) of AdaBoost algorithm
based on Haar. A set of embedded face recognition system
based on Tiny6410 embedded platform is realized. After face
recognition testing, the results showed that this system runs
stably and has high recognition rate. Thus, it can be widely
used in the Things of Internet that needs to verify user
identification through portable and mobile methods [13] and
in Intelligent Transportation System [9, 10] that needs face
recognition technology. In the future research, the Cortex A8
embedded platform that has better ability of floating-point
operation will be applied in the system in order to further
improve the overall performance of the system.
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The expressways in Beijing are confronted with more serious traffic congestions. Based on the survey data obtained from the typical
sections at the expressways, the time dependent characteristics of traffic flow parameters were analyzed in detail and the data gap
was found in this paper. The Fast Fourier Transform (FFT) method is proposed to transfer the data of traffic flow parameters
for describing the fluctuation characteristics of traffic flow. Two methods of identification, the graph method and the control line
method, were proposed as to the change time of traffic bottleneck forming and dissipating. The findings in this paper have already
been applied in traffic management and ramp control at the expressways in Beijing.

1. Introduction
Nowadays, traffic congestions at the expressways have
become more serious in Beijing, and the situation is deteriorating. One of the key reasons for traffic congestions is the
merging conflicts of the entering and exiting traffic streams
caused by the close distances from the upstream entrance
ramp (or exit ramp) to the downstream one and the numerous
entrance and exit ramps [1–3]. Traffic bottlenecks form easily
in the conflict zones along the expressways, and the queue
spilled over may result in congestion or even jam when traffic
demand increases. Therefore, it is necessary to research on the
traffic bottleneck for traffic management or ramp metering.
A prosperous literature can be observed on this topic.
Bertini and Cassidy presented some traffic features at freeway
bottlenecks. Observations from two-freeway bottlenecks in
and near Toronto, Canada, indicated that average vehicles
discharge rate from a queue could be 10% lower than the
flow measured prior to the queue’s formation. The present
findings came by virtually comparing transformed curves of
cumulative vehicle arrival number versus time and cumulative occupancy versus time measured at neighboring loop
detectors [4]. Muoz and Daganzo researched the bottleneck
mechanism of a freeway divaricating and found that an offramp queue may hamper freeway flow much more than
an on-ramp bottleneck does [5]. By analyzing bottleneck
formation on freeways, Das and Levinson identified “active

bottleneck” locations on freeways and sections where bottlenecks occurred because of disturbances caused by downstream bottlenecks propagating backwards in the form of
shockwaves [6]. Ogut and Banks worked on the stability of
traffic flow at freeway bottlenecks [7]. Hu and Schonfeld
developed a traffic simulation and optimization model to
analyze traffic flow in large networks with severe queuing and
to transfer traffic volume at bottlenecks [8].
Most of the work about traffic bottleneck mainly focused
on the freeways, but a few on urban expressways, especially on
those metropolises as in Beijing. Beijing Municipal Institute
of City Planning and Design simply compared the traffic
flow characteristics of freeways with those in some developed
countries. It should be noted that many transport policies
are under discussion in Beijing for congestion mitigation,
for example, implementing the traffic congestion pricing [9,
10] and prompting the public transport systems [11]. In this
paper, in order to analyze the traffic bottleneck formation,
the time dependent characteristics of traffic flow parameters
are analyzed in detail and the data gap is found on the
basis of the survey data of typical sections chosen at Beijing
expressways. The graph method and the control line method
are put forward in order to assess the critical time of traffic
state transition during bottleneck formation and dissipation.
The former determines the critical time by adjusting curves
of cumulative arrival vehicle number versus time and cumulative occupancy versus time. The latter designs an index,
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Figure 1: Map of the survey sites.
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2.1. Time Dependent Characteristics. The field data (traffic
volume, speed, and time occupancy) of a merge area and its
upstream and downstream were obtained through the video
survey between Sitong Bridge and Lianxiang Bridge in North
Ring III at Beijing expressways from 7:00 a.m. to 10:00 a.m.
(including morning peak hour) and from 16:00 p.m. to
19:00 p.m. (including evening peak hour) between June and
July, 2010. To simplify, the site from Lianxiang Bridge to
Sitong Bridge is noted as Site 1, and the opposite direction as
Site 2 (See Figure 1).
In data processing, 20 seconds was defined as a statistic
time interval, and data were obtained including speed, traffic
volume, and time occupancy. The time intervals 20 s, 30 s,
1 min, and 5 min are often used in traffic flow analysis. In
order to describe the microcosmic fluctuation characteristics
of traffic flow, we use the least time interval which can
be provided by advanced transportation information system
(ATIS). Here, speed is the harmonic average value of spot
speed. Traffic volume is the vehicle number per hour per lane
(veh/h/lane). Time occupancy is the ratio of time occupied
by vehicles and statistical interval. The data are to analyze
traffic flow characteristics and describe the process of traffic
bottleneck forming and dissipating.
Figures 2–7 show the change of traffic flow parameters on
the median lane at the survey section of Site 1 and Site 2 during
the bottleneck dissipating. Figures 2 and 5 indicate traffic
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Figure 3: Speed on median lane at Site 1.
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2. Traffic Flow Characteristics Analysis
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Figure 2: Volume on median lane at Site 1.

relative time occupancy which can better describe the traffic
state, to calibrate the top and bottom boundary of the data
gap according to the quality management principle.
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Figure 4: Occupancy on median lane at Site 1.

volume without obvious change from bottleneck forming
to bottleneck dissipating. Figures 3 and 4 show that the
speed (near 20 km/h) is lower and the time occupancy (near
60%) is higher when the traffic flow keeps in congestion
state. The speed (near 75 km/h) goes up quickly, and on
the contrary, the time occupancy (below 60%) goes down
quickly when the bottleneck dissipates. In Figures 6 and 7,
the speed (near 75 km/h) is higher and the time occupancy
(below 20%) is lower when the traffic flow keeps in the normal
state. The speed (near 20 km/h) goes down quickly and the
time occupancy (upper 60%) goes up quickly when traffic
bottleneck forms, that is, the traffic flow changes from normal
to congestion. When it is changed from congestion to normal,
the speed goes up and the time occupancy goes down quickly,
respectively. Data from the two sites indicates that the curves
of speed and time occupancy can reflect the state transition
from congestion to noncongestion (or the reverse), but the
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Figure 5: Volume on median lane at Site 2.
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Figure 7: Occupancy on median lane at Site 2.
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Figure 6: Speed on median lane at Site 2.

Figure 8: Volume-speed plot at Site 1.

curve of traffic volume does not. The change rule of traffic
flow parameters is similar for the middle lane and shoulder
lane.
Figures 8, 9, and 10 are, respectively, the volume versus
speed scatter plot, the occupancy versus volume scatter plot,
and the occupancy versus speed scatter plot on all the lanes
of the merge area downstream at Site 1.
In Figures 8–10, it is found that data pots cluster into
two regions, one represents congestion data, while the other
represents noncongestion data, and there is a space with
sparse data, without any data in between. The space is defined
as data gap [12–18]. The data gap also reflects the transition
from one traffic state to another.

Transform (FFT) method is used to transfer the data of traffic
flow parameters (data source from Figures 2–4) from time
domain to frequency domain. Then, the simple harmonic
oscillation with the largest amplitudes is folded to fit the field
data at the object of the minimized relative error. Consider

2.2. Fluctuation Characteristics. From the time dependent
characteristics figures (see Figures 2–7) of traffic flow parameters, it is found that these parameters fluctuate with time
when the traffic state is in congestion (see Figures 11,
12, and 13). Some fluctuation characteristics of speeds at
freeways had been studied [19–21]. The data obtained at
Beijing expressways by us reveal the same characteristics. The
fluctuation is regarded as the waves consisting of a series of
overlapped simple harmonic oscillation. We can use some
periodic functions like sine, cosine, or both of them to fit
the field data. In order to simplify the calculation, the sine
functions are adopted to fit the fluctuation characteristics
of the traffic flow parameters (see (1)). The Fast Fourier

𝑛

𝑓 (𝑡) = 𝑎 + ∑𝐴 𝑖 sin (𝜔𝑖 𝑡 + 𝜑𝑖 ) ,

(1)

𝑖=1

where 𝑎 is the fluctuation mean value of the traffic flow
parameters, 𝐴 𝑖 is the amplitude, 𝜔𝑖 is the angular velocity, 𝜑𝑖
is the prime phase angle, 𝑡 is the interval number, and 𝑛 is the
number of sine functions.
Table 1 shows the fitting function values (the amplitudes,
angular velocities, and phase angles) of traffic flow parameters
obtained from the middle lane of the merge area upstream at
Site 2 in congestion state.
From Table 1, with the same angular velocity, satisfactory
functions are obtained to describe the fluctuations of traffic
volume, speed, and time occupancy. The research results
show that there are similar fluctuation rules on the median
lane and shoulder lane. Except for the merge area, the same
fluctuation facts are found at the other locations. Therefore,
the conclusion drawn is that the congested traffic flow parameters (traffic volume, speed, and time occupancy) fluctuate
periodically with time, and the periodical fluctuations of
these parameters are intrinsic property of urban expressway
system.
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Figure 9: Occupancy-volume plot at Site 1.

Figure 11: Volume fluctuation characteristic on middle lane at Site
2.
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Figure 10: Occupancy-speed plot at Site 1.
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3. Critical Time Identification
The critical time dividing traffic states is of importance to
describe the bottleneck characteristic and is of great value for
the traffic control system of urban expressways. Two methods
are proposed to define it: the graph method and the control
line method.
3.1. Graph Method. According to the traffic flow theory,
traffic volume changes with time in accordance with time
occupancy when traffic flow is in noncongestion [19, 22].
The accumulative vehicle number curve and the accumulative
time occupancy curve can be properly adjusted to make
them overlap in the same coordinate plane. But, the time
occupancy ascends quickly and the traffic volume descends
when traffic flow changes from noncongestion to congestion. Therefore, the slope of accumulative time occupancy
curve increases, and that of accumulative vehicle number
curve decreases. So, there must be a point where the two
adjusted curves start to furcate and the trajectories go in
different directions. Then, the time corresponding to the
furcated point is the critical time in traffic state transition.
During traffic flow resuming normal state, the two adjusted
curves gradually come close before they merge. The time
corresponding to the joining point is the critical time when
traffic state changes from congestion to normal.

Figure 12: Speed fluctuation characteristic on middle lane at Site 2.
Table 1: The coefficient value of fitting functions on traffic flow
parameters in congestion.

Volume
𝐴𝑖
𝜔𝑖
𝜑𝑖
𝑎
Speed
𝐴𝑖
𝜔𝑖
𝜑𝑖
𝑎
Occupancy
𝐴𝑖
𝜔𝑖
𝜑𝑖
𝑎

1

2

0.66
0.08
2.96

0.57
0.13
3.67

0.35
0.60
0.21
0.25
−0.23
3.56
MRE

0.47
0.42
0.46
0.50
2.56
1.21
10.38%

0.53
0.13
3.75
4.70

0.59
0.61
0.21
0.25
0.21
3.61
MRE

0.57
0.39
0.46
0.50
2.74
1.21
12.09%

0.08
0.03
0.08
0.13
−0.34
0.53
0.68

0.03
0.03
0.21
0.25
3.46
0.36
MRE

0.04
0.03
0.46
0.50
−0.21
4.54
7.52%

6.88
0.95
0.08
2.77

3

4

5

6

The method to affirm the critical time of traffic state is
to adjust the curves of cumulative vehicle arrival numbers
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Figure 15: Critical time of traffic state on middle lane at Site 2.

Figure 13: Occupancy fluctuation characteristic on middle lane at
Site 2.
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Figure 16: Normalization index on median lane at Site 1.

Figure 14: Critical time of traffic state change of median lane at Site
1.

and cumulative time occupancy. The adjusted accumulative
vehicle number is
𝑁1 (𝑡) = 𝑁0 (𝑡) − 𝑞𝑡 ,

(2)

where 𝑁1 (𝑡) is the adjusted accumulative vehicle number at
time 𝑡, 𝑁0 (𝑡) is the accumulative vehicle number at time 𝑡, 𝑞 is
a flow to be calibrated, and 𝑡 is the time starting from a point
on the time axis when traffic is in noncongestion. Equation
(2) is the change of 𝑁1 (𝑡) decided by the flow.
The adjusted accumulative time occupancy is
𝑇1 (𝑡) = 𝑇0 (𝑡) − 𝑏𝑡 ,

(3)

where 𝑇1 (𝑡) is the adjusted accumulative time occupancy at
time 𝑡, 𝑇0 (𝑡) is the accumulative time occupancy at time 𝑡,
and 𝑏 is a coefficient. In (3), the change of 𝑇1 (𝑡) is decided by
the coefficient 𝑏.
In order to make the two adjusted curves overlap in the
same coordinate plane when traffic is in noncongestion, the
adjusted curve of accumulative time occupancy is amplified
by 𝑘 times. Equation (3) is modified as
𝑇2 (𝑡) = 𝑘 [𝑇0 (𝑡) − 𝑏𝑡 ] .

(4)

Based on the analysis above, (2) and (4) are applied to
plot the two adjusted curves and decide the critical time
corresponding to the furcate point or the joining point.
The procedures of affirming the critical time of traffic state
are as follows:
(1) confirm the approximate time of traffic state transition according to the curve of occupancy versus time;
(2) select the original data about the approximate time;
(3) confirm the coefficients 𝑞, 𝑏, and 𝑘 on the basis of step
2;
(4) plot the adjusted curves of accumulative vehicle
number and accumulative time occupancy according
to (2) and (4);
(5) affirm the critical time of traffic state in terms of the
furcate and joining points.
Here, the basic principle to select 𝑞, 𝑏, and 𝑘 needs
to be specified. When traffic flow changes from normal
to congestion, the mean values of traffic volume and time
occupancy in the normal situation are defined as 𝑞, 𝑏, and 𝑘
are between 10 and 20 in general. When traffic flow changes
from congestion to normal, 𝑞 and 𝑘 are identical to the above
results, but 𝑏 equals 0.3 [23–25].
The graph method is applied to affirm the critical time
by the survey data (7:30∼8:00) on the median lane of
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the merge area downstream at Site 1. Here, 𝑞 equals 1455
(veh/h), 𝑏 equals 0.15, and 𝑘 equals 15. The adjusted curves
of accumulative time occupancy and accumulative vehicle
number are shown in Figure 14. The furcate time of two
curves is about 7:51:20, which becomes the turning point,
where traffic flow changes from normal to congestion, that
is, traffic bottleneck is forming. The same work is done to
affirm the critical time by the survey data (17:40∼18:20) on
the middle lane of the merge area upstream at Site 2. Here, 𝑞
equals 1530 (veh/h), 𝑏 equals 0.3, and 𝑘 equals 15. The adjusted
curves of accumulative time occupancy and accumulative
vehicle number are shown in Figure 15. The joining time of
the curves is at 18:03:00. From this point, traffic flow changes
from congestion to normal, that is, traffic bottleneck has
dissipated. The analysis result accords with video observation.
3.2. Control Line Method. According to the present research,
it is inaccurate to use a single traffic flow parameter to
determine the state transition at expressways. A compound
index, average occupancy time (AOT) is designed to affirm
the critical time of traffic state. The expression of index AOT is
AOT =

∑ 𝑡𝑖
.
𝑞

(5)

Here, 𝑡𝑖 is the time of number 𝑖 vehicle passing through the
detectors, and 𝑞 is traffic volume.

It is well known that the detector offers time occupancy
parameter rather than the parameter ∑ 𝑡𝑖 [26]. But time
occupancy is equal to ∑ 𝑡𝑖 divided by 𝑇; that is, 𝑜 = ∑ 𝑡𝑖 /𝑇.
Therefore, the index AOT becomes AOT which equals to time
occupancy divided by traffic volume; that is, AOT = 𝑜/𝑞.
Figures 16 and 17 show the curves of speed versus time,
volume versus time, occupancy versus time, and AOT versus
time after normalization processing at different site respectively. The index AOT is more stable than the single index
(such as time occupancy, and speed) in normal situation, and
it has an obvious change when traffic state changes from one
to another. So the index AOT adapts to describe the transition
of traffic state.
According to the quality management principle, traffic
is regarded as a production process following normal distribution. When traffic state is normal, it can be regarded as
a normal state, otherwise an abnormal state. By calculating
AOT, a quality management diagram can be drawn (AOT − 𝑡)
to determine the transition of traffic state. If the AOT data
falls in the range of (𝜇 ± 3𝜎), it indicates that traffic state is
of noncongestion. If three consecutive data are more than
the upper boundary (𝜇 + 3𝜎), traffic state will change to
congestion at the time. On the contrary, when traffic state
is firstly in congestion, if three consecutive data points were
lowered to the upper boundary (𝜇 + 3𝜎), then this indicates
that traffic state returns to noncongestion.
The detailed procedure to affirm the transition of traffic
state is listed as follows.
(1) Select data in normal situation to confirm mean
value 𝜇 and square error 𝜎 of AOT, and the data
sample number exceeds 45 if adopting 20 s as time
interval because the observed period is not less than
15 minutes in general.
(2) Calculate the boundary value (𝜇 ± 3𝜎) of AOT
according to step 1. Here, the lower boundary (𝜇 − 3𝜎)
of AOT is not to be considered because all traffic states
below the boundary (𝜇 + 3𝜎) are regarded as normal
state.
(3) Determine traffic state by analyzing the index value
of AOT continuously. If three consecutive data points
exceed the upper boundary (𝜇 + 3𝜎), traffic state
will change from normal to congestion at the time.
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If three consecutive data points are lower to the
upper boundary (𝜇 + 3𝜎), traffic flow returns to
noncongestion.
Taking, for example, the field data on the median lane of
the merge area downstream at Site 1 and on the shoulder lane
of the merge area upstream at Site 2, then the control line
method is validated (see Figures 18 and 19).
In Figure 18, 50 points in normal situation are chosen to
get 𝜇 and 𝜎. If 𝜇 is 0.0276 and 𝜎 is 0.0036, then 𝜇 + 3𝜎 is
0.0384. The selected time period is 7:47∼7:58. The transition
time from normal to congestion is 7:51 by applying the control
line method. In Figure 19, 50 points in normal situation are
selected to get 𝜇 and 𝜎. If 𝜇 is 0.0256 and 𝜎 is 0.0080, then 𝜇 +
3𝜎 is equal to 0.0496. The selected time period is 17:59∼18:12.
The time of traffic flow changing from congestion to normal
is 18:03 by applying the control line method. The outcome
accords with the video observation and the graph method.

4. Conclusions
Based on the survey data of the section chosen from Beijing
expressways, the time dependent characteristics of the traffic
flow parameters are analyzed and the data gap is found. Two
methods are proposed: the graph method and the control
line method in order to affirm the critical time of traffic
state when traffic flow changes from congestion to normal
situation (or vice versa). The research outcome shows that
the two methods are feasible in accordance with the result
of video observation. The findings of the paper have been
applied in the control plan of Beijing expressways. Future
research will focus on using the field data from different cities
to calibration and validation of the proposed models.
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The motion characteristics of the leading vehicle and the following vehicles of the traffic flow at the typical urban intersections are
qualitatively analyzed through the kinematical equation and the traffic wave theory. Then, the motion characteristic of the whole
traffic flow during the dispersion process is also studied. Based on the spatiotemporal model of kinematics in the departure process
and traffic wave model in the dispersion process proposed, the change of the leading vehicle of the departure process and the time
of the following vehicles reaching to the stable speed as well as the relationship between the green time and the departure vehicle
number at the intersection are acquired. Furthermore, according to the qualitative analysis and the quantitative calculation of the
departure traffic flow at the signalized intersection, the dispersion characteristic of traffic flow at the signalized intersection was
studied and analyzed, which provides reliable theoretical basis for traffic signal setting at the intersection.

1. Introduction
Study on the departure characteristic of traffic flow at the
intersection is not only one of the important contents in
research on the traffic theories at urban road but also directly
affects the setting of signal timing program at the intersection
and the optimization of traffic flow organization program.
Moreover, it is closely related with the study on the traffic
capacity of the intersection. Therefore, profound analysis
on the traffic flow characteristics of starting traffic flow,
dispersion traffic flow, and stably departure traffic flow in
the departure process of traffic flow at the intersection are
helpful to improve the level of service at intersection and
relieve the traffic jam at the intersection. Based on this, many
experts and scholars have conducted extensive researches on
the departure characteristics of traffic flow at the intersection
and achieved fruitful research results. For instance, for the
micro characteristics of departure vehicles at the intersection,
Gazis et al. [1, 2] first proposed stimulus-response model that
sensitivity is inversely proportional to time headway on the
basis of car-following theory analysis then conducted further researches and deduced the car-following GHR model
based on nonlinear algorithm. Through analyzing the micro

behavior of traffic flow moving, Yang et al. [3–7] put forward
the concept of random degree of free flow to measure the
interactive strength of vehicles in the traffic flow and obtained
the traffic dispersion model suitable for the urban roads.
From the aspects of drivers’ psychological field features and
visual attention features, Jin and Tao [8, 9] analyzed the
influence of leading vehicles on the following vehicles in
the process of vehicle moving then studied and improved
the car-following model for the motion characteristics of
following vehicles, respectively. Stokes et al. [10, 11] studied
the departure characteristics of left-turn lanes at the intersection, obtained departure saturation flow of left-turn lanes
by calculating the saturation time headway, and discovered
that there are certain differences in various left-turn lanes.
For macro characteristics of departure vehicles at the intersection, May et al. [12, 13] first transformed the traditional
research methods, described the formation and dispersion
of shock wave at the signalized intersection and bottleneck
of pedestrian crosswalk by utilizing graphical method, and
then analyzed the signalized traffic flow characteristics and its
dispersion process. Bando et al. [14, 15] studied the overall features of traffic flow from the macro angle, then described the
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macro features of traffic flow like the unstable phenomenon
of traffic flow and blocking process, and obtained the meanfield equation for the relationship between the average speed
of the stable traffic flow and the vehicle density. Through
analyzing the kinematical characteristics of traffic starting
wave at the intersection, Wang et al. [16–18] defined the
significance of kinematics parameter of traffic flow in the
traffic wave and built the kinematical model of traffic starting
wave at the intersection. In addition, Guo et al. [19, 20]
analyzed the dispersion process of traffic flow with graphical
method, calibrated the moving speed, motion trajectory, and
dispersion time in the departure process of traffic flow on the
time-space rectangular coordinate system, and determined
the queue length and overall dispersion time of vehicles at the
intersection.
To a certain extent, the above research results improve the
development of the study on the dispersion characteristics
of traffic flow at the intersection. However, it needs further
discussion on two aspects. First, the time from the beginning
of departure of the traffic flow to stable moving should be
measured, as well as the speed of stable moving and the
traffic volumes from the departure to passing the stop lines
stably. The relationship between the queue length and the
platoon dispersion time was analyzed in the above researches,
as well as the total time passed through the intersection
and passing speed, although it has few discussions to the
different stages of departure traffic flow in the intersection,
which is difficult to offer accurate based data for signal timing
at the intersection and the capacity optimization. Second,
the relationships among the spreading speed of the whole
traffic wave which produced by the arrived vehicles and
the queued vehicles, green time, and the number of the
passing vehicles during the queued traffic flow departing are
analyzed. The results presented by the former researchers
were only concentrated on the departure process of queued
vehicles at the intersection. For the previous studies focus on
the release of queuing traffic flow at the intersection, there are
few studies on some situations, such as whether the follow-up
vehicles could pass through the intersection in the queuing
period, the traffic wave propagation situation after the followup flow overtakes the queuing flow, and the relationship
between the follow-up vehicles and the green time at the
intersection and so on. The departure and motion situations
of the traffic flow arrived subsequently are closely related to
the passing efficiency and signal timing at the intersection. As
a result, it needs further research on these aspects.
By summarizing the above research experience, aiming
at the traffic flow at the urban typical intersections, this
paper applies kinematical equation and traffic wave theory to
conduct qualitative analysis for the motion characteristic of
the leading vehicle, the motion characteristic of the following
vehicles, and the motion characteristic of the whole traffic
flow at the intersection during the dispersion process at
the signalized intersection. It further builds spatiotemporal
model of kinematics in the departure process at the intersection and traffic wave model in the dispersion process at
the intersection to determine the changing situations of the
leading vehicle at the departure process, the time for the following vehicles to reach the stable speed, and the relationship
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between the green time at the intersection and the departure
vehicle number at the intersection. In addition, in this paper
we analyzed the traffic flow departure situations combined
with the vehicle operation data at the signalized intersection.
Through qualitative analysis and quantitative calculation, we
analyzed the dispersion characteristic of traffic flow at the
signalized intersection and provided reliable theoretical basis
for the setting of traffic signals at the intersection.

2. Model Building
When the traffic lights in the intersection turn green, the
queued vehicles start to move. When the space headway
between the leading vehicle and the second one is significantly greater than the average space headway of the queued
vehicles, it indicates that the traffic flow is beginning to
disperse. As the leading vehicle of the queue can accelerate
continuously to the expected speed without the leading
vehicle ahead, it can easily extend its space headway to
the second vehicle. Moreover, the second vehicle will be
stimulated to speed up to widen the space headway to the
third vehicle. Accordingly, if the conditions are met, the
change of the motion state will transfer to the following
vehicles continuously so that the whole queued vehicles will
participate in the dispersion process. If the green light time
is long enough, the transfer process will last until all queued
vehicles reach their expected speed by the stimulation of the
leading vehicles ahead. Till then, the whole dispersion process
of the queued vehicles at the intersection has been finished.
Based on the practical dispersion conditions in the intersection, the paper divides the vehicle motion characteristics
during the whole dispersion process into three parts: the
motion characteristic of the leading vehicle at the intersection
during the departure process, the motion characteristic of
the following vehicles at the intersection during the departure process, and the motion characteristic of the whole
traffic flow at the intersection during the departure process.
Moreover, we build a qualitative description model and
make quantitative calculation analysis for these three parts,
respectively, so as to analyze the departure characteristics of
the traffic flow at urban road intersections accurately and
thoroughly.
2.1. Assumed Conditions. To simplify the research environment, the following assumptions are proposed.
(1) There is no bus lane at the intersection or bus stop at
the influence area.
(2) There is no new queue formed at the intersection.
(3) Take one single lane at the intersection as the research
object.
(4) Ignore the individual differences of vehicles and
disturbance of pedestrians and nonmotor vehicles.
(5) Take the traffic characteristics of straight-moving
traffic flow at the intersection with four-phase traffic
signal as the analysis object.
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Figure 1: The traffic flow diagram at the intersection.

2.2. Solution Parameters. Based on kinematical equation and
traffic wave theory, this paper analyzes the motion characteristics of various traffic flow stages at the departure process in the intersection and solves the following traffic parameters:
(1) the time from the beginning of departure of the
queued vehicles to stable moving,
(2) the departure vehicle number from the beginning of
departure of the queued vehicles to stable moving,

3
of various vehicles as 𝑥𝑖 , the time for various vehicles to
reach stop line as 𝑡𝑖1 , the time for various vehicles to pass
intersection as 𝑡𝑖2 , and the time for various vehicles to achieve
stable speed as 𝑡𝑖𝑓 . In addition, it assumes the real position of
other vehicles as 𝑥𝑖 , the corresponding time of a vehicle at the
real positions as 𝑡1 , the real speed of the vehicle moving as V1 ,
and the real distance of the Vehicle 𝑖 as 𝑙𝑖 . According to the
kinematical equation, the relations of moving distance-time
and speed-time of the leading vehicle at the intersection can
be expressed in
𝑙𝑖 =

𝑥1

(5) the spreading speed of the traffic wave after the confluence of the vehicles arrived subsequently and the
queued vehicles,
(6) the relationship between green light time at the intersection and the number of the departure vehicles at
different situations.
2.3. Descriptive Analysis on the Motion Characteristic of the
Leading Vehicle. Different from other drivers who receive
stimulation from the vehicles ahead, the drivers of the leading
vehicles in the departure process receive stimulation mainly
from the signal lights at the intersection. Therefore, this
paper conducts independent study for them, builds a relationship model of moving speed-time-distance, determines
the features of accelerating time, accelerating distance and
the corresponding spatial positions at different time of the
leading vehicle, and provides theoretical basis for the conflict
analysis and the setting of red light time at the intersection.
(1) Qualitative Description. This paper takes the typical intersection as the example for analysis, defines the intersection
length is 𝐿 1 , the queued vehicle length at the intersection
is 𝐿 2 , and the vehicle distance of the queued vehicles is 𝑙𝑑 ,
ignores the individual performance and size difference of
vehicles, and takes the vehicle length as 𝑙𝑐 . For details, please
refer to Figure 1.
As the starting of the leading vehicle at the intersection
is mainly influenced by the intersection signals, this paper
considers the acceleration of the leading vehicle at the
intersection as 𝑎, the stable speed of other vehicles as V𝑓 ,
the starting time of other vehicles as 𝑡𝑖0 , the initial position

𝑡1

𝑡10

𝑡10

− 𝑥1 = ∫ ∫ 𝑎𝑑𝑡𝑑𝑡,
V1

(1)

𝑡1

= ∫ 𝑎𝑑𝑡.
𝑡10

As the leading vehicle has no obstructive factor ahead
after being released, it can speed up till the stable speed for
free travel. Hence, the accelerating time 𝑡1𝑓 of the leading
vehicle after being released and the distance covered during
the accelerating process can be obtained as

(3) the time headway when the queued vehicles accelerate
and stably move,
(4) the total time needed in dispersion the queued vehicles,

𝑡1

V1𝑓 = ∫

𝑡1𝑓

𝑡10

𝑠1 = ∫

𝑡1𝑓

𝑡10

∫

𝑡1𝑓

𝑡10

𝑎𝑑𝑡,

𝑎𝑑𝑡𝑑𝑡 +

(2)
V1𝑓 (𝑡1

− 𝑡1𝑓 ) .

If 𝑠1 < 𝐿 1 , it means that the leading vehicle reaches stable
speed before passing the intersection; if 𝑠1 > 𝐿 1 , it means
that the leading vehicle experiences the acceleration process
during the whole motion process in the intersection; and if
𝑠1 = 𝐿 1 , it means that the speed of leading vehicle passing the
intersection is exactly the stable speed of V𝑓 , and the time for
the leading vehicle to pass the intersection is the time needed
for it to accelerate to the stable speed.
(2) Quantitative Analysis. This paper then selects a typical
intersection in Changchun and collects 16 groups of the
moving data of the leading vehicles at the intersection by
video, the collected data mainly includes the green light time,
the starting time of the leading vehicle, and the time when
the leading vehicle passes the mark points in the intersection.
Then using these data, the parameters like responsive starting
time, the speed variety, and the moving time of the leading
vehicle in the intersection can be analyzed. Hereby the
intersection length is 40 m. For details, please refer to Table 1.
Through analyzing the data in Table 1, we can get Figures
2, 3, and 4, from which we can find that the response time of
various leading vehicles in the traffic flow at the intersection
is quite different, lacking certain regularity. This is mainly
caused by the different performances of vehicles and drivers.
However, the moving speed and the moving time of the
leading vehicle in the intersection are relatively stable. This
is mainly because the leading vehicles are always at the
accelerating stage after being released, and they have no
interference from other vehicles. From the data statistics, it
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Table 1: Moving data of the leading vehicle at the intersection.

Group
Leading vehicle 1
Leading vehicle 2
Leading vehicle 3
Leading vehicle 4
Leading vehicle 5
Leading vehicle 6
Leading vehicle 7
Leading vehicle 8
Leading vehicle 9
Leading vehicle 10
Leading vehicle 11
Leading vehicle 12
Leading vehicle 13
Leading vehicle 14
Leading vehicle 15
Leading vehicle 16

Green time
21.40
21.40
21.40
21.40
19.72
19.72
19.72
19.72
24.44
24.44
24.44
24.44
26.00
26.00
26.00
26.00

Starting time of the leading vehicle
22.44
22.92
24.00
23.40
21.84
23.20
23.88
22.28
25.08
25.60
27.04
26.20
26.72
27.64
27.56
29.56

Mark point 1
26.24
26.72
28.20
28.04
26.60
27.20
28.64
27.32
29.60
30.00
33.20
31.00
30.16
32.56
33.24
33.40

Mark point 2
27.72
28.72
29.92
29.80
28.00
29.04
30.24
29.16
31.20
31.84
35.80
32.60
31.40
34.28
35.08
34.84

Mark point 3
28.92
30.20
31.32
31.32
29.28
30.32
31.64
30.76
32.48
33.20
37.48
34.12
32.56
35.64
36.52
36.24

Mark point 4
30.04
31.44
32.60
32.44
30.32
31.44
32.72
32.08
33.52
34.40
39.08
35.32
33.40
36.76
37.96
37.28

Note: the mark points 1, 2, and 3 are random marks and the mark point 4 is the position of passing the intersection.
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can be obtained that the average responsive starting time of
the leading vehicle is 2.07 s, the average moving speed in the
intersection is 4.6 m/s, and the average moving time of the
leading vehicle in the intersection is 8.84 s. In addition, the
leading vehicle in the intersection is always in the accelerating
state, and the average accelerating speed of the investigated
vehicles in the intersection is 0.52 m/s2 . Combined with the
position-time-speed of the leading vehicle in the video data
as well as (1)∼(2), it can be concluded that the Spatiotemporal
trajectory of the moving speed of the leading vehicle after
being released at the intersection is as shown in Figure 5.
2.4. Descriptive Analysis on the Motion Characteristics of
following Vehicles. Generally speaking, the motion characteristics of the following vehicles largely depend on the leading
vehicles. The secure time distance between the following
vehicles and the leading vehicles determines the followingvehicle driver’s sensibility degree for danger. The larger

3

5

7
9
11
The leading vehicle

13

15

Figure 3: Speed variety of the leading vehicle in the intersection.

15
Moving time (s)

Figure 2: Responsive starting time variety of the leading vehicle at
the intersection.

1

10

5

0
1

3

5

7

9

11

13

15

The leading vehicle

Figure 4: Moving time variety of the leading vehicle in the
intersection.

the time distance between the vehicles is, the lower the
drivers’ perceivable risk degree is, and the following vehicles

5

x (m)
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t (s)

 (m/s)

Figure 5: Spatiotemporal curve for the moving speed of the leading
vehicle at the intersection.

can maintain the speed or accelerate to certain extent. Contrarily, the smaller the time distance between vehicles is, the
higher the drivers’ perceivable risk degree is, and the following vehicles should maintain the speed or decelerate to certain
extent. Consequently, the speed variety (or acceleration)
of the following vehicles is closely related to the influence
degree of the leading vehicles on the following vehicles. Based
on this relation, we can offer acceleration decision model
of the following vehicles and establish car-following model
and descriptive model for the motion characteristic of the
following vehicles.
(1) Qualitative Description. In order to establish acceleration
decision model of the following vehicles, we firstly need to
confirm the functional relations between the acceleration of
the following vehicles and their drivers’ influence degree from
the leading vehicles. Meanwhile, the influence degree of the
leading vehicles on the following vehicles’ drivers is closely
related to the time distance between the following vehicles
and leading vehicles. Based on such analysis, the paper
primarily establishes the relations between influence degree
of the leading vehicles on the following vehicles and the time
distance between vehicles. Moreover, through confirming the
influence degree of the leading vehicles on following vehicles,
we provide the acceleration of the following vehicles whose
concrete transformation models are showed as
𝑓 (ℎ𝑡𝑖 ) = ℎ0 −

ℎ𝑡𝑖
− ℎmin ,
ℎ0

(3)

𝑛

𝑓 (ℎ𝑡𝑖 )
,
𝑛
𝑖=1

IF = 1 − ∑

𝑎𝑖 = 𝜔 ∗ 𝑓 (IF) .

(4)
(5)

In the equation, 𝑎𝑖 is the acceleration of Vehicle 𝑖; 𝑓(⋅) is
the transfer function of the influence degree of the leading
vehicles on the following ones and the acceleration; IF is the

influence degree of the leading vehicles on the following ones;
R is the degree of randomness for the traffic flow; n is the
number of the vehicles; 𝑓(ℎ𝑡 ) is the influence function of the
vehicles; ℎ𝑡 is the time distance of the vehicles; ℎmin is the least
necessary time distance for the vehicles.
When 𝑖 = 2, IF is the influence degree between the
following and leading vehicles; when ℎ ≥ ℎ0 , 𝑓(ℎ) = 0;
when ℎ ≤ ℎmin , 𝑓(ℎ) = 1; or when IF = 1, the influence
degree reaches the minimum; when IF = 0, it means that the
time distance reaches its minimum while the influence degree
reaches the maximum.
Then the established acceleration decision model for
the following vehicles can be used to describe the motion
characteristics of the following vehicles. First, it is supposed
that the response time of the queued drivers is 𝑡𝑟 , the green
light time is 𝑡0 , the real-time moving speed is V𝑖 before the
queued vehicles reach the stable speed, and the time required
for the following vehicles to reach the stable speed V𝑓 with
acceleration 𝑎𝑖 is 𝑡𝑓 . If the following vehicles have not reached
the stable speed before reaching the stop line the relation of
the time 𝑡𝑖1 and the speed V𝑖1 when the following vehicles
arrive at the intersection stop line can be expressed by (6),
while the relation of the distance 𝑙𝑖1 between the following
Vehicle 𝑖 and the stop line, and the time 𝑡𝑖1 when the vehicle
reaches the stop line can be expressed by (7), thus we can
get the length of time of the following car from start time to
reaching the stop line time by (8):
𝑙𝑖1 = (𝑖 − 1) (𝑙𝑐 + 𝑙𝑑 ) ,
V𝑖1 = ∫

𝑡𝑖1

𝑡0 +𝑖𝑡𝑟

𝑡𝑖1 − 𝑡𝑖0 = √

𝜔 ∗ 𝑓 (1 − ℎ0 − ℎ𝑡𝑖 +

(6)
ℎ𝑡(𝑖−1)
) 𝑑𝑡,
2

(7)

ℎ𝑡(𝑖−1)
2 (𝑖 − 1) (𝑙𝑑 + 𝑙𝑐 )
∗ 𝑓 (1 − ℎ0 − ℎ𝑡𝑖 +
).
𝜔
2
(8)

Meanwhile, the containable vehicles 𝑛 and the density 𝑘
of the traffic flow in the intersection can be worked out so
as to calculate the traffic wave spreading situations when the
traffic flow is departure. First, a relation between the moving
time and distance of the following vehicles needs to be built. If
the following Vehicle 𝑖 has not reached the stable speed when
moving out of the intersection, the expression can be shown
as follows
𝑥𝑖2 − 𝑥𝑖0 = ∫

𝑡𝑖2

𝑡0 +𝑖𝑡𝑟

∫

𝑡𝑖2

𝑡0 +𝑖𝑡𝑟

𝜔 ∗ 𝑓 (1 − ℎ0 − ℎ𝑡𝑖 +

ℎ𝑡(𝑖−1)
) 𝑑𝑡𝑑𝑡.
2
(9)

In the equation, 𝑥𝑖2 is the position when a vehicle passes the
intersection.
If the vehicle has reached the stable speed when passing
the intersection, the equation can be described as
𝑥𝑖2 − 𝑥𝑖0 = ∫

𝑡𝑓

𝑡0 +𝑖𝑡𝑟

∫

𝑡𝑓

𝑡0 +𝑖𝑡𝑟

𝜔 ∗ 𝑓 (1 − ℎ0 − ℎ𝑡𝑖 +

ℎ𝑡(𝑖−1)
) 𝑑𝑡𝑑𝑡
2

+ V𝑓 (𝑡𝑖2 − 𝑡𝑓 ) .
(10)
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Figure 7: Speed variety of the following vehicles.

Figure 6: The relation diagram of motion trajectory between the
following and the leading vehicles.

The secure space between any two vehicles during the
departure process can be worked out, on the basis of the exact
position and speed of all the vehicles in different time. If the
vehicle is accelerating, the calculating model of secure space
between the following and the leading vehicles can be shown
as (11), while the motion trajectory of the decelerating process
(to zero) of the two vehicles is shown in Figure 6:
𝑡𝑖𝑑 +𝑡𝑟

ℎ𝑠𝑖 = ∫

𝑡(𝑖−1)0

𝑡𝑖𝑑 +𝑡𝑟

∫

𝑡(𝑖−1)0

𝑡𝑖𝑑

𝑡𝑖𝑑

𝑡𝑖0

𝑡𝑖0

ℎ𝑡(𝑖−1)
𝜔 ∗ 𝑓 (1 − ℎ0 − ℎ𝑡𝑖 +
) 𝑑𝑡𝑑𝑡
2

(11)

In Figure 6, 𝑡𝑖𝑑 and 𝑡𝑖𝑑 + 𝑡𝑟 are the time and position when
the vehicles 𝑖 and 𝑖 − 1 start to decelerate.
If the neighboring vehicles are both moving at a stable
speed, the secure space of the two vehicles is the distance
covered by the following vehicle within the response time.
The expression is as follows
(12)

Then, the time headway between the neighboring vehicles
can be worked out; this paper analyzes the mentioned time
headway ℎ𝑡𝑖 , with 𝑙𝑐 being the standard length of small-sized
cars, summarizing (13) as follows:
ℎ𝑡𝑖 =

(𝑙𝑐 + ℎ𝑠𝑖 )
.
V𝑖1

(13)

Based on the above analysis, the paper can work out the
number of the containable vehicles in the intersection 𝑛 and
the traffic flow density 𝑘, as shown in
𝑛≤

(𝐿 1 − ∑𝑛𝑖=1 ℎ𝑠𝑖 )
,
𝑙𝑐

(14)

𝑛

ℎ𝑠𝑖
.
𝑙
𝑖=1 𝑐 𝐿 1

𝑘 = 𝐿1 − ∑

6
4
2
0
1

− ∫ ∫ 𝑎𝑑𝑡𝑑𝑡.

ℎ𝑠𝑖 = V𝑓 𝑡𝑟 .

Headways (s)

8

(15)

(2) Quantitative Analysis. Based on the video-collected sixteen groups of the straight-moving traffic flow data at a typical

2

3
4
5
Following vehicles

6

7

Figure 8: Headway variety of the following vehicles.

intersection as in shown in Section 2.3 quantitative analysis,
the paper has chosen eight groups and marked the time when
the vehicles reach the stop line and the relevant crossing
speed. Then the paper analyzes the motion characteristics
of the following vehicles at the intersection in the departure
process, and the detailed data is shown in Table 2.
According to Figures 7 and 8, the following vehicles speed
up gradually in the initial departure stage at the intersection,
and it is until the sixth vehicle that the speed is leveling off.
The time headway decreases gradually in the initial departure
stage, and it is until the fifth vehicle that the time headway is
leveling off. At this time, the stable average speed and time
headway of the following vehicles are 5.28 m/s and 1.99 s,
respectively. Based on the data above, the paper gives the
qualitative description of the following vehicles. According
to the earlier quantitative analysis, the average acceleration
of the vehicles is 𝑎 = 0.52 m/s2 , the average response time
of the drivers is 𝑡𝑟 = 1.5 s, the average length of the vehicle
is 4.8 meters, and the average space of the queued vehicles
is 2 meters. Hence, the paper concludes that the moving
speed of the sixth vehicle arriving at the intersection stop
line is 6.35 m/s, and the time headway when the traffic flow
is moving steadily is 2.08 s. Through the comparison, the
paper finds that the errors of calculated value and observed
average value in speed and time headway are 20% and 4.5%,
respectively. So the error values are acceptable, proving that
(3) and (8) have a good imitative effect to the moving speed
and the time headway of the following vehicles.
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Table 2: Time and speed of the vehicles in each group when passing the stop line.
Group

Data of the vehicles in each group (V: m/s)
4
5

1

2

3

6

7

8

𝑡
V

22.07
2.22

27.17
3.81

29.8
2.57

32.33
3.87

35.07
3.61

37.23
4.62

39.13
4.10

41.37
4.25

𝑡
V

21.33
1.75

25.73
2.82

28.8
3.50

31.3
4.25

34.17
4.36

36.17
4.80

37.8
5.52

40
6.00

𝑡
V

25.5
2.67

30.07
3.90

31.8
5.16

33.73
4.95

36.57
5.00

38.73
5.52

40.8
5.52

42.33
6.00

𝑡
V

29.67
4.53

31.77
4.66

35.53
4.21

37.07
4.53

38.67
4.53

41.53
5.11

43.13
5.11

45
6.58

𝑡
V

31
2.87

37.57
2.94

40.07
3.81

42.2
3.90

45.37
4.80

47.23
4.95

49.3
5.16

51.2
5.16

𝑡
V

38.57
2.40

42.63
2.93

45.3
4.10

47.2
2.29

50.17
3.90

53.47
5.16

54.8
4.00

57.33
4.95

𝑡
V

40.40
2.67

46.17
3.61

49.20
3.78

52.06
5.11

53.67
4.80

55.80
6.23

57.73
5.11

59.67
5.33

𝑡
V

41.17
2.06

45.10
3.69

47.13
4.62

50.63
5.11

52.67
5.16

54.20
4.80

56.33
4.95

58.07
5.00

1

2

3

4

5

6

7

8

20

Stop line

0

x (m)

2.5. Analysis of the Departure Characteristics of Traffic Flow at
the Intersection. When the traffic lights began to turn green,
queued vehicles formed during red light and early green light
period will be released at a relatively stable rate (saturation
flow rate). The vehicles will accelerate to a stable speed, while
the vehicles arrive after the vehicles ahead are dispersed will
cross the intersection at a stable speed. Subsequently, vehicles
will queue up again when the traffic lights are not green. The
specific Spatiotemporal diagram of the departure vehicles at
the intersection is shown in Figure 9.
According to the departure trajectory diagram of traffic
flow at the intersection, the departure traffic flow at the
intersection mainly includes starting and moving of the traffic
flow, which are in correspondence with the start wave and
kinematical wave in the traffic wave model. Hence, the traffic
wave can be used to study the departure characteristics of
the traffic flow at the intersection. Traditional wave model
is mainly built on the basis of traffic flow conservation on
a certain section within a fixed time. For example, given
two neighboring areas with different densities A and B (the
densities being 𝑘𝐴 and 𝑘𝐵 , resp.), and the density boundary
is 𝑆, the spreading speed of the boundary with the density
variety is 𝑢𝑆 , and the average moving speeds of the traffic
flow in two different areas are 𝑢𝐴 and 𝑢𝐵 . Figure 10 shows the
specific results.

Nonstop passing
Queued vehicles

−40

Queued vehicles

−80
Following vehicles
−120
0

20

40

60
t (s)

80

100

120

Figure 9: Departure trajectory of the traffic flow at the intersection.

According to Greenshield’s model, the basic model of
traffic flow, the speed of the traffic flow increases as the density
decreases. Based on the conservative traffic flow N, (16) can
be formed referring to Figure 10:
𝑁 = (𝑢𝐴 − 𝑢𝑆 ) 𝑘𝐴𝑡 = (𝑢𝐵 − 𝑢𝑆 ) 𝑘𝐵 𝑡.

(16)
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speed in the departure process of traffic flow but also the exact
position 𝑥𝑖𝑓 when they reach the stable speed V𝑓 , as shown in

kB

Figure 10: Fundamental diagram of the traffic wave.

𝑡𝑖𝑓 = 𝑡10 +

For there is the relation between traffic flow, traffic
density, and moving speed: = 𝑘𝑢, which put into (16) we have
𝑢𝑆 =

(𝑞𝐴 − 𝑞𝐵 )
.
(𝑘𝐴 − 𝑘𝐵 )

(17)

Combined with flow-density-speed relation of Greenshield’s model:
𝑢 = 𝑢𝑓 (1 −

𝑘
).
𝑘𝑗

V /𝑎

𝑢𝑆 =

(𝑘𝐴 − 𝑘𝐵 )

(20)

When just being released, the traffic flow at the intersection is at the saturation flow rate. If calculating the traffic
density of the area from 𝐿 3 in head of the intersection stop
line, the following results with (15) can be obtained:
𝑛

ℎ𝑠𝑖
.
𝑙
𝑖=1 𝑐 𝐿 3

𝑘𝐴 = 𝐿 3 − ∑

ℎ
𝐿
𝑢𝑆 = 𝑢𝑓 (1 − 3 − ∑ 𝑠𝑖 ) .
𝑘𝑗 𝑖=1 𝑙𝑐 𝐿 3 𝑘𝑗

According to the traffic wave speed, the exact time when
the traffic wave is approaching every vehicle in the traffic flow
at the intersection, namely the starting time of the vehicles,
can be calculated by using the following equation:
𝑡(𝑖+1)0

𝑛−1

ℎ
= 𝑡10 + ∑ 𝑠𝑖 .
𝑖=1 𝑢𝑠

(23)

Referring to (23) and kinematical equation, this paper can
work out not only the time 𝑡𝑖𝑓 when the vehicles reach a stable

𝑎𝑑𝑡𝑑𝑡.

ℎ𝑠𝑖

𝑟

(25)

V𝑓
𝑎

+ 1,

.

(26)
(27)

V𝑓 (𝑡𝑔 − 𝑡𝑘 )
ℎ𝑠𝑖

(28)

However, when the saturated departure of the queued
vehicles at the intersection is over, the vehicles arrived
subsequently from the upstream intersection are always
queuing up, the saturated departure vehicles are supposed
to encounter the follow-up traffic flow, resulting in that the
original traffic wave disappears and a new one is formed.
Given that the saturated departure rate at the intersection is
𝑞𝑚 , the saturated departure density is 𝑘𝑚 , the flow rate of the
vehicles arrived subsequently is 𝑞𝑎 , and the relative density is
𝑘𝑎 , the following relation based on (16) can be worked out:
𝑞𝑎
− 𝑢𝑠 ) = 𝑘𝑚 (𝑢𝑠 − 𝑢𝑠 ) .
𝑘𝑎

(29)

The newly formed traffic wave speed can be expressed by
𝑢𝑠 =

(22)

0

V /𝑎

𝑁𝑔 ≤ ∑𝑖 +

𝑘𝑎 (

𝑛

V𝑓 /𝑎

(24)

Referring to (26) and (27), the relation between 𝑡𝑔 the
green light time at the intersection and 𝑁𝑔 the saturated
departure number of the queued vehicles can be founded as
follows:

(21)

Meanwhile, when the traffic flow in area A is about to
start, the traffic density in area B is approaching 𝑘𝐵 ≈ 0. Then
the spreading speed of the traffic wave is as shown in

∫

∫0 𝑓 ∫0 𝑓 𝑎𝑑𝑡𝑑𝑡

𝑖=1

.

ℎ𝑠𝑖
,
𝑖=1 𝑢𝑠

𝑡𝑖𝑚 = 𝑡𝑖𝑓 +

Rearranging the equation one can get
𝑢𝑓 [𝑘𝐴 (1 − 𝑘𝐴 /𝑘𝑗 ) − 𝑘𝐵 (1 − 𝑘𝐵 /𝑘𝑗 )]

V𝑓 /𝑎

𝑛−1

+∑

Combining (24) and (25), if the rth vehicle is the first
vehicle to arrive at the intersection with a stable speed, the
time 𝑡𝑖𝑚 when the ith vehicle comes to the stop line will be as
follows:

(18)

𝑘𝐴
𝑘
) − 𝑢𝑆 ] 𝑘𝐴 = [𝑢𝑓 (1 − 𝐵 ) − 𝑢𝑆 ] 𝑘𝐵 . (19)
𝑘𝑗
𝑘𝑗

𝑎

0

𝑟=

In the equation, 𝑢𝑓 is free flow speed and 𝑘𝑗 is the jam
density. Putting (18) into (17), the wave speed expression can
be obtained as follows.
Through analysis we can obtain
[𝑢𝑓 (1 −

𝑥𝑖𝑓 = 𝑥𝑖 + ∫

V𝑓

(𝑞𝑚 − 𝑞𝑎 )
.
(𝑘𝑚 − 𝑘𝑎 )

(30)

Suppose that the meeting time and place is 𝑡𝑎 and 𝑥𝑎 , and
the moving directions of the new traffic wave and the previous
traffic flow are consistent, the time 𝑡 when the new traffic
wave comes to the stop line can be worked out through the
employment of kinematical equation:
𝑡 = 𝑡𝑎 +

(𝑥𝑎 − 𝑥10 )
.
𝑢𝑠

(31)

Given that the green light time at the intersection is
𝑡𝑔 , and the red light time is 𝑡𝑟 , the spatial distance of each
queued vehicle is 𝑙𝑠 , the maximum queue length is 𝑙max , and
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Table 3: Relevant departure data of traffic flow at the intersection through investigation.
The starting The starting The number
time of leading time of the
of queued
vehicle
last vehicle
vehicles
1
2
3
4
5

00.59.09
03.38.13
06.14.17
08.53.50
11.32.77

01.22.11
04.04.37
06.40.67
09.17.22
11.52.60

17
18
18
15
15

The number of
Length of Speed of traffic Stabilized time
Stabilized
Green light
departure
the queue
wave (m/s)
headway (s) space headway time (s) vehicles in green
light time (s)
110.5
115.2
111.6
98.3
94.5

4.78
4.39
4.21
3.96
4.76

2.02
1.76
1.96
1.8
1.93

15.23
17.6
14.92
16.17
15.44

42
42
42
42
42

19
22
20
22
18

Stop line
Nonstop passing

0
x (m)

Queued vehicles
Queued vehicles
Following vehicles

t (s)

tg

tr

tr

Figure 12: Departure data by video capture at the intersection.
tg0

ta

tmax
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us

tge
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Then the relation between the maximum departure length of the queued vehicles at the intersection and the critical
green light time at the intersection is expressed in

lmax

𝑟

𝑙max = 𝑙𝑠 [∑𝑖 + 𝑞𝑚 (𝑡𝑔𝑒 − 𝑡𝑔0 − 𝑡𝑘𝑚 )] .

(33)

𝑖=1

Figure 11: Diagram of traffic wave spreading at the intersection.

the corresponding time is 𝑡max , the traffic wave spreading
situation is shown as in Figure 11.
Through the analysis of Figure 11, (27), (30), and (31), the
following equation can be obtained:
𝑡𝑔𝑒 = 𝑡 ,
𝑡𝑔 = 𝑡𝑔𝑒 − 𝑡𝑔0 ,
𝑡𝑔𝑒 − 𝑡max =

𝑙max
,
𝑢𝑠

𝑟

𝑁max = ∑𝑖 + 𝑞𝑚 (𝑡𝑔𝑒 − 𝑡𝑔0 − 𝑡𝑘𝑚 ) ,
𝑖=1

𝑙max
= 𝑁𝑔 .
𝑙𝑠

(32)

To sum up, when 𝑡𝑔 > 𝑡 − 𝑡𝑔0 , the traffic flow can be
completely released within a cycle; when 𝑡𝑔 = 𝑡 − 𝑡𝑔0 , the
traffic flow is on the critical point where no new queue is
formed; and when 𝑡𝑔 < 𝑡 − 𝑡𝑔0 , a new queue will be formed
relating to the traffic flow at the intersection.
On the analysis of the straight-moving traffic flow departure characteristics of the southing entrance at a typical intersection in Changchun, the relevant traffic flow parameters
have been collected, such as the starting time of the head
and last vehicles in the queued vehicles at the intersection,
the number, the length, and the moving speed of the queued
vehicles, as shown in Figure 12 and Table 3, respectively, so as
to have a qualitative analysis of the departure characteristics
of the traffic flow at the intersections and test the effectiveness
of the model in quantitative description. Besides, qualitative
analysis mentioned above is employed to analyze and calculate the traffic wave spreading speed, the relation between
green light time, and the number of the departure vehicles,
as well as the space and time headway when the traffic flow is
dispersing steadily. During the calculation, suppose that the
stop line of the intersection is the starting point, the average
length of vehicles is 4.8 meters, the average acceleration of
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Table 4: Relevant departure data of traffic flow at the intersection through calculation.
The starting
The starting The number
time of leading time of the
of queued
vehicle
last vehicle
vehicles

1
2
3
4
5

00.59.09
03.38.13
06.14.17
08.53.50
11.32.77

01.22.11
04.04.37
06.40.67
09.17.22
11.52.60

Length of
the queue

17
18
18
15
15

The number of
Speed of Stabilized time
Stabilized
Green light
departure
traffic wave of traffic flow space headway
time
vehicles in green
light time

110.5
115.2
111.6
98.3
94.5

5.62
4.76
4.7
4.57
5.04

01.17.80
03.50.67
06.28.23
09.06.07
11.44.17

42
42
42
42
42

24
27
21
24
21

30

6

4

20
Vehicle

Speed (m/s)

18.07
19.36
15.24
17.36
14.34

2

10
0

0

2

4

6

Cycle

0
0

Calculated values
Observed values

2

4

6

Cycle

Figure 13: Comparison of the calculated and observed values of
traffic wave speed.

Calculated values
Observed values

Figure 14: Comparison of the calculated and observed values of the
passing vehicles in green time.

the vehicles through observation is 0.52 m/s2 , the average
distance of queued vehicles is 2 meters, and the intersection
distance ahead is 𝐿 3 = 62 m = 𝐿 1 , it can be found that
the average space headway of the queued vehicles at the
intersection ℎ𝑑 and the jam density 𝑘𝑗 are as follows:
ℎ𝑑 = 4.8 + 2 = 6.8 m,
𝑘𝑗 =

1
ℎ𝑑

=

1
≈ 0.147 veh/m.
6.8

(34)

Based on (6), (15), (16), (18), and (26), along with the
survey data, relevant data relating to the departure process
of traffic flow at the intersection is worked out as in Table 4.
Through the analysis of the data in Tables 3 and 4, it can
be found from the result of the video survey that, during the
five cycles, the average spreading speed at the intersection
is 4.42 m/s, the number of the average passing vehicles in
green light time is 20.2, and the average time headway and
space headway when the traffic flow is departure steadily are
1.89 s and 15.87 m, respectively. While through calculation,
the relative data are 4.94 m/s, 23.4, and 13.77 s, respectively.
Comparing Figures 13 with 14, it can be found that the
calculated value is higher than the observed value of the wave
spreading speed during traffic flow departure and the passing
vehicles during green light time. For example, the maximum
error and the average error of traffic wave spreading speed are

17.5% and 11.7%, respectively, while the relative numbers of
the passing vehicles in green light time are 26.3% and 15.9%,
respectively. The main cause for the deviation is that the
calculation is based on the conditions that all the vehicles are
small-sized cars, and they are moving with secure distance,
while the fact is that there are large and medium vehicles and
the drivers are extremely different in their driving behaviors.

3. Conclusions
In this paper, we applied kinematical equation and traffic
wave theory to conduct qualitative analysis for the motion
characteristic of the leading vehicle, the motion characteristic
of the following vehicles, and the motion characteristic of
the whole traffic flow at the intersection during the dispersion process at the signalized intersection. It further built
spatiotemporal model of kinematics in the departure process
at the intersection and traffic wave model in the dispersion
process at the intersection to determine the changing situations of the leading vehicle at the departure process, the time
for the following vehicles to reach the stable speed, and the
relationship between the green light time at the intersection
and the departure vehicle number at the intersection. In
addition, combined with the vehicle operation data by video
acquisition, we can know that the error is mostly less than
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20% between the model calculation and the actual statistical
analysis; therefore, the error is acceptable, which verified
effectiveness of the model.
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Good track geometry state ensures the safe operation of the railway passenger service and freight service. Railway transportation
plays an important role in the Chinese economic and social development. This paper studies track irregularity standard deviation
time series data and focuses on the characteristics and trend changes of track state by applying clustering analysis. Linear recursive
model and linear-ARMA model based on wavelet decomposition reconstruction are proposed, and all they offer supports for the
safe management of railway transportation.

1. Introduction
Temporal data and temporal data mining which reflect the
dynamic nature of data are one of the focuses of academic
community in recent years. Time series is an important temporal data. Time series similarity has been widely used in
speech recognition. Euclidean distance and dynamic time
warping are two classic methods. Euclidean distance is most
frequently used in the time series, but Euclidean distance is
a very brittle distance measure [1]. There is an obvious defect
of Euclidean distance: sometimes when the sequence is very
similar but the distance is great. Then DTW is proposed.
DTW is an algorithm for measuring the similarity between
two sequences which may vary in time or speed. A wellknown application has been automatic speech recognition
[2–4], to cope with different speaking speeds. Since Agrawal
et al. first proposed overall matching algorithm of time series
similarity search in 1993 [5], more and more scholars began
to focus on temporal data mining study.
In the past four decades, scholars have proposed a variety
of classic time series forecast methods, including Autoregressive Model (AR) [6], Moving Average Model (MA) [7],
Autoregressive Moving Average Model (ARMA) [8–10], and
Autoregressive Integrated Moving Average (ARIMA) [11].

There are a variety of methods and models in the forecast area, such as determining function method, statistical
regression analysis, time series analysis, Markov model [12],
state-space model [13], Bayesian forecasting model [14],
as well as a variety of methods combined with theories,
techniques, and methods, such as the hybrid of fuzzy theory
and linear regression [15], the hybrid ARIMA and support
vector machines model [16], the hybrid of time series forecast
using neural networks, fuzzy logic, fractal theory [17], and the
hybrid Markov model and neural networks [18]. At the same
time, the number of subjects is divided into univariate and
multivariate. In time series analysis and forecasting methods,
the most commonly used method is based on the time
domain and frequency domain. Linear and stochastic linear
models and nonlinear models are two main types of study
models. Random process cannot be expressed by definite
function. Typically, there are mainly two types of methods
to analyze random process: one is a probabilistic method,
and the other is the analysis method, and the two methods
are often used simultaneously in practical study. Each of
AR model, MA model, ARMA model, the Markov Forecast
[19], and Kalman filter model [20, 21], can be used to study
the stochastic process. The characteristics of the first three
models are linear forecast model and are relatively simple in
terms of elements taken into consideration.

2

2. Methods and Processes of Time Series
Data Study
2.1. Forecast Methods of Time Series Data. Typically, there are
two methods to forecast time series data: qualitative forecast and quantitative forecast. Qualitative forecast method
focuses on the forecast of the nature of the development,
trends, direction, and major turning points in the road of
development and mainly depends on human experience and
analytical ability. Quantitative forecast focuses on the analysis
of quantitative aspects of development, attaches importance

Forecast method

Markov method

State-space and Kalman
filtering

Grey forecast method

Cycle early forecast

B-J method

Exponential smoothing

Moving average

Decomposition analysis

Quantitative forecast

Trend extrapolation

Subjective probability
method

Delphi method

Qualitative forecast

Market survey

In the recent 20 years, fuzzy system is one of the most frequently used methods [22–25]. Fuzzy system has been used
for a variety of optimization algorithms. In many studies, the
design of fuzzy system forecast has been proposed.
In the study of time series forecast, the forecast accuracy
is considered as top priority in the selection of forecast methods. The neural network is the most representative time series
forecasting method, which has drawn more and more attention. In the past ten years, the neural network model is used
in the study of time series forecast. The discovery of the
neural network is considered to be a competitor to a variety
of traditional time series models [26–28]. Because of flexible
computing framework and general approximation, artificial
neural network [29] is widely used in the field of predictive
analytics and has higher precision.
However, an important and difficult task is faced by decision makers in many areas to improve the accuracy of the
time series forecast. Using a hybrid model by combining several models has become a common practice to improve forecast accuracy. This study field has been significantly expanded
[30–34].
The study has shown that forecasts of certain hybrid
models are often better than those obtained from a single
model forecast. Hybrid model forecast is considered to be a
more accurate forecast. Its main problem can be described
as follows: suppose there are 𝑛 kinds of forecasts, such
as 𝑦̂1 (𝑡), 𝑦̂2 (𝑡), . . . , 𝑦̂𝑛 (𝑡). The general form of this hybrid
forecasting model can be defined as weighted sums of 𝑦̂𝑖 (𝑡),
and the sum of all weights stack up is 1. The biggest difficulty
is to determine the weights of every single forecast.
According to the principles recognized by the scientific
community, simple theories are more reliable than complex
ones under the same circumstances. The best scientific theory
should be the simplest. railway transportation is different
from automobile traffic. In automobile traffic, the driver is
the major safety factor [35, 36], but in Railway transportation,
track irregularity state is the decisive factor. This paper tries
to look for a simple, reliable model to analyze the track
irregularity change trend and to explore knowledge.
The paper is organized as follows. Section 2 introduces
forecast models of time series. Data mining of track irregularity time series is described in Section 3. Section 4 presents
analysis and forecast of track irregularity time series based
on linear recursive forecast model. Section 5 proposes linearARMA model based on wavelet decomposition reconstruction. Finally, Section 6 concludes the paper with a summary.
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Figure 1: Main forecast methods of time series.

to the quantitative description of the degree of development
and changes, is based more on historical statistics, and is
less affected by subjective factors. Qualitative forecast and
quantitative forecast are not mutually exclusive but can be
complementary to each other and should be combined correctly in the actual forecast process.
Two types of time series forecasting methods and their
methods are shown in Figure 1.
2.2. Study Processes of Time Series Data. The study processes
of time series data include three steps: data acquisition,
correlation analysis, and model identification. Specific study
processes are shown in Figure 2.

3. Data Mining of Track Irregularity
Time Series
3.1. Theoretical Analysis of Data Mining. Data mining is the
process of mining interested information from databases,
data warehouses, or other data repositories. It is an iterative
process, whose study steps are shown in Figure 3.
The main method, purpose, and contents of time series
data mining include: time series segmentation studying
underlying mechanisms change of time series and representation at high level; similarity search looking for similar
sequences; clustering analysis on similarity measure, clustering algorithms and results, and gathering similar time
sequence variation into one class; classification and sequence
analysis on time series and the time points in the entire
time series; anomaly detection which finds the abnormality
of sequence, points, and mode; analysis on the law and trends
of time series changing over time, forecast of the future
data and trends based on the historical and current data;
using graphics technology, virtual reality technology, and
data mining technology to display complex time series in
a way which is easy, intuitive, and graphical for people to
understand so that we can realize visualized and practical
study of time series data.
3.2. Time Series Similarity. Time series similarity is the basis
of time series analysis and time series data mining. The similarity is achieved by calculating the distance between the time
series.
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Figure 2: Classification of time series analysis.
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Figure 3: Steps of data mining process.

The definition of distance needs to meet the following
four properties:
(1) 𝑑𝑖𝑗 = 0 ⇔ 𝑥𝑖 = 𝑥𝑗 ,
(2) ∀𝑥𝑖 , 𝑥𝑗 , 𝑑𝑖𝑗 ≥ 0,
(3) ∀𝑥𝑖 , 𝑥𝑗 , 𝑑𝑖𝑗 = 𝑑𝑗𝑖 ,
(4) ∀𝑥𝑖 , 𝑥𝑗 , 𝑥𝑘 , 𝑑𝑖𝑗 ≤ 𝑑𝑖𝑘 + 𝑑𝑘𝑗 .
𝑑𝑖𝑗 is the distance between 𝑥𝑖 and 𝑥𝑗 in a group of objects 𝐷 =
{𝑥1 , 𝑥2 , . . . , 𝑥𝑛 } in 𝑚-dimensional space.

Minkowski distance is the common formula to calculate
distance, and the expression is
𝑚

𝑝

𝑑𝑖𝑗 = ∑ (𝑥𝑖𝑘 − 𝑦𝑗𝑘  )

1/𝑝

,

(𝑝 > 0) .

(1)

𝑘=1

Many distances are formed by changing the parameters
of the Minkowski distance. Distance formula commonly used
includes Manhattan distance, Euclidean distance, Chebyshev
distance, custom distance, Mahalanobis distance, Minkowski
distance, variance weighted distance, Canberra Distance,

4
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Figure 5: Clustering results.

dynamic time warping distance, the cross-correlation distance, KL distance, and so forth.
3.3. Clustering Analysis of Track Irregularity. Standard deviation between the data is used to reflect the degree of variation.
When the two sets of data are under circumstances of the
same units and similar means, the greater the standard deviation is, the greater the degree of variation between the data
will be. When the data around the mean of the distribution is
more discrete, representation of the mean is weaker. On the
contrary, the smaller the standard deviation is, the little the
variance between the data is indicated, and the distribution of
data around the mean is more intensive, and representation
of the mean is better. Therefore, standard deviation of
track irregularity data is selected in the study of discrete
distribution of track irregularity data over time to evaluate the
development trends of track irregularity. In this study, track
irregularity data is provided by State Key Laboratory of Rail
Traffic Control and Safety, Beijing Jiaotong University.

We take K449-K450 km section, Beijing-Kowloon line,
with 44th cross-level inspection data as study data. The section is divided into 40 units, and the standard deviation of
each units is calculated; then we get 40 cross-level standard
deviation time-series data. This standard deviation data is the
object of cluster analysis. In this paper, 𝑘-mean algorithm
is used in clustering algorithm, cross correlation distance
is used in the distance between objects in the matrix, and
the minimum variance algorithm is used in the connection
between the variables. Clustering results are shown in Figures
4 and 5.
The above track irregularity standard deviation time
series which have similar clustering methods, changing
trends, and characteristics are clustered into one category.

4. Linear Recursive Model
4.1. Core Ideas. Because of the inertia characteristics of the
track state changes, track state has a memory effect. The latest
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track state and the nearest previous state shares similarity, and
the inspection state of the adjacent time points has a similar
trend. From the macroperspective, the track state presents
nonlinear changes throughout the whole life cycle of the track
[37, 38], but from the microperspective, in a short time, track
state changes at adjacent time will be close to linear features.
Based on the above assumptions, this paper proposes
linear model of track state changes as follows:
𝑠𝑖,𝑗 = 𝑘𝑖 𝑡𝑖,𝑗 + 𝑏𝑖 .

−1

𝑘
𝛼̂ = ( 𝑖 ) ,
𝑏𝑖

𝑠𝑖+𝑛,0

𝑡𝑖+1
𝑡𝑖+2
𝐵 = ( ..
.

𝑡𝑖+𝑛

(4)

1
1
.. ) .
.
1

In the formula, 𝑡𝑖+𝑛 is the length of time between the 𝑖th to
the (𝑖 + 1)th inspection; 𝑡𝑖+𝑛 = 𝑇𝑖+𝑛 − 𝑇𝑖+𝑛−1 , 𝑇𝑖+𝑛 is the time of
state value 𝑠𝑖+𝑛,0 at the (𝑖 + 𝑛)th inspection; 𝑠𝑖+𝑛,0 is state value
of the (𝑖 + 𝑛)th inspection.
The form of recursive forecast of the model is as follows:
𝑠𝑖+𝑚,𝑗 = 𝑘𝑖+𝑚 𝑡𝑖+𝑚,𝑗 + 𝑏𝑖+𝑚 ,
𝑠𝑖+𝑚+1,𝑗 = 𝑘𝑖+𝑚+1 𝑡𝑖+𝑚+1,𝑗 + 𝑏𝑖+𝑚+1 ,
𝑠𝑖+𝑚+2,𝑗 = 𝑘𝑖+𝑚+2 𝑡𝑖+𝑚+2,𝑗 + 𝑏𝑖+𝑚+2

Forward recursion

Si+n+2,0
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Updates

Updates

Forecast
Si+n,0
Forecast
̂Si+n+1,0

..
.
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Figure 6: Forecast process of linear recursive model.

(3)

In the formula:

𝑠𝑖+1,0
𝑠𝑖+2,0
𝑌 = ( .. ) ,
.

Forecast

(2)

In the formula, 𝑠𝑖𝑗 is the track state of the𝑗th day between
the 𝑖th to the (𝑖 + 1)th inspection; 𝑘𝑖 is slope value of track
state linear change between the 𝑖th to the (𝑖 + 1)th inspection;
𝑏𝑖 is intercept; 𝑡𝑖,𝑗 is the𝑗th day between the 𝑖th to the (𝑖 + 1)th
inspection.
According to the least square method, the model employs
the vector form. Least squares estimation of the model
parameters accords to the following conditions:
𝛼̂ = (𝐵𝑇 𝐵) 𝐵𝑇 𝑌.

..
.

(5)

..
.
𝑠𝑖+𝑇,𝑗 = 𝑘𝑖+𝑇 𝑡𝑖+𝑇,𝑗 + 𝑏𝑖+𝑇 .
In the formula, 𝑚 > 𝑛, and 𝑇 > 𝑚 + 𝑛.
4.2. Model Analysis. Three time intervals data of the first four
historical inspection data and the second to fourth inspection
data in cross-level standard deviation time series data are
considered as an input; the slope and intercept of track

state linear changes in time interval between the fourth and
fifth inspection are considered as output. When the forecast
finishes, the fifth forecast data is updated by the fifth standard
deviation of the actual inspection data, then three-time
interval between the second and the fifth inspection data and
the third to fifth inspection data are used to forecast the slope
and intercept of track state linear changes in time interval
between the fifth and sixth inspections. As the data is updated
gradually, the model pushes and forecasts towards ahead.
Meanwhile, the linear forecast model proposed in this
paper does not have to consider equal interval requirements
of data samples like general time series models. In the
track irregularity time series data, especially data of track
inspection car, due to maintenance work, passenger and cargo
plan changes, and the track inspection car scheduling and
other reasons, inspection data is unequal interval, namely,
const. Linear model has the following
in the model 𝑡𝑖+𝑛,0 ≠
advantages: simple model based on a linear model and least
squares solution; without regard to unequal interval characteristics. Length of unequal interval is seen as a parameter
directly in the model.
Forecast process of linear recursive model is shown in
Figure 6.
4.3. Residual Correction. In order to further improve the forecast accuracy of the model, the residual needs to be corrected.
Model residuals sequence data is a cyclical variation with
concussive time series. In this paper, the Fourier transforming
idea is used on residuals analysis.
Model residuals sequence data is as follows:
𝑒𝑖+𝑘 = 𝑠̂𝑖+𝑘 − 𝑠𝑖+𝑘 .

(6)

The Fourier transforming residuals expression 𝑒(𝑡𝑖 ) is
𝑚
1
𝑒̂𝑖+𝑘 = ℎ0 + ∑ [ℎ𝑗 cos (𝜔𝑗 ⋅ 𝑇𝑖+𝑘 ) + 𝑙𝑗 sin (𝜔𝑗 ⋅ 𝑇𝑖+𝑘 )] . (7)
2
𝑗=1
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Cross-level standard
deviation

In the formula,
𝑖 = 1, 2, . . . , 𝑛,

ℎ𝑗 =

1 𝑛  
∑ 𝑒  ,
𝑛 𝑘=1  𝑖+𝑘 

2 𝑛
∑ 𝑒 ⋅ cos (𝜔𝑗 ⋅ 𝑇𝑖+𝑘 ) ,
𝑛 𝑘=1 𝑖+𝑘

0

By looking for the appropriate value of 𝑚, fitting errors
between model residuals 𝑒𝑖+𝑘 and periodic sequence 𝑒̂𝑖+𝑘
achieved through Fourier transforming can get to a minimum value; namely,
2

(̂
𝑒𝑖+𝑘 − 𝑒𝑖+𝑘 )
= min .
𝑒𝑖+𝑘
𝑘=1

350

400

450

Figure 7: Forecast curve and the actual curve of cross-level standard
deviation (K449 + 800 to K449 + 825 unit segment).

2𝑗𝜋
.
𝜔𝑗 = 𝑛
∑𝑘=1 𝑡𝑖+𝑘

𝑛

150 200 250 300
Inspection time (day)

100

Actual data
Forecast data

2 𝑛
𝑙𝑗 = ∑ 𝑒𝑖+𝑘 ⋅ sin (𝜔𝑗 ⋅ 𝑇𝑖+𝑘 ) ,
𝑛 𝑘=1

∑

50

(8)

(9)

Cross-level standard
deviation

ℎ0 =

2
1.9
1.8
1.7
1.6
1.5
1.4
1.3

2
1.9
1.8
1.7
1.6
1.5
1.4
1.3
0

After getting the best value of 𝑚, the final forecast model
is

50

100

150 200 250 300
Inspection time (day)

350

400

450

Actual data
Forecast data after residual correction

𝑠𝑖+𝑘 = 𝑠̂𝑖+𝑘 + 𝑒̂𝑖+𝑘

Figure 8: Forecast curve after residual revised and the actual curve
of cross-level standard deviation.

1
= 𝑠̂𝑖+𝑘 + ℎ0
2
(10)

𝑚

+ ∑ [ℎ𝑗 cos (𝜔 ⋅ 𝑇𝑖+𝑘 ) + 𝑙𝑗 sin (𝜔 ⋅ 𝑇𝑖+𝑘 )] ,
𝑗=1

𝑖 = 1, 2, . . . , 𝑛.
4.4. A Case Study. Change trend and periodic characteristic
of track irregularity standard deviation data can be classified
by cluster analysis. Since the cycle of track maintenance work
is determined by track irregularity change, so it is uncertain.
Thus, data containing multiple cycle cannot be used for
the study. The data within a period that best represents
the development trend of track irregularity characteristics is
selected as data object. Change trends of track irregularities
within each period can be forecasted by studying the law of
track irregularity standard deviation changes in this cycle.
So, 25 of track cross-level standard deviation data of BeijingKowloon line, K449 + 800 − K449 + 825 mileage unit, from
November 13, 2008 to May 18, 2010, are taken as the study
object to forecast 5–25th standard deviation data of track
cross-level.
By solving the least squares estimation, we get recursion
{(𝑘𝑖 , 𝑏𝑖 )} as follows: {(𝑘𝑖 , 𝑏𝑖 )} = {(0.004012877, 1.052496244),
(0.004880568, 1.072606649), (−0.000814172, 1.257042149),
(0.003246744, 1.247075988), (−0.003644461, 1.423421705),
(0.001636605, 1.30965592), (−0.001246396, 1.374786532),
(0.009376521, 1.168171032), (0.001440352, 1.442494856),
(−0.006255225, 1.647403617), (0.002275014, 1.502381251),

(−0.002533806, 1.551368672), (−0.000951367, 1.486815078),
(0.007406862, 1.328357308), (−0.002678251, 1.568176542),
(0.0066245, 1.442194457), (0.002152384, 1.629003922),
(−0.001214053, 1.747250648), (−0.001427253, 1.807423072),
(0.000826365, 1.737111301), (0.004952398, 1.676475089)}.
When the parameters {(𝑘𝑖 , 𝑏𝑖 )} are substituted into the
short time track state changes linearly formula, the daily track
state changes between two inspection tome points can be
estimated, and the forecast curve and the actual curve are
shown in Figure 7.
Forecast results after residual correction are shown in
Figure 8.
If we put several indicators together, we can fully measure
the forecast accuracy of the model. Here, we use mean square
error (MSE) and mean absolute percentage error (MAPE).
MSE is the expectation value of square of difference
between the estimate value and true value of the parameter,
and it indicates the degree of changes of data. The smaller
the MSE value is, the mere accurate the forecast model is in
describing the experimental data. The expression of MSE is
as follows:

MSE = √

∑ 𝜀2
.
𝑛

(11)
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Table 1: Analysis of accuracy of the cross level standard deviation.
Units
K449 + 000 − K449 + 025
K449 + 100 − K449 + 125
K449 + 200 − K449 + 225
K449 + 325 − K449 + 350
K449 + 425 − K449 + 450
K449 + 475 − K449 + 500
K449 + 575 − K449 + 600
K449 + 675 − K449 + 700
K449 + 800 − K449 + 825
K449 + 875 − K449 + 900
K449 + 975 − K450 + 000

MSE
0.11
0.14
0.09
0.11
0.08
0.12
0.10
0.09
0.10
0.07
0.09

MAPE
12%
9.8%
6.4%
7.6%
6.0%
12%
7.7%
4.9%
5.5%
4.4%
7.4%

MSE after residual correction
0.08
0.07
0.07
0.06
0.06
0.07
0.07
0.05
0.07
0.04
0.05

Expression of MAPE is as follows:
MAPE =

100 𝑛  𝑧𝑡 − 𝑧̂𝑡 
∑
.
𝑛 𝑡=1  𝑧𝑡 

(12)

Forecast accuracy of MAPE can be divided into four indicators: high-precision forecast (MAPE < 10%), good forecast
(10% < MAPE < 20%), feasible forecast (20% < MAPE < 50%),
and error forecast (MAPE > 50%).
Forecast accuracy of the model in some units segment is
shown in Table 1.
Through the comparison of forecast accuracy indicators
MSE and MAPE, we can find that the values of MSE and
MAPE of the model after residuals correction are significantly
reduced, and the forecast accuracy is generally improved by
30–40%, which belongs to high-precision forecast.

5. Linear-ARMA Model Based on
Wavelet Decomposition Reconstruction
Forecast models after residual correction generally enjoy
higher forecast accuracy than the original forecast models,
but this also increases the computation and complexity of
the model. Therefore, this paper will propose linear-ARMA
model based on wavelet decomposition reconstruction.
5.1. Wavelet Transform. The wavelet transform [39–45] is a
new field developing rapidly in applied mathematics and
engineering. It is a new branch of mathematics and perfectly
combines functional analysis, Fourier analysis, sample transfer analysis, and numerical analysis. It is based on certain special functions; it converts data process or data sequence into
series in order to find the similar spectrum characteristics
and finally achieves data processing. The wavelet transform is
the local transformation of space (time) and frequency and
can extract information effectively from the signal and do
multiscale detailed analysis to functions or signals by dilation
and translation and other computing functions.
As the name implies, “wavelet” means a waveform with
a small area, limited length, and zero mean value. “Small”
refers to the decay of the wavelet; while the “wave” refers to
its volatility, its amplitude shocks in alternate positive and

MAPE after residual correction
7.4%
5.0%
4.2%
3.8%
4.0%
7.5%
5.6%
2.3%
3.6%
2.0%
3.7%

negative forms. Compared to the Fourier transform, wavelet
transform is the localized analysis of time (spatial) frequency;
it eventually reaches breakdown of time at a high frequency;
and subdivision of frequency at the low frequency, can
automatically adapt to the requirements of time-frequency
signal analysis, and can focus on any detail of the signal,
solving the difficulties of Fourier transforming. Thus, it
becomes a major breakthrough in the scientific method after
the Fourier transforming. So, the wavelet transform is even
called “mathematical microscope.”
In summary, the method that divides functions into a
series of simple basic functions is of theoretical and practical
significance. In this paper, Daubechies wavelet is used in track
irregularity time series data decomposition. Daubechies is the
general name of a series of binary wavelet proposed by the
French scholar Daubechies, which can do multiscale wavelet
decomposition to signal.
5.2. Core Ideas. According to the idea of wavelet decomposition and reconstruction, the standard deviation of track
irregularity sequence data waveform signal is decomposed
into detail waveform signal (𝐷1, 𝐷2, 𝐷3) and approximate
waveform signal (𝐴3), in which detail waveform signal is
stationary series with zero mean. We can use the random
linear model to study it. We use ARMA model in this paper.
Approximate waveform signals are generally nonstationary,
smooth sequence curves. According to its smooth characteristics, the linear recursive model is used in trend analysis. The
modeling idea is shown in Figure 9.
̂ 𝑖 , 𝐴3
̂ 𝑖+1 are
In the figure, 𝐴3𝑖 is the actual value and 𝐴3
forecast values. According to the geometric relationship, the
̂ 𝑖+1 are as follows:
̂ 𝑖 , 𝐴3
values 𝐴3
̂ 𝑖 = 𝐴3𝑖−1 + (𝐴3𝑖−1 − 𝐴3𝑖−2 ) ,
𝐴3
̂ 𝑖+1 = 𝐴3𝑖 + (𝐴3𝑖 − 𝐴3𝑖−1 ) .
𝐴3

(13)

Finally, the two partial results are combined, and all the
forecast sequence data are added up by weight 1. The formula
is shown as follows:
̂ + 𝐷2
̂ + 𝐷3
̂ + 𝐴3.
̂
𝑆̂ = 𝐷1

(14)
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Figure 9: Linear recursive model of approximate waveform signal
(LF).
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Figure 11: Level 1 detail waveform signal (HF) of cross-level standard deviation.
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Figure 12: Level 2 detail waveform signal (HF) of cross-level standard deviation.
Detail waveform
signal (HF)

Approximate waveform
signal (LF)

ARMA model

Linear model
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Forecast

Figure 10: Modeling process of linear-ARMA model based on
wavelet decomposition reconstruction.

̂ 𝐷2,
̂ and 𝐷3
̂ are high-frequency detail
In the formula, 𝐷1,
̂ is
signal sequence forecasted by the ARMA model, 𝐴3
sequence of the low-frequency approximation by linear
model forecast, and 𝑆̂ is forecast value of the final state.
After decomposition-reconstruction process, the final
forecast result appears, and the modeling process is shown
in Figure 10.
5.3. Case Study. The Daubechies wavelet is selected to
decompose the track irregularity standard deviation time
series data signal; with the decomposition depth being 3,
we use Mallat tower algorithm to do decomposition and

reconstruction of track irregularity standard deviation time
series.
K449-450 km section, the Beijing-Kowloon line, upgoing, at 44th cross-level inspection data is selected as the study
data. The section is divided into 40 units, and the standard
deviation of each unit is calculated, and we get 40 crosslevel standard deviation time-series data. After equal time
intervals conversion of standard deviation time-series, we use
linear-ARMA model based on wavelet decomposition and
reconstruction for analysis.
Take K449+800−K449+825 unit sections, from November 13, 2008, to May 18, 2010, with 38 cross-level standard
deviation data as study data. The Linear-ARMA model process based on wavelet decomposition and reconstruction is as
follows.
(1) Wavelet decomposition of track cross-level standard
deviation data: wavelet decomposition process of
cross-level standard deviation time series is the process that divides cross-level standard deviation time
series data into high frequency detail waveform signal
and low frequency approximate waveform signal. The
decomposed waveform signals are shown in Figures
11, 12, 13, and 14.
(2) ARMA model forecast of high-frequency signals:
high-frequency signal is stationary time series. We
use ARMA model to forecast, and the results are
shown in Figures 15, 16, and 17.
(3) Low-frequency signal linear model forecast: lowfrequency signal is a smooth curve, and its linear forecast result is shown in Figure 18.
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Figure 13: Level 3 detail waveform signal (HF) of cross-level standard deviation.
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Figure 15: Level 1 forecast value of detail waveform signal (HF) and
original data cross-level standard deviation.
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Figure 14: Layer 3 approximate series waveform signal (LF) of crosslevel standard deviation.

5.4. Accuracy Analysis. MSE and MAPE are used to measure
accuracy of the model, and the forecast the accuracy of some
units is shown in Table 2.
According to the forecast results of MSE, MAPE value in
Table 2, the model has higher forecast accuracy, and so there
is no need to correct the residual like linear recursive model.
This has shown that linear-ARMA model based on wavelet
decomposition reconstruction is an effective way to forecast
the trend of track state changes.

6. Conclusions
In this paper, data mining and time series theory are used
to study track irregularity standard deviation time series
data. The main purpose of this study is to forecast track
irregularity state in future. By using clustering analysis theory
in data mining, different patterns and characteristics of track
irregularity change can be found. Through a systematic study
of time series data classification and time series forecast
model, this paper puts forward linear recursive models and
linear-ARMA model based on wavelet decomposition reconstruction to forecast the changing trends of track irregularity
standard deviation time series. Simulation results show that
the models have higher accuracy.
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Figure 16: Level 2 forecast value of detail waveform signal (HF) and
original data cross-level standard deviation.
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Forecast error of the model is shown in Figure 20.
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Figure 17: Level 3 forecast value of detail waveform signal (HF) and
original data cross-level standard deviation.
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(4) Model reconstruction and accuracy analysis: all forecast sequence data is added up by weight 1; comparison of forecast values and original values are shown
in Figure 19.
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Figure 18: Layer 3 forecast value of approximation waveform signal
(LF) and original data of cross-level standard deviation.
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2

the subject. Due to track maintenance and repair cycle, we
only study track state changes in a cycle. However, track state
change trend between each of the maintenance and repair
cycle is also worth to be studied.
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Figure 19: Comparison of forecast values and original values.
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Based on simulations of passenger transports of two representative types of metro trains in China, this study analyzes efficiencies
of energy consumption and passenger transport of a metro train in the effect of its target speed, formation scale (FS) (i.e., length
and mass of the formation), relative traction capacity (RTC) (i.e., ratio of the motoring cars to all its cars), and so forth. It is found
that increasing energy cost efficiency of a metro train with decreasing its target speed is evidently accelerated with reducing its RTC
below 0.50 at the expense of obviously lowering its passenger transport efficiency. Moreover, if the passenger capacity of the train is
sufficiently utilized, increasing its FS for the same RTC is easy to have its passenger transport efficiency improved significantly even
for a meanwhile much decreased target speed with consuming energy less intensively. Therefore, metro trains in peak hours may
take comparatively big FSs, relatively high target speeds, and RTCs over 0.50 to meet usually urgent and large-scale travel demands
in such time. In contrast, trains in nonpeak hours ought to have small FSs, relatively low target speeds, and RTCs smaller than 0.50
for mainly avoiding energy waste.

1. Introduction
Urban traffic congestion commonly happens in China today.
The urban traffic networks are characterized by slow travel
speeds, long trip time, and increased vehicle queuing, which
adversely affects urban mobility [1]. As a result, the urban
rail transit (URT) networks have been rapidly developed
in different cities of China. Till the end of 2011, the total
length of the URT lines in operation has been increased from
only about 500.00 kilometers (km) in 2006 to approximately
1,714.00 km in China, and by 2050 it is going to exceed
13,000.00 km [2]. With such a rapid development, issues for
both energy saving and transport efficiency improvement
arise on, for example, how to reasonably decide the target
speed, formation Scale (FS) (i.e., length and mass of the
formation), relative traction capacity (RTC) (i.e., proportion
of the motoring cars to all the cars), stop frequency, and so
forth of a URT train.
Many studies have been made by scholars and practitioners to improve the passenger transport efficiencies of

trains as well as to decrease their energy consumption. One
of the main categories of the efforts is the optimization
work through determining driving control point(s) for the
transport of a train. For instance, Liu and Golovitcher [3]
develop an algorithm by utilizing the optimal control theory
to tell the control change points of a train in its transport
process for the most energy-efficient trip in the required
travel time. Wong and Ho [4] compare the capacities of
different methods for searching the most suitable coasting
point(s) to regulate the train service and find that transport
distance between neighboring stops plays a decisive role on
their convergence speeds. Kim and Chien [5] take advantage
of the simulated annealing algorithm to find the optimal
control patterns of a train under various track alignments
for the minimum energy cost of its transport adhering to
the time schedule. Ignacio and Alberto [6] mathematically
proved that increasing the speed of a train on downward
slopes has positive effect upon not only decreasing travel
time but also reducing energy consumption for the whole
trip. In contrast, another kind of the achievements tries to
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interpret the effect of controlling some specific factors of a
train on the improvement of its energy utilization efficiency
in consideration of passenger transport time. Such factors
include driving strategy [7], total mass of the cars [8],
stop frequency [9], or, in other words, transport distance
between neighboring stops [10], acceleration and braking
performance [11], mass distribution [12], power distribution
between independent engines [13], passenger boarding rate
[14], target speed at each time [15], and formation scale
[16, 17]. Furthermore, research on incorporating optimal
driving controls and timetable adherence of multitrains to
minimize their total energy consumption has been attached
much importance in recent years. For example, with the aid
of an event-based model, a dynamic programming method
is applied by Wong and Ho [18] to devise an optimal set
of dwell times and run times of trains for their energy
saving and service regulation. Acikbas and Soylemez [19]
propose an approach with the utilization of artificial neural
networks and genetic algorithms to optimize the coasting
points of trains to minimize the energy consumption for
their target travel times. A genetic algorithm integrated
with simulation is designed by Yang et al. [20] to seek the
approximate optimal coasting control strategies of trains for
the optimization of energy cost and travel time on a rail
network. Cucala et al. [21] use a fuzzy linear programming
model to establish the optimal schedule with the goal of
energy minimization for trains in view of their uncertain
delays and the behavioral responses of drivers. Li et al. [22]
propose a multiobjective fuzzy scheduling model to minimize
the energy consumption, carbon emission, and passenger
time of multitrains.
Despite the valuable research findings of the previous
studies, the question on how to decide the target speed,
FS, and RTC of a train from a comprehensive perspective
for its traction energy saving under the premise of meeting
the passenger transport demand in each time period of the
daily operation of a URT line has not been answered in
an adequately convictive manner. Based on computer-aided
simulations, this study analyzes the changes of the energy
cost and time usage of each transport of two representative
types of metro trains in China with the improvements of
their target speeds by taking into account the impacts of
their FSs, RTCs, and so forth to provide a key to this
question from the quantificational viewpoint of train traction
calculation.
The latter parts of this paper are organized as follows.
Specifications of the studied trains and their rail lines are
presented in Section 2. Next, the computer-aided simulation
approach utilized to compute the traction energy cost (TEC)
(i.e., the energy consumed by each operating condition,
namely, halt, motoring, coasting, and braking) of a train
for its passenger transport and the technical operation time
(TOT) (i.e., the travel time spent from the startup of the train
in the original station to its final stop in the terminal station)
of the whole trip are explained in Section 3. Thereafter,
Sections 4 and 5, respectively, analyze the changes of the TECs
per 10,000 passenger-km (p-km) and TOTs per 10,000 pkm of different types of trains with improving their target
speeds in the effect of various FSs and RTCs. Finally, Section 6
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draws conclusions to answer the aforeexplained question and
indicates some future research issues.

2. Trains and Rail Lines
The TECs and TOTs of the passenger transports of the
metro trains called the MT-Type-A and the MT-Type-B on,
respectively, the Line-No. 1 of City-A and Line-CP of City-B
in China are comparatively studied in this work for different
FSs, RTCs, and target speeds of these two types of trains. LineNo. 1 and Line-CP have their respective lengths of 17.97 km
and 21.24 km, and the numbers of their stations are 16 and 7
correspondingly. As a result, the average stop spacing of Line
CP is nearly three times of the Line-No. 1 s. The target speeds
of the MT-Type-A and the MT-Type-B are both changed from
40.00 km per hour (km/h) to 100.00 km/h in the simulation
analyses of this research in view of the usually adopted target
speeds of most metro trains in China for different transport
conditions. According to the most commonly applied FSs of
the metro trains in China, each of these two types of metro
trains consists of 4 cars, 6 cars, or 8 cars in this study and the
number of their motoring cars changes from 1 to 4, 6, or 8
for corresponding FSs to have them obtain different RTCs. If
a metro train is made of X motoring cars and Y trailers, the
abbreviation of XMYT is used to account for the composition
of this train. Some technical specifications of the cars of the
TM-Type-A and the TM-Type-B are presented in Table 1. The
standard passenger capacities of these cars are designed for
the case that there are on average 6 passengers per square
meter inside train. It is also assumed that the average mass of
one passenger here is 60.00 kg in comparison to the 80.00 kg
which is the average mass of one passenger with his/her hand
baggage in an intercity train [23].

3. Simulation Approach
With referring to the studies of Chandra and Aqarwal [24]
and Andrews [25], the computer-aided simulation approach
shown in Figure 1 is applied in this work to calculate the TEC
and TOT of the passenger transport a train. The transport
process of the train from one stop to another is simulated
for each of the successive calculation intervals which are set
to be equal to 0.10 second(s) in this study. As explained by
(1), the traction power and traction force of the train are
assumed to be unchanged in one calculation interval. The
train at a station is started up with its full traction power
towards a target speed. Once initially achieving the target
speed by consecutive accelerations as interpreted by (2), the
train adjusts its traction power in view of its basic resistance
force for the target speed according to (1) and (3) to make
its speed stabilized as much as possible at the target speed. If
the additional resistance force, for example, from a slope of
the rail line as illuminated by (4), makes the deviation of the
speed of the train from the target speed reach certain values,
the train adopts the operating condition of more powerful
motoring, coasting, or braking correspondingly. In order to
ensure the train’s safe passing through somewhere requiring
a speed limit or safe stop in the next station, the train begins
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Table 1: Technical specifications of the metro cars.

Parameters
Mass
Length
Standard passenger capacity
Designed top speed

TM-Type-A
Motoring car
36.00 tons (t)
22.10 meters (m)
306
100.00 km/h

to check whether brakes are necessary or not in a calculation
interval when there is a certain distance away from there.
This is determined according to the speed (V1 ) of the train
at present and the currently permitted maximum speed (V2 )
which is computable based on the braking performance of the
train and the transport distance from its current location to
that rail site or the next stop. If V1 ≥ V2 , the train brakes to
decrease its speed as soon as possible to a small value which
is able to absolutely ensure the safety; if V1 < V2 , the train
coasts. Such a decision is made for each latter calculation
interval till the train passes through the rail site in safety or
stops in security in the next station. After the stop with the
engine working, that is, keeping the operating condition of
halt, for some time at this station, the train commences to
repeat the aforeexplained process by starting up again with
its target speed and full traction power till its final arrival at
the terminal station.
Each type of trains has a certain unchanged traction
force for its startup (which is a special operating condition
of motoring) and also has its own set of operating handle
positions which make its traction power change from 0 W
(e.g., for the operating condition of coasting or braking) to
its full traction power. The traction force of a train for its
mobility after its startup is determined by both the speed and
the traction power of this train. If a train adopts the operating
condition of halt, its traction force is 0 N. The change of the
traction force of a train from its startup at a station to its
completion of the halt at the next station is interpreted by:
if (𝑘 = 0) ,
𝐹0 ,
{
{
{
{
{ 𝑃ch
𝑓𝑘ch = { 𝑘 , if (𝑘 = 1, 2, . . . , 𝑚) ,
{ Vph
{
{
{ 𝑘−1
if (𝑘 = 𝑚 + 1, 𝑚 + 2, . . . , 𝑛) ,
{0,

(1)

where 𝑓𝑘ch is the traction force of the train positioning its
operating handle at ch in the 𝑘th calculation interval, unit:
N, 𝐹0 is the traction force of the train for its startup, unit: N,
𝑃𝑘ch is the traction power of the train positioning its operating
ph
handle at ch in the 𝑘th calculation interval, unit: W, and V𝑘−1
is the speed of the train at the end of the (𝑘 − 1)th calculation
interval in which the operating handle of the train is at the
position of ph, unit: m/s.
The speed of the train at the end of a calculation interval is
determined by its speed at the end of the previous calculation
interval, the traction force of the train in this calculation
interval, the resistance force (including the basic resistance
force and the additional resistance force) of the train in

TM-Type-B
Motoring car
35.00 t
19.00 m
240
110.00 km/h

Trailer
33.00 t
23.69 m
318

Trailer
30.00 t
19.50 m
250

this calculation interval, and the mass of the train, which is
explained by:
ph

V𝑘ch = V𝑘−1 +

𝑓𝑘ch − 𝑓𝑘𝑏 − 𝑓𝑘𝑎
× Δ𝑡,
𝑀

(2)

where V𝑘ch is the speed of the train at the end of the 𝑘th
calculation interval in which the operating handle of the
train is at the position of ch, unit: m/s, 𝑓𝑘𝑏 is the basic
resistance force in the 𝑘th calculation interval, unit: N, 𝑓𝑘𝑎 is
the additional resistance force in the 𝑘th calculation interval,
unit: N, 𝑀 is the mass of the train together with all of its
passengers, unit: kg, and Δ𝑡 is the equivalent length of the
calculation intervals, that is, 0.10 s, in this study.
It is clearly illuminated by (3) that the basic resistance
force of a train mainly because of the air and rail frictions is
much concerned with its speed. When the speed of the train
is 0 m/s, the basic resistance force for its startup is determined
with its mass and its own resistance force intensity, but in
contrast, the basic resistance force of the train after its startup
is increased with its speed, which is able to be described by a
quadratic equation:
𝑞 × 𝑀,
if (𝑘 = 0) ,
𝑓𝑘𝑏 = {
ph
ph 2
𝛼0 + 𝛼1 ×(V𝑘−1 )+ 𝛼2 ×(V𝑘−1 ) , if (𝑘 = 1, 2, . . . , 𝑛) ,
(3)
where 𝑞 is the resistance force intensity for the startup of
the train, unit: N/kg, and 𝛼0 , 𝛼1 , and 𝛼2 are the resistance
coefficients for the mobility of the train (and their values are
directly affected by the FSs of the train).
The additional resistance forces of a train are caused by
many factors such as the ramps and curves of the rail line,
the strong wind, and the very high or very low temperature.
Due to the inadequate data support, only the additional
resistance forces from the ramps and curves of the rail line
are considered on the assumption that the mass of the train
with all of its passengers is equably distributed as a thread in
this research, as explained by:
𝑓𝑘𝑎,𝑅 = 𝑚𝑘𝑅 × 𝑔 × sin 𝜃,
𝑓𝑘𝑎,𝐶 =

0.60 × 𝑔 × 𝑚 𝐶𝑘
,
Ra

(4)
(5)

where 𝑓𝑘𝑎,𝑅 is the additional resistance force from the rail’s
ramp 𝑅 in the 𝑘th calculation interval, unit: N, 𝑚𝑘𝑅 is the mass
of the car(s) with its/their passengers on the rail’s ramp 𝑅 in
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where TECV𝑖𝑗 is the TEC of the train with the target speed of
V from station 𝑖 to station 𝑗, unit: kilowatt hours (kWh), and
TOTV𝑖𝑗 is the TOT of the train with the target speed of V from
station 𝑖 to station 𝑗, unit: hours (h).

Resistance force
Speed
Traction force

4. Energy Cost Efficiency Evaluation

Traction power

The TEC per 10,000 p-km of a train with the target speed
of V between different stops, as explained by (9), is utilized
to comparatively evaluate the energy utilization efficiencies
of this train with different target speeds, FSs, and RTCs to,
respectively, complete the same transport mission:

Operating condition (i.e., halt,
motoring, coasting, or braking)
Acting electric current

𝑒𝑖𝑗V

TEC intensity
TEC and TOT

Figure 1: Simulation approach for calculations of TEC and TOT.

the 𝑘th calculation interval, unit: kg, 𝑔 is the gravitational
acceleration, unit: N/kg, 𝜃 is the angle between the level and
the slope of the ramp 𝑅, unit: degree, 𝑓𝑘𝑎,𝐶 is the additional
resistance force from the rail’s curve 𝐶 in the 𝑘th calculation
interval, unit: N, 𝑚𝑘𝐶 is the mass of the car(s) with its/their
passengers on the rail’s curve 𝐶 in the 𝑘th calculation interval,
unit: kg, and Ra is the numerical value of the radius of the
curve 𝐶, unit: m.
On the basis of both traction power and average speed of a
train for a calculation interval, the average value of the acting
electric current of the train is obtained in the consideration
of the truly utilized electric current for train traction and the
wasted electric current in this calculation interval. Therefore,
the TEC intensity of a train for each calculation interval is
determined by:
TEC𝐼𝑘 = 𝑈𝑘 × 𝐼𝑘 ,

(6)

where TEC𝐼𝑘 is the TEC intensity of the train for the 𝑘th calculation interval, unit: W, 𝑈𝑘 is the average voltage provided for
the transport of the train in the 𝑘th calculation interval, unit:
V, and 𝐼𝑘 is the average value of the acting electric current of
the train in the 𝑘th calculation interval, unit: A.
As a result, the TECs of all of the calculation intervals
from the startup of a train at its original station to its stop
at the terminal station are computed by utilizing the TEC
intensity of the train for each of the calculation intervals and
summed into the TEC of the trip, as clarified by (7), and
the TOT of the train between these two stops is computable
by summation of all calculation intervals of the transport, as
explained by (8):
TECV𝑖𝑗
TOTV𝑖𝑗 =

=

𝐼
∑𝑁
𝑘=0 (TEC𝑘 × Δ𝑡)

1000 × 3600

,

∑𝑁
(𝑁 + 1) × Δ𝑡
𝑘=0 Δ𝑡
=
,
3600
3600

(7)
(8)

=

TECV𝑖𝑗
𝑗−𝑖−1

V
V
∑𝑠=0 𝑃𝑖𝑗V × 𝑅(𝑖+𝑠)(𝑖+𝑠+1)
× 𝐷(𝑖+𝑠)(𝑖+𝑠+1)

,

(9)

where 𝑒𝑖𝑗V is the TEC per 10,000 p-km of the train with
the target speed of V from station 𝑖 to station 𝑗, unit:
kWh/10,000 p-km, 𝑃𝑖𝑗V is the standard passenger capacity of
the train with the target speed of V from station 𝑖 to station
V
is the utilization ratio of the standard passenger
𝑗, 𝑅(𝑖+𝑠)(𝑖+𝑠+1)
capacity of the train with the target speed of V from station
V
is the transport
(𝑖 + 𝑠) to station (𝑖 + 𝑠 + 1), and 𝐷(𝑖+𝑠)(𝑖+𝑠+1)
distance of the train with the target speed of V from station
(𝑖 + 𝑠) to station (𝑖 + 𝑠 + 1), unit: 10,000 km.
The travel demand of the passengers for each station along
a URT line usually has little change in a certain daily time.
In other words, the p-km completed by one trip of a train in
one service time of the URT line is relatively fixed. In view of
the extremely high travel demands of the passengers of LineNo. 1 and Line-CP in their busy times, the utilization ratio of
the standard passenger capacities of the metro trains here is
supposed to be unchanged as 100.00% for each stop spacing
in peak hours. As for one transport of an MT-Type-A from
the 1st station to the 16th station of Line-No. 1, the changes of
its TECs per 10,000 p-km with the increase of the target speed
for different FSs and RTCs are revealed in Figure 2. Such TEC
changes of the MT-Type-B are displayed in Figure 3 for the
transport from the 1st station to the 7th station of Line-CP.
The time of the operating condition of halt of a train in each
of the stations between the original and terminal stations of
a metro line is set to be 0.10 s in the simulation studies to
simplify the TEC and TOT calculations.
It is clearly shown in Figures 2 and 3 that the increase
of the TEC per 10,000 p-km of a metro train with raising
its target speed is accelerated with the improvement of its
RTC for a certain utilization ratio of the standard passenger
capacity of the train. When the RTC is smaller than 0.50,
such accelerations are obvious. However, if the RTC exceeds
0.50, this accelerative effect becomes apparently small in
comparison. Moreover, as for the same RTC, different FSs
of a metro train have little impact on the change of its TEC
per 10,000 p-km with increasing its target speed for the same
utilization ratio of its standard passenger capacity. Now it
is able to be confirmed that decreasing the RTC of a metro
train below approximately 0.50 is able to evidently increase
the efficiency of its traction energy utilization especially for a
relatively high target speed. In addition, it is also proved that a

TEC per 10,000 p-km (kWh/10,000 p-km)
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various target speeds, FSs, and RTCs to accomplish the same
transport task in a respective manner:
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Figure 2: TECs of the transports of the MT-Type-A.
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,

(10)

where 𝑡𝑖𝑗V is the TOT per 10,000 p-km of the train with the
target speed of V from station 𝑖 to station 𝑗, unit: h/10,000 pkm.
The decreases of the TOTs per 10,000 p-km of the aforeexplained transports by the MT-Type-A and the MT-Type-B
on, respectively, Line-No. 1 and Line-CP with the increases
of the target speeds of these two types of metro trains are
presented in Figures 4 and 5 in a corresponding way. It is
indicated in each of these two figures that decreasing the
RTC of a metro train below 0.50 costs obviously additional
TOT per 10,000 p-km for the unchanged total number of its
cars with a fixed average utilization ratio of their standard
passenger capacities, which becomes more manifesting for a
comparatively high target speed. That is to say the aforeillustrated distinct improvement of the traction energy utilization
efficiency of a metro train by decreasing its RTC below 0.50
is at the conspicuous expense of the decrease of its passenger
transport efficiency especially for a relatively high target
speed. In contrast, the decrease of the RTC over 0.50 does
not increase much of the TOT per 10,000 p-km of the train.
Furthermore, it is also demonstrated in both Figures 4 and
5 that a long formation of a metro train with a certain RTC
has an obviously lower TOT per 10,000 p-km than the one of
a short formation of this train for the same utilization ratio
of the standard passenger capacities of different formations,
even if the long formation of the train has a much lower target
speed than its short formation’s. This is because of the little
difference of the transport time and the big difference of the
completed p-km of different FSs of the train for the same
trip. Now it is clarified that, in comparison to the efficiencies
of traction energy utilization and passenger transport of a
metro train with a short formation and meanwhile a very
high target speed, a long formation of this train with the same
RTC and a relatively much lower target speed for the same
transport action is able to easily have less TOT and TEC per
unit transport for the same utilization ratios of the passenger
capacities of different FSs.

Figure 3: TECs of the transports of the MT-Type-B.

6. Conclusions
short stop spacing may make the actually reached maximum
speed of a metro train extremely lower than a fairly high
target speed [26] in particular for a comparatively small RTC,
as reflected in Figure 2.

5. Passenger Transport Efficiency Analysis
The TOT per 10,000 p-km of a train with a target speed
of V between different stops is defined by (10) and used to
estimate the passenger transport efficiencies of this train with

It is found that the increase of the traction energy cost
intensity of a metro train with improving its target speed for
a certain utilization ratio of its standard passenger capacity
is obviously accelerated with raising its RTC below 0.50 in
comparison to the increasing acceleration of its energy cost
intensity when the RTC exceeds 0.50. At the same time,
different FSs of the train have little influence upon its TEC
per unit transport for the same RTC. However, such an
apparently accelerated increase of the energy cost intensity of
the train for the same number of its cars evidently promotes
the improvement of its passenger transport efficiency with
the increase of its target speed. Moreover, as for the same

TOT per 10,000 p-km (h/10,000 p-km)
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Figure 4: TOTs of the transports of the MT-Type-A.

TOT per 10,000 p-km (h/10,000 p-km)

0.30
0.25

trains running on the metro line in rush hours ought to
have long formations and their RTCs may be bigger than
0.50 for a relatively high target speed to meet the usually
urgent and ordinarily big travel demands in such time with
the minimum energy cost as much as possible. In nonpeak
hours, most of the trains should take short formations for
the improvements of the utilization ratios of their passenger
capacities. Meanwhile, relatively low target speeds and the
RTCs smaller than 0.50 ought to be adopted to increase their
traction energy cost efficiencies to the greatest extent at the
premise of ensuring necessary efficiencies of their transport
services.
In this research, only the transports of two representative
types of the metro trains, respectively, on two metro lines
in China have been analyzed. More transport operations of
other kinds of trains on various URT lines are necessary to
be studied to further validate the conclusions of this work. In
addition, the impacts of more factors such as aerodynamic
resistance, regenerative braking, and interaction between
multitrains in their tracking operations, on the efficiencies
of energy utilization and passenger transport also need to
be systematically explored in future research, in view of the
instability of a system when its behavior changes seriously
during the system operation [27].
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RTC, a long formation of the train is able to easily transport
passengers efficiently owing to its fairly utilized big passenger
capacity even for a comparatively very low target speed which
also results in less TEC per unit transport.
Therefore, on the condition of a rational general cost
including labor cost and rail car purchase cost, if a metro
line has its car depot(s) capable of changing the FSs and
RTCs of its trains efficiently in technique and/or providing
sufficient space for enough trains with various FSs and RTCs,
trains with different FSs and RTCs should be applied flexibly
according to the changeable travel demands of this line for
different time periods in its daily operation. For instance,
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This paper presents a crossing reliability model of electric bike riders at urban intersections using survival analysis approach. Riders’
crossing behavior was collected by video cameras. Waiting times in the red-light phase were modeled by reliability-based model that
recognizes the covariate effects. Three parametric models by the exponential, Weibull, and log-logistic distributions were proposed
to analyze when and why electric bike riders cross against the red light. The results indicate that movement information and situation
factors have significant effects on riders’ crossing reliability. The findings of this paper provide an important demonstration of
method and an empirical basis to assess crossing reliability of electric bike riders at the intersection.

1. Introduction
Nonmotorized vehicles (i.e., mainly regular bicycles and electric bikes) are one of the most popular means of transportation in some Asian developing countries, such as Vietnam,
Cambodia, and China. Even in developed countries, cycling
travel is recognized as low energy consumption, healthy to the
users and do not damage the health of others. For example,
people who go to work by bike would obtain material reward
from the government in Korea [1]. In London, in order to
encourage people to travel by bike, the local government
carried out the cycling revolution [2].
In recent years, the electric bike has entered people’s
life. Because of electric bike is labor-saving and speedy, it
has emerged as a popular mode of transportation in many
large cities in China [3]. The number of Chinese electric
bikes was about 140 million in 2012 [4]. Electric bikes in
China are defined as electric two wheelers with relatively low
speeds and weights compared to a motorcycle. Both bicyclestyle electric bikes (with functioning pedals) and scooterstyle electric bikes (with many of the features of gasoline
scooters) are classified as bicycles and are given access to
bicycle infrastructure (see Figure 1).
However, the growing popularity of cycling traffic also
entails safety concerns as observed in accident and injury

statistics. Traffic accident proportion of cyclists has always
been high because cyclists are vulnerable groups in the traffic
conflict. In 2010, 4616 regular bicyclists were killed and 14,283
were seriously injured in road accidents, representing 7.1% of
all traffic fatalities and 5.6% of injuries [5]. With the rapidly
increasing number of electric bikes, more and more people
pay much concerned about traffic security problems involved
electric bikes. In 2004, 589 electric bike riders were died
and 5295 were seriously injured in road accidents [6]. In
2010, the corresponding figures increased to 4029 and 20,311,
respectively, representing 6.2% of all traffic fatalities and 8.0%
of injuries [5].
Accident analysis reveals that over 60% of cyclist fatal
crashes were caused by violation of traffic rules [5]. Redlight crossing is a typical type of rule violation behavior.
Because of the poor law enforcement and peoples’ low safety
awareness, violation behavior in the red-light period is rather
prevalent and represents a substantial safety problem in
Chinese urban intersections [7]. Particularly, electric bike
riders with relatively high speed are much more likely to
increase the risk of traffic incident.
So far, many scholars have studied red-light crossing
behaviors, but many focused on motorized vehicles [8, 9] and
pedestrians [10–13]. Unfortunately, only a few studies have
investigated bicyclists’ red-light crossing behavior, much less
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Figure 1: Bicycle-style electric bike at the left and scooter-style electric bike at the right.

about electric bike riders. Johnson et al. analyzed the bicycle
violation behavior at intersections in Melbourne [14]. They
found out that the rate of red-light crossing before noon
was 3% and 11% in the afternoon. Johnson et al. collected
4225 bicyclists who arrived at the intersections at red-light
time, and their result indicated that 6.9% bicyclists violated
traffic rules [15]. Wu et al. used logistic model to analyze how
gender, age, and conformity behavior affected the cyclist’s
violation, and classify red-light crossing behavior to three
types: obey the rules, risk taking, opportunistic [7]. Johnson
et al. obtained the data through the Internet and used TPB
(theory of planned behavior) to investigate the bicyclists’
red-light crossing behavior and attitude and the influencing
factors in Australia [16]. Their result showed that 37.3% of the
riders violated traffic rules, and the violation rate of males was
higher than females, the young was higher than the old, and
a rider who was accident-free may violate them easier.
Most of the existing researches on cyclists’ crossing
behavior used logistic model to analyze the violating probability and its influence factors. And little effort was focused
on the red-light crossing behavior of electric bike riders. In
this paper, we use survival analysis method to study electric
bike riders’ crossing reliability at the signalized intersection.
Survival analysis is a common topic in many 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 [17, 18], traffic
accidents [19], and vehicle travel time [20, 21]. Hazard-based
duration models of survival analysis have an advantage in
that it allows the explicit study of the relationship between
duration time and the explanatory variables [22–24]. More
importantly, survival analysis models can deal with not only
uncensored data but also 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 survival analysis method is chosen
to analyze riders’ crossing behavior. The empirical data, which
were obtained by video cameras, are modeled by three typical
parametric hazard functions. Both crossing reliability and
waiting times of electric bike riders under various conditions
are calculated and the covariate effects are quantified. The
finding of this paper can explain when and why electric bike
riders 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. Method
Reliability is the probability that a system or component will
perform its required function under stated conditions for
a specified period of time. Accordingly, crossing reliability
of electric bike riders can be defined as the probability that
an electric bike rider obey the traffic light after a specified
waiting time at the signalized intersection.
Let 𝑇 denote a nonnegative random variable representing the failure time or time-to-failure. Mathematically, the
reliability function 𝑅(𝑡) is the probability that a system will
be successfully operating without failure in the interval from
time 0 to time 𝑡,
𝑅 (𝑡) = 𝑃 (𝑇 > 𝑡) ,

𝑡 > 0.

(1)

In this paper, it is assumed that an electric bike rider violate
the traffic light when his/her waiting duration time is 𝑇.
𝑅(𝑡) is the crossing reliability of electric bike riders. It is the
probability that a rider, 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.
The failure probability, or unreliability of riders’ crossing
behavior, is then
𝐹 (𝑡) = 1 − 𝑅 (𝑡) = 𝑃 (𝑇 ≤ 𝑡) ,

(2)

which is known as the distribution of 𝑇.
If the random variable 𝑇 has a density function 𝑓(𝑡), then
∞

𝑅 (𝑡) = ∫ 𝑓 (𝑥) 𝑑𝑥.
𝑡

(3)

The density function can be mathematically described as
limΔ𝑡 → 0 𝑃(𝑡 ≤ 𝑇 < 𝑡 + Δ𝑡). This can be interpreted as the
probability that the failure/violation time will occur between
time 𝑡 and the next interval of waiting time, 𝑡 + Δ𝑡. The
three functions, 𝑅(𝑡), 𝐹(𝑡), and 𝑓(𝑡) are closely related to
one another. If any of them is known, all the others can be
determined.
The waiting time of an electric bike rider in the red-light
period can be regarded as the waiting duration that starts
when a cyclist arrives at the intersection in the red period
and ends when the rider starts to cross the intersection.
Therefore, hazard-based duration model in survival analysis
can be adopted to calculate the probability of rider violation
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with different waiting durations. In survival analysis, 𝑅(𝑡)
is also called survival function or survivor probability. The
survival function is defined to be the probability that the
waiting time of a rider in a red-light is longer than a specific
time, 𝑡.
Another important function in survival analysis is the
hazard function, ℎ(𝑡). 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
ℎ (𝑡) = lim

Δ𝑡 → 0

𝑃 (𝑡 < 𝑇 ≤ 𝑡 + Δ𝑡 | 𝑇 > 𝑡)
Δ𝑡

𝑃 (𝑡 < 𝑇 ≤ 𝑡 + Δ𝑡) 𝑓 (𝑡)
=
.
= lim
Δ𝑡 → 0 Δ𝑡 × 𝑃 (𝑇 > 𝑡)
𝑅 (𝑡)

(4)

The importance of the hazard function is that it indicates
the changing rate in the red-light violating behavior over the
waiting period of a rider. For example, two riders may have
the same crossing reliability at a specific point in time, but
the hazard rate curves can be very different.
Note that crossing reliability of electric bike riders is
influenced by various factors. The influential factors can
be defined as a vector of explanatory variables, x =
(𝑥1 , 𝑥2 , . . . , 𝑥𝑚 ) . To accommodate the effects of these influential factors, a parametric hazard model or a semiparametric
hazard model may be adopted. If little or no knowledge of the
functional form of the hazard is available, a semiparametric
approach for modeling the hazard function is convenient.
If theoretical support for a parametric shape is available,
using a particular parametric distributional form for the
hazard function will be appropriate. Both semiparametric
and fully parametric hazard-based models have been widely
cited in the literature. For detailed discussion of different
approaches for duration models see Bhat [17], Lee and Wang
[25]. Here, the primary objective of this paper is to examine
the crossing reliability and consider the application of the
model. A parametric hazard approach is adopted because
its hazard function can be chosen flexibly. Several typically
parametric distributions are exponential, Weibull, and loglogistic. These common distributions are summarized below.
The exponential distribution is suitable for modeling data
with constant hazard. The exponential hazard and survivor
functions are
ℎ (𝑡) = 𝜆 (constant hazard) ,
𝑅 (𝑡) = exp (−𝜆𝑡) .

𝜆
= 𝑖 = exp [−∑𝛽𝑘 (𝑥𝑘𝑖 − 𝑥𝑘𝑗 )] .
𝜆
ℎ𝑗 (𝑡, 𝜆 𝑗 )
𝑗
𝑘

ℎ (𝑡) = 𝜆𝛾(𝜆𝑡)𝛾−1 ,

The model is implemented by parameterizing 𝜆 𝑗 = exp(−𝑋𝑗
𝛽), where 𝛾 is an ancillary parameter to be estimated from
the data. Note that the hazard increases with duration time
if 𝛾 > 1, decreases if 𝛾 < 1, and reduces to exponential
if 𝛾 = 1. Similar to the exponential distribution model, the
hazard ratio of the Weibull distribution model is also not time
dependent.
The log-logistic model assumed that the natural logarithm of time follows a logistic distribution. The log-logistic
hazard and survivor functions are
ℎ (𝑡) =

This ratio is dependent only on the differences of the
covariates of the two individuals and the coefficients. It does
not depend on the time 𝑡.

𝜆𝛾(𝜆𝑡)𝛾−1
,
{1 + (𝜆𝑡)𝛾 }

(8)

𝛾 −1

𝑅 (𝑡) = {1 + (𝜆𝑡) } .
The model is implemented by parameterizing 𝜆 𝑗 = exp(−𝑋𝑗
𝛽) and treating the scale parameter 𝛾 as an ancillary parameter to be estimated from the data. Unlike the exponential
and Weibull distributions, the log-logistic distribution is
indicated for data exhibiting non-monotonic hazard rates.
When 𝛾 > 1, the hazard initially increases and then decreases
with duration time. When 0 < 𝛾 ≤ 1, the hazard decreases
with duration time. The hazard ratio of the log-logistic
distribution model is time dependent.
In order to keep the linear form of the covariates, three
new terms can be defined:
𝑦𝑖 = log 𝑡𝑖 = 𝛽𝑋 + 𝜀𝑖 𝜎,
𝜀=

(9)

(log 𝑡 − 𝛽𝑋)
,
𝜎

(10)

1
.
𝜎

(11)

𝛾=

The likelihood and log-likelihood functions for 𝑁 observations on 𝑦𝑖 and right censoring indicator 𝛿𝑖 are
𝛿𝑖

1−𝛿𝑖

𝐿 = ∏[𝜎−1 𝑓 (𝜀𝑖 )] [𝑅 (𝜀𝑖 )]
𝑖

(6)

(7)

𝑅 (𝑡) = exp (−(𝜆𝑡)𝛾 ) .

(5)

The model is implemented by parameterizing 𝜆 𝑗 = exp(−𝑋𝑗
𝛽) when the influenced covariates are considered. Let ℎ𝑖 (𝑡, 𝜆 𝑖 )
and ℎ𝑗 (𝑡, 𝜆 𝑗 ) be the hazards of individuals 𝑖 and 𝑗; the hazard
ratio of these two individuals is
ℎ𝑖 (𝑡, 𝜆 𝑖 )

The Weibull distribution is suitable for modeling data
with monotone hazard rates that either increase or decrease
exponentially with time. The Weibull hazard and survivor
functions are

,

(12)

log 𝐿 = ∑ [𝛿𝑖 (− log 𝜎 + log 𝑓 (𝜀𝑖 )) + (1 − 𝛿𝑖 ) log 𝑅 (𝜀𝑖 )] .
𝑖

(13)
Log-likelihood functions can be maximized using any standard method (e.g., Newton; BFGS).

3. Data
The field observation approach was used in this study. It has
been widely used to study pedestrian and cyclist behaviors
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Table 1: Covariates selection and explanation.

Covariate
AGE (age group)
GEN (gender)

Type
Continuous variable
Binary indicator

WN (waiting number)

Continuous variable

CN (crossing number)

Continuous variable

TC (twice crossing)
MV (motor vehicle volume)

Binary indicator
Continuous variable

LT (left turn phase)

Binary indicator

YL (yellow light)

Binary indicator

in actual traffic situations [7, 13, 26, 27]. For example, Tiwari
et al. used video recording to analyze pedestrians’ violating
behavior in signalized intersections in India [13]. Yao et al.
also used video cameras to study the behavior characteristics
of pedestrian crowd weaving flow in transport terminal [27].
Wu et al. used video recordings to examine urban commuter
cyclists’ red-light running behaviors in Beijing [7]. Wang et
al. used video data to study pedestrians’ crossing behavior in
red-light period in Beijing [26].
3.1. Site Characteristics. A cross-sectional observational
study was conducted at five signalized intersections in Beijing. Three criteria were used to select the observational
sites. First, the selected sites should represent the typical
intersection design characteristics and traffic conditions of
urban areas in Beijing. Second, the selected intersections
should have similar characteristics involved geometrics, traffic conditions, traffic control, and the absence of pointsmen.
In addition, there have to be a reasonably high number of
electric bike traffic during the observation period.
3.2. Data Collection and Processing. Video cameras were used
to collect data of electric bike riders’ crossing behaviors at
signalized intersections. The cameras were carefully placed
so that the road users were unaware that they were being
observed. The data collection was conducted on weekdays
during daylight hours (i.e., 8:00 a.m. to 5:30 p.m.) in good
weather conditions.
All road users who entered the intersection were recorded
on video, but only the riders arriving in red-light phases were
coded. In addition, only the straight-going riders crossing
through the intersection were recorded. Left-turners and
right-turners of electric bike were excluded because of the
limited field of view of the cameras. The waiting duration was
from the time a rider arrived at the stop line to the time he/she
began to cross. It can be classified into two kinds: uncensored
data and censored data. Uncensored data is defined as the
waiting duration which ends within the red-light period
(violating crossing). Otherwise, the waiting duration is called

Explanation
1 if under 20, 2 if 20–29, 3 if 30–39, 4 if 40–49, 5 if
50–59, and 6 otherwise
1 if male, 0 female
The number of other cyclists that are waiting for a green
light when arrives
The number of other cyclists that are crossing against
the red light when arrives
1 if twice crossing behavior, 0 otherwise
Motor vehicle volume per lane per min in red-light
phase when the rider arrives
1 if an electric bike rider violates traffic rules in the
left-turn period of motorized vehicles, 0 otherwise
1 if an electric bike rider violates traffic rules in the
yellow light period, 0 otherwise

censored data as long as it ends within the green light period
(normal crossing). For censored data, it is unknown about
his/her exact maximum endurance of waiting time.
Considering the previous researches and intuitive arguments regarding the influential factors of cyclist crossing
behavior, three sets of variables were coded (see Table 1).
The first set described the riders’ individual characteristics,
including gender and age. The second set of variables focused
on the riders’ movement information, including twice crossing behavior, the times of arrival at and departure from the
stop line, the time when crossing is completed, the status
of the traffic light at each of three times, and whether the
violating behavior occurs in the left-turn period of motorized
vehicles or the yellow-light period. The last set of variables of
concern were situation factors, including the red-light cycle
length, the number of riders waiting upon arrival, the number
of riders crossing against the red-light, and crossing traffic
volume (i.e., the number of motorized vehicles that crossed
the intersection from either direction during the time of the
red-light cycle when the rider arrives).

4. Results
A total of 8 h of video recordings (approximately 1.5 h for each
site) were collected and 1946 crossing events of cyclists were
observed. Demographics and behavioral data were coded
only for electric bike riders during the red-light phases. Thus,
a total of 312 (16%) valid observations were obtained (see
Table 2).
4.1. Descriptive Statistics. The proportions of red-light crossing of electric bike riders in each sub-group were presented in
Table 2. Of all the electric bike riders we observed, the number
of males was larger than females (84.3% versus 15.7%). And
most of the electric bike riders are young and middle-aged
persons; the respective rates are 26.5% and 67.6%. The old
riders only occupied 6.1%.
The overall proportion of electric bike riders who crossed
against the red-light was 75.4%. Male electric bike riders
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Table 2: Red-light crossing rates and waiting times by each subcategory.
Violating crossing

Normal crossing

Overall
Waiting time (s)

Rates

Waiting time (s)

Rates

Waiting time (s)

Rates

Male

76.9%

26.11

23.1%

64.88

84.3%

35.06

Female

67.3%

22.11

32.7%

69.14

15.7%

37.46

Gender

Age group
Young (<30)

80.7%

24.83

19.3%

82.57

26.5%

35.96

Middle (30–50)

74.4%

26.67

25.6%

59.46

67.6%

35.12

Old (>50)
Overall

63.2%

13.78

36.8%

75.97

6.1%

36.69

75.4%

25.55

24.6%

65.76

100%

35.44

Table 3: Parameter regression values of the influence variables.
Parameter
Constant
SITE
AGE
GEN
WN
CN
TC
MV
LT
YL
𝛾
log 𝐿

Coef.
2.960
0.145
−0.065
0.012
0.041
−0.134
−0.206
0.189
−1.166
−0.737
1.000

Exponential model
Haz. ratio
0.052
0.865
1.067
0.988
0.960
1.143
1.229
0.828
3.209
2.090

𝑃 value
<0.001
0.077
0.424
0.954
0.018
<0.001
0.254
0.001
<0.001
0.002

Coef.
1.009
0.044
−0.055
0.040
0.064
−0.089
−0.331
0.146
−0.95
−0.882
0.408

−831.6

were found to be more likely to violate traffic rules at signal
intersections than females (76.9% versus 67.3%). Red-light
violation rates also differed by age group. Young- and middleaged riders were more likely to run against a red-light than
the old ones (80.7% and 74.4% versus 63.2%). The result is
consistent with the research in pedestrian crossing behavior
[13, 23, 26].
The average waiting time of all samples was 35.44 seconds.
The average waiting time of the violating crossing was
25.55 seconds, while the average waiting time of the normal
crossing is 65.76 seconds. The maximum waiting duration
was 161 seconds while the minimum was 0 second. The latter
means people cross the street without any waiting time. As
shown in the last column of Table 2, the overall waiting times
of electric bike riders vary from 35.06 to 37.46 seconds in
different genders, and from 35.12 to 36.99 seconds in different
age groups. Therefore, there is no significant difference of the
overall waiting times in gender and age group.
This descriptive statistic cannot reflect the exact waiting
behavior due to the neglect of the censored data. The
estimation of the waiting duration with censored data will be
discussed later.

Weibull model
Haz. ratio
0.364
0.957
1.057
0.961
0.938
1.094
1.392
0.864
2.585
2.415
−656.6

𝑃 value
0.084
0.543
0.485
0.841
<0.001
<0.001
0.049
0.006
<0.001
<0.001

Log-logistics model
Coef.
𝑃 value
1.449
0.359
0.012
0.951
−0.220
0.329
0.197
0.737
0.266
<0.001
−0.382
<0.001
−1.151
0.017
0.429
0.006
−2.431
<0.001
−3.065
<0.001
0.514
−671.2

4.2. Parameter Regression Analysis. Table 3 shows the estimated parameters of the parametric hazard models in predicting red-light crossing behavior of electric bike riders.
Three models show perfect overall goodness-of-fit indicated
by the log-likelihood values. Among them, the Weibull
distribution is considered the best to describe riders’ crossing
behavior. The hazard ratios of both the exponential and
Weibull models are not time-dependent. According to (6), the
hazard ratio is exp(−𝛽𝑖 ) times if the 𝑖th covariate increases by
one unit. However, the risk of the log-logistic model cannot
be calculated by this way, since it is time dependent.
From the estimated results, the site variable is insignificant, which means the selected intersections have similar
traffic and geometric characteristics. Besides, gender and age
group have low significant level. It is partly because of the low
proportions of female (15.7%) and old people (6.1%) in the
sample. Most of other covariates are statistically significant at
the 0.10 level of significance. These covariates are significantly
related to violation behavior.
For the specific parameter estimation in Table 2, based on
(9), the positive parameters have a positive effect on waiting
time of riders (e.g., WN and MV). Therefore, an increase
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Figure 2: Crossing reliability with waiting duration in different
parametric models.

Figure 3: Hazard rate with waiting duration in different parametric
models.

in the corresponding covariates can increase the waiting
duration or decrease the risk rate. For example, an electric
bike rider is willing to wait longer time if many other cyclists
are waiting when he/she arrives at the intersection. Also,
a rider is likely to wait to reduce the collision risk in the
presence of heavy traffic.
On the contrary, the negative effect means that an increase
in the corresponding covariates can decease the waiting
duration or increase the risk rate (e.g., CN, TC, LT, and YL).
For example, an electric bike rider may follow to violate rules
when other cyclists are crossing against the red-light. A rider
of twice crossing has higher hazard and shorter waiting time.
Besides, a rider is more likely to violate rules during the leftturn period of motorized vehicles and the yellow-light period.

the curves of the Weibull and log-logistic 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 riders are generally
nonrisk takers who can obey the traffic rules after waiting a
long time.

4.3. Crossing Reliability Analysis of Electric Bike Riders.
Crossing reliability of electric bike riders calculated by three
parametric distributions 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. In addition, the curves of the Weibull
and log-logistic distributions have a rapidly decreasing trend
in the early part of the waiting time. It is consistent with the
fact that about 28.1% of electric bike riders are at high risk
of violation and low waiting time to cross against the red
right in our sample. But, the exponential distribution has a
low adaptability to describe the waiting time of electric bike
riders.
Figure 3 gives the risk rate curve calculated by three
parametric models. 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 behavior of electric bike riders. On the other hand,

4.4. Reliability Function of Crossing Behavior. Once electric
bike riders violate traffic light, such a crossing behavior is
defined as the occurrence of a risk event. Crossing reliability
of electric bike riders is the probability that an electric bike
rider obey the traffic light after a specified waiting time at the
intersection. The Weibull distribution model gives the best
description of riders’ crossing behavior. Taken the Weibull
distribution model, crossing reliability of electric bike riders
using our sample data can be written as
𝛾

𝑅 (𝑡) = exp (−(𝜆𝑡)𝛾 ) = exp {−[𝑡 exp (−𝛽𝑋)] }
= exp {− [𝑡 exp (−1.009 − 0.064 ∗ 𝑊𝑁 + 0.089 ∗ 𝐶𝑁
+ 0.331 ∗ 𝑇𝐶 − 0.146 ∗ 𝑀𝑉
+ 0.95 ∗ 𝐿𝑇 + 0.880 ∗ 𝑌𝐿)]0.408 } .
(14)
The proposed reliability model can capture the covariate
effects of crossing behavior of electric bike riders at the
intersection. Before the applications, however, it is noted that
the model should be estimated using the specified field data.
Additionally, the explanatory variables should be chosen
flexibly according to the specified traffic circumstance.
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5. Conclusions
The paper uses the concept of crossing reliability and the
methodology of survival analysis to examine violating behavior of electric bike riders at the intersection. Three parametric
duration models by the exponential, Weibull, and log-logistic
distributions are proposed to analyze the covariate effects on
crossing reliability of electric bike riders in red-light phase.
The methodology uses a duration model structure that is able
to predict crossing reliability at any given traffic conditions.
More importantly, three sets of variables are selected as
the covariates: individual characteristics, movement information, and situation factors. It is proved that the Weibull
distribution is the most appropriate for describing crossing
behavior of electric bike riders.
The paper provides several important insights into the
determinants of crossing reliability of electric bike riders.
Firstly, from the methodological standpoint, this study has
provided the empirical evidence that hazard-based duration
approach is appropriate for crossing reliability analysis. A
statistical test of covariate effects on crossing reliability
clearly indicates the goodness-of-fit of the used parametric
hazard models. Secondly, the results indicate that movement
information and situation factors are significantly related
to riders’ crossing reliability. Finally, various factors can
modify crossing reliability of electric bike riders. The more
riders waiting at the stop line, the less other riders crossing
against the red-light, and the more motorized vehicle volume,
electric bike riders would endure longer waiting times and
have higher crossing reliability. While, electric bike riders
have lower crossing reliability during the left-turn period of
motorized vehicles and the yellow-light period.
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, it is necessary
to study the comparison between electric bikes and common bikes. It is expected that the findings will help traffic
engineers, urban planners, and policy makers to understand
electric bike riders’ behavior at signalized intersections.
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In order to adapt the matching and planning requirements of charging station in the electric vehicle (EV) marketization application,
with related layout theories of the gas stations, a location model of charging stations is established based on electricity consumption
along the roads among cities. And a quantitative model of charging stations is presented based on the conversion of oil sales in
a certain area. Both are combining the principle based on energy consuming equivalence substitution in process of replacing
traditional vehicles with EVs. Defined data are adopted in the example analysis of two numerical case models and analyze
the influence on charging station layout and quantity from the factors like the proportion of vehicle types and the EV energy
consumption at the same time. The results show that the quantitative model of charging stations is reasonable and feasible. The
number of EVs and the energy consumption of EVs bring more significant impact on the number of charging stations than that of
vehicle type proportion, which provides a basis for decision making for charging stations construction layout in reality.

1. Introduction
In the transportation sector, the widespread use of the combustion engine vehicles has become an important factor
of energy consumption and environmental pollution [1, 2],
which leads the EV to get more attention owing to its distinguished features of genuine zero emission and high efficiency
[3, 4]. In China, the EV has become an essential part of the
new energy strategy and smart grid field [5, 6]. The State
Council of China has defined the EV as a new strategic industry [7]. Thus, the electric vehicle will become the focus of Chinese automotive industry and energy industry in the future.
EV charging station is an important supportive infrastructure to boost the market acceptance and popularity
of EVs [8, 9], because the accessibility and convenience
of charging stations would impose significant influence on
consumers’ decisions due to the inherent demand of periodic
charging [10, 11]. Currently, relative research has been a hot
topic and received increasing interest and dedicated effort
from researchers and practitioners. Hatton et al. [12] pointed
out that the construction of charging facilities’ network was of

great significance for the EV market expansion and described
a variety of charging facility construction modes as well
as their necessary requirements. Wang et al. [13] proposed
a multiobjective planning model, which takes factors such
as characters of charging station, characters of charging
consumers, distribution of the charging demands, power
grid, and municipal planning into account. Revelle and
Eiselt [14] established a classical location model and adjusted
the model by using different constraints. Wang et al. [15]
researched on matching theory of EV charging stations.
Johannes et al. [16] established a dynamic spatial model of
the development of a charging infrastructure for EVs to
allocate the need for charging stations in space. He et al. [17]
established EV charging station’s minimum comprehensive
cost model. Feng et al. [18] presented a novel method for
EV charging station planning based on the weighted Voronoi
diagram. Ning et al. [19] analyzed the economy of batteryswapping charging mode, which is one of the factors on
the charging stations construction layout. However, in the
field of the location of EV charging stations, there was
not enough analysis on quantitative model, and the layout
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planning system of charging station has not been formed
yet.
Since the charging time of electric vehicles is longer
than conventional fuel vehicles, taking up a longer time for
parking, the planning and layout of the charging stations
are subject to geographical location conditions, including
distribution capacity, available space, time of waiting for
charging, peripheral facilities, and many other factors, especially the cities with larger population density and scarce
land resources. If geographical conditions permit, theoretical
research of charging station construction and planning and
its scale and influencing factor analysis is a relative effective
planning measure at the early stage of electric vehicles. The
network planning of charging stations in Beijing in which the
author participated is also done based on this idea.
In this paper, a quantitative model and a location model
along intercity road are established by introducing some
parameters such as regional coefficients of variation and
attraction coefficient of charging stations, which are all based
on the principle of energy equivalence. Aiming at designing
the layout of urban charging stations, a quantitative model
has been established based on the oil sales transaction. The
correctness and effectiveness of models are further proved
by case studies. The influence and sensitivity of the factors
including the number of EVs, the proportion of vehicle type,
and the electricity consumption of EVs are analyzed.

2. Quantitative Model of Electric Vehicle
Charging Stations
2.1. Quantitative Model of Charging Stations along Intercity Roads. Quantitative model of charging stations along
intercity roads is proposed based on the consumption of
typical linear roads. That is, the road system is assumed to
be composed of a main line and a bunch of forks which
divided the region into several sections [20]. In order to
simplify the model, forks of the road should not be too many,
which indicates that the theory is not applicable to the layout
planning of charging stations in urban area. However, it has a
good applicability to typical intercity roads such as highways,
national highways, and provincial highways.
2.1.1. Parameter Definitions
(1) Length of Road (km, L). The length of road is selected to
establish the model.
(2) Traffic Flow of Road (Vehicles/Day, V). It denotes the
number of vehicles that pass the road 𝐿 in a certain time,
coming from the result of statistics. The traffic flow of vehicle
type 𝑖 (1 ≤ 𝑖 ≤ 𝑁) is expressed as 𝑉𝑖 .
(3) Power Consumption per 100 km of EVs (kWh/km, Q).
The statistics of average power consumption per 100 km of
EVs is used to convert into average power consumption per
kilometer which can be indicated by 𝐶𝑦 .
(4) Regional Coefficient of Variation (𝐶𝑑 ). The conditions of
different roads used by the model are various. For instance,
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the average power consumption per 100 km in mountainous
regions and plains is different. Therefore, a regional coefficient of variation (𝐶𝑑 ) is introduced to regulate the average
power consumption per 100 km in the model. This parameter
comes from statistics.
(5) Distance between Charging Stations (km, L). The distance
between two adjacent charging stations is calculated to ensure
the charging stations to make a certain profit. In order to
make sure that at least charging stations are not at a loss, the
minimum distance is defined as 𝑙min .
(6) Zero Profit Daily Electricity Sales of a Charging Station
(kWh). The zero profit daily electricity sales of a charging
station (𝑊0 ) is figured out based on the cost of the charging
station (hardware costs, service costs, daily expenses, and
other factors) and the electricity sales profit.
(7) Attraction Coefficient of a Charging Station (𝐶𝑦 ). In
practice, customers tend to choose better-equipped charging
stations offering higher-quality service at a lower cost when
their EVs need to be charged. If attraction coefficient of a
charging station was not introduced, the calculated distance
between two charging stations would be shorter, which could
lead to low profits or losses, resulting in a waste of social
resources. This parameter comes from statistics. It is the
ratio of actual electricity sales of charging stations and the
theoretical power consumption of EVs in a certain road.
(8) Expected Daily Electricity Sales of a Charging Station
(kWh, 𝑊𝑞 ). Expected daily electricity of a charging station is
the electricity that the charging station expects to sell every
day. This parameter comes from statistics.
(9) There Are 𝑀 Forks of the Road. These 𝑀 forks divided the
road into 𝑀−1 short sections; each short section has no forks
of the road, so that the traffic flow of this section is uniform.
𝑉𝑖,𝑗 can be defined as the traffic volume of vehicle type (𝑖) of
the road (𝐿 𝑗 ). This parameter comes from statistics.
2.1.2. Assumptions
(1) Zero Profit Electricity Sales in the Same Level of Charging
Stations Are Equal. The daily zero profit electricity in a
charging station will be influenced by plenty of factors
including the scale of the charging station, the number of
workers, service levels, and equipment costs. However, in
order to simplify the calculation, it is assumed that the zero
profit electricity sales in the same level of charging stations
are equal in the modeling process.
(2) EVs are recharged in accordance with the principle of
proximity and needs, which means that the charging pattern
accords with the condition that the EV needs to be recharged
when the remaining energy reaches the alert value and the
energy can be filled up each time, ignoring other factors.
Under this assumption, only the position factor is taken
into consideration. Actually, when EVs need electricity supply, drivers will certainly choose the cheaper and larger
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ones with higher quality services. This may contribute to
drivers’ violation towards the principle of proximity and
needs when they want to recharge their EVs. This will
inevitably lead to a shorter distance between the charging
stations which are calculated based on the model. In order to
make the model more practical, 𝐶𝑦 (attraction coefficient of
a charging station) is introduced when modeling, so that the
electricity sales in the section 𝐿 is equivalent to total energy
consumption × 𝐶𝑦 .
(3) The Charging Electricity Level of EVs on the Road Is
Equal to the Energy Consumption on the Road × Attraction
Coefficient of a Charging Station. Right now, road 𝐿 is selected
as an object of study. It will be verified from the simple case at
the beginning that the selected road should not be too long,
so that the EV will be recharged only once at most in a certain
road.
For any chosen EV, 𝑤 (kWh) is the control remaining
electricity in the battery and 𝑊 (kWh) is the fully charged
battery level. When the EV runs on road 𝐿, battery storage of
electricity (𝑊(𝑥)) is between 𝑤 and 𝑊, 𝑤 < 𝑊(𝑥) < 𝑊. The
power consumption of the EV in this section is expressed as
𝑊(𝐿), so the remaining battery level of this EV is 𝑊(𝑥)−𝑊(𝐿)
when it leaves this section. Then, if 𝑊(𝑥) − 𝑊(𝐿) < 𝑤, the
EV must be recharged on the road, and the complementary
power is expressed as 𝑊 − 𝑤; when leaving the road the
remaining battery level of the EV is
𝑊𝑠 = 𝑊 (𝑥) − 𝑊 (𝐿) + 𝑊 − 𝑤.

(1)

When 𝑊(𝑥) − 𝑊(𝐿) > 𝑤, the EV will not need to be
charged at the charging station along this road. If 𝑊(𝑥) −
𝑊(𝐿) < 𝑤, it means 𝑤 < 𝑊(𝑥) < 𝑤 + 𝑊(𝐿), and the EV
must be charged in the charging station in this section. The
complementary energy is 𝑊 − 𝑤.
Assuming that reduce rate of the battery energy is
proportional to the driving distance for EVs and because
the selection of the section is arbitrary, the 𝑊(𝑥) will be
distributed uniformly between 𝑤−𝑊. Under this assumption,
the probability of EV charged on the road is
𝑃𝑊(𝑥)|𝑤<𝑊(𝑥)<𝑤+𝑊(𝐿) =

𝑊 (𝐿)
.
𝑊−𝑤

(2)

Thus, the charged electricity of the EV on the road is
(𝑊 − 𝑤) ×

𝑊 (𝐿)
× 𝐶𝑦 = 𝑊 (𝐿) × 𝐶𝑦 .
𝑊−𝑤

(3)

The charging electricity of the EV on the toad is equal
to the consumption of energy × attraction coefficient of
charging station.
Then, charge electricity of all EVs passed through the road
equals ∑ 𝑊(𝐿) × 𝐶𝑦 . Additionally, if the EVs are recharged
more than once because of the overlong selected road, the
road could be divided into many sections, the EV would be
recharged only once in each section. It is proved right in every
short section, so the assumption is still valid.
2.1.3. Modeling. (1) 𝑊𝑄𝑖,𝑗 is the electricity consumption of
the EV 𝑖 in the road 𝐿 𝑗 . Taken the attraction coefficient of

a charging station and regional coefficient of variation and
other factors into consideration, the result is shown in the
following:
𝑊𝑄𝑖,𝑗 = 𝑄𝑖 × 𝐶𝑑 × 𝐿 𝑗 × 𝑉𝑖,𝑗 × 𝐶𝑦 .

(4)

(2) The electricity consumption (𝑊𝑄𝑗 ) of all the EVs in
the road 𝐿 𝑗 is expressed as the summation of the electricity
consumption of all types of EVs in this section, as shown in
the following:
𝑁

𝑊𝑄𝑗 = ∑𝑊𝑄𝑖,𝑗
𝑖=1
𝑁

= ∑ (𝑄𝑖 × 𝐶𝑑 × 𝐿 𝑗 × 𝑉𝑖,𝑗 × 𝐶𝑦 )

(5)

𝑖=1

𝑁

= 𝐶𝑑 × 𝐿 𝑗 × 𝐶𝑦 × ∑ (𝑄𝑖 × 𝑉𝑖,𝑗 ) .
𝑖=1

From the above, the total electricity consumption of all
EVs in the section 𝐿 is defined as
𝑀

𝑊𝑄 = ∑𝑊𝑄𝑗
𝑗=1
𝑀

𝑁

𝑗=1

𝑖=1

= ∑ (𝐶𝑑 × 𝐿 𝑗 × 𝐶𝑦 × ∑ (𝑄𝑖 × 𝑉𝑖,𝑗 ))
𝑀

𝑁

𝑗=1

𝑖=1

(6)

= 𝐶𝑑 × 𝐶𝑦 × ∑ (𝐿 𝑗 × ∑ (𝑄𝑖 × 𝑉𝑖,𝑗 )) .
(3) According to assumption (3) in Section 2.1.2, electricity sales on the road 𝐿 equal the electricity consumption ×
the attraction coefficient of a charging station. Because it is
assumed that, in Section 2.1.2 (1), the same level of charging
stations is equal to the zero profit electricity sales, when the
zero profit electricity sales of a charging station is 𝑊0 , the
maximum number of permitted charging stations is the ratio
of the total electricity sales and zero profit electricity sales, as
shown in the following:
𝑧max =
=

𝑊𝑄
𝑊0
𝑁
𝐶𝑑 × 𝐶𝑦 × ∑𝑀
𝑗=1 (𝐿 𝑗 × ∑𝑖=1 (𝑄𝑖 × 𝑉𝑖,𝑗 ))

𝑊0

(7)
.

(4) Average distance between the charging stations is the
ratio of the length and the number of charging stations in a
section, as shown the following:
𝑙min =
=

𝐿
𝑧max
𝐿 × 𝑊0

𝑁
𝐶𝑑 × 𝐶𝑦 × ∑𝑀
𝑗=1 (𝐿 𝑗 × ∑𝑖=1 (𝑄𝑖 × 𝑉𝑖,𝑗 ))

(8)
.
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(5) Assuming that a charging station is at any point along
the road 𝐿 𝑗 , 𝑊𝑞 is defined as the expected sales electricity of
charging stations, and 𝑙𝑗 is expressed as the control distance
from the upstream charging station, based on assumption (3)
and formula (7), 𝑊𝑄𝑗 can be defined as
𝑁

𝑊𝑄𝑗 = 𝐶𝑑 × 𝑙𝑗 × 𝐶𝑦 × ∑ (𝑄𝑖 × 𝑉𝑖,𝑗 ) ,
𝑖=1

in the gas station in a certain area. The numbers come from
statistics.
(6) Average Electricity Consumption per 100 km of EVs
(kWh/100 km, 𝑄𝑗 ). The parameter is defined as the electricity
consumption per 100 km of EVs which is corresponded to
the main types of traditional vehicles, which comes from
statistics.

(9)

(7) The Proportional Coefficient of Fuel Consumption and
Electricity Consumption of Corresponding Types of Vehicles
(kWh/L, 𝐼𝑗 ). The parameter is a proportional coefficient
of the fuel consumption per 100 km of traditional vehicle
and the electricity consumption of corresponding EVs. This
parameter will be figured out.

(10)

(8) The Number of Types of Vehicles Entering the Gas Station
(𝑁, 1 ≤ 𝑗 ≤ 𝑁). The parameter is used for the classification
of the main vehicles which are fuelled up in a certain area,
ignoring the vehicles which are seldom fuelled up in the gas
stations in the certain area.

𝑊𝑄𝑗 = 𝑊𝑞 .
Scilicet,
𝑁

𝐶𝑑 × 𝑙𝑗 × 𝐶𝑦 × ∑ (𝑄𝑖 × 𝑉𝑖,𝑗 ) = 𝑊𝑞 ,
𝑖=1

𝑙𝑗 =

𝑊𝑞
𝐶𝑑 × 𝐶𝑦 × ∑𝑁
𝑖=1 (𝑄𝑖 × 𝑉𝑖,𝑗 )

.

(11)

2.2. Quantitative Model of Charging Stations in a Certain Area.
According to the number of gas stations and average data
of daily oil sales in a certain area, the data of average daily
oil sales of all gas stations are translated into average daily
electricity sales of charging stations through introducing
conversion coefficient. The average daily electricity sales will
be the expected average daily electricity sales when the EVs
are popularized in a certain area in the future. Based on the
electricity sales level of charging stations, the quantitative
model of charging stations in a certain area can be established.
2.2.1. Parameter Definitions
(1) Daily Oil Sales of a Gas Station (L, 𝑂𝑖 ). This parameter is
defined as the daily oil sales in a gas station, which comes
from statistics. It is calculated from the data of yearly oil sales
divided by the number of days of a year. By this way, the
fluctuation of the data due to the changes of seasons, weather,
traffic flow, and other random factors can be reduced.
(2) Daily Electricity Sales of a Charging Station (kWh, 𝐸𝑖 ). This
parameter is defined as the daily electricity sales of a charging
station in the selected area, which can be figured out.
(3) The Proportional Coefficient of the Corresponding Oil Sales
and Electricity Sales (kWh/L, 𝐼𝑖 ). The proportional coefficient
is the total oil sales and corresponding electricity sales which
are converted out by calculation.
(4) The Number of Gas Stations Is 𝑀 (1 ≤ 𝑖 ≤ 𝑀). This
parameter is the number of gas stations in a certain area
which will be calculated.
(5) Average Oil Consumption per 100 km of Traditional Vehicles (L/100 km, 𝐺𝑗 ). The parameter is defined as an average oil
consumption per 100 km of the main vehicles which fuel up
in the gas station, ignoring the vehicles that seldom fuel up

(9) The Proportion of Vehicle Types (𝐷𝑗 ). This parameter is
the proportion of vehicles of various types, which is from
statistics.
(10) The Proportion of Users Charging in the Charging Station
(𝐶𝑐𝑑 , 0 < 𝐶𝑐𝑑 ≤ 1). Since the users may charge at home or
residential parking, this parameter needs to be introduced.
It is the proportion of the energy getting from the charging
station.
(11) Zero Profit Daily Electricity Sales of a Charging Station
(kWh, 𝑊0 ). This parameter is defined the same as the one in
Section 2.2.1 (6).
(12) Expected Daily Electricity Sales of a Charging Station
(kWh, 𝑊𝑞 ). This parameter is defined the same as the one in
Section 2.2.1 (8).
2.2.2. Modeling. (1) The proportional coefficient 𝐼𝑗 is the ratio
of electricity consumption and fuel consumption. It equals
the ratio of electricity consumption per 100 km of EVs and
fuel consumption per 100 km of refueling vehicles. It is shown
in the following:
𝐼𝑗 =

𝑄𝑗
𝐺𝑗

.

(12)

(2) The proportional coefficient 𝐼𝑖 is the ratio of oil sales of
gas stations and electricity sales of charging stations. It equals
the summation of the product of the proportion of different
EV types and the corresponding proportional coefficient 𝐼𝑗 .
It is shown in the following:
𝑁

𝐼𝑖 = ∑ (𝐷𝑗 𝐼𝑗 ) ,
𝑗=1

𝑁

∑𝐷𝑗 = 1,

𝑗=1

𝐼𝑖 =

𝐸𝑖 /𝐶𝑐𝑑
.
𝑂𝑖

(13)

(3) The daily electricity sales of a charging station (𝐸𝑖 ) is
a integrated result, which takes factors such as proportion of
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Table 1: Data of traffic flow in each section.

Section
AB
BC
CD
DE

Length (km)

Traffic flow
(vehicle/d)

Traffic flow of
EVs (vehicle/d)

Traffic flow of
passenger EVs
(vehicle/d)

Traffic flow of
commercial EVs
(vehicle/d)

7.1
2.36
10.95
2.9

34614
32300
27661
29797

3462
3230
2766
2980

2770
2584
2213
2384

692
646
553
596

the user charging in charging stations and the oil sales into
account:
𝑁

𝑁

𝑗=1

𝑗=1

𝐸𝑖 = 𝐶𝑐𝑑 𝑂𝑖 𝐼𝑖 = 𝐶𝑐𝑑 𝑂𝑖 ∑ (𝐷𝑗 𝐼𝑗 ) = 𝐶𝑐𝑑 𝑂𝑖 ∑ (𝐷𝑗

𝑄𝑗
𝐺𝑗

) . (14)

(4) From the above, the sum of the daily electricity sales
of charging stations in a certain area can be acquired. And it
is defined as
𝑀

𝐸 = ∑𝐸𝑖
𝑖=1
𝑀

𝑁

𝑖=1

𝑗=1

= ∑ (𝐶𝑐𝑑 𝑂𝑖 ∑ (𝐷𝑗
𝑀

𝑁

𝑖=1

𝑗=1

= 𝐶𝑐𝑑 ∑ (𝑂𝑖 ∑ (𝐷𝑗

𝑄𝑗
𝐺𝑗
𝑄𝑗
𝐺𝑗

))

(15)

)) .

Then the maximum permitted number of charging stations in the certain area 𝑧max is defined as
𝑧max =

𝑁
𝐶𝑐𝑑 ∑𝑀
𝐸
𝑖=1 (𝑂𝑖 ∑𝑗=1 (𝐷𝑗 (𝑄𝑗 /𝐺𝑗 )))
=
.
𝑊0
𝑊0

(16)

The proper amount of charging stations that will be built
in the certain area is defined as
𝑁
𝐶𝑐𝑑 ∑𝑀
𝐸
𝑖=1 (𝑂𝑖 ∑𝑗=1 (𝐷𝑗 (𝑄𝑗 /𝐺𝑗 )))
=
.
𝑧𝑗𝑦 =
𝑊𝑞
𝑊𝑞

(17)

It can be seen from the modeling process that the model is
based on the proportion of the oil consumption of traditional
vehicles and the energy consumption of corresponding EVs,
and then the conversion coefficient of the oil sales and the
electricity sales can be worked out by statistical method
and weighting mathematical method. Finally, the potential
demand for electricity of EVs in a certain area can be calculated according to the conversion coefficient.

3. Analysis on the Model Influencing Factors
To verify the validity of the model and analyze its influencing
factors, some examples are computed and analyzed by
using typical road traffic flow and the number of regional
gas stations as basic parameters, and the sensitivity of the
parameters needs to be analyzed and quantified.

3.1. Example of the Quantitative Model of Charging Stations
along Intercity Road
3.1.1. Settings of Basic Parameters. For example [21], the total
length of one section of highway is 23.3 km, there are five
entrances or exits (points A, B, C, D, and E) dividing it into
four sections, and the length and traffic flow data of each
section are shown in Table 1. Assuming that the proportion
of EVs could be 10% of the total number, the proportion of
passenger EVs and commercial EVs is 4 : 1, and the traffic flow
data of EVs is shown in Table 1, too.
According to the statistics of electricity consumption per
100 km of a EV in [22, 23], the electricity consumption per km
of a passenger EV is calculated as 𝑄1 = 0.25 kWh/km and the
electricity consumption per kilometer of a commercial EV is
calculated as 𝑄2 = 1.22 kWh/km.
The regional coefficient of variation is defined as 𝐶𝑑 =
0.85, and the attraction coefficient of charging stations is
defined as 𝐶𝑦 = 0.8.
Referring to “Technical specifications of electricity supply
and assurance for electric vehicle: electric vehicle charging
station” [24], the data of zero profit electricity sales of the
tertiary charging station is introduced, which can provide
service to 100 EVs per day. It is assumed that each EV can
be charged for 100 kWh each time, so the daily maximum
sales of a charging station is 10000 kWh. Assuming that the
zero profit daily sales is 60% of the maximum daily sales and
the expectation daily sales is 90%, 𝑊0 is 6000 kWh and 𝑊𝑞 is
9000 kWh.
3.1.2. Calculations of the Number of Charging Stations along
the Intercity Road. (1) The electricity consumption in each
section and the total consumption of the passenger EVs and
commercial EVs are calculated, respectively, according to (4)
and (5), and the results are shown in Table 2.
The total electricity sales in section AE are calculated as
𝑊𝑄 = 21473.07 kWh, and then the maximum permitted
number of charging stations is figured out as 𝑧max =
21473.07/6000 = 3.58; it could be rounded up to an integer
(𝑧max = 4). The average length between the charging stations
can be figured out as 𝐼min = 23.3/4 = 5.825 km.
(2) In order to obtain a satisfactory benefit, traffic flow and
electricity consumption expectation sales should be taken
into account when making the layout plan. It is assumed
that there is a charging station in section BC, and the
control distance with the upstream charging station could be
calculated as shown in Table 3.
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AB
BC
CD
DE

Electricity
consumption of
passenger EVs
(kWh)

Electricity
consumption of
commercial EVs
(kWh)

Total electricity
consumption
(kWh)

3343.39
1036.70
4119.50
1175.31

4075.99
1264.78
5023.52
1433.88

7419.38
2301.48
9143.02
2609.19

Table 3: Layout of charging stations.
No.
Control distance (km)
Control coordinate (km)

1
9.38
9.38

2
9.63
19.01

Table 4: Data of charging stations in different proportions of vehicle
type.
Proportion of vehicle type
9:1
4:1
7:3

𝑧max
2.80
3.58
4.36

𝑙min
8.32
6.51
5.34

According to this result, defined amount of charging stations in this section is 2. If the number was more than two, the
control coordinate would exceed the length of the road, which
deviates from actuality. Therefore, this scheme is the best
choice. This case study has shown that the quantitative model
of charging stations along the intercity road is reasonable
and feasible, which can help making layout plan for charging
stations in a typical road.
3.1.3. Analysis of Influencing Factors on the Number of the
Charging Stations along Intercity Road. (1) Proportion of
vehicle type influence on the number of charging stations
along intercity road.
Supposing that other parameters are constant values, the
numbers of charging stations are calculated respectively when
the proportions of passenger vehicles and commercial vehicles are 9 : 1 and 7 : 3. Table 4 shows the consequence which
also demonstrates the corresponding data in Section 3.1.2.
The data in Table 4 shows that the amount of charging
stations increases with the reduction of the proportion of
commercial vehicles. With the proportion of the commercial
vehicles increasing by 10% each time, the maximum number
of permitted charging stations (𝑧max ) would become 3.58 and
4.36, increased by 27.6% and 21.7%, respectively.
(2) The number of EVs influences the number of charging
stations along intercity road.
It is assumed that other parameters are constant values.
Data of 15% and 20% of the total traffic flow are used, respectively, to represent the number of EVs in this calculation.
Table 5 shows the consequence.
Table 5 shows that the maximum permitted number
of charging stations increases significantly and the average

Proportion of EVs
10%
15%
20%

𝑧max
3.58
5.36
7.13

𝑙min
6.51
4.35
3.27

14

7

12

6

10

5

8

4

6

3

4

2

2
10

15

20
25
The proportion of EVs (%)

30

Average distance of charging stations (km)

Section

Table 5: Data of charging stations under the condition of different
numbers of EVs.

The number of charging stations

Table 2: Data of electricity consumption in each section.

1
35

zmax
lmin

Figure 1: Data of charging stations in different number of EVs.

distance between the charging stations becomes shorter as the
number of EVs increases. With the number of EVs increasing
by 5%, the maximum number of charging stations would add
1.78 and 3.55 which is relative to the original data, respectively,
which means a linear growth of 49% and 99%. Consequently,
the number of EVs has remarkable influence on the number
of charging stations in the case of a certain scale of charging
stations. It means that the number of EVs is a sensitive factor
on the charging stations planning.
With the development of EV market, the number of
EVs will increase continuously. The conditions of different
numbers of EVs (25%, 30%, and 35% of total number of
vehicles) should be calculated and analyzed; Figure 1 shows
the results.
It is clearly shown in Figure 1 that the number of charging
stations increases linearly with the increase of the number of
EVs, and the average distance between the charging stations
becomes shorter with the increase of the number of EVs.
Therefore, if the number of EVs is continually expanding, the
layout of charging stations would be more and more intensive.
So it is no more reasonable to meet the needs of intercity road
by increasing the number of charging stations. This problem
should be solved by taking some other measures such as
expanding the scale of charging stations or increasing the
serving efficiency.
(3) Electricity consumption of EVs influences the number
of charging stations.
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Table 6: Data of charging stations in different electricity consumptions.

Table 7: Data of charging stations in different grades of charging
stations.

𝑄1
0.25
0.225
0.2

Grade of charging stations
II
III
V

𝑄2
1.22
1.098
0.976

𝑧max
3.58
3.22
2.86

𝑙min
6.51
7.24
8.15

With the continuous development and progress of battery technology and EV technology, an average of energy
consumption per 100 km of EVs reduced by 10% or 20%
energy saving ratio is possible. So the influence on the
number of charging stations under the condition of different
energy consumptions should be taken into consideration. It
is assumed that other parameters are constant values, and
the numbers of charging stations are calculated, respectively,
when the electricity consumption of EVs is decreased by 10%
and 20%. The result is shown in Table 6.
Table 6 indicates that the maximum permitted number
of charging stations is reduced by 0.52 and 0.48 with the
reduction of the electricity consumption of EVs. The analysis
shows that the energy consumption of EVs decreasing by 10%
may lead to the reduction of charging stations by 14.53% and
14.90%, respectively.
(4) Different grades of charging stations influences the
number of charging stations along intercity road.
According to “Technical specifications of electricity supply and assurance for electric vehicle: electric vehicle charging
station” [24], the charging stations are divided into four
grades based on the distribution capacity and service capabilities. Different grades of charging stations have different daily
electricity sales which will influence the layout of charging
stations. Assuming that other parameters are constant values,
the maximum permitted number of charging stations and
the average distance between charging stations are calculated,
respectively, under the condition of the second grade and the
fourth grade of charging stations. The result is in Table 7,
compared with the data under the condition of third grade
of charging stations which has been shown in Section 3.1.2.
It can be seen that different grades of charging stations
have different zero profit daily electricity sales. The number
of the third grade of charging stations is 1.79 more than that
of the second grade, and the number of the fourth grade of
charging stations is 5.37 more than that of the third grade.
At the same time it is shown that when the zero profit daily
electricity sales decrease by 50% the number of the charging
stations increases by 100%, and when the zero profit daily
electricity sales decreases by 40%, the number of charging
stations increases by 150%.
In conclusion, the proportion of EVs, number of EVs,
electricity consumption of EVs, and different grades of
charging stations influence the layout of charging stations.
Among them, the number of charging stations is the most
sensitive factor; if the number of EVs increased by 5% each
time, the number of charging stations would increase by 49%
and 99%, respectively. Therefore, the number of EVs should
be taken into serious consideration when making the layout
of charging stations.

𝑊0
12000
6000
2400

𝑧max
1.79
3.58
8.95

𝑙min
13.02
6.51
2.60

Table 8: Data of daily oil sales in gas stations.
No.
1
2
3

The number of gas
stations

Daily oil sales per gas stations
(L)

18
90
92

20000
15000
5000

Table 9: Data of other basic parameters.
Item
Parameter
Fuel consumption per 100 kilometers of
9 L/100 km
passenger vehicle
Fuel consumption per 100 kilometers of
45 L/100 km
commercial vehicle
Electricity consumption per 100 kilometers of
25 kWh/100 km
passenger EV
Electricity consumption per 100 kilometers of
122 kWh/100 km
commercial EV
The number of the vehicle type
2
Proportion of the passenger vehicle
0.8
Proportion of the commercial vehicle
0.2
The proportion of the user charging in charging
0.7
stations
Zero profit daily electricity sales of a charging
9000 kWh
station
Expected daily electricity sales of a charging
12000 kWh
station

3.2. Example of the Layout of Charging Stations in a Certain
Area
3.2.1. Settings of Basic Parameters. Suppose that there are 200
gas stations in an urban area [25]. The data of daily oil sales in
gas stations are shown in Table 8, and the data of other basic
parameters are shown in Table 9.
3.2.2. Calculations of the Number of Charging Stations in a
Certain Area. According to (12), the scale factor of the oil
consumption and the electricity consumption of passenger
vehicles is calculated as 𝐼1 = 2.78, and the scale factor
of the oil consumption and the electricity consumption of
commercial vehicles is figured out as 𝐼2 = 2.71. The scale
factor of the oil consumption and the electricity consumption
in the corresponding gas stations and charging stations is
figured out according to (13), and then all the data of daily
oil sales in gas stations and the data of daily electricity sales
in the charging stations can be worked out as Table 10 shows.
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Table 10: Data of daily electricity sales in the charging stations.

No.
1
2
3

The number of gas STs

Daily oil sales per gas STs (L)

Corresponding daily
electricity sales (kWh)

Corresponding total daily
electricity sales (kWh)

18
90
92

20000
15000
5000

38780
29085
9695

698040
2617650
891940

The total daily electricity sales in this area is worked out
as 𝐸 = 4207630 kWh. The maximum number of charging
stations is calculated as 𝑧max = 4207630/9000 = 467.51, and
it could be rounded up to an integer (𝑧max = 468). The defined
amount of charging stations is calculated as 𝑧𝑗𝑦 = 4207630/
12000 = 350.64, and it could be rounded up to an integer
(𝑧𝑗𝑦 = 351).
The result indicates that an ideal program of building
urban charging stations can be provided according to the
quantitative model of charging stations in a certain area.

Table 11: Data of charging stations in different proportions of vehicle
type.
Proportion of
vehicle type

Maximum permitted
number of charging
stations

Defined amount of
charging stations

468
468
466

351
351
349

9:1
4:1
7:3

Table 12: Data of charging stations in different electricity consumptions.

3.2.3. Analysis of Influencing Factors on the Number of the
Charging Stations in a Certain Area. (1) Vehicle type proportion influences the number of charging stations in a certain
area.
Assuming that other parameters are constant values, the
numbers of charging stations are calculated, respectively,
when the proportions of passenger vehicles and commercial
vehicles are 9 : 1 and 7 : 3. Table 11 shows the consequence
which also demonstrates the corresponding data in Section 3.2.2.
Table 11 shows that when the proportion of commercial
vehicles increases by 10%, the maximum number of charging
stations decreases by 0 and 2, respectively, the same as the
defined amount of charging stations. It is obvious that the
proportion of vehicle type has little influence the number of
charging stations.
(2) Electricity consumption of EVs influences the number
of charging stations in a certain area. According to the
schemes described in Section 3.1.3 (3), the numbers of charging stations are calculated, respectively, when the electricity
consumption of EVs decreased by 10% and 20%. The result in
shown in Table 12.
Table 12 indicates that the electricity consumption and the
number of charging stations are positively correlated. With
the electricity consumption decreasing by 10% each time,
the maximum number of charging stations decreases by 47
(10% in proportion), and defined amount of charging stations
deduced by 31 (11.2% in proportion).
(3) Different grades of charging stations influence the
number of charging stations in a certain area.
Assuming that other parameters are constant values, the
number of charging stations is calculated in different grades
of charging stations. The data is shown in Table 13. Taking
different construction costs between the same grades of
urban charging stations and intercity charging stations and
other factors into consideration, the data of zero profit daily
electricity sales in Table 13 and that in Section 3.1.3 (4) is
different.

The decreased
Maximum
Defined amount of
proportion of electricity permitted number
charging stations
consumption
of charging stations
0
10%
20%

468
421
374

351
316
285

Table 13: Data of charging stations in different grades of charging
stations.
Grade of charging
station
II
III
V

𝑊0
18000
9000
3600

Maximum
Defined amount
permitted number
of charging
of charging stations
stations
234
468
1168

176
351
878

It can be seen that when the zero profit daily electricity
sales decreases by 50% both the maximum permitted number
of charging stations and defined amount of charging stations
increase by 100% and when the zero profit daily electricity
sales decrease by 40% both the maximum permitted number
of charging stations and defined amount of charging stations
increase by 150%. This law is corresponded with the one in
Section 3.1.3 (4). So the influence of the number of charging
stations is significant due to the conditions of different grades
of charging stations.
This part analyzes the influence of proportion of vehicle
types, electricity consumption of EVs, and the grades of
charging stations on the number of charging stations in
a certain area. Among them, the change of proportion of
vehicle types has little effect on the number of charging
stations. If the electricity consumption is decreased by 10%,
the number of charging stations would reduce by 10% or so.
The sensitivity factor is the grades of charging stations. If
the zero profit daily electricity sales decreased by 50%, the
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number of charging stations could reduce by 100%. When
future plans for the construction of charging stations are
actually made, the grades of charging stations and the serving
capabilities should be taken into account, and at the same
time, the impact of energy consumption of EVs should not
be ignored.

4. Conclusions
(1) With energy equivalent substitution as the basic principle,
functions and energy supply features of the charging stations
are comprehensively considered to conduct influencing factor analysis of quantity model of the linear roads and fixed
area charging stations, and results show that the model is
applicable to the optimization calculation of the charging
stations of the electric vehicles.
(2) The analysis of model proportion, number of electric
vehicles, electric vehicles power consumption, and other
influencing factors of the number of charging stations show
that the proportion change of the models of vehicles will
not become the main influencing factor of the number of
the charging stations in a fixed area. With the number of
EVs increasing by 5%, the maximum number of charging
stations would have a linear growth of about 50%. The
energy consumption of EVs decrease by 10% may lead to
the reduction of charging stations by at least 14%. And the
zero profit daily electricity saleing are an important factor
for the number of the charging stations. With the electricity
consumption decreasing by 10% each time, the maximum
number of charging stations decreases 10% in proportion.
(3) At present, the future development should be taken
into account when incubating a charging stations plan. As
different scales of charging stations have different serving
capabilities, some measures should be taken to enhance their
service capabilities, such as decreasing the service time per
vehicle are improving the technology and the quality of
services. The growing number of EVs and the expanded scale
of charging stations should also be taken into consideration.
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