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1. Overview

A transportation system is a dynamic, diverse, random
and complex system, which consists of road users, vehicles,
roadway, and the environment. An efficient transportation
system is essential for the function and prosperity of modern,
industrialized societies, and any disturbance of the compo-
nents will transform the state of the whole system.

A transportation system exhibits extremely complex
behavior derived from several components: the heteroge-
neous nature of human behavior, highly nonlinear group
dynamics, and large system dimensions. Advances in mobil-
ity aremost clearly illustrated by the spread ofmotorized traf-
fic and transport and the development of the transportation
industry, including vehicle manufacturing and its associated
infrastructure. However, because of the growth of the trans-
portation system, it also shows some negative impacts such
as the increasing number of traffic accidents, the danger of
health problems due to pollution, and the possibility of eco-
nomical drawbacks due to congestion problems. Therefore,
to reduce these negative impacts, the current developments
in the transportation system represent one of the main
challenges for information science and intelligent technology.

In order to reach a more efficient and safe road usage,
some innovative techniques are performing in a transporta-
tion system, for example, intelligent transportation system
(ITS). ITS includes a wide and growing suite of technolo-
gies and applications, aiming at providing available services
relating to different modes of transportation and traffic
management and enabling various users to make safer, more
coordinated, and “smarter,” use of transportation system.
The whole techniques of ITS can be divided into two parts:

stand-alone systems and cooperative systems. The two kinds
of systems should work together to deliver the most efficient,
safe, secure and comfortable journey.

To tackle the problems that were introduced before, traffic
on an urban transportation system can be considered as a
dynamical system. In recent years, some researches based on
chaos theory were used to describe the traffic flow. Nonlinear
chaotic phenomena was found in the short-term traffic flows,
and even some implications were discussed for urban and
transportation planning and forecasting. Period doubling,
intermittency, and quasiperiodicity would make the trans-
portation system into chaotic. The chaotic traffic flow model
is a macroscopic model, which was established by adopting
car following model. The model is a discrete and dynamic
one derived from both the flow-density-speed fundamental
diagram and the Greenshield’s model, which use occupancy
as variable and the ratio of free flow and average speed as con-
trol parameter.

With the development of society, the transport system
shows a high complex and variational scene and enormous
stochasticity. Various transportation problems and activities,
such as accidents, unreasonable control signal, and tem-
porary society actives, are derived from nonlinear singular
factors which are the main causes of the stochasticity. This
stochasticity can be defined as the impedance of the path.
Consequently, the problem proposed how to find out the
expected shortest path in a transport network, where the
link travel times are modeled as a continuous-time stochastic
process. The famous approaches for solving the problem are
the Bellman’s dynamic programming method for directed
networks, the Dijkstra labeling method, and Bellman-
Ford successive approximation method for networks with
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nonnegative cost coefficients. Some important applications
of the path optimization problem include vehicle routing
in transportation systems, traffic routing in communication
networks, and path planning in robotic systems.

Discrete optimization is a specific branch of optimization
in applied mathematics and computer science. A very well-
known application area of discrete optimization is a rail
transport system. It helps us to plan and optimize the railroad
network, in particular, the computation of the line plans, train
schedules, and schedules of rolling stock. For example, the
line planning consists in choosing a set of operating lines and
its frequencies to serve the passenger demand and to optimize
some given objective. However, the process of privatization of
state-owned railroads enforces the efficient resource utiliza-
tion. For this reason, cost-optimal line planning is modeled.
Besides the routes and the frequencies, in the cost-optimal
line planning approach, one has to find the optimal number of
coaches per train, based on trivial estimates of the circulation
of rolling stock.

To solve problems of a transportation system, next to opti-
mization also human behavior plays a crucial role. Among
various disturbances of transportation system, the reliability
of human action in transportation system plays a crucial
role in optimizing both person-task fit and safety issues.
According to the result of all investigations over the world,
accidents are to be led back to more than 95% exclusively on
the driver’s behavior. Disturbances such as human error can
make the transportation system into a variety of unreliable
state. On the basis of the measuring system disturbances, the
unstable state can be defined as varying degrees of safety, such
as conflict, near accident, or accident. Certainly, an unreliable
transportation system can also transform into a reliable state
by compensate strategies in safety efforts. The advanced
driver assistance systems (ADASs) is such a subsystem of
ITS, which helps drivers in perception, decision making, and
action while driving and enhances the possibility of human
error compensation, such as collision warning systems, lane
departure warning systems, adaptive cruise control system
(ACC), vision enhancement, and pedestrian detection.

The focus of this special issue is to foster links between
basic and applied research relating to discrete dynamics
problems in a transportation system. We invite original con-
tributions on all topics in both new theoretical developments
and studies of practical implementations, which propose and
study novel dynamic and diverse models to reveal the mech-
anism of transportation system.The topics include intelligent
transportation system (ITS), dynamic problem in urban
transport system, transit and rail systems operation, applica-
tion of chaos in traffic flow, discrete and stochastic theory of
transport system, vehicle active safety and intelligent vehicle,
discrete optimizationmethods in traffic system, traffic opera-
tions, management and control, energy, transport policy and
economics, driving behavior, and driver assistance system.

2. Summary

An efficient and safe transportation system is essential for
the function and prosperity of modern society. Nowadays,
we have benefited from the rapid development of the

transportation industry. However, we also have to suffer
from serious problems in transportation. Therefore, many
researchers are seeking solutions to make a transportation
system more efficient and improve the operations by using
new technologies and new methodologies.

The analyzing, testing, modeling, and simulating of a
transportation system and the state-of-the-art technologies
will collectively improve the accidents, congestion, and pol-
lution emissions problem of the transportation system.

This special issue aims at understanding the discrete
state modeling the dynamic changes of the transportation
system and finding a more reliable compensating approach
to enhance the safety and efficiency of the transportation
system.Webelieve that the papers in the special issue could be
a representative study in the field of intelligent transportation
system and help for a heuristic understanding of the current
development in the field of transportation safety.

Wuhong Wang
Klaus Bengler

Geert Wets
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Snowy weather will significantly degrade expressway operations, reduce service levels, and increase driving difficulty. Furthermore,
the impact of snow varies in different types of roads, diverse cities, and snow densities due to different driving behavior. Traffic
flow parameters are essential to decide what should be appropriate for weather-related traffic management and control strategies.
This paper takes Beijing as a case study and analyzes traffic flow data collected by detectors in expressways. By comparing the
performance of traffic flow under normal and snowy weather conditions, this paper quantitatively describes the impact of adverse
weather on expressway volume and average speeds. Results indicate that average speeds on the Beijing expressway under heavy
snow conditions decrease by 10–20 km/h when compared to those under normal weather conditions, the vehicle headway generally
increases by 2–4 seconds, and the road capacity drops by about 33%.This paper also develops a specific expressway traffic parameter
reduction model which proposes reduction coefficients of expressway volumes and speeds under various snow density conditions
in Beijing.The conclusions paper provide effective foundational parameters for urban expressway controls and traffic management
under snow conditions.

1. Introduction

The presence of fog, dust, rain, snow, or smoke in the atmo-
sphere makes a driver’s task more difficult. Since the mid-
dle of the twentieth century [1], it has been recognized
that weather conditions have special influence on the road
network operation due to the various behaviors of drivers
under different weather conditions. Since the 1970s, several
studies have focused on quantitative impact evaluations of the
transportation system performance under adverse weather
conditions in the USA [2–4]. They have confirmed that
adverse weather conditions can significantly reduce the oper-
ating speed and thus the capacity in a given road segment
[5]. However, few studies on road conditions and driver’s
behavior during inclement weather have been conducted in
China. Due to the insufficient traffic performance analysis
and traffic flow characteristic studies of traffic behavior in
inclement weather in China, the implementation of traffic
management measures, traffic control strategies, and traffic
designs for inclement weather conditions has usually been

set and adjusted based only on a personal experience. This
approach is quite impractical because it requires a traffic
operator to manually change the settings in the field which
deeply affects the reliability and efficiency of the traffic
system. Specifically, the research on the impact of adverse
weather in China has mainly focused on freeway manage-
ment and traffic safety guarantees [6–9]. Adverse weather
undoubtedly makes the driving operation more difficult, but
it is still unclear howmuch and what changes should bemade
under various inclement weather conditions’ even though a
previous research based on empirical methods [10, 11] and
simulation methods [12–14] has revealed that there is a sub-
stantial impact on driving in adverse weather.

Of all the adverse weather conditions, snow has the
most significant effect on the driving behavior and vehicle
performance because of the dual influence of road surfaces
and visibility problems [15]. The snow scatters lights and
creates a great amount of visual noise in a driver’s visual field.
In addition, if the snow is heavy enough, it covers the road
surface, obscuring lane markings and road signs designed to
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aid the driver. If the temperature is still low in the next day,
the road surface freezes which then leads to a new threat to
vehicles and traffic flow.

Several studies have examined the impact of snow and ice
conditions specifically. McBride [2] evaluated the economic
impact of highway controls and operation under snow and ice
conditions and estimated the extra fuel consumption and the
additional travel delay. Ibrahim and Hall [16] processed the
traffic flow data collected from a freeway in Ontario, Canada,
by usingmultivariable regression analysismethods and found
that there was a 3%–5% speed reduction with light snow and
a 30%–40% reduction in travel speeds with heavy snow. The
Minnesota Department of Transportation also conducted a
study based on data collected from a busy metropolitan free-
way, highway 36, during rush hours between 3:00 and 8:00
PM on several weekdays under different weather conditions
[11]. Their analysis showed that speeds dropped from 44
to 26mph (40%), saturation flows decreased from 1800 to
1600 v/l/h (11%), and the start-up delays increased from 2 to
3 seconds.

Ren [17] also analyzed road sections and intersection
run characteristics under a single snowy weather event and
calculated the reduction percentages of road capacity, traffic
volume, and travel speed at different intensity levels of
snow. However, his conclusions were not universal and were
inapplicable for other cities and other weather conditions.

Other authors have suggested potential solutions to help
traffic flow during difficult weather conditions. Hu [14] dis-
cussed the impact of snowy weather on signal timing and
evaluated the performance of intersection signals under icy
and snowy weather conditions using a traffic simulation
approach. Their simulation results indicated that a weather-
responsive signal scheme can enhance traffic conditions,
decrease travel delays, and raise travel speeds. Al-Kaisy and
Freedman [18] presented a systematic investigation into the
effects of adverse weather on signal operation and devel-
oped a set of recommended guidelines that relate weather
conditions to operational impacts and potential benefits of
weather-responsive signal timing.

The research also shows that drivers experience and
behavior have an obvious influence on the traffic flow char-
acteristics [19]. In most northern states in the USA, serious
adverse weathers like snow storms occur frequently, so
drivers are familiar with the conditions and have the expe-
rience driving under these adverse weathers, so they modify
their driving habits accordingly. These modifications usu-
ally involve reducing speed and keeping greater distances
between vehicles. Boyce’s study illustrates that there are dif-
ferent influences and principles of snow’s impact in different
cities.

Some studies have also reported that the impact of
weather conditions on traffic flow relationships and param-
eters is different depending on the road type. Chin et al.
[20] established a traffic performance decrease table of var-
ious classes of roads under six different inclement weather
conditions including light rain, heavy rain, light snow, heavy
snow, fog, and ice. They used loop detector data gathered
from different regions of the USA. From these data, it is clear

that not all weather conditions affect the traffic and driver’s
behavior equally.

In conclusion, a substantial amount of research has been
conducted in other countries, providingmodels of significant
reductive models in terms of capacity, travel, and signal
timing; in contrast, studies on the impact of snowy weather
in different cities and different road networks are inadequate
and not systemic in China, and even less research has integ-
rated traffic data supports.Therefore, few studies can respond
to the questions of how to identify and evaluate traffic flow
characteristics in snowy weather in Beijing and which coun-
termeasures and traffic management strategies should be
implemented such as access signal adjustments, expressways
merge control, and lane closures.

The current study was initiated in response to this need.
Specifically, this study attempted to analyze the traffic per-
formance of expressways under different weather conditions
in Beijing using the detector data. The results are revealed
in three aspects including travel speed, traffic volume, and
the saturation flow rate. Furthermore, a specific expressway
traffic parameter reductive model under adverse weather
conditions of various snow volume levels was developed.
Finally, themain conclusions derived from the study are sum-
marized.

2. Traffic Flow Data

The traffic flowdata used in this studywere collected from the
microwave detectors which are installed on the expressways
in Beijing. The expressway plays a significant role in the
urban road network operation and accounts for more than
25% of the commuter travel mileages in Beijing. The time
period of data collection was during the day (from 6:00 AM
to 10:00 PM) on the snowy day with different snowfalls and
the subsequent day. In order to enhance the data credibility,
videotaped data were also collected over a period of several
hours to calibrate the fixed detectors.

The time interval of data collection was 2 minutes, and
the main fields of traffic flow data including travel speed,
traffic volume, and occupancy were recorded in the database.
The data were combined to analyze the traffic performance of
road sections. The main fields of detector data are shown in
Table 1.

A data before the process was implemented to eliminate
data errors and faults and to improve the traffic data reliability
since error data or lost data can result frommechanical errors
of the detectors.The procedures including data filtering, data
recovery, and data denoising are required to gain higher-
quality data. Based on the processed data, the macroscopic
indexes of traffic volume, travel speed, and density can be
estimated and used to describe the basic characteristics of
traffic flow under different weather conditions.

3. Speed Analyses

3.1. General Characteristics of Travel Speed under Snow Con-
ditions. Traffic volume on expressways shows an obvious
decline under heavy snowy weather conditions compared to
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Table 1: Main fields of microwave detector data in Beijing.

Date Time ID Detector ID Detected speed (km/h) Occupancy Traffic flow (veh.)
2009-12-27 655 HI7052c 33.6 2 14
2009-12-27 655 HI9141d 16.8 7 24
2009-12-27 655 HI9073d 39.8 3 21
2009-12-27 656 HI7052c 23.1 4 27

those under normal weather, and even the spot speed has a
little increase [21]. To illustrate the general characteristics of
traffic flow and speed under adverse weather conditions, the
data was collected on January 3, 2010 with heavy snow (snow
precipitation is greater than 5.0mm) and December 27, 2009
with normal weather.The traffic flow data of each direction in
twelve different points which located in the four orientations
of the expressways including the second, the third, and the
forth ring road in Beijing were analyzed. The observation
time included multiple periods and was not restricted to the
peak periods because of the unpredictable nature of snowfall
intensity. The three-time periods were compared including
themorning peak hours, the evening peak hours, and the off-
peak hours.

The results are shown in Table 2.The average travel speed
was the average value of the multiple groups’ detected
speed, and the section traffic volume was the average hourly
observed volume during the specified time periods. From the
result, it can be concluded that there was about 65% drop in
traffic volume on the Beijing expressway under heavy snow
conditions, but the travel speed was almost the same as the
normal weather conditions due to the great drop of travel
demand. The reason may be that there was a new balance
between the decreased travel demand and deteriorated road
supply condition.

Traffic volume and snow are the primary factors which
affect the average velocity of the expressway on a snowy day
because the road condition, geometric design, and time of
day are all the same in different days. The heavy snowy day
observed in this study was Sunday, so people had less
rigid travel demands such as commuting. In addition, long-
distance travel demand was likely canceled due to the heavy
snow, and people only attempted to travel near their homes.
Therefore, the traffic volume experienced a steep drop on
the expressway from 65% to 72% because of the decreased
long-distance travel. Thus, there was a large-scale drop in
traffic volume, and mutual disturbances between vehicles
were reduced, which even led to an increase in the peak hour
and slight speed drop in off-peak hour on the identical road
sections.

During off-peak hours, vehicles on the expressway also
had high freedom to drive under the normal weather; con-
sequently, the snow factor played a leading role in the speed
change in snowy weather and caused a 10% speed reduction.
In the evening peak hours, the traffic volume dropped
over 70% resulting from the travel demand reduction. This
alleviated the high-road pressure during the evening peak
hours compared to normal weather conditions, which even
enabled the average speed of the expressway to increase by
20%.
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Figure 1: Spot speed distribution difference under the same traffic
volume levels.

3.2. Travel Speed under Same Traffic Volume Levels. This
study selected certain road sections which typically have the
same traffic volume levels and similar geometric design to
analyze the traffic data collected separately during normal
weather and snowy weather conditions. Hence, after the
velocity distribution analysis based on the data which was
collected on January 3, 2010 with heavy snow and December
27, 2009 with normal weather during the time period of
6:00 AM to 10:00 PM, travel speed reductions caused by the
heavy snow were revealed. The influence of various weather
conditions on speed distribution is summarized in Table 3.

As can be seen from Table 3 and Figure 1, the spot
speed distributions under the same traffic volume levels have
obvious differences due to the impact of heavy snow. The
average speeds generally drop by 10–20 km/h with heavy
snow.During normal weather, the speedmainly is distributed
in the range of 60–70 km/h, which accounts for about 70%
in all collected samples. Under heavy snow conditions, the
speed was mainly distributed in the range of 40–50 km/h.
This decreased speed was caused by the road conditions and
driver’s behaviors when there was heavy snow. The road sur-
face and markings were obscured by the snow, and the visual
fields were limited. Accordingly, drivers subconsciously
decreased their speeds as they became used to the surround-
ing environment. Thus, the peak values of speed under the
snow conditions were much lower than normal.

4. Speed-Volume Relationship Analysis

The observed traffic volume on expressways changes along
with the travel demand and the road network operation level.
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Table 2: Traffic flow characteristics of expressway under various weather conditions.

Time period Morning peak Evening peak Off-peak
Weather condition Heavy snow Normal weather Heavy snow Normal weather Heavy snow Normal weather
Average speed (km/h) 56.60 54.96 59.84 46.05 64.36 71.71
Volume per hour (veh./h) 1632 4722 1378 4952 832 2751
Speed change on heavy snowy day (%) +2.98 +29.95 −10.26
Volume reduction (%) 65.44 72.17 69.76

Table 3: Spot speed distribution in certain expressway section.

Spot speed (km/h) <30 30–40 40–50 50–60 60–70 ≥70
Distribution
Frequency (%)

Normal weather 0 0 0 23.81 75.15 1.04
Heavy snow 0 15.14 73.72 11.14 0 0

The relationship between the observed flow rate and the
velocity can reveal the characteristics of expressways under
specific weather conditions and the road environment. The
parameters including free-flow speed and saturation flow are
usually used to reflect the difference. The research illustrates
these data in the speed-flow rate scatter diagram by using the
traffic flow data collected under normal weather and heavy
snowy weather conditions (see Figure 2) and also conducted
the preliminary regression fitting.

It can be clearly seen from the scatter diagram in Figure 2
that the maximum hour flow rate in the normal weather
situation is much larger than the one in the heavy snow con-
dition, and the average free-flow speed under heavy snow
is about 20 km/h lower compared to those under normal
weather. The vertex of the flow rate—the velocity curve cor-
responding to the flow rate—can be theoretically regarded
as the saturation flow which is also the capacity of a single
lane [22, 23]. As shown in the scatter diagram, the capacity
of a single lane on the expressway is approximately 1800 vph
in normal weather, but the snow caused the curve to show
inward side displacement, and the single lane capacity is
about 1200 vph,which is a remarkable 33%drop. It alsomeans
that the saturated vehicle headway in heavy snow is much
higher than that of normal weather. The obvious differ-
ences are caused by the traffic volume decrease, and the
drivers’ behavior changes under snow conditions. Because
the braking performance of vehicles on the slippery road
surface shows a noticeable decline during heavy snow, the
drivers tend to take action to modify speeds and keep greater
distances between vehicles.

The horizontal line passes the vertex of the relationship
curve dividing the curve into two parts with an upper half
curve and a lower half curve. Thus, the corresponding speed
of this line is defined as the speed at capacity [22]. The traffic
flow among the region encircled by the level line and the
upper half curve is a steady flow, and the vehicles can drive at
a steady and smooth speed. Conversely, the region encircled
by the level line and the lower half curve is the force flow area,
and the traffic flow in this region has to move at a low speed
near the congestion condition.
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Figure 2: Observed speed-flow rate scatter diagram under various
weathers. Note: the two regression lines in the figure are just the
sketch fitting.

As seen in Figure 2, the majority of the data points are
distributed in the upper part under normal weather, and the
vehicles can drive at a higher speed than the speed at capacity.
However, the majority of the data points are distributed on
both sides of the critical speed in the heavy snow situation,
and partial vehicles were influenced by the snow and were
forced to drive at a lower speed.

5. Reduction Coefficients of Traffic Flow
under Various Snow Densities

From the former analysis, it can be concluded that snow has
an obvious impact on traffic flow parameters on the express-
way and often leads to various degrees of speed reductions.
However, there are different reduction percentages under
different snow densities. Consequently, besides the heavy
snowy day (January 3, 2010) and normal weather day
(December 27, 2009), we also collected data from the same
detectors on November 10, 2009 with medium snow (snow
precipitation is about 3.0mm) and November 17, 2009 with
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Table 4: Reduction coefficients of traffic flow parameters under various snow densities.

Snow density Heavy snowy day Day after heavy
snow

Moderate snowy
day Light snowy day

Average
Reduction percentage (%)

Volume 42.70 39.05 13.95 2.11
Speed 28.01 5.07 6.60 1.77

normal weather as well as on January 9, 2010 with light snow
(snow precipitation is about 0.7mm) and January 16, 2010
with normal weather. The study analyzed the detector data
collected from the expressway on several snow days with var-
ious snow densities, and the reduction coefficients of traffic
flow parameters under light snow, medium snow, and heavy
snow were derived from the analysis.

5.1. Reduction Coefficient under Heavy Snow

5.1.1.The SnowDay. Beijing experienced a snowstormday on
January 3, 2010, and the thickness of snow exceeded 20 cm.
The data on December 27, 2009 with normal weather was
selected to compare with the data on the snowy day.The same
volume level data on both days were selected to analyze the
spot speed reductions.

Because the observed snowy day was on the weekend,
rigid travel demand was small; thus, the entire day’s travel
demand substantially dropped as a result of the heavy snow,
but there were different degrees of reductions in different
locations. The flow rates in the partial data set had a decrease
of 40%–60% which indicated that these expressway road
sections had a high proportion of elastic travel demand, and
the road section users were highly sensitive to the weather
conditions. On the other hand, the other partial observation
points had a volume decline of about 15%∼25% which means
that the travel demand on these expressway road sections had
strong rigidity. The mean traffic volume reduction was about
40%, which is a little smaller than the former road sections

In addition, the researcher chose multiple groups of data
under similar traffic flow levels on both days to compare
the speed drops under the heavy snow conditions using
contrast analysis. The data analysis indicated the following
conclusions: (1) under the different traffic flow levels, the
degree of speed reductions was different; (2) the lower the
volume level, the greater the speed reduction; (3) the speeds
declined at a percentage between 15% and 40%, and the
average speed drop under heavy snow was about 28%.

5.1.2. The Subsequent Day after Snow. The data collected on
January 4, 2010 was selected to illustrate the traffic perfor-
mance in the next day after heavy snow. Some roads were icy,
and the road conditions had worsened further on that day. As
a result of the working day, the majority of travelers had rigid
travel demands to go to work, but more people are attempt
to travel with public transit; therefore, the traffic volume
reductionwas slightly smaller than the weekend at 20%–50%.
There were almost no obvious differences during the peak
hours and the off-peak hours with a volume reduction for
both at about 40%. At the same time, the driving speed did

not obviously drop because the volume on the expressway
showed a noticeable decline compared to the workday in
normal weather. This indicates that the traffic controls and
the policies have effectively guaranteed the road network
movement and maintained an acceptable service level.

Based on the former data analysis, we can assume that
the traffic flow characteristics on the heavy snowy day have
a remarkable impact, but traffic conditions of the expressway
on the subsequent day are not obviously worse with the help
of traffic management countermeasures and the implemen-
tation of the adjustable work time policy. The work time is
flexible as suggested by municipality, and the pupils are sus-
pended from school for safety, and these countermeasures
objectivity reduced the travel demand on that day. The aver-
age speed on the heavy snowy day dropped about 28%, and
the speed on the next day only had an approximate 5%
reduction. This indicates that Beijing has suitable traffic con-
trols, and the organization measures have brought about a
positive outcome to alleviate the impact of heavy snow.

5.2. Reduction Coefficient under Lighter Snow. To reveal the
different influences on expressway traffic flow, data collected
on days with various snow densities between November,
2009 and January, 2010 were also analyzed in this paper.
Based on the data analysis, the results are concluded as fol-
lows: (1) under heavy snow (precipitation is greater than
5.0mm), drivers will reduce their travel demand, and the
snow coverage and visibility will influence traffic flow and
expressway operations and often lead to an obvious reduction
in both traffic volume and travel speed; (2) with moderate
snowfall (precipitation is greater than 2.5mm and smaller
than 5.0mm) and light snow (precipitation is smaller than
2.5mm), the impact of the snow on expressway traffic flow
is small, and the volume and the speed only have slight
reductions; (3) Table 4 shows the reduction coefficients of
traffic flow parameters under various snow densities.

In conclusion, the reduction coefficients of traffic flow
parameters under various snow densities in Beijing can be
recommended. The volume reductions on the expressways
separately are 40%, 15%, and 5% under heavy snow,moderate
snow, and light snow, respectively, and the average speed of
expressway reductions is separately 25%, 8%, and 0% under
the heavy snow, moderate snow, and light snow, respectively.

6. Conclusions

Based on comparisons between traffic flow data and param-
eters under various snow intensities on snowy days and
normal weather days in different snowfall precipitation day,
the paper recorded the reductions of traffic flow parameters
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on the expressway. The results indicate that the average
speeds on the expressway under heavy snow conditions
have a 10–20 km/h decrease when compared to those under
normal weather conditions, the saturated vehicle headway
generally increases, and the road capacity drops about 33%.
Furthermore, a specific expressway traffic parameter reduc-
tion model under various snow volume levels was devel-
oped. It summarized the reduction coefficients of expressway
volumes and speeds at same volume levels under various
snow densities in Beijing. The paper’s conclusions provide an
effective support and reference for urban expressway controls
and traffic management strategies to reduce speeds and
alleviate congestion during snow conditions.

Nevertheless, this paper is mainly based on the detector
data, and the multisource traffic data including video data
and loop detectors data can be introduced to improve the
accuracy of the reduction model in the future research,
or under other different adverse weather conditions, and
more microscopic characteristics of traffic flowmodel can be
revealed by using the multisource traffic data.
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A heavy-duty parallel hybrid electric truck is modeled, and its optimal energy control is studied in this paper. The fundamental
architecture of the parallel hybrid electric truck is modeled feed-forwardly, together with necessary dynamic features of subsystem
or components. Dynamic programming (DP) technique is adopted to find the optimal control strategy including the gear-shifting
sequence and the power split between the engine and the motor subject to a battery SOC-sustaining constraint. Improved control
rules are extracted from theDP-based control solution, forming near-optimal control strategies. Simulation results demonstrate that
a significant improvement on the fuel economy can be achieved in the heavy-duty vehicle cycle from the natural driving statistics.

1. Introduction

Commercial transport vehicles, especially heavy-duty trucks,
play an important role in the socialism construction of
China. More than a half of the freight transported in China
is carried by heavy-duty trucks. The increasing number of
merely gasoline/diesel-propelled trucks brings some negative
impacts, such as excessive fuel consumption and severe air
pollution. In order to reduce the dependence on carbon-
based fuel and poisonous emissions, hybrid powertrain has
been widely studied recently. Owing to the dual-power-
source nature, the complex configuration, and the operation
modes, the control strategy of hybrid electric vehicle (HEV)
is typically more complicated than that of traditional engine-
based vehicle. Therefore, system-level vehicle simulation
methodology is often applied to implement accurate sizing
and matching studies, as well as to develop effective energy
control algorithms, before the final design and physical
prototyping.

The existing energymanagement and control strategies of
hybrid vehicle can be mainly classified into three categories.
The first type employs heuristic control techniques, such as
rules/fuzzy logic for the control algorithmdevelopment [1, 2].
The principle is commonly based on the concept of “load
leveling,” which attempts to operate the internal combustion

engine in an efficient area and the battery as a load-leveling
device used to provide the remaining power demand.

The second type of approach is based on static optimiza-
tion methods that instantaneously determine the efficient
power split between different energy sources by minimizing
a cost function. To calculate the cost of energy, the electric
energy is translated into an equivalent amount of fuel [3, 4].
Due to its relatively simple point-wise optimization nature,
it is possible to extend the optimization scheme to solve
the simultaneous fuel economy and emission optimization
problem [5].

The fundamental mechanism of the third type of HEV
control algorithm considers the dynamic nature of the vehicle
system when performing an optimization [6–8]. A time
horizon is involved in this type of dynamic optimization,
instead of a time instant in the static one mentioned above.
Power split algorithms obtained from dynamic optimization
are thus more accurate under transient conditions but are
computationally more intensive. Despite that dynamic opti-
mization cannot be realized onboard due to its previewnature
and heavy computation requirement, it has been recognized
as a good benchmark to the first two types of algorithms.

The main purpose of this paper is to use dynamic
programming (DP) to solve the optimal control problem of a
heavy-duty hybrid truck. We thoroughly analyze and discuss
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Figure 1: Architecture of the hybrid electric truck.

the DP-based results, from which the real-time control rules
are extracted. A feed-forward simulation scheme is employed
so as to enable the study of vehicle energy control strategy
under realistic transient conditions. It can be found that
the performance of the developed rule-based algorithm can
be improved significantly relative to that based on static
optimization.

The remainder of this paper is organized as follows.
In Section 2, a heavy-duty hybrid electric truck model is
built, followed by an explanation of the preliminary rule-
based control strategy. The DP procedure and correspond-
ing optimization problem are introduced in Section 3. In
Section 4, the accomplished DP-based results and the real-
time control rules are depicted, and the fuel economy results
of the developed control strategy are also evaluated. The
conclusions are presented in Section 5.

2. Hybrid Electric Truck Model

2.1. Vehicle Configuration. The vehicle architecture is given
in Figure 1. The truck has a pretransmission parallel hybrid
configuration allowing for a smaller electricmotor/generator,
an easier packing, and reduced spin losses, compared to
the posttransmission type [9]. The diesel engine WP7.210
was manufactured by Weichai Power Co., Ltd. In order to
ensure the accessibility of the total peak power, a 90 kW
electric motor/generator was selected, and a 60Ah lithium-
ion battery was chosen as the onboard energy storage. A 9-
gear-automated mechanical transmission (AMT) was used.
The parameters of the vehicle and its components are listed
in Table 1.

A system-level HEV model is developed in the MAT-
LAB/Simulink environment, as shown in Figure 2. The HEV
model is an accurate but moderate model appropriate for
efficient evaluation of fuel economy [10]. Some fast dynamics,
like intake manifold filling and motor dynamics, are much
quicker than energy dynamics and are thus neglected.

Table 1: Parameters of the hybrid electric truck.

DI Diesel Engine 7.0 L, 155 kw at 2000 rpm, 900Nm at
1300–1600 rpm

Motor/Generator
Maximum power: 90 kw
Maximum torque: 600N-m
Maximum speed: 2400 rpm

Lithium-ion
Battery

Capacity: 60Ah
Number of modules: 25
Nominal voltage: 12.5 (volts/module)

AMT 9 speed,
GR: 12.11/8.08/5.93/4.42/3.36/2.41/1.76/1.32/1

Vehicle Curb weight: 16000 kg

2.2. Preliminary Rule-Based Control Strategy. The prelimi-
nary rule-based control strategy is designed based on the
static optimization algorithmminimizing the total equivalent
fuel consumption—sum of the fuel consumption and battery
energy consumption rates at every step. The equivalent fuel
consumption cost is defined as [11]

𝑚𝑓 total = 𝑚𝑓 eng + 𝑚𝑓 elec, (1)

where 𝑚𝑓 eng and 𝑚𝑓 elec represent the fuel consumptions of
the engine and electric machines, respectively.𝑚𝑓 elec can be
calculated using the following equation:

𝑚𝑓 elec = 𝜆 ⋅ Δ𝑡 ⋅
𝑃elec
𝜂trans

, (2)

where𝜆 is a conversion factor fromelectrical energy to engine
fuel consumption, and its value was specified as 3.3𝑒 − 5.
Δ𝑡 = 1 s is the time step. 𝑃elec represents the power of electric
machines. 𝜂trans = 𝜂batt ⋅ 𝜂𝑖 ⋅ 𝜂MG is the total efficiency of
the electrical system composed of the battery, inverter, and
motor/generator. The optimal control 𝑢(𝑘) can be obtained
by solving the following equation:

Minimize 𝐽
𝑢(𝑘)

= ∫𝑚𝑓 total𝑑𝑡. (3)

Here, the control variables include the engine throttle and
the transmission gear number, which can be solved using the
following function written in the form of .m file inMATLAB

[throt opt, gear opt] = optimal (shf spd, req power) , (4)

where throt opt and gear opt are the optimal engine throttle
and transmission gear, respectively, shf spd is the final drive
input shaft speed, and req power is the power requested.

2.3. Fuel Economy Evaluation. A nature driving schedule
proposed byWeichai Power is shown in Figure 3.The battery
SOC correction procedure proposed in [12, 13] was used
to correct fuel economy, when the initial and final battery
SOC values are not identical. The hybrid electric truck, given
the preliminary rule-based control strategy, achieved a fuel
economy of 6.78 miles per gallon (MPG). However, this rule-
based control strategy is component based rather than system
based. Hence, this control strategy is not globally optimal.
This motivates the use of DP as an analysis and design tool.
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3. Dynamic Programming Problem

DP is a powerful tool for solving dynamic optimization
problems, due to its guaranteed global optimality even for
nonlinear dynamic systems with constraints. Given a driving
cycle, the DP-based algorithm can obtain the optimal oper-
ating strategy minimizing the cost with subject to the diverse
constraints.

3.1.Model Simplification. Since the system-level dynamics are
the main concern of evaluating fuel economy over a long
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Figure 4: Engine BSFC map.

driving cycle, the dynamics faster than 1Hz are neglected
in the model used by DP. Analysis of the dynamic modes
determines that only two state variables of the model are
needed: the transmission gear number and battery SOC.The
engine throttle and the transmission gear shifting command
were chosen to be the control variables.The simplifications of
the main sub systems are described as follows.

3.1.1. Engine. The engine dynamics are ignored based on the
quasi-static assumption [14]. The fuel consumption is a static
function of two independent variables: engine speed and
engine torque. The engine map is shown in Figure 4. Herein,
we assume that the engine is fullywarmedup such that engine
temperature effect is not considered.
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3.1.2. Motor. Similar to the engine, the motor model was
established using the experimental data.Themotor efficiency
is a function of motor torque and speed 𝜂𝑚 = 𝑓(𝑇𝑚, 𝜔𝑚), as
shown in Figure 5. Considering the battery power and motor
torque limit, the final motor torque becomes

𝑇𝑚 =
{

{

{

min (𝑇𝑚,req, 𝑇𝑚,dis (𝜔𝑚)) , if 𝑇𝑚, req > 0,

max (𝑇𝑚,req, 𝑇𝑚,chg (𝜔𝑚)) , if 𝑇𝑚,req < 0,
(5)

where 𝑇𝑚,req is the requested motor torque; 𝑇𝑚,dis and
𝑇𝑚,chg are the maximum motor torques in the motoring and
charging modes, respectively.

3.1.3. Battery. A 20kWh battery was selected for the target
truck, and the equivalent circuit battery model from ADVI-
SOR package was adopted. The schematic diagram of the
equivalent circuit model is shown in Figure 6. We ignored
the thermal effects and transients so that the only state in the
battery model is the SOC as follows:

SOC (𝑘 + 1)

= SOC (𝑘)

− (𝑉oc − √𝑉
2
oc − 4 (𝑅int + 𝑅𝑡) ⋅ 𝑇𝑚 ⋅ 𝜔𝑚 ⋅ 𝜂

− sgn(𝑇
𝑚
)

𝑚 )

× (2 (𝑅int + 𝑅𝑡) ⋅ 𝑄max)
−1
,

(6)

where both the internal resistance 𝑅int and the open circuit
voltage 𝑉oc are a function of the battery SOC. 𝑄max is the
maximum battery charge, and 𝑅𝑡 is the terminal resistance.

3.1.4. Driveline. The driveline is defined as the system from
the transmission input shaft to the wheel. The following
equations are used to describe the transmission and final
drive gear models:

𝑇wheel = 𝜂gear𝜂FD × 𝑖𝑔 × 𝑖0 × 𝑇𝑖 − 𝑐tm𝜔𝑖,

𝜔𝑖 = 𝑖𝑔 ⋅ 𝑖0 ⋅ 𝜔wheel ,
(7)

where 𝑖𝑔 is the transmission gear ratio, 𝑖0 is the final drive
gear ratio, and 𝜂gear and 𝜂FD are the transmission and final
drive efficiencies, respectively. 𝑇𝑖 is the transmission input
torque, 𝑐tm is the transmission viscous-loss coefficient, 𝜔𝑖 is
the transmission input speed, and 𝜔wheel is the wheel speed.

The gear-shifting sequence of the AMT is simulated using
a discrete-time dynamic model:

gear (𝑘 + 1)

=

{
{

{
{

{

9, gear (𝑘) + shift (𝑘) > 9,
1, gear (𝑘) + shift (𝑘) < 1
gear (𝑘) + shift (𝑘) , otherwise,

,

(8)

where the state gear is the gear number, and the control shift
to the transmission is restricted to take on the values −1, 0,
and 1, corresponding to downshift, sustaining, and up-shift,
respectively.

3.1.5. Vehicle Dynamics. It is a common practice that only the
vehicle longitudinal dynamics are considered. The longitudi-
nal vehicle dynamics are modeled as a point mass to which
various forces are applied:

𝜔wheel (𝑘 + 1) = 𝜔wheel (𝑘) +
𝑇wheel − 𝑇brake − 𝑟𝑤 (𝐹𝑟 + 𝐹𝑎)

𝑀𝑟𝑟
2
𝑤

,

(9)

where 𝑇brake is the friction brake torque. 𝐹𝑟 and 𝐹𝑎 are the
rolling resistance and aerodynamic drag forces, respectively.
𝑟𝑤 is the dynamic tire radius,𝑀𝑟 = 𝑀𝑣 +𝐽𝑟/𝑟

2
𝑤 is the effective

mass of the vehicle, and 𝐽𝑟 is the equivalentmoment of inertia
of the rotating components in the vehicle.

3.2. DP Problem Formulation. For an optimization problem,
choose 𝑢(𝑘) to minimize the cost function

𝐽 = 𝐺𝑁 (𝑥 (𝑁)) +

𝑁−1

∑

𝑘=0

𝐿𝑘 (𝑥 (𝑘) , 𝑢 (𝑘) , 𝑤 (𝑘)) , (10)

where

𝑥 (𝑘 + 1) = 𝑓 (𝑥 (𝑘) , 𝑢 (𝑘) , 𝑤 (𝑘)) , 𝑘 = 0, 1, . . . , 𝑁 − 1,

(11)

subject to

𝑥 (𝑘) ∈ 𝑋 (𝑘) ⊂ R
𝑛
, 𝑢 (𝑘) ∈ 𝑈 (𝑥 (𝑘) , 𝑘) ⊂ R

𝑚
. (12)
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Here, 𝑥(𝑘) is the state vector at the stage 𝑘 in the space of
𝑋(𝑘), which contains the transmission gear number gear(𝑘)
and battery SOC SOC(𝑘); 𝑢(𝑘) is the control vector, including
the engine throttle throt(𝑘) and the transmission gear shift
command shift(𝑘);𝑤(𝑘) is a predetermined disturbance, here
it is the rotational speed of the wheel determined by the
driving schedule; 𝑓 is the transition function that represents
the system dynamics; 𝐿 is the instantaneous transition cost;
𝐺𝑁 is the cost at the final stage𝑁.

In this paper, the sampling time for this control problem is
1 second.The cost function to beminimized has the following
form:

𝐽 =

𝑁−1

∑

𝑘=0

[𝐿 fuel (𝑘) + 𝛽 |shift (𝑘)|] + 𝐺𝑁 (𝑥SOC (𝑁)) , (13)

where 𝐿 fuel(𝑘) is the instantaneous cost of fuel use, 𝛽|shift(𝑘)|
is adjusted to constrain the vehicle drivability avoiding exces-
sive shifting, and 𝛽 is a positive weighting factor. If there is no
constraint on the terminal SOC, the optimization algorithm
tends to deplete the battery in order to attain the minimal
fuel consumption. Hence, a terminal constraint on SOC
𝐺𝑁(𝑥SOC(𝑁)) is incorporated into the cost function. During
the optimization, it is necessary to impose the following
inequality constraints to ensure safe/smooth operation of the
engine/battery/motor:

𝜔𝑒 min ≤ 𝜔𝑒 (𝑘) ≤ 𝜔𝑒 max

SOCmin ≤ SOC (𝑘) ≤ SOCmax

𝑇𝑒 min (𝜔𝑒 (𝑘)) ≤ 𝑇𝑒 (𝑘) ≤ 𝑇𝑒 max (𝜔𝑒 (𝑘))

𝑇𝑚 min (𝜔𝑚 (𝑘)) ≤ 𝑇𝑚 (𝑘) ≤ 𝑇𝑚 max (𝜔𝑚 (𝑘)) ,

(14)

where 𝜔𝑒 is the engine speed, SOC is the battery state of
charge, and SOCmin and SOCmax were selected to be 0.4 and
0.8. 𝑇𝑒 and 𝑇𝑚 are the engine andmotor torques, respectively.

The DP technique is based on Bellman’s Principle of
Optimality, which states that the optimal policy can be
obtained if we first solve a one-stage subproblem involving
only the last stage and then gradually extend to subproblems
involving the last two stages, last three stages, and so forth
until the entire problem is solved. In this manner, the global
dynamic optimization problem can be decomposed into a
sequence of the simpleminimization problems as follows [15].

Step𝑁 − 1,

𝐽
∗
𝑁−1 (𝑥 (𝑁 − 1))

= min
𝑢(𝑁−1)

[𝐿 (𝑥 (𝑁 − 1) , 𝑢 (𝑁 − 1)) + 𝐺 (𝑥 (𝑁))] .

(15)

Step 𝑘, for 0 ≤ 𝑘 < 𝑁 − 1

𝐽
∗
𝑘 (𝑥 (𝑘)) = min

𝑢(𝑘)
[𝐿 (𝑥 (𝑘) , 𝑢 (𝑘)) + 𝐽

∗
𝑘+1 (𝑥 (𝑘 + 1))] , (16)

where 𝐽∗𝑘 (𝑥(𝑘)) is the optimal cost-to-go function at the state
𝑥(𝑘) starting from the time stage 𝑘. It represents the optimal
resulting cost if the system evolution follows the optimal
control law with the current state 𝑥(𝑘) from the stage 𝑘 to the
final stage.
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Figure 7: Gear-shifting number versus fuel consumption.

The foregoing recursive equations are firstly solved back-
ward and then searched forward to find the optimal control
policy.Theminimization is performed subject to the inequal-
ity constraints shown in (14).

4. Development of Improved Control Strategy

4.1. DP Results. TheDP procedure described above produces
an optimal solution with respect to (13), where the shift
weighting factor 𝛽 was selected to constrain the AMT shift
number. It can be found that a larger value of 𝛽 results in less
frequent gear shifting, but the larger fuel consumption. The
balance relationship of the gear shifting number and the fuel
consumption is shown in Figure 7, and 𝛽 = 0.01 is chosen for
the subsequent analysis.

Simulation results of the vehicle based on the DP opti-
mization are shown in Figure 8. The AMT shifts between the
4th and the 9th gear ratio mostly.The SOC increases near 0.6
at the end of the driving cycle due to the penalty in the cost
function shown in (13). The power of the engine increases
after 1900 s apparently to make SOC a rise. It can be seen
that most of the engine operating points fall in the high-
efficiency area, near the optimal fuel consumption line before
1400 rpm and near the maximum torque line after 1400 rpm.
Compared to the preliminary rule-based control strategy, the
fuel economy under the DP optimal control law is improved
by 15.9%.

4.2. Development of Improved Control Strategy. The DP con-
trol policy is not applicable in real driving conditions in that
it requires knowledge of the future speed and load profiles.
However, analyzing carefully the DP-based results is able
to help us in improving the preliminary rule-based control
strategy.

Firstly, we study how the power split based on the prelim-
inary control strategy can be improved. A power-split ratio
PSR = 𝑃eng/𝑃req is defined to quantify the positive power
flow in the powertrain, where 𝑃eng is the engine power and
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Figure 8: DP-based results.

𝑃req is the power requested. Four positive-power operating
modes are defined:

(1) PSR = 0: motor-only mode;
(2) PSR = 1: engine-only mode;
(3) 0 < PSR < 1: power-assist mode;
(4) PSR > 1: recharging mode.

The enhanced rule can be found by plotting the optimal
PSR as a function of the torque demand at transmission
input, as shown in Figure 9. It is remarkable that the optimal
policy uses the recharging mode in the low torque region,
the engine-only mode in the middle torque region, and the
power-assist mode in the high torque region. In order to

extract a realizable rule, the least-square curve fit is deployed
to approximate the optimal PSR points. The red line in
Figure 8 shows the fitting result.

The gear shifting schedule is crucial to the fuel economy
of hybrid electric vehicles. In the DP scheme, the gear-
shift command is one of the control variables. The gear
operating points from the DP-based result are plotted in
the form of the power demand versus vehicle speed (see
Figure 10). It can be seen that the gear positions are separated
into different regions, and the boundaries between adjacent
regions represents the optimal gear shifting thresholds. The
gear shifting schedule can thus be obtained on the basis of
these thresholds.
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According to the extracted rules, the improved rule-
based control strategy is designed and implemented in the
MATLAB/Stateflow environment.

4.3. Fuel Economy Evaluation. The preliminary and impro-
ved rule-based control strategies, as well as the benchmark,
the DP control policy, are compared by means of the nature
driving schedule from theWeichai Power Company Limited.
The results are shown in Table 2. It is clear that the improved
rule-based control strategy extracted from the DP-based
results can ensure a much better fuel economy for the hybrid
electric truck, compared with the preliminary one.

Table 2: Fuel economy comparison.

Fuel economy
(mile per US gallon) Improvement

Preliminary rule based 6.78 —
Improved rule based 7.45 9.9%
Hybrid truck (DP) 7.86 15.9%

5. Conclusions

A feed-forwardmodel of a heavy-duty parallel hybrid electric
truck is established for studying the optimal energy manage-
ment strategy. The preliminary rule-based control strategy is
designed based on the static optimization algorithm. Based
on the simplified model, DP is applied to solve the glob-
ally optimal energy control strategy. Improved rule-based
control rules that are applicable in real time are extracted
from analyzing the DP-based results. Based on a natural
driving schedule from Weichai Power Company Limited, a
comparison is conducted between the improved rule-based
control strategy and the preliminary one derived from static
optimization. The result demonstrates that the improved
rule-based control policy from the DP algorithm results in a
noteworthy enhancement on the fuel economy of the hybrid
electric truck. The proper approximation of DP behavior,
however, is the key process to extract the control rule and is
worth further investigation.
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Drivers’ misjudgment is a significant issue for the curve safety. It is considered as a more influential factor than other traffic
environmental conditions for inducing risk. The research suggested that the cognition theory could explain the process of drivers’
behavior at curves. In this simulator experiment, a principle cognitionmodel was built to examine the rationality of this explanation.
The core of this pilot study was using one of the driving decision strategies for braking at curves to verify the accuracy of the
cognition model fundamentally. Therefore, the experiment designed three treatments of information providing modes. The result
of the experiment presented that the warning information about curves in advance canmove the position of first braking away from
curves.This phenomenon is consistent with themodel’s inference.Thus, the conclusion of this study indicates that the process of the
drivers’ behavior at curves can be explained by the cognition theory and represented by cognition model. In addition, the model’s
characteristics and working parameters can be acquired by doing other research. Then based on the model it can afford the advice
for giving the appropriate warning information that may avoid the driver’s mistake.

1. Introduction

The safety at curves is an important issue for drivers as well
as traffic engineers. Many investigations and researches had
reported that a huge number of crashes or accidents happen at
curves every year [1, 2]. The causation of this phenomenon is
that while the vehicle passing through a curve, the additional
centripetal force will exert on the car. That force will induce
a difficult driving task required the driver to complete [3],
then driversmay easilymake amistake and cause an accident.
To handle this problem, many traffic facilities, in-vehicle
systems, and standards had been invented (or specified)
to improve driving environment and curve safety [4, 5].
Although these measures made curve driving safer, there are
still a lot of crashes or accidents caused by drivers. Thus,
many researchers have shifted their focus on studying the
process of drivers’ behavior at curves [6]. Moreover, based on
the results/findings of those studies, engineers may improve
or modify the measures to promote the curve safety. The

characteristics of curve safety and driving models are two
main basic elements of the researches.

Curve safety research takes a large portion of traffic
studies. According to researches, a higher vehicle speed may
largely increase the probability of crashes, but the direct
reason which lead to accidents is always the drivers’ incorrect
operation [7, 8]. While a vehicle is passing through curves,
it requires more attention resources to collect information,
more mental sources to make decisions, andmore operations
to perform as quickly and preciously as possible for drivers.
High vehicle speed decreased the required time of the whole
working process for drivers, which means drivers have to
finish the processmore quickly. As a result, the error tolerance
decreased, and the accident possibility was increased. Comte
and Jamso’s study also showed that a large proportion of
curve accidents were caused by a driver traveling too fast
through a curve and then losing control of the vehicle or being
forced into a skid and cannot perform the right operation
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[9]. In addition, it was a consensus that increasing degrees of
curvature caused more accidents [10]. Another study found
that the driver’s correct expectation to an encountered curve
could make driving safer [11].

In all, the key point to improve curve safety was to let
the drivers know the information of coming curves well,
then they can be attentive to perceive traffic information
accurately,make appropriate decisions easily, and be prepared
for more driving operations. Specifying the driver’s working
process clearly was the precondition for providing the appro-
priate information to drivers.

According to the cognition theory, driving performance
is consisted by 3 phases: information perception, driving
decision, and operation execution [12]. In addition, both
phases of driving decision and operation execution partly rely
on the information coming from the phase of information
perception.Therefore, the information perception is the basis
for the cognition. In this phase, the driver transforms the
picture of real world into information that will be used
in the other two phases. The more exact the transformed
information was, the easier the driver can make appropriate
decisions and correct operations.

Although the driver has five key perception systems, the
visual system takes a considerable percentage in driving task
[13]. Based on the visual system the driver would rebuild
a driving scenario in their brain. The scenarios may reflect
the past, current, and future driving situations. According
to all the three scenarios drivers can decide their driving
strategy. Thus, acquiring exact and valid information is the
most important guarantee for curve driving safety. However,
factors like environment, driver ability, or distraction may
cause the acquisition of inexact and invalid information.
As studies shown, most collisions were due to drivers’
misperception of frontal curves [14] or failing to obey traffic
signs [15]. Also, there is a consentaneous finding: while a
driver is in the attention status or has received a warning
[16], the probability of an accident is prominently reduced. In
addition, Roca Javier et al.’s. research states that if one wants
to finish a driving task well, he must properly perceive traffic
objects (e.g., road signs), maintain an appropriate state of
alertness to make decisions, and perform the operation at the
right time [17].

In summary, the objective of this paper is using the
cognition theory to build a principium model to describe
curve driving. This model is driven by information, and
different information should induce different operation. To
verify the accuracy of the cognition model and related
assumption, we compared the driving operations with three
different information origins. The result indicates that the
curve driving behavior can be well explained by cognition
model.

2. Cognition Model

Building a cognition model for the curve driving was the
primary task in this study. However, the goal of this model
was neither to simulate the driver’s behavior accurately nor to
rebuild the whole working process of the human brain. This

studymainly focuses on representing an equivalentmodel for
curve driving.

2.1. Cognition Theory. Cognition theory derived into two
basic subjects: psychology and neurology. The former one
focuses on studying the subjective human (just like how
human think, why they have self-awareness), and provide
a lot of basic theoretical and rich practical materials for
cognition; the latter one is the study of objective human
existence; through experiments it verifies a large number of
assumptions for cognitive principles.Therefore, the cognition
studymay involve in both the subjective and objective aspects
of human, which can give a comprehensive principle frame
for explaining human behaviors.

At present, cognition theory has already been applied in
several fields of study, and in the case of different studying
priorities, the researchers had given the definition respec-
tively from different academic areas. The followings are three
representative definitions:

(1) cognitive architectures are designed to simulate hu-
man intelligence in a human-like way [18];

(2) a scientific hypothesis about those aspects of human
cognition those are relatively constant over time and
relatively independent of task [19];

(3) cognition is a term referring to the mental processes
involved in gaining knowledge and comprehension,
including thinking, judging, remembering, and prob-
lem solving [20].

Based on these definitions, this paper argues that the core
of cognition theory is “studying how human respond to
the objective/subjective things and the correlative characters,
rules and principles”. In addition, the final goal of cognitive
studying is to build an equivalent model to represent how
human respond to the objective/subjective things. Further-
more, the two contents of cognition model are cognition
architecture and cognition process, as the following specifi-
cation.

Cognition architecture can be defined as a set of func-
tional modules, which are integrated in a specific order.
The research about cognition architecture includes the mod-
ules’ characters and their relationship. Generally, the mod-
ules include attention, memory, problem solving, decision-
making, learning, and so on.

Cognition process refers to a temporal logical sequence
to accomplish a cognitive task, which is based on specific
cognition architecture. Some people claim that knowledge
is the foundation of the cognition process [21], while others
believe that the cognitive process is driven by events [22].
This paper assumes that information is the fundamental
element in cognition process. Because every subjective and
objective thing had uniform and inherent property, that is,
information. In other words, everything is either a subjective
or an objective representation of information. For example,
the real curve warning sign on the roadway can be seen as
objective representation of information of “there is a curve
ahead”; yet when a driver knows the meaning of the traffic
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sign it converts to subjective reproduction in the driver’s
mind.

For this assumption, we can unify all kinds of things
in the cognition model under a uniform measurement and
consider various factors effectively. Before analyzing the
factors affecting driving behavior, it can convert traffic sign,
road condition, driving knowledge, or other things all into
the information, which may help studying.

For this assumption, we can unify all kinds of things
in the cognition model under a uniform measurement and
consider various factors effectively. Before analyzing the
factors affecting driving behavior, it can convert traffic sign,
road condition, driving knowledge, or other things all into
the information.

2.2. Model for Curve Driving. According to cognition theory,
the cognition architecture of this model is composed by
five kinds of general modules, involving perception module,
transmission module, memory module, process module, and
motionmodule. Each kind of modules has its own characters
and function in different cognition models. The modules in
this study can be described as follows.

(i) Perception module: obtain traffic information from
the external environment.There are five kinds of per-
ceptions for human: visual, aural, tactual, olfactory,
and gustatory. This study only makes use of visual
perception for testing cognition model.

(ii) Process module: convert the input information to
output information. The conversion can described as
productions or functions. The core process in this
study is driving decisionmodule. It can convert traffic
information to the operation command information
basing on the driving strategy. The driving strategy
will be specified in Section 2.3.

(iii) Memory module: this module can be classified into
two categories, short-term memory and long-term
memory. The short-term memory was employed to
store information which the process module’s need,
and the long-term memory was employed to store
different kind knowledge library. This study involves
both two kinds of memory modules. Short-term
memory includes image buffer, knowledge buffer
and constrain buffer, and long-term memory is the
knowledge library, seen Figure 1.

(iv) Motion module: perform the command information
coming from driving decision module.

(v) Transmission module: transmit information between
different modules.

Based on modules mentioned above the cognition architec-
ture can be represented as Figure 1.

Figure 1 has four kinds of information channels, and the
channels are tagged by different arrows and box styles as the
legend shown. The white boxes are the start or the end of the
channels and each channel has its own function as described
below.

(i) The perception channel is used to collect information
from traffic environment. The information of traffic
environment is regarded as an image. Through the
visual module and transmit module, it is stored
in the image buffer as other analog signals. The
visual encoder module converts those analog signals
to abstract traffic information through the transmit
module, and it will be used in the decision module.
(The working process of other perception channels
functions in the same way, this study will not focus
on them.)

(ii) The motion channel is used to generate driving oper-
ation. When a driver makes a decision, it sends the
command information to motor modules to perform
through this channel.

(iii) The learning channel through the learning system
transmits information from message buffers into the
knowledge library.

(iv) The memory channel is used to convert the informa-
tion from knowledge library to short-termmemories.
In this study, the goal analysis module selects the
related knowledge according to themain driving goal,
then puts them into constraint buffer and knowledge
buffer for the process modules.

Although this architecture is simpler than the real driver’s
working process, it is still too complex for this pilot experi-
ment to test all parts. It needs a further predigest by giving
some constraint. The simplified model is shown in Figure 2.

In this model, the driving decision module has two
information sources: one is visual perception; the other is
knowledge library. The driving decision module makes a
decision in accordance with information from these two
sources. Then the motor system should output operation
according to the decision. The different information input
from two sources can eventually lead to different driving
operations. Compared with Figure 1, the module in Figure 2
reduces the other perception channels, encoder module,
constraint buffer, and transmit modules. Provided that all
modules aremaintained at a constant level, the output change
is only caused by the two information sources. Therefore, we
can simplify Figure 1 to Figure 2.

Based on the architecture, the cognition process is shown
in Figure 3. The process starts from the image of traffic
environment (seen as input) and ends with driving behavior
(seen as output). Through the three phases: information
acquiring, decision making, and driving operation, the three
processes are executed parallel while the information is serial.
Itmeans at a particularmoment, the decision-making process
is caused by the previous visual perception.

2.3. Model Analysis. Based on the cognition theory, this
study argued three assumptions about the cognition model
and designed three information providing treatments. Under
these conditions, the study makes the inference about the
model to verify the rationality with the simulator experiment.

Assumption One: the strategy of driving decision module
is that once the information “there is a curve ahead” is
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confirmed and vehicle speed is higher than the limitation of
passing curve, then the braking operation will be taken.

Assumption Two: the acquired information has a confi-
dence value. If the sum of the confidence values with the
same information is over a limen, this information can be
confirmed as true.

AssumptionThree: information acquired from visual per-
ception channel can be partly stored in the knowledge library
via learning system. The stored content may be enhanced by
repeating.

Treatment A: the curve information without advanced
warning information provided via visual perception channel.

Treatment B: the curve information with advanced warn-
ing information provided via visual perception channel.

Treatment C: the curve information provided via visual
perception channel, and the advanced warning information
provided via memory channel from the knowledge library.

Inference: in the treatment A, the decision module takes
more time than other two treatments to confirm the curve
information, then the model will brake at last. Since the
decision module lacks the warning information, it has the
lowest confidential value about the curve information. Fur-
thermore, the higher confidence valuemay appear to confirm
the information and do earlier braking operation.

3. Methods

3.1. Participants. All drivers are at the same level for this
study. 18 male participants, having had their license for at
least 2 years (average = 4.13, SD = 1.2), aged 22–32 (average
= 27.8, SD = 2.24), were recruited from the public. None of
the subjects had color vision deficiencies. All of them possess
normal or corrected-to-normal vision.

3.2. Apparatus. It is an appropriate choice to use the simu-
lation experiment in this study mainly for three reasons: (1)
keeping all trials under the same conditions; (2) making the
experiment repeatable; (3) protecting participants from risk.
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Figure 4: The AutoSim simulator system.

The whole experiment made use of the AutoSim simulator
system (see Figure 4) at the laboratory of the Transportation
Research Center at Beijing University of Technology.

The hardware is consisted by a vehicle, eight-networked
computers (one is the master computer, one communicates
with the vehicle system, and the other six are used to compute
six different real-time views), a motion control device, and
other equipment (such as video and audio devices). Beside,
three main softwares used in the simulator experiment:
Evariste (used to create experimental scenarios), Simword
(for controlling the scenarios), and Scancer (for collecting
data and generating car motion). The simulator can record
data during the experiment including the action of the
accelerator/brake pedal, the steering wheel, vehicle speed,
and so forth. The frequency of recording is 30Hz.

3.3. Experimental Design and Procedures. In order to test
the rational of cognition model, the simulator experiment
must keep the same constraints with the model declared.
The simulator environment can avoid interference or other
uncertainties in the actual environment.

First, considering that there is more than one strategy
for drivers making choices in driving, the most important
constraint to be controlled is to make sure that drivers take
the driving strategy, as Assumption one mentioned, when
they encounterwith the curve. If some other factors did not fit
the condition of this strategy, the drivers may not follow that
strategy. To access to this goal, the scenarios of this simulator
experiment are designed as a single lane of rural roadwaywith
no traffic flow. Considering that the vehicle needs to reach
a higher speed than the limitation before entering into the
curve, we designed an 800m straight lane ahead of each curve
for drivers’ accelerating.

Second, the drivers’ ability and driving state should also
be under control. According to Figure 1, there are many
kinds of factors affecting the driving operation. So when
recruiting the participants, all the following characters are
considered (age, gender, education, and driving frequency)
to avoid these kinds of discomfort. Additionally the operator
will give participants an instruction to ensure the driving task
for experiment before driving.

Car direction

0 m

200 m

Traffic sign

800 m 0 m

800 m

200 m

Start
point

End
point

R = 50 m

R = 30 m

Figure 5: Five position of the traffic sign before the curves.

Third, corresponding to three the information providing
treatments for the cognition model, 18 participants were
divided into three groups randomly in this experiment. In
group A, participants drove through curves without traffic
sign providing warning information. In group B, participants
drove through curves with traffic sign providing warning
information. In group C participants drove through curves
without traffic sign, but were provided with warning infor-
mation via the map of scenario before driving. We designed
two scenarios (shown in Figure 5), and the difference between
them is whether there is a traffic sign before curves. Each
scenario has two curves of which the radii are 30m and 50m,
with a length of 47.1m and 78.5m, respectively. The position
of traffic sign is 200m away from the curve.

Finally the procedure of this experiment is stated as
follow.

(i) Filling in basic information to acquire the characters
information and driving state about drivers.

(ii) Participants have had a driving test to avoid drivers’
making mistake because they are unfamiliar with the
simulator.

(iii) When the drivers finished the driving test, the opera-
tor read the guidance to the driver and gave him the
map (in group C).

(iv) After that, the drivers started the formal experiment,
and each participant should drive repeatedly for five
times, and there would be a rest for 2-3 minutes
between the laps.

4. Result

According to the cognition model, the position of braking
start is related with the time when the information “there is a
curve ahead” is confirmed. The data of two kinds of braking
operations (the first position to release the accelerator pedal,
FPRA; the first position to press the brake pedal, FPPB) are
used to verify the inference mentioned above.
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Table 1: The result of braking data of two curves.

FPRA-R30 FPPB-R30 FPRA-R50 FPPB-R50
Lap 1 Average SD Average SD Average SD Average SD
Group-A 104.78 32.19 86.51 34.64 103.89 51.31 72.40 34.26
Group-C 192.10 108.60 117.18 66.95 184.97 57.61 145.36 58.49
Group-B 197.44 28.25 158.94 42.51 185.28 60.17 169.11 87.31
Lap 2–5 Average SD Average SD Average SD Average SD
Group-A 160.07 58.76 123.49 37.17 188.41 67.10 151.09 69.78
Group-C 201.22 66.27 164.16 46.36 199.28 47.23 166.32 45.24
Group-B 218.80 49.86 188.48 39.44 253.48 72.88 216.59 69.73

Table 2: The confidence value of different conditions.

Curve Traffic
sign Memory Total

Group A,
lap 1 A1 0 0 A1

Group B,
lap 1 A1 B1 0 A1 + B1

Group C,
lap 1 A1 0 C1 A1 + C1

Group A,
lap 2–5 A1 0 C2 A1 + C2

Group B,
lap 2–5 A1 B1 C2 A1 + B1 + C2

Group C,
lap 2–5 A1 0 C1 + C2 A1 + C1 + C2

Notice: A1 is a variable. Others are constant. All of them are positive.

First, according to the data in Table 1, following results
can be reached.

(1) The data of group A in lap 1 have the lowest value.
(2) In laps 2–5, all the four average data (FPRA-R30,

FPPB-R30, FPRA-R50, and FPPB-R50) of group A
have the lowest value.

(3) The data of group B in laps 2–5 have larger value than
data in lap 1.

(4) The data of group C in laps 2–5 have larger value than
data in lap 1.

(5) The data of group B have larger value than data of
group C in lap 1.

(6) The data of group B have larger value than data of
group C in laps 2–5.

The results may be explained by the cognition theory
and fitness of the model. Seen in Table 2, the confidence
values of the information “there is a curve ahead” come
from different information channels. Besides, the total value
of each group has been defined. A1 is the value of drivers
acquiring information from visual channel, which is variable,
increased by the vehicle travelling near to the curve. B1 is the
value of drivers acquiring warning information from traffic
sign. C1 is the value of drivers acquiring warning information
from drivers’ memory acquired from the map of scenario.

C2 is the value of drivers acquiring warning information
from drivers’ memory acquired by learning system through
repeated driving.

According to the basic inequalities, we can safely draw a
conclusion as below:

(1) A1 < A1 + B1,A1 + C1,A1 + C2,A1 + B1 + C2,A1 +
C1 + C2

(2) A1 + C2 < A1 + B1 + C2,A1 + C1 + C2
(3) A1 + C1 < A1 + C1 + C2
(4) A1 + B1 < A1 + B1 + C2

Those inequalities and the cognition assumption can
perfectly explain the results of Table 1. As the assumption
argued, the braking operation is the result of confirmation of
the information “there is a curve ahead”. And to confirm this
information the total confidence value must be over limens.
Because A1 is a variable increasing with driving time. If a
positive value is added, the total value can reach the limens
earlier, namely, the position of the drivers beginning braking
will be away from the curve. Apparently, the inequalities
above explained the result (1) to (4), respectively. Indirectly,
the result (5) may infer the inequality “B1 > C1”, which can be
verified by result (6).

5. Conclusion

The information is regarded as the bridge between the cog-
nition model and drivers, because both of sides are working
based on the information. Studying the information process
and transmit channel can obtain howdrivers generate driving
operation and build a cognition model to represent driving
performance. So the information about curve can be seen as
the most crucial factor for driving operation. Based on the
cognition model and the results of the simulator experiment,
this study will draw the following conclusion.

(1) Both the results of the simulation experiment and the
cognition model inference about braking operation
show a consistent consequence.Thus, it demonstrates
that this cognition model is rational to represent
the driving performance at curves. Furthermore, the
process of the driver’s managing information may be
explained by the cognition theory and the characters
or working parameters may be acquired by these
kinds of simulator experiment.



Discrete Dynamics in Nature and Society 7

Table 3: The results of ANOVA analysis.

ANOVA FPRA-R30 FPPB-R30 FPRA-R50 FPPB-R50
Lap 1 𝐹(1, 10) 𝑃 value 𝐹(1, 10) 𝑃 value 𝐹(1, 10) 𝑃 value 𝐹(1, 10) 𝑃 value

1# Group A & B 28.09 0.00∗∗ 10.5 0.01∗∗ 6.33 0.03∗∗ 6.38 0.03∗∗

2 Group A & C 3.57 0.09∗ 0.99 0.34 6.63 0.03∗∗ 6.95 0.03∗∗

3 Group B & C 0.01 0.91 1.66 0.23 0.17 0.69 0.31 0.59
Lap 2–5 𝐹(1, 46) 𝑃 value 𝐹(1, 46) 𝑃 value 𝐹(1, 46) 𝑃 value 𝐹(1, 46) 𝑃 value

4# Group A & B 13.94 0.00∗∗ 34.51 0.00∗∗ 10.356 0.00∗∗ 10.58 0.00∗∗

5 Group A & C 5.18 0.03∗∗ 11.24 0.00∗∗ 0.42 0.52 0.81 0.37
6 Group B & C 1.08 0.31 3.83 0.06∗ 9.35 0.00∗∗ 8.78 0.01∗∗

Lap 1, Lap 2–5 𝐹(1, 28) 𝑃 value 𝐹(1, 28) 𝑃 value 𝐹(1, 28) 𝑃 value 𝐹(1, 28) 𝑃 value
7# A:1 & A:2–5 4.86 0.04∗∗ 4.86 0.04∗∗ 8.23 0.01∗∗ 7.06 0.01∗∗

8 B:1 & B:2–5 1.00 0.33 2.62 0.12 6.51 0.02∗ 2.02 0.17
9 C:1 & C:2–5 0.07 0.79 4.13 0.05∗∗ 0.41 0.53 0.92 0.35
10# A:1 & B:2–5 28.03 0.00∗∗ 33.45 0.00∗∗ 22.23 0.00∗∗ 7.06 0.01∗∗

11# A:1 & C:2–5 11.77 0.00∗∗ 14.62 0.00∗∗ 18.97 0.00∗∗ 22.40 0.00∗∗
∗∗

means 𝑃 value ≤ 0.05; ∗0.05 < 𝑃 value ≤ 0.1.

Table 4: The speed of two curves.

Group A Group B Group C
R30 R50 R30 R50 R30 R50

Lap 1 11.06 13.03 9.21 11.08 10.97 11.83
Lap 2–5 9.66 11.39 10.20 12.37 10.05 11.85

(2) The advance warning information can affect the driv-
ing decision and make curve driving safer by increas-
ing the confidence value of the curve information.
Known the exact process of driving performance, we
can modify the driving behavior by changing the
information the driver acquired.

(3) There is more than one information channel. Drivers
can acquire information via different channels instan-
taneously. The different information channels may
have their own confidence value, and that confi-
dence value may not be constant. Additionally, the
information for the perception channel can be stored
in knowledge library, or the confidence value of
information may be changed by learning system.

6. Discussion

Although this pilot study has verified the cognition model in
modeling driving performance and explained the informa-
tion process of drivers, it still has a limitation in clarifying all
details of the cognition model and the results of simulation
experiment. In this simulation experiment, the impact of
driver’s ability had been considered and controlled in many
ways. However, the personal distinction of different drivers
cannot be totally controlled, and the number of the sample
size still remains small. Those are the chief causes for
deviation and inconsistent result of the ANOVA analysis,
seen in Table 3.

We can see that the rows of all the 4 group of data, which
have significant differences are 1, 4, 7, 10, and 11 with a marker
of “#”, the 𝑃 value of which is ≤ 0.05, and the difference of
the confidence between those pairs is large enough. Others
do not show a consistent result. The inconsistent may be
caused by two kinds of variation coming from drivers. One
is that all participants do not have the same ability; however,
the analysis assumes that other modules are same during
the simplification. The other is that a driver cannot keep the
same state in the whole experiment; he/she may take some
unpredicted mistakes. Besides, the different curvatures may
affect the confidence value of the curve information.

Table 4 shows the entry speed of the curve. Both the two
curves have the same result. In lap 1, group A may have the
highest entry speed and group B has the lowest entry speed.
However, in lap 2–5 the result is contrary. The reason may be
the impact from not only the decision module but also the
learning system. The analysis of this study only focuses on
the braking operation by the decisionmodule at a point time.
The entry speed is the result of a sequence of operation about
brake and accelerator pedals.Therefore, this involved a series
of decisions based on the information. Moreover, it needs
further study about other modules of the cognition models
and more simulation experiments to acquire the modules
working parameters.
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Bicyclists may cross the bicycle lane and occupy the adjacent motor lanes for some reason. The mixed traffic consisting of cars and
bicycles shows very complicated dynamitic patterns and higher accident risk. To investigate the reason behind such phenomenon,
the lifetime analysis method is adopted to examine the observed data for the behavior that bicycles cross the bicycle lane and occupy
the adjacent motor lanes. The concepts named valid volume and probability of lane-keeping behavior are introduced to evaluate
the influence of various external factors such as lane width and curb parking, and a semiparametric method is used to estimate the
model with censored data. Six variables are used to accommodate the effects of traffic conditions. After the model estimation, the
effects of the selected variables on the lane-keeping behavior are discussed. The results are expected to give a better understanding
of the bicyclist behavior.

1. Introduction

Our daily life and work are closely related to traffic and
mobility. Nowadays, in consequence of dramatically increas-
ing traffic demand, traffic congestion has an immense neg-
ative impact on daily life and modern society [1, 2]. In
many developing countries, like China, a typical traffic
phenomenon is called “mixed traffic” which consists of cars
(representing motorized vehicles) and bicycles (representing
nonmotorized vehicles). Such inhomogeneous trafficflowhas
been considered as an important cause of traffic congestions
and accidents. Additionally, bicycles are usually used as a kind
of green traffic tool and it is important to improve traffic
condition.Therefore, researchers turned their attention to the
traffic characteristic of bicycles and mixed traffic composed
of bicycles and cars. They did research from theoretical and
practical points of view. Of the research on bicycles and
mixed traffic, traffic simulation is popular method. Jiang et al.
proposed a stochastic multivalue cellular automata model for
bicycle flow [3]. Faghri and Egyháziová developed a micro-
scopic simulation model of mixed motor vehicle and bicycle
traffic over an entire urban network [4]. Zhao et al. described
mixed traffic flow by combining the NaSch model and the
Burger cellular automata (BCA) model and investigated the

mixed traffic system near a bus stop [5, 6]. Mallikarjuna and
Rao extended the cellular automata (CA) model to study
the heterogeneous traffic [7]. On the other hand, theoretical
models derived from empirical data were proposed. Oketch
proposed a microscopic model to describe the mixed traffic
flow by using the combination of car-following model and
lateral movement [8]. Yang et al. presented a road capacity
model for mixed traffic flow at the curbside stop based on
queuing theory and gap acceptance theory [9]. Guo et al.
used PLM model and Weibull’s distribution to analyze the
lane-crossing behavior of nonmotorized vehicles under the
influence of curb parking [10].

In an urban street without segregated facility, the bicy-
clists may drive in the motor lane because of the blockage
in the bicycle lane. Once the bicyclists do not satisfy the
traffic condition, they will arbitrarily change travel route and
even occupy the motor lane. Particularly for the position
near bus stop or parking area, the occupancy of motor lane
has a strong impact on traffic performance and safety [9].
The above-mentioned literature mainly focused on analyzing
the influence of mixed traffic flow on traffic performance,
and most research adopted the microsimulation method.
However, the research on the traffic behavior of bicyclist is
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Table 1: Analogy between lifetime data analysis and bicyclist behavior analysis.

Lifetime analysis Lane-crossing behavior analysis
Parameter Time 𝑡 bicycle volume 𝑞
Failure event Death at time 𝑡 Lane-crossing behavior at volume 𝑞
Variable Lifetime 𝑇 Valid volume 𝑞𝑐

Censoring Lifetime 𝑇 is longer than the duration of
the observation Valid volume 𝑞𝑐 is greater than travel demand

Survival function 𝑆(𝑡) = 1 − 𝐹(𝑡) 𝐹lk(𝑞)

Probability distribution function 𝐹(𝑡) 𝐹lc(𝑞)

limited. In this paper, the traffic behavior that bicyclists keep
in bicycle lane (called by lane-keeping behavior) is consid-
ered. The question why bicyclists cross the bicycle lane is
discussed. With this aim, a survival-analysis-based approach
is used tomodel the lane-keeping behavior of bicyclists under
various external factors. To give a quantitative analysis of
the lane-keeping behavior, the probability of lane-keeping
behavior is studied using field data. A concept named valid
volume is proposed and a semiparametric method is used to
perform the analysis. It is hoped to provide reference frame
for evaluating the influence of traffic conditions on the traffic
behavior of bicyclist.

2. Method

2.1. Analysis of the Bicyclist Behavior. Some bicyclists are
apt to travel in the adjacent motor lanes in order to get
their desired driving conditions, for example, speed and
space. When the bicycle lane is blocked due to some reason,
the probability of the lane-crossing behavior would increase
obviously. Assume that the lane-crossing behavior occurs if
the bicycle volume 𝑞 is higher than a critical value 𝑞𝑐, yielding

𝐹lc (𝑞) = Pro (𝑞 ≥ 𝑞𝑐) , (1)

where 𝐹lc(𝑞) is the distribution function of the lane-crossing
behavior.

In this paper, the critical volume 𝑞𝑐 is defined as valid
volume in order to represent the maximum volume that
bicycles would travel in the bicycle lane. That is, the lane-
crossing behavior would not occur if the bicycle volume is
lower than the valid volume (𝑞 < 𝑞𝑐). Here, another definition
that the probability of lane-keeping behavior is used:

𝐹lc (𝑞) = 1 − 𝐹lk (𝑞) = Pro (𝑞 < 𝑞𝑐) . (2)

In terms of 𝐹lk(𝑞), the influence of external factors on
the behavior of bicyclist can be reflected by the distribution
function of a lane-crossing behavior or lane-keeping behav-
ior. Therefore, the influential factors (e.g., narrowing lane
and obstructing lane) can be analyzed from a macroscopic
perspective. Considering the volume as the input variable,
the data acquisition and the data processing can be simplified
because some variables involving the traffic behavior of a
bicyclist are difficult to be quantized.

2.2. Modeling Bicyclist Behavior Based on Lifetime Analysis.
Survival analysis models (also called lifetime analysis) have
been used extensively for several decades in biometrics and
industrial engineering as a means of determining causality
in lifetime data [11, 12]. In recent years, they have been
applied in the field of transportation [13, 14], including
the analysis of activity participation and scheduling, vehicle
transactions analysis, and incident-duration analysis. These
models concern the distribution of lifetime 𝑇:

𝐹 (𝑡) = 1 − 𝑆 (𝑡) = Pr (𝑡 ≥ 𝑇) , (3)

where 𝐹(𝑡) is the distribution function of lifetime data
representing the probability that an individual fails before
𝑡; 𝑆(𝑡) is the survival function representing the probability
that an individual survives longer than 𝑡. 𝑆(𝑡) is also called
reliability function.

The traffic behavior that bicyclists travel in bicycle lanes
can be considered as a valid state under particular conditions
(e.g., lane widths, traffic volume, and curb parking). Such a
valid state continues with an increasing bicycle volume. If the
volume is greater than the valid volume, the lane-crossing
behavior will occur. It means that the particular conditions
are hard to satisfy the travel demands of bicyclists. The
continual process of valid state is similar to the continued life.
If the lane-crossing behavior is regarded as the termination
of life, the methods for lifetime data analysis can be used
to estimate the valid volume 𝑞𝑐, which is the analogy of
the lifetime 𝑇. In addition, due to the randomness of traffic
behavior and the influence of curb parking, the same volume
may correspondwith two contrary behaviors, that is, crossing
the lane or not. In this case, the lifetime analysis models are
appropriate to solve such problem by censor analysis though
the general statistical methods are no longer applicable [10].
The whole analogy between the bicyclist behavior analysis
and lifetime data analysis is given in Table 1.

Firstly, an important concept, hazard function, is intro-
duced. A hazard function at specified volume 𝑞 in mathemat-
ical definition is

ℎ (𝑞) = lim
Δ𝑞→0

Pro (𝑞 ≤ 𝑞𝑐 ≤ 𝑞 + Δ𝑞 | 𝑞𝑐 ≥ 𝑞)
Δ𝑞

. (4)

The result in the hazard function is hazard rate (or
hazard), which is the instantaneous probability that the lane-
crossingwill occur in an infinitesimally small volumeΔ𝑞 after
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Table 2: External factors and explanation.

Variable Name Type Explanation
𝑋1 Effective width Continuous variable The effective width of bicycle lane
𝑋2 Travel speed Continuous variable The average travel speed for the survey internal
𝑋3 Car volume Continuous variable Car volume in the adjacent lane (veh/30 s)a

𝑋4 Curb parking Binary indicator 1 if there are curb parking cars along the bicycle lane, 0
otherwise

𝑋5 Retrograde motion Binary indicator 1 if there are retrograde bicycles in the lane at the
observed interval, 0 otherwise

𝑋6 Safe gap Binary indicator 1 if the adjacent lane is clear of moving car, 0 otherwise
a
“veh” is the abbreviation of vehicle.

time q. ℎ(𝑞)Δ𝑞 is the approximate probability of the lane-
crossing behavior in [𝑞, 𝑞 + Δ𝑞).

According to the mathematical relation between the
hazard function and survival function, the probability of
lane-keeping can be obtained:

𝐹lk (𝑞) = exp [−∫
𝑞

0
ℎ (𝑠) 𝑑𝑠] . (5)

To accommodate the effects of external factors, the hazard
function can be written as

ℎ (𝑞) = ℎ0 (𝑞) 𝑔 (x,𝛽) , (6)

where ℎ0(𝑞) is the baseline hazard function, 𝑔(⋅) is a known
function to represent the effects of covariates, x is a column
vector of covariates and it is independent of duration time,
𝛽 is a row vector of unknown parameters. The form of (4)
is one of the popular mathematical models used for duration
analysis and its name is proportional hazard (PH) model.

In this study, a framework of nonparametric baseline
hazard, which was proposed by Cox using 𝑔(x,𝛽) = exp(𝛽x),
is adopted [15]. With this parameterization, the hazard
function is

ℎ (𝑞) = ℎ0 (𝑞) exp (𝛽x) . (7)

The endurance probability function combining (5) and
(7) can be written as

𝑆 (𝑞) = [𝑆0 (𝑞)]
exp(𝛽x)
, (8)

where 𝑆0(𝑞) is the baseline probability function for the lane-
keeping behavior. It represents the probability without any
external influence.

The shape of ℎ0(𝑞) in the PH model has important
implications for data analysis. Also a parametric shape could
be chosen according to data distribution. In this paper,
the nonparametric baseline hazard is used to avoid the
error when the assumed parametric form is incorrect. The
parameter estimation can use the partial likelihood method.
Other methods can be referred to in [11, 12].

2.3. External Factors Selection. The selection of external fac-
tors takes into account the previous researches and arguments
regarding the effects of the exogenous variables and human

factors on bicyclist behavior. Three broad sets of variables
may influence the bicyclist behavior: personal characteristics,
traffic conditions, and trip characteristics. In this paper, the
traffic conditions are considered. The following factors, as
shown in Table 2, are adopted to construct the model.

3. Survey and Data

The field survey is conducted in the urban roads with no
isolation facilities. The selected survey sites are monitored by
video cameras. Then, the bicycle volumes in the lanes with
different effective widths can be acquired. According to [10],
the effective width of bicycle lane is defined as the physical
width minus the margin of safety (0.5m). Such safety margin
indicates the influence of curb parking so that bicycles would
keep a safe distance from the parked cars. On the other hand,
the data related to the external factors are also derived from
the video survey.Thedata acquisition is performedbymanual
counting and recording and the assistance of video processing
tool.

The length of the observed section is 25m and there is no
influence of bus stop and pedestrian crosswalk. In consider-
ation of the discrete arrival of bicycles and the nonuniform
volume, short observed interval may not include enough
samples while long interval may influence the definition of
data status.Therefore, the observed interval is 30 s.The status
of each interval is defined as (a) censored data if there is no
bicycle entering themotor lane in the interval and (b) distinct
data if the lane-crossing behavior occurs in the interval [10].
The field surveys are conducted in four typical urban roads
in Beijing, including East Jiaoda Road, North Yufang Road,
West Tucheng Road, and Da Liushu Road. The basic features
of observed sections are shown in Table 3.

4. Model Estimation and Discussion

4.1. Model Estimation. Table 4 shows themodel estimation of
the lane-keeping behavior of bicyclists.The LR statistic of the
estimated model clearly indicates the overall goodness-of-fit
(the LR statistic is 98.4, which is greater than the chi-squared
statistic with 6 degrees of freedom at any reasonable level of
significance). The statistical significance of each variable is
examined by the 𝑍 test, which has an asymptotically normal
distribution withmean zero and variance one.The significant
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Table 3: Basic features of observed sections.

Effective width (m) Sample size Volume distribution (veh/30 s)
Lane-crossing ratio (%)

Min Max Mean
1.5 118 2 28 12 47
2.5 378 4 35 17 33
3 381 2 34 26 28
3.5 430 3 39 19 29

Table 4: Model estimation.

Variable Estimate Standard error 𝑍 test 𝑃 value
𝑋1

−0.271 0.12 −2.264 0.024
𝑋2

0.002 0.152 2.092 0.036
𝑋3

−0.201 0.192 1.047 0.295
𝑋4

0.317 0.001 −2.238 0.025
𝑋5

0.414 0.001 −3.777 <0.001
𝑋6

0.148 0.148 −1.014 0.303

level corresponding to each covariate is given by 𝑃 value
in Table 4. From the results, most of the included variables
are statistically significant at the 0.05 level of significance. It
means that these covariates are significantly related to the
violation behavior. Two covariates (𝑋3 car volume and 𝑋6
safe gap) have a relatively low significant level. The effects of
the variables on lane-crossing behavior will be discussed in
the next section.

Figure 1 shows the lane-keeping probability by the pro-
posed model with the average of all variables. It means that
the curve in Figure 1 can reflect the average lane-keeping
probability of the typical bicycle flow which has an average
value for every external factor. The curve is monotonely
decreasing. The median of the distribution is 25 vehicle/30 s,
indicating that over a half of the observed interval would
result in lane-crossing behavior if the bicycle volume is
greater than 25 veh/30 s in average condition (2.5m lane,
bicycle speed is 12 km/h, car volume is 450 pcu/h/lane, and
about 30%of the bicyclists are affected by curb parking). If the
variable changes (representing the change of external factor),
the probability of lane keeping would change correspond-
ingly.

4.2. Effects of External Factors. In the proportional hazard
model, the effects of variables are multiplicative on the
baseline hazard function. A negative coefficient on a variable
implies that an increase in the corresponding variables
decreases the hazard rate, or equivalently increases the valid
volume. The greater valid volume means that the occurrence
of lane-crossing behavior decreases. The effects of external
factors are analyzed in the following.
(1) Effective width of bicycle lane shows a significant

negative onhazard. Itmeans thewider the lanewidth for bicy-
cles, the less the lane-crossing behavior would occur. Figure 2
shows various distributions of the lane-keeping behavior
with different lane widths. According to the empirical data
and the estimated model, if the effective width of a bicycle
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Figure 1: Distribution of the lane-keeping probability in average
condition.

lane decreases from 3.5m to 2.0m, the valid volume will
decline from 28 veh/30 s to 20 veh/30 s (the valid probability
is 0.8). Assume that the average volume is 15 veh/30 s, the
probability that all bicycles travel in the bicycle lane would
be 0.6 under the condition of the narrow lane. Meanwhile,
the valid volume would decrease by 40%.
(2) Curb parking also shows a positive effect on the

hazard while it means that the curb parking can increase the
hazard or decrease the probability of lane-keeping behavior.
The effect of curb parking on the probability of the lane-
keeping behavior is shown in Figure 3. The road sections for
a comparative analysis show differences in the distribution
of valid volume. Namely, probabilities of the lane-keeping
behavior in the sections with curb parking are lower than
those without influence of curb parking. It should be noted
that the probability that the lane-crossing behavior occurs is
low when the volume of the bicycle is low. Meanwhile, the
influence of curb parking is insignificant.When the volumeof
the bicycle is high, the relation between the occurrence of the
lane-crossing behavior and curb parking is also insignificant.
From the results, the influence of curb parking on the
valid probability is significant when the volume of bicycle
distributes in median range. Taking the width of 3.0m as an
example, the influence of curb parking on the lane-keeping
behavior is significant when the volume ranges between 22
and 32 veh/30 s.
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Figure 2: Distributions of the lane-keeping probability with various
lane widths.
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Figure 3: Distributions of lane-keeping probability under infleucne
of curb parking.

(3)The travel speed of a bicycle can have a positive effect
on the hazard function. The faster the bicycles travel, the
higher the possibility they cross the bicycle lane. In this paper,
the electric bicycle is considered as bicycle. According to the
field survey, there is a certain number of electric bicycles that
cross the bicycle lane and travel in themotor lane.The electric
bicycles travel faster than other bicycles; thus, they want to
seek ideal travel space. Particularly, when there are bicycles
travelling in low speed or curb parking car in front of the
faster electric bicycles, they change the travel direction and
overtake the blockage via the motor lane without the least
hesitation.
(4) Retrograde motion has a positive effect on the hazard

function, like travel speed of bicycle. As shown in Figure 4,
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Figure 4: Effect of retrograde motion on lane-keeping behavior.

the existence of retrograde bicycle can decrease the probabil-
ity of lane-keeping behavior. Such effect is more significant
in the condition of higher bicycle volume. The retrograde
motion of bicycles can hinder the travel routes of other
bicycles; it is easy to provide a motivation for changing travel
route, even changing the lane.
(5) According to the estimation results, the effect of car

volume and safe gap is not significant from the perspective
of statistic. However, the car volume still can influence the
bicyclist behavior. If the car volume is high, the bicyclist may
have little chance to travel in the motor lane. Additionally,
the variable of safe gap can also reflect the chance and the
safety for a bicyclist to travel in the motor lane. From the field
survey and the estimated results, a certain number of bicycles
travel in the motor lane when the car volume is very high.
These bicyclists neglect the accident risk caused by the lane-
crossing behavior. It is dangerous for the bicyclists to travel
in the motor lane in heavy car flow. And the lane-crossing
behavior can enforce a blockade against the moving car so
that the traffic performance reduces obviously.

5. Conclusion

This paper proposed a model to describe the lane-keeping
behavior of a bicyclist in urban street by using survival
analysis. A concept of valid volume is also proposed to
describe the relation between the lane-crossing behavior and
the bicycle volume. The volume data are defined as censored
data and uncensored data. Proportional hazard method is
used to estimate the field data with censored data. In order
to capture the effect of external factors involving traffic
conditions, six variables are selected to construct the PH
model. The results show that the effective width of bicycle
lane, travel speed, curbs parking, and retrogrademotion have
significant effect on the lane-keeping behavior. Two variables
(car volume and safe gape) show relatively low significance.
It is concluded that the lane-keeping behavior results from
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various related factors such as personal features, traffic
conditions, and environmental factors, and any change of
the influential factors can modify the lane-keeping behavior.
Therefore, the planning and designing of urban street should
consider these influential factors apprehensively.

The future workwill focus on the influential factors.More
factors will be introduced into themodel and the field surveys
of sites will be increased to obtain more empirical data. For
example, the average speed of bicycle travelling in the car lane
could be an important influential factor on the lane-keeping
behavior of cyclists. Also the significances of variables and
their effects on bicyclist behavior will be discussed deeply.
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The merge control models proposed for work zones are classified into two types (Hard Control Merge (HCM) model and Soft
Control Merge (SCM) model) according to their own control intensity and are compared with a new model, called Individual
Subjective Initiative Merge (ISIM) model, which is based on the linear lane-changing probability strategy in the merging area. The
attention of this paper is paid to the positive impact of the individual subjective initiative for the whole traffic system.Three models
(ISIM, HCM, and SCM) are established and compared with each other by two order parameters, that is, system output and average
vehicle travel time. Finally, numerical results show that both ISIM and SCM perform better than HCM. Compared with SCM, the
output of ISIM is 20 vehicles per hour higher under the symmetric input condition and is more stable under the asymmetric input
condition. Meanwhile, the average travel time of ISIM is 2000 time steps less under the oversaturated input condition.

1. Introduction

Over the past several decades, many methods and rules [1–9]
have been proposed for the work zone system which consists
of a double-lane (DL) model and a single-lane (SL) model.
Among them, many have been implemented or tested in
practice and have been effective on the real traffic system.
They are named after the characteristics of the model, the
strategy, the authors and so on, but when we focus on
the control intensity, we can briefly classify them into two
types: (1) Hard Control Merge (HCM) model (whose control
intensity is strong, such as lane-based signal system [10]); (2)
Soft Control Merge (SCM) model (whose control intensity
is mild, such as dynamic late merge system and lane-based
dynamic merge system [11]). But both models ignore the
impact of the individual subjective initiative for the whole
system and it is the point that we focus on in this paper.

In next sections, three models with different lane-chang-
ing rules and a vehicle input method are introduced. Simula-
tion results and analyses are presented after that. Conclusions
and further studies are given in the last section.

2. Model

We introduce Cellular Automaton (CA) [12, 13] which is a
discrete model and present three models based on CA. The
CA model consists of a regular grid of cells with a finite
number of states. For each cell, a set of cells called its neigh-
borhood is defined relative to it. The selection of the initial
state is determined by themodel. A new generation is created
according to some fixed rules which determine the new state
of each cell with the consideration of the current states of the
cell and its neighborhood. Typically, the rule to update the
state of cells is the same for each cell and does not change over
time. Above all, it is applied to the whole grid simultaneously.

2.1. Basic Updating Rules. The basic updating rules are intro-
duced according to NS model [14], and the updating rule for
the 𝑛th vehicle at (𝑡 + 1)th time step is as follows.

(1) Accelerating at the (𝑡 + 1/4)th time step

𝑉𝑛,𝑡+1 = 𝑉𝑛,𝑡 + 1. (1)
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(2) Safety breaking at the (𝑡 + 2/4)th time step

𝑉𝑛,𝑡+1 = min (𝑉𝑛,𝑡, 𝑑𝑛,𝑡) . (2)

(3) Random decelerating at the (𝑡 + 3/4)th time step

𝑉𝑛,𝑡+1 = max (𝑉𝑛,𝑡+1 − 1, 0) with probability 𝑃𝑑 ∈ [0, 1] ,

𝑉𝑛,𝑡+1 = 𝑉𝑛,𝑡+1 with probability 1 − 𝑃𝑑.
(3)

(4) Moving at the (𝑡 + 1)th time step

𝑋𝑛,𝑡+1 = 𝑋𝑛,𝑡 + 𝑉𝑛,𝑡+1, (4)

where 𝑉𝑛,𝑡 is the velocity of the 𝑛th vehicle at 𝑡th time
step, 𝑋𝑛,𝑡 is the position of the 𝑛th vehicle at 𝑡th time
step, 𝑑𝑛,𝑡 is the forward headway of the 𝑛th vehicle at
𝑡th time step, and 𝑃𝑑 is the decelerating probability.

2.2. Basic Model. The basic model is presented in Figure 1.
The work zone system is composed of a 100-lattice long DL
model and a 100-lattice long SL model (one lattice is equal
to 7.5 meters). We name the upper lane as Lane 1 and the
other as Lane 2. We divide DL model into two parts: Part
1 is 94-lattice long and Part 2 is 6-lattice long. Part 1 is the
core area of the model, and the basic model converts into
different merge models when we introduce different lane-
changing rules into Part 1. We use different kinds of lane-
changing probability (𝑃𝑙 ∈ [0, 1]) to simulate different lane-
changing rules. The higher the lane-changing probability is,
the more probably the vehicle changes its lane. Part 2 is the
coercive lane-changing area. In this part, vehicles on Lane 1
have to change lane before the merge point and vehicles on
Lane 2 are not allowed to change lane. Thus, in Part 2, the
lane-changing probability of the vehicle on Lane 1 is always 1,
and the probability of the vehicle on Lane 2 is 0.

2.3. Merge Models. We introduce three different kinds of
lane-changing rules into the basic model and then get three
models: (1) ISIM, (2) HCM, and (3) SCM.

(1) ISIM. The lane-changing probability of ISIM is shown in
Figure 2. Then we set the probability of the vehicle on Lane 1
changing to Lane 2 as follows:

𝑃𝑙,1→2 = 0.5 + 0.5 ×
𝐿

94

𝐿 ≤ 94,

𝑃𝑙,1→2 = 1 𝐿 > 94,

(5)

and the probability of the vehicle on Lane 2 changing to Lane
1 is

𝑃𝑙,2→1 = 0.5 − 0.5 ×
𝐿

94

𝐿 ≤ 94,

𝑃𝑙,2→1 = 0 𝐿 > 94.

(6)

With the linear lane-changing probability, we try to
perform a more realistic simulation and find out the impact
of the individual subjective initiative on the whole system.

Part 1 (94) Part 2 (6)

DL model (100) SL model (100)

Lane 1
Lane 2

Figure 1: The basic work zone system.
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Figure 2: Lane-changing probability of ISIM.

(2)HCM.The lane-changing probability ofHCM is presented
in Figure 3.The two lanes are separated in Part 1. According to
this, the lane change is not allowed and the vehicle will stay on
the lane where it is injected at the beginning. We put a signal
between the 94th lattice and the 95th lattice, and only one lane
is allowed to drive in each interval according to the signal (the
interval between two adjacent signal changes is set as 30 time
steps). We can use this model to simulate lane-based signal
system.

The probability of the vehicle on Lane 1 changing to Lane
2 is

𝑃𝑙,1→2 = 0 𝐿 ≤ 94,

𝑃𝑙,1→2 = 1 𝐿 > 94,

(7)

and the probability of the vehicle on Lane 2 changing to Lane
1 is

𝑃𝑙,2→1 = 0. (8)

(3) SCM. The lane-changing probability of SCM is illustrated
in Figure 4.The probability of the vehicle on Lane 1 changing
to Lane 2 is

𝑃𝑙,1→2 = 0.5 + 0.5 ×
𝐿

94

𝐿 ≤ 94,

𝑃𝑙,1→2 = 1 𝐿 > 94,

(9)

and the probability of the vehicle on Lane 2 changing to Lane
1 is

𝑃𝑙,2→1 = 0. (10)

The difference between ISIM and SCM is the lane-chang-
ing probability of the vehicle on Lane 2. When the traffic
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Figure 4: Lane-changing probability of SCM.

demand is light, vehicles on Lane 1 can easily change lane
at the upstream of the DL model (like the static early merge
in [11]). When the traffic demand is high and the model
is congested, they may not easily change to Lane 2 at the
upstream of the DL model and have to change lane near
the end of the DL model (like the static late merge in [11]).
Thus, with the increasing of the traffic demand, the realmerge
point will move backwards constantly. Meanwhile, the static
early merge will convert into the static late merge gradually.
According to this, we can use it to simulate the lane-based
dynamic merge in some degree but we do not set a definite
control threshold.

2.4. Vehicle Input Methods. We introduce the probability
distribution function here to obtain the quantity of the
arriving vehicle per time step. According to the traffic flow
theory, the Poisson distribution function is adaptive under
the light traffic condition and the binomial distribution
function is chosen under the congested condition [15]. Here
we set the threshold as 0.25 vehicles per time step (equal to
900 vehicles per hour (vph)).

The Poisson distribution function is

𝑃 (𝑥) =

(𝜆𝑡)
𝑥
𝑒
−𝜆𝑡

𝑥!

, (11)

and the binomial distribution function is

𝑃 (𝑥) = 𝐶
𝑥
𝑛(
𝜆𝑡

𝑛

)

𝑥

(1 −

𝜆𝑡

𝑛

)

𝑛−𝑥

, (12)

where 𝑃(𝑥) is the probability that 𝑥 vehicles arrive within 𝑡
time steps, 𝜆𝑡 is the quantity of the arriving vehicle within 𝑡
time steps (here 𝜆 = 0.25), and 𝑛 is the maximum quantity of
the arriving vehicle per time step.

After getting the quantity of arriving vehicles, we do not
input them into the model directly. Instead, we put them into
a stack and set the serial number and arriving time for them.
Then we input them into the model in turn (according to
the First-In-First-Out principle) with the consideration of the
real-time conditions of the lane and the stack.

3. Simulation Results and Analysis

We performed simulations based on the three models
described above with 𝑣max = 4 lattice/time step. Then the
results, such as the output and the travel time, are collected
under different input conditions. All data are collected during
the 3600 time steps from the 14401st time step to the 18000th
time step.

3.1. Theoretical Output of Work Zone System. We simulate
two other basic models for comparison: a 200-lattice long SL
model and a 200-lattice longDLmodel. Briefly, thework zone
model is composed of a SLmodel and aDLmodel, so the sim-
ulation of SL andDLmodel helps us to get the theoretical lim-
itations of the output of the work zone system in Figure 5(a).
For a better discussion, we make the fitting line of the output
of SL and DL model in Figure 5(b). From it, we notice
that Outputmax,DL(= 2600 vph) is larger than Outputmax,SL(=
1160 vph) × 2. A well-performing DL model can reduce the
negative impact of the following vehicle [16]. According to
this, it is the logical result of taking full advantage of DL
model with safety lane-changing rules. The output of work
zone system will be suppressed by the SL model, so the
theoretical Outputmax of the work zone system is similar to
1160 vph.Comparedwith a SLmodel, aDLmodel can support
a higher single-lane input value with the reasonable merge
rules, so the theoretical value of work zone may be a little
more than 1160 vph. We cannot get the exact number, so we
use the result of the SL model as the theoretical value of the
work zone system.

3.2. Output under Symmetric Input Conditions. We simulate
the three models individually, and the results are illustrated
in Figure 6(a). In Figure 6(b), we compare the results of three
models with the theoretical value. The Outputmax,ISIM is the
largest, and both the Outputmax,ISIM and the Outputmax,SCM
are better than the theoretical value. The good performance
of ISIM and SCM is due to the individual subjective initiative,
and vehicles in these two models can change lane with safety
lane-changing rules. This behavior takes full advantage of
DL model and led to better output results. As illustrated in
Figure 6, it seems that ISIM result is only slightly better than
that of SCM. However, we will find that the advantage of
ISIM is more obvious compared with SCM when we observe
the travel time presented in the following section. Compared
with the others, the result of HCM is unsatisfactory and it
is more inefficient not only than the other two models but
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Figure 5: (a) Output of SL and DL model; (b) the fitting line of SL and DL model.
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Figure 6: (a) Output results of three models; (b) fitting lines of three models and the theoretical value (Outputmax,ISIM = 1200 vph,
Outputmax,SCM = 1180 vph, Outputmax,HCM = 1080 vph, Outputmax,theoretical = 1160 vph).

also than the theoretical value. In HCM, vehicles have to slow
down or even stop to wait the “PASS” signal, and finally this
behavior results in the lowest output.

3.3. Output under Asymmetric Input Conditions. Next, we
run three models under asymmetric input conditions as (13)
and set the input as 1500 vph according to the theoretical
value mentioned above:

InputLane 1 + InputLane 2 ≤ 1500 vph. (13)

The results are presented as in Figure 7.
From Figure 7(b) we can find that HCM is sensitive

to the asymmetric input. Once the inputs of two lanes
are asymmetric, the output will decrease quickly. Then, we
present the sectional view in Figure 8 where InputLane 1 +
InputLane 2 = 1500 vph for the better observation.

It is obvious from the Figure 8 that, for HCM, the output
approaches the maximum when the inputs of each lanes are
similarly equal, and it is noticed that the asymmetric input
condition results in the huge fluctuation of the output. The
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Figure 7: Output results of three models under asymmetric input conditions (a) ISIM, (b) HCM, and (c) SCM.
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Figure 9: The travel time results of SL model, DL model, and three
models.

maximum is bigger than the minimum by 27.3%, and the
descending slope measured from the fitting line in the insert
is equal to −1 approximately. According to this, we should
balance the input of each lane carefully when HCM model
is implemented. SCM is not sensitive to the asymmetric
input as the illustration. But we still can find out that when
InputLane 1 > InputLane 2 the ouput of SCM is a bit better than
that in the case of InputLane 1 < InputLane 2. It is the result that
the vehicle has to change lane early when more vehicles are
injected into Lane 1, and this behavior makes the DL model
start to take effect passively. Compared with the previous two
models, ISIM is more satisfactory. It is not sensitive to the
asymmetric input condition and can get a better output result
even than SCM.With the more optional lane-changing rules,
vehicles on each lane can balance themselves spontaneously.
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Figure 10: The travel time results of ISIM and SCM.

Thus the DL model works better, and the advantage will be
more apparent when we focus on the travel time result.

3.4. Travel Time under Symmetric Input Conditions. Similar
to the discussion of output, we simulate SL and DL model to
obtain the theoretical travel time and the results of SL andDL
model and other three models are presented in Figure 9.

When the input increases to their respective Outputmax,
the travel time begins to increase as shown in Figure 9 and
the travel time of HCM increases especially quickly. It can be
estimated that if the work zone model is well established, its
travel time will be somewhere between the DL and SLmodel.
Then we focus on the travel time results of three models.
The results of HCM and SL model are overlapping, while the
results of ISIM and SCM are optimized, and they both appear
between the value of DL and SL model. According to this, we
illustrate the results of ISIM and SCM in Figure 10 separately.

In Figure 10, we divide the input space into two areas
according to the theoretical value of SL model:

Area A: 0 vph < Input < 1160 vph;
Area B: 1160 vph < Input < 1500 vph.

In Area A, the input is smaller than the theoretical
value, and the travel time results of both models are about
58 time steps, so the mean velocity at which the vehicle
passes through the system is about 3.4 lattice per time step.
According to the maximum velocity (4 lattice per time step),
it is a satisfactory value. In Area B, once the input is larger
than the theoretical value, the travel time result of SCM
increases dramatically. The result of ISIM is obviously better.
The circled point (after which the result increases rapidly) of
ISIM is about 1350 vph which is about 200 vph higher than
the theoretical value and that of SCM. Furthermore, the travel
time of ISIM is 2000 time steps less when the input reaches
to 1500 vph, and this is a huge advantage to move vehicles in
less time. It is noticed that the individual subjective initiative
in ISIM can improve the velocity and capacity of the traffic.
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4. Conclusions and Further Studies

In this paper, we try to make a comparison between the
three models: ISIM, HCM, and SCM. HCM model per-
forms unsatisfactorily in both output and average travel
time, because its control method is purely mechanical. The
vehicle in it has to slow down or even stop for the signal,
and the individual subjective initiative is not considered.
When HCM is implemented, many factors should be taken
into consideration, such as the careful input control, and
the interval between the signal changes. Meanwhile, SCM
model, owing to the passive performance of DL model,
performs better than HCM model when the traffic is heavy.
ISIM model performs the best among the three models
under different traffic conditions due to the well-designed
individual subjective initiative. The huge advantage in travel
time results compared with SCM cannot be ignored. Vehicles
in it can balance themselves more actively, and this makes
the system perform the best in both output results, and travel
time results. The individual subjective initiative is helpful for
the vehicle to make a good use of system resources and make
the system more flexible.

In further studies, we will try to take more details of ISIM
model into consideration, such as the complex driver-vehicle
behavior [17]. We try to establish a more realistic model and
make a reasonable reference model for further studies.
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Road transportation is a major fuel consumer and greenhouse gas emitter. Recently, the intelligent transportation systems (ITSs)
technologies, which can improve traffic flow and safety, have been developed to reduce the fuel consumption and vehicle emissions.
Emission and fuel consumption estimation models play a key role in the evaluation of ITS technologies. Based on the influence
analysis of driving parameters on vehicle emissions, this paper establishes a set ofmesoscopic vehicle emission and fuel consumption
models using the real-world vehicle operation and emission data. The results demonstrate that these models are more appropriate
to evaluate the environmental effectiveness of ITS strategies with enough estimation accuracy.

1. Introduction

Transportation sector has been facing an increasing environ-
mental pressure due to the rapid motorization in China over
the recent years. Low-carbon transportation solutions such as
substitution of fossil oil by alternative fuels, enhancing vehicle
technology, and developing public transport systems have
been applied widely. An alternative and promising solution
is the implementation of ITS that can smooth the traffic flow
and reduce congestion. In addition to the common effects,
increasing attention has been paid to the indirect effect of
ITS technologies on reducing the fuel consumption and CO2
emissions. Many researches have demonstrated the environ-
mental improvement of ITS technologies [1, 2] especially
in car navigation systems including Ecodriving [3, 4] and
Ecorouting [5, 6]. Therefore, it is of significance to establish
emission estimation models to evaluate the environmental
effectiveness of ITS strategies with enough estimation accu-
racy.

Vehicle emission estimation models play a critical role
for regional planning and development of emission con-
trol strategies [7]. Three general approaches are usually

considered in modeling vehicle emissions and fuel consump-
tion [8]. Macroscopic models use average aggregate network
parameters to estimate emission inventories for large regional
areas according to the relationships between speed, flow, and
density of a stream. Examples of macroscopic models appli-
cable to vehicles include the U.S. federal’s MOBILE6 [9] and
California’s EMFAC [10]. But these models are not well suited
for evaluating traffic operational improvements that can be
achieved through the ITS strategies [7]. Microscopic mod-
els such as VT-Micro model [11] and CMEM [12] model
estimate instantaneous vehicle emission rates using either
vehicle engine or vehicle speed/acceleration data. However,
it is difficult to obtain substantial amounts of microscopic
parameters for evaluating the environmental effectiveness of
ITS strategies. Most existing road surveillance systems such
as loop, remote traffic microwave sensor (RTMS), and float-
ing car data (FCD) system, can readily acquire average link
travel speed or point speed data. Given that macroscopic
models ignore the transient variation of vehicle emissions
associatedwith different traffic conditions, whilemicroscopic
emission estimation tools need numerous input data, it is
more appropriate to utilize link-based mesoscopic emission
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models for evaluating the environmental impacts of local ITS
strategies.

There are many new approaches including MOVES to
estimating the emissions with an attempt to replace existing
emissionmodels such asMOBILE [13]. MOVES incorporates
the concept of vehicle specific power (VSP) and characterizes
vehicle activities according to VSP and speed. VSP is defined
as the instantaneous power per unit mass of the vehicle,
and many studies have found methods based on VSP more
accurate to estimate vehicle fuel consumption and emissions.
The VSP-based methods were further developed and better
accepted by other researchers in the area of emission and
fuel consumption modeling [14] after its first application
[15]. The ability of VSP-based emission models to reflect
the transient emission rates under different operating modes
as well as the better estimation of vehicle emissions than
speed-based emission models makes it widely utilized. In
order to evaluate the effects of traffic management on fuel
efficiency, Song et al. [16] developed a practical model that
aggregated the normalized fuel rate under different VSP
bins. Wang and colleagues [17] established a model based on
VSP and speed, which provided insight that how different
levels of cruise speed and acceleration affect vehicle fuel
consumption. Furthermore, the accuracy was improved with
prediction errors within 20% for trip emissions and link-
speed-based emission factors through follow-up studies [18].
Scora et al. [19] combined real-time traffic data along with
the comprehensive modal emission models (CMEM and
EPA’s MOVES) to estimate the environmental measures in
real time. The estimation methodology provided far more
dynamic and accurate environmental information compared
to static emission models.

In order to improve both the applicability and accuracy
of the evaluation effect, link-based emission and fuel con-
sumption models are necessary along with consideration of
transient vehicle behavior in these models. Also, mesoscopic
driving parameters collected by probe vehicle systems are
well applied in some ITS strategies such as advanced traffic
monitoring and management systems [20] and navigation
systems [5, 6, 21]. Many existing studies have focused on
vehicle emission estimation and fuel consumption models,
some of which have been applied for evaluation of envi-
ronmental effects [8]. However, the existing evaluation is
generally realized through direct application of regulation
and test procedures for fuel economy of automobiles, and
the indicator is fuel consumed per unit distance such as per
100 km other than realistic operational modes.The input data
of these models are generally average speed of a whole trip or
a period time such as one hour, and the time ranges are too
wide to take full advantage of the probe vehicle technology
or other traffic information systems. Therefore, the primary
objective of this paper is to develop practical emission and
fuel consumption estimation models for evaluation of the
environmental effectiveness of ITS strategies for improving
regional traffic flow.

In Section 1 of the paper, background information on
emissions and fuel consumption modeling for evaluating
environmental effectiveness of ITS strategies is provided,
along with a review of exiting studies on emission and

fuel consumption models. Section 2 outlines the overall
methodology of the research, and the results of emissions
and fuel consumption models are illustrated. These models
for evaluating environmental effectiveness of ITS strategies
(i.e., ecological route navigation) are applied in Section 3.
Conclusions and future work are then provided in Section 4.

2. Model Estimation

Light-duty vehicles and heavy-duty vehicles account formost
of the vehicle fleet in the city. ITS strategies are more widely
applied in these types of vehicles. Therefore, based on the
emission data collected by Portable Emission Measurement
System (PEMS), mesoscopic models for light-duty gasoline
vehicles and heavy-duty diesel vehicles are established in this
paper. In order to evaluate the environmental effectiveness of
ITS strategies that can smooth the regional traffic flow, the
established vehicle emission and fuel consumption models
utilize average link speed as explanatory variables. Also, the
VSP distribution for each travel speed level is considered as
a bridge between the instantaneous driving parameters such
as vehicle speed, acceleration and average link speed, which
guarantees the estimation accuracy and applicability of the
models. The methodology of estimation models is listed in
the following sections.

2.1. Source of Data. We use the data collected by vehicle
with PEMS in Beijing urban areas in this study. The vehicles
were operated on regular routes in the urban area under
different driving conditions (i.e., different road grades and
different traffic status). The driving conditions are different
with speed from 0 to 100 km/h associated with acceleration
ranging from−5m/s2 to 5m/s2, while the correspondingVSP
calculated using second-by-second data is between −30 kw/t
and 25 kw/t.

2.2. Model Methodology. VSP integrates the vehicle speed,
vehicle acceleration, road grade, aerodynamic drag, and
tire rolling resistance, and it is generally defined as the
instantaneous power per unit mass of the vehicle [22]. In this
paper, simplified formulas are used to calculate the values of
VSP for different types of vehicles. The following simplified
function [15] in (1) is used for the VSP calculations of light-
duty gasoline vehicles while heavy-duty diesel vehicle’s VSP
can be calculated using (2) according to the existing research
results [23]:

VSP = 𝑣 × (1.1 × 𝑎 + 0.132) + 0.000302 × 𝑣3, (1)

VSP = 𝑣 × (𝑎 + 0.09199) + 0.000169 × 𝑣3, (2)

where 𝑣 and 𝑎 are the vehicle speed and acceleration in m/s
and m/s2, respectively.

For the characteristics of vehicle emission change greatly
under different travel conditions, VSP is separated as a bin
with an equal interval of 1 kw/t, as described in

∀ : VSP ∈ [𝑛, 𝑛 + 1) , VSP bin = 𝑛, 𝑛 is integer. (3)
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Each VSP bin is associated with average emission rates for
different types of emissions, respectively. The second-by-
second data collected by PEMS is divided into traveling
fragment by different time interval and the optimal time
granularity is discussed in the following section. Each frag-
ment is characterized with its average speed that is as the
basis of division of fragments. After the interval division
of average speed, the VSP-Bin distribution attribute of each
average speed range is calculated. The average emission rate
under each average speed range is estimated as

ER𝑖 = ∑
𝑗

𝐸𝑅𝑗 ×

𝑡𝑖,𝑗

𝑇𝑖

, (4)

where 𝐸𝑅𝑖 is the average emission rate under average speed
range 𝑖, g/s; 𝑗 is the index of VSP bin; 𝐸𝑅𝑗 is the emission rate
for VSP bin 𝑗, g/s; 𝑡𝑖,𝑗 is the time spent in VSP bin 𝑗 on speed
range 𝑖, s; and 𝑇𝑖 is the total travel time under speed range 𝑖,
s.

The instantaneous fuel consumption is calculated from
emissions of CO2, HC, and CO using carbon balancemethod
listed in national standards of China [24]. Vehicle fuel con-
sumption rates for gasoline vehicles and diesel vehicles can
be estimated using (5) and (6), respectively, as follows:

𝐹𝑅𝑆 = 1.154 × (𝐸𝑅HC ×
12

13

+ 𝐸𝑅CO ×
12

28

+ 𝐸𝑅CO
2

×

12

44

) ,

(5)

𝐹𝑅𝐶 = 1.155 × (𝐸𝑅HC ×
12

13

+ 𝐸𝑅CO ×
12

28

+ 𝐸𝑅CO
2

×

12

44

) ,

(6)

where𝐹𝑅𝑆 and𝐹𝑅𝐶 are the fuel consumption rates of gasoline
vehicles and diesel vehicles, respectively, g/s; 𝐸𝑅HC, 𝐸𝑅CO,
and 𝐸𝑅CO

2

are the HC, CO, and CO2 emission rates, respec-
tively, g/s.

Then the emission/fuel consumption factor under each
average speed range is estimated as:

𝑉𝑙 =
∑
𝑛
𝑘=1𝐷𝑘

∑
𝑛
𝑘=1 𝑇𝑘

,

𝐸𝐹𝑙 (𝐹𝐹𝑙) = 𝐸𝑅𝑖 (𝐹𝑅𝑖) ×
∑
𝑛
𝑘=1 𝑇𝑘

∑
𝑛
𝑘=1𝐷𝑘

,

(7)

where 𝑇𝑘 is the vehicle trip time spent in the travel fragment
𝑘 of average speed range 𝑖, s;𝐷𝑘 is the vehicle trip distance in
travel fragment 𝑘 of average speed range 𝑖, km;𝑉𝑙 is the vehicle
travel speed for average speed range 𝑖, km/h; 𝐸𝑅𝑖(𝐹𝑅𝑖) is the
emission (fuel consumption) rate for average speed range 𝑖,
g/s; and 𝐸𝐹𝑙(𝐹𝐹𝑙) is the emission (fuel consumption) factor
for 𝑉𝑙.

Based on the previous research [25] and the relationship
of emission (fuel consumption) factors versus average speed,
(8) is used as the fitted formula between vehicle emission (fuel
consumption) factor s and average speed:

𝐸𝐹 (𝐹𝐹) =

𝑎

𝑣

+ 𝑏 + 𝑐𝑣 + 𝑑𝑣
2
, (8)

where 𝐸𝐹(𝐹𝐹) is the emission (fuel consumption) factor,
g/km; 𝑣 is average speed, km/h; 𝑎, 𝑏, 𝑐, and 𝑑 are coefficients.

2.3. Estimation Results. Figure 1 shows the similar character-
istic of various vehicle emission and fuel consumption rates
for light-duty and heavy-duty as VSP changes and a VSP of
0 kW/t is the inflection point.When the VSP value is positive,
emission and fuel consumption rates indicate a rapid increase
with the increase of VSP. Emission and fuel consumption
rates tend to be very low and almost invariable for negative
VSP.

The emission and fuel consumption rates of two types of
vehicles are illustrated in Figure 2. As illustrated in Figure 2,
the emission and fuel consumption rates typically increase
with the increment of average speed. It should be noted
that there is an apparent increase for emission and fuel
consumption rates during the lower average speed range,
while the rates rise relatively slowly when the speed increase
to a specific value.

The emission and fuel consumption models have been
established based on the proposed approach. As the trav-
eling fragment by different time interval has effects on
the model precision and estimation errors. It is valuable
to explore the least estimation error and discuss the opti-
mal time granularity. Successive 600-secong-long measure-
ment trips for different time granularities were used for
validation. The errors between the modeled and mea-
sured trip emissions and fuel consumption are shown in
Table 1.

Table 1 illustrated that the modeled and measured emis-
sion and fuel consumption rates for light-duty vehicle under
different time granularities are in good agreement, and all
the differences between them are within 10%. Moreover, the
time granularity has a less significant effect on the estimation
errors. The optimal time granularity can be regarded as 60
second.

The vehicle emission and fuel consumption factor curves
and estimation models for both vehicle types are shown
in Figure 3 and Table 2 when the time granularity is 60
second.

Figure 3 illustrates that the changing tendencies for all
vehicle emission curves are consistent with the exiting
research results [11, 26, 27]: vehicle emission factors decrease
as speed increases to a specified value, and then start to
increase.Noteworthy is the fact that the values of the emission
and fuel consumption factors drop dramatically at a lower
average speed. For example, for light-duty vehicle, the value
of CO2 emission per kilometer declines greatly with the
increase of speed, once the speed reaches to about 65 km/h,
the value of CO2 emission per kilometer will increase slowly.
The optimal average speed is approximately 65 km/h with the
minimum CO2 emission rate of 210 g/km.

3. Application

Many ITS strategies have indirect influence on reducing
emissions and fuel consumption through standardizing driv-
ing behavior, smoothing road traffic flow, and improving
commuting efficiency. For example, the technology of traffic
control in merging areas can provide a proper merging speed
and opportunity for vehicles, which leads to improvement of
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Table 1: Comparison of emission and fuel consumption rates from modeled and measured values.

Error (%) for different time granularities
40 s 60 s 80 s 100 s 120 s 300 s

HC 1.99 1.27 2.93 3.42 3.39 3.93
NO𝑥 3.88 0.70 1.79 9.11 6.18 9.97
CO 4.21 3.22 2.72 3.56 5.28 6.27
CO2 1.33 2.05 2.71 3.04 4.35 5.21
Fuel 1.43 2.08 2.71 3.06 4.37 6.25

Table 2: Vehicle emission and fuel consumption factor models.

Vehicle type Estimation models

Light duty vehicles

𝐸𝐹HC = 1.08 × 10
1
× 𝑉
−1
− 7.11 × 10

−3
+ 3.76 × 10

−4
× 𝑉 + 3.63 × 10

−5
× 𝑉
2
, 𝑅
2
= 0.91

𝐸𝐹NO
𝑥

= 2.00 × 𝑉
−1
− 4.49 × 10

−2
− 3.36 × 10

−4
× 𝑉 + 3.49 × 10

−5
× 𝑉
2
, 𝑅
2
= 0.87

𝐸𝐹CO = 8.08 × 10
1
× 𝑉
−1
+ 1.16 + 5.03 × 10

−3
× 𝑉 + 5.35 × 10

−4
× 𝑉
2
, 𝑅
2
= 0.94

𝐸𝐹CO2
= 4.78 × 10

3
× 𝑉
−1
+ 1.11 × 10

2
− 1.24 × 𝑉 + 2.37 × 10

−2
× 𝑉
2
, 𝑅
2
= 0.95

𝐹𝐹 = 1.56 × 10
2
× 𝑉
−1
+ 3.54 − 3.88 × 10

−2
× 𝑉 + 7.76 × 10

−4
× 𝑉
2
, 𝑅
2
= 0.95

Heavy duty vehicles

𝐸𝐹HC = 1.55 × 10
1
× 𝑉
−1
+ 3.92 × 10

−1
− 7.20 × 10

−3
× 𝑉 + 5.31 × 10

−5
× 𝑉
2
, 𝑅
2
= 0.98

𝐸𝐹NO
𝑥

= 8.91 × 10
1
× 𝑉
−1
+ 9.35 − 1.36 × 10

−1
× 𝑉 + 8.91 × 10

−4
× 𝑉
2
, 𝑅
2
= 0.98

𝐸𝐹CO = 4.14 × 10
1
× 𝑉
−1
+ 1.99 − 1.10 × 10

−2
× 𝑉 + 2.99 × 10

−5
× 𝑉
2
, 𝑅
2
= 0.99

𝐸𝐹CO2
= 3.67 × 10

3
× 𝑉
−1
+ 5.34 × 10

2
− 7.90 × 𝑉 + 5.43 × 10

−2
× 𝑉
2
, 𝑅
2
= 0.99

𝐹𝐹 = 1.19 × 10
2
× 𝑉
−1
+ 1.69 × 10

1
− 2.50 × 10

−1
× 𝑉 + 1.72 × 10

−3
× 𝑉
2
, 𝑅
2
= 0.99

Note: EF is the emission factor, g/km; FF is the fuel consumption factor, g/km; 𝑉 is average speed, km/h.

travel speed for upstream traffic flow. The proposed vehicle
emission and fuel consumption factor models are described
as functions of average link speed that can be collected by
most existing road traffic information systems such as loop-
coil detectors. Further, the effectiveness of emission and fuel
consumption reduction utilizing the technology of traffic
control can be evaluated through these emission and fuel
consumptionmodels.Moreover, themodels developed in this
study are incorporated into an ecological route navigation
system to further demonstrate their applicability to ITS
strategies.

The studying area is located in central area of Beijing.
Based on the route planning algorithm, the ecological route
navigation system consists of a dynamic traffic information
database, emissions/fuel estimation models and user inter-
faces, which can provide vehicle the least emissions or fuel.
The dynamic traffic information database is collected from
a probe vehicle system, which provides travel time for each
link every five intervals. It means only average travel speed of
each link can be obtained and used for the ecological route
navigation.

Figure 4 illustrates the route navigation results of the
ecological route compared with the time priority route for
the specified OD pair. It is obvious that ecological route is
different from the time priority route. Based on the proposed
emissions and fuel consumption models, the comparison
results between the two routes are summarized in Table 3.
Values in the table are normalized to the time priority route’s

results. The fuel consumption of the ecological route is about
13.5% lower than that of the time priority route, although the
travel time of the ecological route is just about 1.2% longer.
Noteworthy is the fact that the value of the fuel consumption
reduction is extremely similar in the appearance to the CO2
reduction. This result verifies that estimation models can
be utilized to calculate the emissions and fuel consumption
during the whole trip and evaluate the environmental effect
on emissions and fuel consumption reduction.

4. Conclusions

The paper presents a methodology for establishing meso-
scopic emission and fuel consumption models for assessing
the environmental impacts of ITS strategies. The proposed
models are developed through considering the influence of
the vehicle’s operating mode on vehicle emissions, which
not only guarantees the accuracy of emissions and fuel
consumption models, but also makes it possible to estimate
the emission and fuel consumption based on most current
traffic information systems. With more and more PEMS data
for specific vehicles are obtained in the future, the models for
other types of vehicles can be estimated and the emissions
inventory is expected to be accomplished. Furthermore, it
is verified that these models are well applied to evaluate the
effect of ITS technologies on reducing vehicle emissions and
fuel consumption.
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Table 3: Results of evaluation of ecological route strategy.

Ecological route Time-priority route % Differences
Travel distance (km) 13.3 16.2 −17.9%
Travel time (min) 17.6 17.4 1.2%
CO2 emission (kg) 3.2 3.6 −13.5%
Fuel consumption (kg) 1.0 1.2 −13.5%
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Figure 1: Emission and fuel consumption rates under different VSP-bins (Light- and heavy-duty vehicle).
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Figure 2: Emission and fuel consumption prediction values under different average speed-bins (light- and heavy-duty vehicle).
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Figure 3: Vehicle emission and fuel consumption curves (light- and heavy-duty vehicle).
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Lane departure warning system (LDWS) has been regarded as an efficient method to lessen the
damages of road traffic accident resulting from driver fatigue or inattention. Lane detection is one
of the key techniques for LDWS. To overcome the contradiction between complexity of algorithm
and the real-time requirement for vehicle onboard system, this paper introduces a new lane
detection method based on intelligent CCD parameters regulation. In order to improve the real-
time capability of the system, a CCD parameters regulating method is proposed which enhances
the contrast between lane line and road surfaces and reduces image noise, so it lays a good
foundation for the following lane detection. Hough transform algorithm is improved by selection
and classification of seed points. Finally the lane line is extracted through some restrictions.
Experimental results verify the effectiveness of the proposed method, which improves not only
real-time capability but also the accuracy of the system.

1. Introduction

With the rapid development of expressway and the growth of motor vehicle quantities, the
traffic accidents, especially mass traffic accidents, are increasing and become one of the most
serious problems around the world [1–4]. For low-income and middle-income countries,
this situation is much worse. A report from World Health Organization (WHO) points out
that over 90% of the world’s fatalities on the roads occur in low-income and middle-income
countries, which have only 48% of the world’s registered vehicles. It has been estimated that,
unless immediate action is taken, road traffic deaths will rise to the fifth leading cause of
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death by the year 2030, resulting in an estimated 2.4 million fatalities per year [5]. The global
status report on road safety clearly shows that significantly more action is needed to make the
world’s roads safer. At present, the increase trend of traffic accidents and causalities in China
has been slowed down to some extent and shows a declining tendency, but the situation is
far away from being optimistic [6].

To lessen the damages resulting from the road traffic accidents and save more lives, the
reasons and factors should be analyzed and summarized. There are a number of factors which
cause the traffic accidents, ranging from driver behavior to mechanical failure, environmental
conditions, and roads design [7–9]. Many works have been done to investigate ways of
developing a vehicle driving assistance system to improve its safety. Among those factors
resulting in serious accidents, driver fatigue or inattention contribute a considerable portion
[10, 11]. Driving is a complex process which involves eye-hand-foot coordination. In many
cases, the driver falls asleep making the vehicle to leave its designated lane and possibly
causing an accident. NHTSA estimated that running off the road caused about 28% of fatal
vehicle accidents in the US in 2005. Moreover, drowsy, sleeping, or fatigued and inattentive
drivers caused about 2.6% and 5.8% of the fatal crashes, respectively [12, 13]. Further research
is needed to improve driver’s behavior and driving activities with the help of other advanced
techniques.

In order to prevent this type of accident, researchers have proposed a variety of
solutions and technologies to predict and detect unintended lane departure events to warn
drivers about such events. Lane departure warning system (LDWS) has been proposed for
this purpose, to warn the driver as soon as a vehicle begins to inadvertently drift out of its
driving lane or to automatically take steps to ensure that the vehicle stays in correct lane [14].
The currently available LDWSs on the markets are forward-looking vision-based systems and
are mainly applied to prestige car, such as BMW, Mercedes-Benz, and so on. In order to reduce
the traffic accidents, the LDWS needs to adapt all types of vehicle rather than some certain
kinds of vehicles. Although many researchers have proposed several advanced algorithms to
improve the system performance [15, 16], there still exist the following bottleneck problems:

(1) Lane detection should adapt to various conditions. Lane detection is a main
task of LDWS, and the accuracy of detection is foundation and prerequisite to
realize its warning function. Several algorithms have been proposed and their
differences are mainly consisting in image preprocessing, lane model, selected
model fitting method, and tracking strategy [17, 18]. However, it is difficult to
be performed with a high detection rate in complex situations involving shadows,
varying illumination conditions, bad conditions of road paintings and kinds of lane
marks such as solid lines, segment lines, double yellow lines, pavement or physical
barriers. Therefore, how to make the detection algorithm accommodate the complex
environment is an important issue.

(2) The LDWS has to meet the requirements such as robust, low cost, compact, low
dissipation, and real time. Some of these requirements need to be accomplished
by algorithm, while the other can be achieved from the hardware device. In [19],
an adaptive DSP-based LDWS was introduced with its operating frequency of
600 MHz and the lane marking detection speed of 35 f/s. The system function is
compact but the price is slightly high. In addition, researchers use FPGA devices or
other low-cost and low-power consumption architectures to develop the systems
[20, 21]. However, the contradiction between complexity of algorithm and the
memory of hardware is very outstanding.
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To overcome the above difficulty, some strategies should be developed to make
the system real time and robust, which can adapt to real road environments. This paper
aims to develop a real-time lane detection algorithm based on intelligent regulated CCD
parameters, which can effectively solve the conflicts between real time and robustness
of the LDWS. The contents of this paper are organized as follows. Section 2 introduces
an intelligent regulated CCD parameters algorithm. After analyzing the advantages and
disadvantages of traditional Hough transform, an improved Hough transform algorithm is
proposed in Section 3. Section 4 verifies the effectiveness of the proposed algorithm through
road experiments, and some conclusions are given in Section 5.

2. CCD Parameters Regulation Based on Feature Regions

The LDWS system needs a great demand on the CCD image grabbing speed. To achieve
this, CCD employs a kind of parameter control technique, that is to say, the gain, bright,
and shutter of CCD can be programmed. Therefore, the CCD parameters can be regulated
by programmed in real time, which is helpful to image segmentation, reducing noise as well
as improving the reliability and instantaneity of lane detection algorithms. Moreover, it can
heighten the contrast between road surfaces and lane marks.

The CCD model used in our LDWS is BaslerA602f and its parameters can be regulated
through IEEE1394 video capture board connected to an imbedded computer [22]. The
purpose of CCD parameters regulation can be realized by defining some feature regions and
calculating the eigenvalues of those regions.

2.1. Feature Regions Division and Eigenvalues Computation

As showed in Figure 1, the image to be processed is divided into six feature regions from
region A to F. The size of image is 320 × 240 pixels.

Region A is the upper center 1/4 region of the image. The gray mean value μa and
variance σa of this region indicate the brightness of sky. While region B is the bottom center
1/4 region of the image, whose gray mean value μb and variance σb indicate the darkness of
the road surface. They can be calculated using

μa =
32

3 ×w × h ×
∑

f
(
x, y

)

σa =

√
32 ×∑[

f
(
x, y

) − μa
]2

3 ×w × h

−3w
16
≤ x ≤ 3w

16
,

3
4
h ≤ y ≤ h,

μb =
32

3 ×w × h ×
∑

f
(
x, y

)

σb =

√
32 ×∑[

f
(
x, y

) − μb
]2

3 ×w × h

−3w
16
≤ x ≤ 3w

16
, 0 ≤ y ≤ h

4
,

(2.1)

where w and h are the width and height of image, respectively; f (x, y) is the gray value of
pixel (x, y).
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Figure 1: Schematic of feature regions division in detection status.

Usually, the lane mark is included in regions C, D, E, and F. To a certain extent, their
gray mean values and variances can indicate the light and shade condition of images around
the lane marks. The positions of the lane marks are not changeless as the vehicle moving.
So the regions C, D, E, and F, which called the lane marks feature regions, will change
their position and information when the vehicle is moving. The sizes of those regions can
be divided in accordance with the detection and tracking status of the lane marks [23].

If the lane is during the detecting status, that is to say, we have no idea about the lane
marks position and its gray information. The size and position of those feature regions are
uncertain and can be determined on the basis of practical experimental data. As shown in
Figure 1, they are defined as follows. The width QS is 160 pixels and QS is in the center of
the image. Points Q and S are symmetric with respect to y-axis. The angle between PQ and
x-axis is 45◦ and PQ is parallel to MN. The left lane marks may line in the region of PMQN.
Region of PMQN is divided into regions C and D by line of IG, which may contain the detail
line mark information and the macroscopic view of the lane, respectively. In the coordinate
system xoy displayed in Figure 1, the coordinates for points Q, N, and S are (−80, 120),
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(0, 120), (80, 120) respectively. The function for PQ can be expressed by y = x + 120. Then
the eigenvalues of regions C and D are calculated as

uc =

∑h/6
y=0

∑y−120
x=−w/2 f

(
x, y

)

s1
+

∑h/4
y=h/6

∑y−120
x=y−200 f

(
x, y

)

s2
,

σc =

√√√√
∑h/6

y=0
∑y−120

x=−w/2

[
f
(
x, y

) − uc
]2

s1
+

√√√√
∑h/4

y=h/6

∑y−120
x=y−200

[
f
(
x, y

) − uc
]2

s2
,

(2.2)

ud =

∑h/2
y=h/4

∑y−120
x=y−200 f

(
x, y

)

sd
,

σd =

√√√√
∑h/2

y=h/4

∑y−120
x=y−200

[
f
(
x, y

) − ud
]2

sd
,

(2.3)

where s1 and s2 are pixel numbers in regions PHM and PIGH, respectively; sd is the pixel
number in region D.

The angle between ST and x-axis is 135◦ and ST is parallel to NL. The gray mean values
and variances of regions E and F can be calculated by the same means.

If the lane is during the tracking status, that is to say, we have gotten prior parameters
of the lane to be detected. In this condition, the instantaneity of the system is improved
by building some dynamic trapezoid feature regions. Due to the effect of projection, there
are some differences in deflected distance between the bottom and the centre of the image.
Therefore, we build the dynamic trapezoid feature areas taking advantage of 6 specialized
feature points [24]. As shown in Figure 2, point O is taken as the previous lane vanishing
point, with its coordinate is (Ox, Oy). Points L(Lx, Ly) and R(Rx, Ry) are the endpoint of
the left lane and the right lane, respectively. Then offset point O with 20 pixels to the left
and right, respectively, we can get points L1(Ox−20, Oy) and R1(Ox+20, Oy). Offset point L
with 30 pixels up and connect this point to L1, the crosspoint for this line with the image
margin is L2. Offset point L with 30 pixels down and connect this point to R1, the crosspoint
for this line with the image margin is L3. At the same way, we will get points R2 and R3. In
the tracking condition, a moving vehicle will change the lane position, which leads to the
changing of these 6 feature points. As a result, the feature regions determined by these points
are dynamic.

2.2. CCD Parameters Regulation

Once the feature regions are determined and their eigenvalues are calculated, the CCD
parameters can be regulated according to those values. The detailed CCD parameters
regulation is as follows.

(1) Computing the eigenvalues of those feature regions according to the lane detection
and tracking status.

(2) Previous experiments in different illumination conditions indicate that it is easy to
make a decision between lane marks and road surfaces when the mean values of
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Figure 2: Schematic of feature regions division in tracking status.

regions C, D, E, and F are in range of [60,100] and their variances in [11, 27]. So
we will not change the CCD parameters and continuous capturing images when
the gray level mean values gotten are in range [60, 100] and their variances in [11,
27]. If all of the mean values are below 60 or higher than 100, we will change the
CCD gain, brightness, and shutter by a certain step size till their eigenvalues are in
proper range.

(3) Saving the current parameters and capture the next frame images.

Figure 3 shows the image and its segmentation results after the CCD parameters
regulation in the condition of strong illumination. In these images showed below, the left
one is the image based on CCD parameters regulation and the right one is the corresponding
segmentation result.

Above images show that the contrast between lane marks and the road surfaces has
been enhanced after the CCD parameters regulation. The segmentation of the image is pretty
well and there is little background noise.
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(a) (b)

(c) (d)

Figure 3: Image captured after the CCD parameters regulation and its segmentation result.

3. Lane Detection Using Improved Hough Transform

3.1. Analysis of Traditional Hough Transform

As the images collected on the highway are very complicated, there will be great error if we
use linear fitting method to detect the lane. On the contrary, Hough transform is robust to
small change of the image noise, and it is good at handling over the conditions that the object
is partly occluded and covered [25]. In the image space, the straight line can be described as
y = mx+b and can be graphically plotted for each pair of image points (x, y). The main idea of
Hough transform is to consider the characteristics of the straight line not as image points (x1,
y1), (x2, y2), etc.) but instead, in terms of its parameters, that is, the slope parameter m and
the intercept parameter b. For computational reasons, a different pair of parameters in polar
coordinates, denoted by ρ and θ, is used for the line in the Hough transform. ρ is the length
of a normal from the origin to this line and θ is the orientation of ρ with respect to the x-axis.
The implementation procedure using traditional Hough transform to extract a straight line is
as follows.

(1) Quantize ρ and θ, build a two-dimensional accumulate array M(ρ, θ) in the
parameter map of (ρ, θ), as shown in Figure 4. The span for parameter (ρ, θ) are
separately [ρmin, ρmax] and [θmin, θmax].

(2) Initialize the two-dimensional array M(ρ, θ), search the white edge in the image in
sequence. To every white edge in the binarization image, let θ can be any value in
the axis θ. Then calculate the value ρ according to the equation ρ = x cos θ + y sin θ.
Accumulate the arrayM on the basis of the value of θ and ρ : M(ρ, θ) =M(ρ, θ)+1.
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Figure 4: Accumulate array M(ρ, θ) in the parameter map of (ρ, θ).
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Figure 5: Peak value distributions for traditional Hough transform.

(3) Figure out the maximum value in the transform domain and record it.

(4) Clear the maximum value and their values of its neighborhood points.

(5) Figure out all the maximum points successively and record them.

(6) Seek for the recent lane line according to some certain constraints.

According to this procedure, the traditional Hough transform has some disadvantages
as follows when detecting the road lane.

(1) As every white point should be involved in the computing of space transform,
the calculated amount increases, and it is time consuming. We can overcome this
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(a) (b) (c)

Figure 6: Road images after threshold and noise filtering. (a) Normal condition, (b) existing interference,
(c) Deviation happens.

by adjusting the CCD parameters, as shown in the Figure 5. We compare the
lane detection using the binarization images collected at the same place. The left
images in Figure 5 show the situation without and with adjusting CCD parameters,
respectively. Through comparing these two figures, we discover that after the
use of CCD parameter adjusting algorithm, the points involving in the Hough
transform decrease clearly, which verifies the effectiveness of CCD parameter
adjusting algorithm.

(2) Due to the quantizing of parameters ρ and θ, the peak value near one straight line
is always very large after finding the peak value; we should clear the neighborhood
values and look for next line. But it is not easy to perfectly define the neighborhood
range, if the neighborhood is too small, the line detected next time will be
overlapped on the already existed line, if the neighborhood is too large, the nearby
waiting to be detected points will be clear up, and next time, you will not find any
point. It is more obvious when there exist several similar lines at the same time and
they are close to each other, as shown in the middle and right column of Figure 5.

3.2. Improved Hough Transform for Lane Detection

Facing the disadvantages, many researchers have proposed some improved methods. Those
methods can be summarized to two kinds [26, 27]. The one is to classify the points in the
image before conducting Hough transform, such as using the gradient direction to reduce
the number of votes. This kind can reduce the computation time and has the interesting
effect of reducing the number of useless votes, thus enhancing the visibility of the spikes
corresponding to real lines in the image. The key technique is to select proper point classifying
method. The other is to improve the transform voting scheme, such as Kernel-based Hough
transform [28]. This approach can significantly improve the performance of the voting
scheme and makes the transform more robust to the detection of spurious lines. But the
computation time is huge, which is improper to the LDWS.

After analyzing the traditional Hough transform, this paper proposes a new lane
identification method. Specifically, seed points of lane are selected firstly and then utilize
Hough transform for seed points of every group. Figure 6 shows the pictures after
threshold and noise filtering, represents three typical situations, the normal, existing similar
interference and some deviation happens.
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3.2.1. Selection and Classification of the Seed Points

As indicated in Figure 6, the lane has two main features for each scan line, because the lane
has width and gray value of each side has mutation. These two features can be the criterion
for selecting the lane seed points and any one possesses the features can be seen as the lane
seed points. The seed points between two scanning lines can be put into one seed points
group, if their pixel difference is less than a certain threshold value, otherwise they will be
put into a new group. The specific steps are as follows.

Firstly, take a two-dimensional array SeedGroup [g×r] represents the x-coordinate of
the seed points. Among which, g is the amount of the seed points arrays, which is also
the maximum lane line numbers. According to the CCD equipment view and the highway
scenario, the maximum value of g is set 4. r represents the amount of the scan lines and also
the seed points y-coordinate. As the lane marks are always in the lower half of the picture,
we set the value of r to a half of image height, that is, r = 120. This array is initialized to be 0.

Secondly, scan the image from left to right and bottom to top. When the scanning
encounters a white point (xj , yj), goes on with the scanning, and starts to count numbers,
ends when encounters a point is not a white one. Then number of the white points is s, take
the middle value of it as the seed point

xs = xj +
s

2
s is even,

xs = xj +
(s + 1)

2
s is odd.

(3.1)

Therefore, the seed point’s coordinate is (xs, yj). Considering the case that the lane is
discontinuous which may lead to seed points separated by several scanning lines, we classify
them by taking the strategy as follows. According to the CCD perspective principle, when yj
is much larger, the actual distance each pixel represents is much farther. so yj is divided into
two parts: If yj < 30, we should compare the SeedGroup values of all lane arrays before yj
with xs. If it is less than a certain threshold value (when the CCD is mounted on the vehicle
basically horizontal, through test the threshold is set to be 20), it classifies the seed point
to this lane array. If it is larger than a certain threshold value, it indicates that a new lane is
appearing. We can classify the seed point to the new lane array. Else if yj < 30, we should
compare the SeedGroup values of the first 30 lane arrays before yj with xs. Classify principle
is same as above.

Suppose that the lane array which the seed points are classified to is gi. We should
retain the data of lane array (SeedGroup [gi × yj], yj). And then continue scan starts from the
0 pixel downward, until to finish the current scanning.

Finally, continue to scan up until to complete all seed points’ choice and classification.
Figure 7 displays the nonzero seed points arrays SeedGroup ([gi×yj], yj) (i∈(0, g), j∈(0, r)) for
the image in Figure 6. Each array represents a lane. As can be seen, this method can accurately
obtain the points of center lanes, and classify the points accurately.

3.2.2. Utilizing Hough Transform for the Seed Points of Each Group

Once the seed points have been selected and classified, and each lane can be determined
utilizing Hough transform according those seed points of each group. Quantify the parameter
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Figure 7: Seed points classification results for images in Figure 6.

space (ρ, θ) and build a two-dimensional accumulate array, then initialize the two-
dimensional array at first and utilize Hough transform for the seed points of each group. We
should let each point take all value on the θ axis and calculate the value of the ρ. Compare
the size of the array element to get maximum value. (ρi, θj) corresponding with maximum
value is the parameter corresponded with the required straight line. So we just find out the
parameter (ρi, θj) of each lane.

3.2.3. Current Lane Detection with Angle Constraints

Commonly, there may exist more than one lane in the image therefore, we need to define
a certain constraint to extract the current lane accurately. Because of the CCD projection
transformation, the lane disappeared in a point in the image. Figure 8 displays the angular
relationship diagram for multilane in the image. As shown in this figure, the angle for the left
lane is θl ∈(π/2, π) and for the right lane is θr ∈(0, π/2). The farther away from the centerline
of the image, the smaller is θl and the larger is θr . Therefore, we can extract the current lane
in accordance with this method.

When exploiting the improved Hough transform acquiring the parameters of each
straight lane, the minimum in the angle of (0, π/2) and the maximum in (π/2, π) can be
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Figure 8: Diagram of angular relationship for multilane.
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Figure 9: Detection results with angle constraints.

determined. Then the current lane can be detected according to the parameter map (ρ, θ).
Figure 9 displays the current lane detection results.

4. Experiments and Analysis

To verify the proposed lane detection method, several experiments were conducted on
images and sequences on real highway scenarios with the lane departure warning system.
During the experiment, the driver drives the vehicle cross the lane intentionally to see the
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(a) Detection result under normal environments

(b) Detection result under strong brightness environments with interference on road

(c) Detection result when vehicle lane exchanging

Figure 10: Some typical experimental results.

system performance. The driving environment is focused on highway with different light
conditions. Some typical experiments results for lane detection are shown in Figure 10. The
left images are the detection results using traditional Hough transform, while the right images
display the results using the improved Hough transform. Those entire images are captured
after applying the intelligent regulated CCD parameters.

As can be seen from Figure 10(a), both methods can realize the lane detection under
normal environments. The difference lies in the processing time of each image. The average
processing time for an image using the traditional Hough transform is about 45 ms. It
decreases to 25 ms when using the improved Hough transform. Moreover, the proposed lane
detection method can recognize the lane correctly under abnormal environments, such as



14 Discrete Dynamics in Nature and Society

Table 1: Statistics of our lane detection method.

Method CCD parameters Weather Frames Hit Miss Hit rate

Traditional Hough transform
unregulated sunny 480 451 29 93.96%

cloudy 256 242 14 94.53%

regulated sunny 734 711 23 96.87%
cloudy 675 659 16 97.63%

Improved Hough transform
unregulated sunny 624 607 17 97.28%

cloudy 485 479 6 98.76%

regulated sunny 738 727 11 98.51%
cloudy 626 621 5 99.20%

strong brightness. Even there are interferences on road. While the traditional method fails
in this case, as displayed in Figure 10(b). It is important for the LDWS to achieve correct
detection of current lane, especially when the vehicle is in process of lane exchanging. The
traditional method usually takes the adjacent boundary as the current lane, which may lead
to missing alarm and result in serious accident. Fortunately, the improved Hough transform
is able to detection the current lane accurately, even if they are dashed lane marks, as shown
in Figure 10(c) that may contribute to the importing of angle restraints.

Table 1 compares the performance of our lane detection method with traditional
method. Statistic analysis also indicates that after the CCD parameters regulating, the
performances for both of the traditional and improved Hough transform are enhanced. While
the proposed Hough transform presents the best performance. As to the weather conditions,
cloudy day shows better than sunny day for the reason that the road surface is more dark,
which is helpful to enlarge the contrast between the surface and the white lane marks.

5. Conclusions

In this paper, a robust lane detection method based on intelligent CCD parameters regulation
by combining the improved Hough transform with certain angle restraints is presented. The
main contributions of this paper are as follows.

(1) The CCD parameters, such as the brightness, gain, and exposure time, are regulated
based on the information in the specialized feature regions. Test results indicate that
the adjusting of CCD parameters can enhance the contrast between the lane marks
and road surfaces and reduce background noise, which is helpful to improve the
real time of the algorithm.

(2) An improved Hough transform algorithm is proposed after analyzing the
advantages and disadvantages of traditional one, which optimizes the selection of
seeds and introducing the angle constraints.

(3) Several road experiments were conducted to validate the proposed method.
Compared with the traditional Hough transform, results show that the improved
method can detect the current lane with lower processing time and higher detection
accuracy.

In this case, the lane model is taken as straight line and ignoring the curve line model that
really existing in real environments. In the future work, this case should be taking into
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account for the lane departure warning system. Moreover, the vehicle steering controlling
is necessary according to the lane detection results.
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As an important component of China’s transportation data sharing system, high-speed railway
data sharing is a typical application of data-intensive computing. Currently, most high-speed
railway data is shared in cloud computing environment. Thus, there is an urgent need for
an effective cloud-computing-based data placement strategy in high-speed railway. In this
paper, a new data placement strategy named hierarchical structure data placement strategy is
proposed. The proposed method combines the semidefinite programming algorithm with the
dynamic interval mapping algorithm. The semi-definite programming algorithm is suitable for
the placement of files with various replications, ensuring that different replications of a file are
placed on different storage devices, while the dynamic interval mapping algorithm ensures better
self-adaptability of the data storage system. A hierarchical data placement strategy is proposed
for large-scale networks. In this paper, a new theoretical analysis is provided, which is put in
comparison with several other previous data placement approaches, showing the efficacy of the
new analysis in several experiments.

1. Introduction

With the development and popularity of information technology, internet is gradually grow-
ing into various computing platforms. Cloud computing is a typical network computing
mode, which emphasizes the scalability and availability of running large-scale application
in virtual computing environment [1]. A large-scale network application based on cloud
computing demonstrates features of distribution, heterogeneousness, and the trend of data
intensity [2]. In cloud computing environment, data storage and operation is provided as a
service [3]. There are various types of data, including common files, large binary files such as
virtual machine image file, formatted data like XML, and relational data in database. Thus, a
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distributed storage service of cloud computing has to take large-scale storage mechanism for
various data types into account, as well as the performance, reliability, security, and simplicity
of data operation. As an important component of China’s transportation science data sharing
system, high-speed railway data is the key to optimizing the operating organization. High-
speed railway data sharing system has the characteristics of typical data-intensive application
[4–6], to which the management of a large amount of distributed data is crucial. It is mainly
reflected in the fact that the data size it processes is often up to TB or even PB level, which
includes both existing input data source and the intermediate/final result data produced in
the process.

In the process of implementing and executing data-intensive applications under the
environment of cloud computing, as well as the process of establishing a large-scale storage
system to meet the demand of a fast growing data storage volume, the main challenge is how
to effectively distribute data at Petabyte level to hundreds of thousands of storage devices.
Thus, an effective data placement algorithm is needed.

2. Goal of Designing High-Speed Railway Data Placement Strategy

The network storage system under cloud computing environment consists of thousands, and
even ten thousands of storage devices. Different systems have different underlying devices,
for example, the storage device set could be chunk device disk for SAN and GFPS, or OSD
(object storage device) for object storage systems Lustre and ActiveScale, or PC for PVFS and
P2P [7]. A data placement strategy mainly solves the problem of selecting storage device for
data storage. An effective mechanism shall be adopted to establish the mapping relationship
between data sets and storage device sets. Then, data sets generated by applications in the
storage system are placed into different storage device sets. Meanwhile, certain particular
goals need to be met, and different data placement strategies are designed for different
purposes. For example, the stripping technology in RAID is mainly designed to acquire
aggregated I/O bandwidth. The strategy of placing several replications of the data into
different devices is mainly for the purpose of fault tolerance and data reliability improvement.
Distributing data equally could realize a more balanced I/O load.

The high-speed railway data placement strategy under cloud computing environment
is designed to meet the following goals.

2.1. Fairness

The size of the data stored in each device is proportional to the storage volume of that device
[8].

2.2. Self-Adaptability

With the elapse of time, the volume of storage devices is dynamic and varied. Take the case of
adding a new device and the case of deleting an existing device for example. When the scale
of the storage system changes, a data placement strategy is applied to reorganize the data,
making the data distributed to device sets satisfy the fairness criteria over again. Furthermore,
it needs to be ensured that the migrated data volume is close to the optimal migration data
volume. This would reduce the overheads of data migration. The optimal data volume to
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migrate is equal to the data volume that is acquired by the added device, or equal to the
data volume on the deleted device. The self-adaptability of the data placement strategy is
measured by the ratio of its actual migrated data volume to the optimal migration data
volume. Therefore, the ratio value of 1.0 represents the optimal condition.

2.3. Redundancy

Getting several replications copied for the data, or enabling the data remain accessible
through the use of erasure code when one of the replications is lost. So that fairness can
balance the IO loads, self-adaptability can reensure fairness in accordance with storage scale
change, and the data size migrated and the IO bandwidth occupied can also be decreased.
Finally, the data reliability can be improved.

2.4. Availability

It is crucial that a system could be normally accessed in all cases. Once the system is una-
vailable, all functions would fail to perform normally. To improve system availability, it is
necessary to regularly have the data location adjusted according the availability of storage
devices, thus maximizing the system’s availability [9].

2.5. Reliability

It indicates whether the system could be normally accessed during a certain period of time.
As the large-scale storage system contains thousands of storage devices, the probability of
disk failure is rather high. When applying a data placement strategy, indicators of reliability
such as data size need to be used in designing parameters of the placement strategy. Thus, a
storage system with higher reliability is obtained.

2.6. Space-Time Effectiveness

It means that few time and space is used in calculating data location along with the data
placement strategy.

When designing the data placement strategy for large-scale network storage system,
certain particular goals need to be met depending on different application demands. Howev-
er, it is impossible to meet all goals at the same time.

3. Related Work

Some data management systems under the cloud computing environment have already been
emerged currently, for example, Google File System [10] and Hadoop [11, 12], both of which
have hidden the infrastructure used to store application data from the user. Google File
System is mainly used for Web search application, but not for process application under
the cloud computing environment. Hadoop is a more commonly distributed file system,
which is used by many companies including Amazon [13] and Facebook. When Hadoop
file system receives a file, the system will automatically separate the file into several chunks,
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each of which is randomly placed into a cluster. Cumulus project [14] has proposed a cloud
architecture of single data center environment. However, the above-mentioned cloud data
management systems did not study the data placement problem of data-intensive process
applications under the cloud environment. Finally, let us look into several examples of
existing popular large-scale data storage systems. Commercial Parallel File System (CPFS)
[15, 16] divides a file into data chunks of the same size, which are stored on different disks
of the file system in the form of rotation. Parallel Virtual File System (PVFS) [17] with open-
source codes divides the file into strip and chunk and adopts the method of placing sliced
data on multiple IO nodes in rotation. The data slice size of PVFS is a constant. PVFS data
does not have any fault tolerance function. Panasas [18] is an object-oriented file system,
where the data are allocated to underlying smart object storage device (OSD) in the unit of
object [19]. A file is divided into strips, and each strip unit is stored on multiple OSD in the
form of object. Upon initial placement, objects are fairly distributed between OSD devices
using the random method.

PanFS, developed by the Panasas Company, is a Linux cluster file system based on
object storage [20]. It is the core part of ActiveScale storage system. At first, these file systems
divide the file into strips, and then allocate each strip to the underlying smart OSD in unit
of object. The distribution of files across multiple OSDs is realized based on the round-robin
algorithm. The size of the data object is random, and it could increase accordingly with the
increase of file size without modifying the metadata mapping chart on the metadata server.

The object-oriented file system Lustre is a transparent global file system. The Lustre file
system treats the file as an object that is located by the metadata server, which then directs the
actual file I/O request to the corresponding object storage targets (OSTs). Since a technology
is adopted where the metadata is separated from the storage data, the computing resources
could be fully separated from storage resources [21]. Thus, the client could focus on the I/O
request from users and applications. Meanwhile, the OST and metadata server could focus
on data reading, transmitting, and writing.

All storage nodes in the COSMOS parallel file system [22] are divided into several
strips. Each COSMOS file is stored in a certain strip. And the length and logic chunk length
of the strip are related to the disk speed and file access mode of applications. This type of
data placement strategy has features such as high performance, large file suitability, and high
degree of parallelism. Through the stripped subfile, COSMOS is directly saved on local disks
in the form of common JFS file. Thus, the expression direct management of disks is avoided
while increases the overheads when entering into the core of VFS/Vnode for the second time.

4. Study and Analysis of Existing Data Placement Strategy

Here are some currently popular data placement algorithms. Standard hashing is the
simplest homogeneous (indicating that all storage devices have the same volume) placement
algorithm, which can ensure fairness. But when the storage scale varies, the locations of all
the data have to be changed as well.

Consistent Hashing [23] uses the hash function to map a device to the continuum, and
then the hash function h2(x) is used to evenly map the data to that continuum. Then data is
allocated to that device represented by the node which is nearest to the data itself. Since
devices are not evenly distributed on the continuum, each device is virtualized to k log |N|
devices (where k is a constant) to ensure the fairness of data allocation. The data size of this
device is equal to the total size of data allocated to virtual nodes. When a storage device is
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added to the system, only parts of the data located on the left and right neighbor nodes are
to be migrated to that device. Consistent Hashing has a high degree of self-adaptability, and
this mechanism takes up a space of O(n2 logn).

As a matter of fact, the data storage under the cloud computing environment is
heterogeneous, which means that there is great volume discrepancy between storage devices.
Therefore, the consistent Hashing algorithm is improved as follows: the virtual nodes on the
continuum are allocated based on the weight of a device. The device with greater weight
covers more virtual nodes on the continuum. However, this approach would introduce large
amount of virtual nodes in a heterogeneous storage system with extremely significant weight
discrepancy, and this would increase the space complexity of the algorithm.

In order to solve the problem of space waste with consistent hashing, a segmentation
method based on the unit interval is brought forward. In this method, the interval is
divided into unit subintervals with identical length, and each device occupies an interval.
When a device is added, part of the data on other devices is migrated to this new device.
When a device is deleted, the data on the last device is equally migrated to remaining
devices, and the data on the device to be deleted is migrated to the last device, and then
the very device is finally deleted. In this way, the fairness could be guaranteed. During
the device addition, the data migration volume is 1 time the optimal data migration
volume. During the device deletion, the data migration volume is 2 times the optimal
data migration volume. O(logn) steps are needed to locate a specific data, which takes
longer time than locating data with consistent hashing, but only a space of O(n logn) digit
is occupied here. Compared to the consistent hashing, this algorithm exchanges the time
for space. It is not suitable for a storage system that has a demanding requirement for
rapid data search. Furthermore, this algorithm’s self-adaptability is not as high as consistent
hashing.

In order to solve the problem of space waste resulting from the consistent hashing’s
introduction of virtual nodes, the linear method and logarithm method are proposed. In
the linear method, the weight for a device is introduced similarly. Suppose wi indicates
the weight for device i, and di(x) indicates the distance between the hash values of device
i and data x. The linear method would select the device, which has the lowest value of
Hi = di(x)/wi, to store data x.

As the storage scale changes, the linear method could guarantee that data would only
be migrated between the added/deleted device and other devices. There would be no data
migration between other devices. The logarithm seeks to find a device that brings the the
minimum value for the function Hi = −(ln(1−di(x)))/wi. In the absence of the virtual nodes,
the logar ithm performs with better fairness than linear one, but it would take a longer time
to locate data.

As a result, a data object placement algorithm based on the dynamic interval mapping
is proposed [22]. The unit space is divided into multiple subintervals according to the
device’s weight. And then a mapping relationship between the device and subinterval is
established. Based on the interval where the data falls in, data is allocated to the device
corresponding to that interval. This approach has better fairness and self-adaptability, where
the time consumption in locating data will increase with the expansion of the number of
storage devices. But if the number of storage devices is extremely large, when a device is
added or deleted, the system is required to communicate with all other storage devices for
data migration, which will bring tremendous overheads. Furthermore, the time consumption
in locating data will increase with the expansion of the number of storage devices as
well.



6 Discrete Dynamics in Nature and Society

Servers

Data flow

Data flow

Data placement
strategy

Data flow

Clients

Data flow

Storage devices

. . .

. . .

. . .

Figure 1: Direct management.

5. A Hierarchical Structure Based on Cloud Computing

With the expansion of network scale, the number of data storage devices keeps increasing.
The existing data placement algorithm is insufficient to address the system’s self-adaptability.
Adding new or removing existing devices could lead to a new data placement over again,
which will result in an increase of data migration overheads so that the occupation of IO
bandwidth is inevitable [24, 25]. Therefore, the data reliability cannot be guaranteed, and the
overheads are too large to use a duplicate copy for data reliability assurance [26]. Thus, a data
placement strategy based on a hierarchical structure is brought forward in this paper for the
purpose of making up for the shortage of existing data placement algorithm, addressing the
system’s self-adaptability, guaranteeing data reliability, and improving the efficiency of data
access.

In the proposed approach, each single storage device is directly managed through a
common data placement strategy, as shown in Figure 1.

The hierarchical structure could reduce the time consumption of data query and
location. As a result, a data placement strategy of hierarchical structure is more suitable for
data management under cloud computing environment, as shown in Figure 2.

It is assumed in this paper that large amount of storage devices are heterogeneous in
the storage system under cloud computing environment. That is to say, the storage volume
of every single device is different from one another. These storage devices are grouped into
several device sets that count relatively less in number. When storing the file data, it is first
located on a device set, and then the file data is stored inside the device set. So that the locality
of file data within this device set is ensured, and this helps improve the speed for data reading
and writing.

In the case of data placement for file with several replications, different replications
of the same file should be placed onto different device sets as many as possible. So that
when a certain storage device within a storage device set cannot function properly, the client
could get the target file data located on other device sets as usual. Thus, it could improve the
availability and reliability of files.
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Figure 2: Hierarchical structure.

In the data placement strategy of hierarchical structure, when a storage device is to
be added, it is designed to allocate the newly added storage device to a device set; when a
storage device is to be deleted from a device set, the migration data could be constrained
to other different storage devices within that device set. This would reduce the overheads
in communication with large amount of storage devices within other storage device sets.
The I/O bandwidth occupation would be reduced during data migration. When an aged
storage device needs to be replaced with a new one, firstly the data on the original device is
transferred to the new device. Since the new storage device in replacement outperforms the
original one in both the storage volume and read/write performance, fairness is disrupted
between each storage device within the device set in regard of data storage. Therefore, data
is migrated between the new storage device and other ones within that device set in order to
meet fairness criteria between each storage device within that set.

6. Algorithm Description

We would group larger amount of heterogeneous storage devices into less amount of device
sets. The number of already grouped sets is to be kept unchanged. The total storage volume
of different storage device sets should remain the same. Files and their various numbers of
duplicate copies are to be mapped to different device sets for storage using an algorithm
based on semidefinite programming. Files are sliced within the device set, and then the
data slices are mapped to devices with different volumes in the set using a dynamic interval
mapping method.

6.1. The Semidefinite Programming Algorithm

So that the problem of data copies placement is converted into a problem of seeking semi-
definite programming, different copies of a file are placed on different storage device sets.
Meanwhile, according to the algorithm, the file is located on a device set and stored into
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Formal description of a semi-definite programming problem
Solution:

min
n∑

i /= j
C(i, j) · li · lj

Satisfying:
li, lj are unit vectors; li·i = 1
li and lj form the matrix L = [li · lj] and all its
eigenvalues are greater than or equal to 0,

that is, matrix L is semi-definite.

Algorithm 1: Formal description.

various devices within the set strip by strip; thus, the file locality is ensured. The file data
could be immediately accessed upon one time of locating, so that the file access speed is
improved.

Function C(i, j) = (i, j) = 1 is right only when i and j are two different copies of
the same file, or when j stands for the copy of i. If not, C(i, j) = 0. Also, C(i, j) = 0
when i equals j. An associated matrix C is constructed using C(i, j). C can represent the
relationship between all files, that is, which file owns and which file copies. The Algorithm 1
converts the problem of data copy placement into the formalized description of a semidefinite
programming problem.

Solution to the semidefinite programming problem can produce a semidefinite matrix
L = [li · lj]. And further processing of the semidefinite matrix L can obtain the device sets,
where each file copy is stored in the storage system.

6.2. Dynamic Interval Mapping Algorithm

Supposing some device set D contains n devices, that is, d1, d2, . . . , dn. All these n devices
have different volumes, respectively, D1, D2, . . . , Dn, so that the ratio of the weight of each
device volume to the total volume within this device set is ri = Di/D1 +D2 + · · · +Dn, where
i = 1, 2, . . . , n and r0 = 0. It is known that

∑n
t=1 ri = 1. So then we segment a subinterval with

the length of wi = [ri−1, ri−1 + ri] for each device Di in the interval [0, 1]. When the file is
allocated into a device set, it is divided into data chunk sets S : s1, s2, . . . , sm with the same
size, and, then m data chunks are mapped to devices with different weight values in the set
(Algorithm 2).

The hash function h(S) :→ [0, 1] is used to map the data chunks to the interval [0, 1].
If h(si) ∈ wi, then the data chunk si is allocated to the device mapped by the interval wi.

7. Experiment and Analysis

In this paper, the two key algorithms in hierarchical data placement, namely, Semidefinite
programming (SDP) algorithm and dynamic interval mapping algorithm, are implemented
on Matlab platform. Matrix is the basic unit of Matlab language, which could be directly
used in matrix calculation. Therefore, Matlab could be directly applied to solve complicated
problems such as optimization or linear programming. The semidefinite programming
problem we need to solve in this paper will be described in a mathematic formalized
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Pseudocode of the algorithm
Initialization:

Device set D, Data set S, and subinterval set w;
Input: data chunk si
Program main: k = h(si);

for (j = 1; j < n; j + +)
if (k ∈ wj)
Placing the data chunk si on the device dj

Output: data volume stored on the device dj

Algorithm 2: Formal description.

matrix. Furthermore, it is easy to formalize a dynamic interval mapping problem into a
formalized matrix, which is suitable to implement in Matlab environment. Meanwhile,
Matlab features an abundant toolbox and module set. In order to seek a solution to the
semidefinite programming problem, a toolbox that provides support for Matlab to solve SDP
problem should be installed.

7.1. Fairness Analysis on Semidefinite Programming Algorithm

Suppose that each file has 5 copies. Then, respectively, distribute 100, 200, 300, and 400 files
into 10 device sets and 20 device sets using the semidefinite programming method. The
deployment is shown in Figures 3 and 4. The experiment has shown that files can be fairly
evenly distributed to multiple device sets using the semidefinite programming. It has been
illustrated that this approach could ensure the fairness of file data layout.

7.2. Reliability Analysis on Semidefinite Programming Algorithm

Now let us further discuss the situation for placement of 5 copies of the same file, that
is, the problem regarding whether all the 5 copies of the same file have been placed into
different device sets. As shown in Table 1, when 400 files (with 2,000 copies) are distributed
to 10 and 20 device sets, all the 5 copies of, respectively, 299 and 372 files are completely
distributed to 5 different device sets. Other files which do not include these copies failed
to do this. There are 2 of 5 copies of one file that are allocated to the same device set.
As a result, the semidefinite programming algorithm has shown a better performance to
allocate different copies of a file into different storage device sets. Thus, the probability of
data loss due to device failure is reduced, and the data reliability is improved. Based on
the principle of random function, it can be inferred that the probability for data allocated
to each subinterval using the dynamic interval mapping algorithm is proportional to the
length of each interval. Similarly, the data volume of all the devices inside the device set
is proportional to its overheads. It has been proved that when the storage nodes inside the
storage device set change, the dynamic interval mapping method can minimize the overheads
of data migration under the condition that the number of storage nodes is not extremely high.
So it eliminates the overheads of communicating and migrating data caused by the change
of the number of storage nodes, when directly managing a very large amount of storage
devices. As a new device is added, the subinterval occupied by each device within a device
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set changes correspondingly, reallocating the interval occupied by existing devices and the
corresponding data chunk to the new device, in order to realize fairness over again. The
overheads of communicating and transferring data are constrained to only those few devices
inside the device set.

7.3. Fairness Analysis on Dynamic Interval Mapping Algorithm

Firstly, the fairness of dynamic interval mapping algorithm is tested. Let us take a look at
the file data volume stored on each storage device within a device set. When 1,000 files are
stored in 10 device sets, 100 files are stored in the no. 5 device set as indicated in Figure 3.
Then, we assume that there are 10 storage devices inside the no. 5 device set. And the 100
files are stripped into 1,500 data strips, which are stored onto the 10 storage devices by means
of dynamic interval mapping algorithm. For all these 10 storage devices, the percentage of
each device’s storage volume in their total storage volume, as well as the interval length (wj)
corresponding to that percentage are all shown in Table 2.
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Table 1: Distribution situation of replications.

Replications distribution 10 device sets 20 device sets
100 files (500 replications) 79 93
200 files (1000 replications) 154 186
300 files (1500 replications) 237 266
400 files (2000 replications) 299 372

Table 2: Storage percentage of each device relative to the total storage volume.

Device code No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. 10
% 5 10 16 11 20 9 8 10 6 5

Interval
0 0.05 0.15 0.31 0.42 0.62 0.71 0.79 0.89 0.95
∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼

0.05 0.15 0.31 0.42 0.62 0.71 0.79 0.89 0.95 1

Based on the dynamic interval mapping algorithm and above-mentioned volume of
each storage device, the stripped 1,500 data strips are equally stored into these 10 storage
devices. The theoretical allocation situation is shown in Table 3.

When implementing the dynamic interval mapping algorithm, the hash function h(si)
is used to map data chunk si to a random number between (0, 1). If h(si) ∈ wj , (0 < j ≤ 10),
the data chunk si is placed into the storage device j. Consequently, all the 1,500 data strips
are stored into the 10 storage devices. Comparison between the actual allocation situation
and theoretical situation is shown in Figure 5.

7.4. Self-Adaptability Analysis on Dynamic Interval Mapping Algorithm

Let us test the self-adaptability of dynamic interval mapping algorithm. The cases of remov-
ing a storage device and adding a new storage device are, respectively, considered.

7.4.1. Removing a Storage Device

Let us examine the file data volume migrated between other storage devices when a storage
device is deleted from a device set. For example, Table 4 shows the situation when no. 7 device
is deleted from the device set. The percentage of each remaining device’s storage volume, and
the interval length corresponding to that percentage are shown in the Table 4.

When removing the no. 7 storage device, the data on that device is migrated to the
remaining 9 storage devices. The situation of change relating to actual data migration is
shown in Figure 6.

From Figure 7 above, we can see that after deletion of no. 7 device, those remaining
storage devices in the device set can still store data according to the percentage of each one’s
storage volume in the total remaining storage volume.
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Table 3: Theoretical data allocation on 10 storage devices.

Device code No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. 10
Data allocation 75 150 240 165 300 135 120 150 90 75

Table 4

Device code No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. 10
% 5.4 10.9 17.4 12 21.7 9.8 0 10.9 6.5 5.4

Interval
0 0.054 0.163 0.337 0.457 0.674 0 0.797 0.881 0.946
∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼

0.054 0.163 0.337 0.457 0.674 0.772 0 0.881 0.946 1
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Figure 7: Comparison between the actual and theoretical allocation after deleting no. 7 device.

7.4.2. Adding a New Storage Device

Now let us examine the situation when a storage device is added to that device set. The case
is similar to the above-mentioned situation when a storage device is removed. We would
follow these steps below.

(1) First, when a new storage device is added to that device set, the percentage of
each device relative to the total storage volume is recalculated. And the interval
length (wj) corresponding to that percentage is redefined as well.

(2) Then the difference between the original interval length and the revised one fol-
lowing the addition of a storage device is calculated. And the data corresponding
to that length difference is what to be migrated into the new storage device.

(3) Dynamic interval mapping algorithm is used to place the migrated data into the
newly added storage device. The Hash function h(si) is used to map the data strip
si to a random number between (0, 1). If h(si) ∈ wj ,(0 < j ≤ 10), the data chunk si
is placed onto device j.

8. Conclusion

A hierarchical structure data placement algorithm under the cloud computing environment
is proposed in this paper. The proposed algorithm combines the semidefinite programming
algorithm with the dynamic interval mapping method. The semidefinite programming
method would distribute the data of a file with replications to grouped device sets.
Experiments have demonstrated that this method could guarantee the data reliability and
high-speed file accessibility. The dynamic interval mapping method could distribute data
fairly to devices with different volumes inside the device set. The self-adaptability of this
method is proved theoretically.
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Traffic safety is related closely with driver’s physiological and psychological characteristics. And
the influence on traffic safety is represented as driver’s propensity. Evidence theory is introduced
to the evaluation system of driver’s propensity in this paper, and it is utilized to combine the
expert opinions, which can eliminate unavoidable uncertain elements in the traditional appraisal
methods. The appraisal problems of subjective index can also be resolved by this method in
the appraisal system. Results show that the method is objective and reasonable, and driver’s
propensity can be evaluated effectively.

1. Introduction

Transportation is the fundamental industry, which plays an important role in the develop-
ment of the national economy. However, with the progress of urbanization and the popularity
of vehicle, the transportation problem is seriously increasing; road traffic accidents have
decreased in China in recent years, but the trend of traffic environment deterioration has
not been resolved fundamentally. The internal factor of the driver himself is one of the main
factors causing traffic accidents [1–5]. According to the research of international and China
domestic scholars, driver’s physiological-psychological characteristics are related closely
with traffic safety, and the influence of psychological characteristics on driver’s behavior
is more important than the physiological characteristics [6–10]. The differences of driving
behaviors are caused by differences of driver’s gender, age, driving age, driving experience,
and personality. All the differences can be summarized as driver’s propensity difference.
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Therefore, the impact of driver’s physiological-psychological characteristics on traffic safety
performs primarily as driver’s propensity [11].

Driver’s propensity is driver’s attitude towards the objective reality traffic situations
under the influence of various factors. It shows the psychological characteristics of the
corresponding decision-making tendencies and reflects driver’s psychological emotional
state in the process of vehicle operation and movement. At present, China domestic and
international experts focus on driver’s physical and mental comprehensive evaluation [12].
A variety of evaluation methods are put forward, such as multiple regression, discriminant
function, and neural network evaluation system. Wang and Zhang [13–16] had researched
preliminarily driver’s tendency on special traffic scenes, such as free flow and car following;
Feng and Fang had researched cluster analysis of drivers characteristics evaluation [10]; Chen
et al. had researched subjective judgment of driving tenseness and control of vehicle motion
[11]; Wang et al. had researched reliability and safety analysis methodology for identification
of drivers’ erroneous actions [12]; Cai and Lin had researched modeling of operators’ emotion
and task performance in a virtual driving environment [17]. However, it is very difficult
to evaluate driver’s propensity because of driver’s psychological changes and individual
differences. Therefore, the research difficulty is to find a more reasonable method of driver’s
propensity evaluation.

Evidence theory is proposed firstly by Dempster in 1967 and is further developed by
Shafer in 1976 [18]. It is also known as the Dempster/Shafer evidence theory (D-S evidence
theory), which belongs to artificial intelligence areas. Evidence theory is used in expert
systems in early days and can deal with uncertain information. In evidence theory, the
evidence is not the actual evidence, but is part of the person’s experience and knowledge
and the results of people’s observation and research. It not only emphasizes the objectivity
of the evidence, but also emphasizes the subjectivity of the evidence [19]. The core of
DS evidence theory is evidence combination rules. It can deal with the synthesis problem
of vague and uncertain evidence. The theory can be applied to multiple attribute group
decision-making evaluation method with “evidence information.” The driver’s propensity
with a comprehensive evaluation of various test indexes can be evaluated and the accuracy
of driver’s propensity diagnosis can be improved through evidence theory.

2. Evidence Theory

Evidence theory is based on the merger of the evidence and the update of belief function. Its
uncertainty is described by the identify framework, basic probability assignment function,
trust function, the likelihood function, correlation, and so forth.

2.1. Identify Framework and Basic Trust Distribution Function

Based on the probability, the event in probability theory is extended to proposition, the event
sets are extended to the proposition sets, and then the corresponding relationship between
the proposition and sets is established by the evidence theory. The uncertainty problem of
the proposition is transformed into the uncertainty problem of the set by introducing the
trust function. Assume that there is a problem that needs to be judgmed, the complete set
of all possible answers to this problem is expressed by Θ. So, any concerned proposition
corresponds to a subset of the Θ, Θ is the identify framework, and the selection of Θ depends
on the level of knowledge and understanding.
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Definition 2.1. Make Θ as a recognition framework, the basic trust distribution function m is
a collection from subset 2Θ to [0, 1], and A represents any subset of recognition framework
Θ, A ⊆ Θ, that meets

m(∅) = 0,
∑

A⊆Θ
m(A) = 1,

(2.1)

where m(A) is called basic trust distribution function of event A, and it means that the trust
level is the evidence for the A.

2.2. Combination Rule of Evidence

D-S combination rule responses to evidence combined effects, which combines the
independent evidence information from different sources to produce more reliable evidence
information. Assuming that E1 and E2 are two pieces of evidence at the identify framework,
the corresponding basic trust distribution functions are m1 and m2, and focal element are
A1, . . . , Ak and B1, . . . , Bl, respectively, if

K =
∑

Ai∩Bj=∅
m1(Ai)m2

(
Bj
)
< 1. (2.2)

Then, these two groups of evidence can be combined and the combined basic probability
assignment function m: 2Θ → [0, 1] meets

m(A) =

⎧
⎪⎨

⎪⎩

(1 −K)−1
∑

Ai∩Bj=A
m1(Ai)m2

(
Bj
)

A/= ∅,

0 A = ∅.
(2.3)

This is the famous D-S combination formula, where

K =
∑

Ai∩Bj=∅
m1(Ai)m2

(
Bj
)
. (2.4)

It reflects the conflict coefficient among various evidences. The trust function given by m is
called the orthogonal summation of m1 and m2, denoted by m1 ⊕m2.

3. Model Establishment

3.1. Multi-Index Evaluation Hierarchy Model

In order to improve the scientific nature of evaluation, the abstract goals are separated
specifically into multilayered subobjectives. These sub objectives can be collectively referred
to as indexes. Therefore, the object’s evaluation can form a multilevel hierarchical structure
of multi-index evaluation, the various evaluation indexes are synthesized from bottom to
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top, and the value of the evaluation objects is judged. Finally, the final evaluation results
can be gotten. In the evaluation process, the corresponding weight needs to be established
for each index, and the weight can be determined by expert judgment, which reflects the
quantitative distribution of the relative importance of each index. Make relative weights of Ei
as wi (i = 1, . . . , r) and meet

r∑

i=1

wi = 1 (w1, . . . , wr ≥ 0). (3.1)

3.2. Discount Rate and Support Functions

The evidence theory usually uses the assumption of the identify framework Θ to undertake
the uncertainty and also uses the support function to illustrate the uncertainty. But support
functions may not reflect some special uncertainty of whole evidence, the uncertainty is
α (0 ≤ α ≤ 1) for whole evidence, and the parameter α reflects the discount rate given by
the decision makers for the indexes evaluation results, so the evaluation results are not fully
convinced. Therefore, the evaluation results of key index can be made as a benchmark, if
wk = max{w1, . . . , wr}, then it is known as the key index.

Make βkj(1, . . . , n) as the probability of the key index Ek at state Θj decision makers
determined the extent to believe that the state Θj will occur under this value βkj . Given the
corresponding discount rate, that is, mkj = αβkj (j = 1, . . . , n), mkj , is used to express the
support degree or the trust degree produced by the key indexes of decision makers. For un-
key indexes Ei, the probability is βij at the state Θj . Analogously, the support degree can
be produced by the discount of βij . Owing to the importance degree of the relative key
index, Ek relative to Ei is wi/wk, so the (wi/wk)α is regarded as discount rate, and the
mij = (wi/wk)αβij (j = 1, . . . , n) is used to express the thesis support degree of the unkey
index. Aimed at the multi-index comprehensive evaluation in the model of level results,
a corresponding evidential reasoning model can be established, and the corresponding
evidence synthesis method can get the comprehensive basic probability function.

3.3. Driver’s Propensity Evaluation System

Combining the driver physiological-psychological indexes in the literature [19] and the
relevant indicators of driver’s propensity psychological questionnaire in the literature
[20], driver’s propensity evaluation system can be constructed (e.g., Table 1) and driver’s
propensity can be measured. The first layer is the target layer, the second layer is the property
secondary index, and the third layer is the factor layer index.

3.4. D-S Evidence Reasoning Model and Solving Method

First, set evaluation level of each factor level index as extraversion propensity, intermediacy
propensity, and introversion propensity. Then, establish the identify framework according
to the evidence; experts of related areas give the uncertainty subjective judgment of
the identify elements. Based on different experiences and observations, different experts
get different evidences necessarily in the identify framework Θ and obtain the basic
probability assignment function. Each basic probability assignment function is synthesized
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Table 1: Measurement index and precision.

Goals Properties Factors
Reaction time

Reaction judgment indexes Speed estimated
Complex reaction judgment

Accelerator pedal intensity
Driving propensity Driving control indexes Brake pedal braking force

Steering wheel grip force

Refueling frequency
Driving record indexes Lane change frequency

Braking frequency

by the combination rule of evidence to the compound, and the results given are an evaluation
state of driver’s propensity.

4. Instance Analysis

According to the driver’s propensity index evaluation system mentioned, make E =
{E1, E2, E3} express attribute level, E1 = {e11, e12, e13}, E2 = {e21, e22, e23}, E3 = {e31, e32, e33},
E1 ∼ E3 express factor collection, Θ = {θ1, θ2, θ3} express comment collection of extraversion
propensity, intermediacy propensity, and introversion propensity. Using expert judgment
method to establish the relative weight of the layers of indexes, property layer weight is a
collection W = (w1, w2, w3) = (0.3, 0.3, 0.4), weight vector of factors collection E1, E2, E3

is V1 = (v11, v12, v13) = (0.34, 0.33, 0.33), V2 = (v21, v22, v23) = (0.35, 0.40, 0.25), V3 =
(v31, v32, v33) = (0.42, 0.36, 0.22).

10 experts use the extraversion propensity, intermediacy propensity, and introversion
propensity to evaluate the indexes, and the evaluation results are shown as follows:

R1 =

⎡

⎣
0.2 0.8 0
0.1 0.8 0.1
0.1 0.9 0

⎤

⎦, R2 =

⎡

⎣
0.1 0.8 0.1
0.2 0.8 0
0.3 0.7 0

⎤

⎦, R3 =

⎡

⎣
0.2 0.7 0.1
0.1 0.8 0.1
0 0.8 0.2

⎤

⎦. (4.1)

Among them, the matrix R1 expresses that in the three factors of the property,
“reaction judgment indexes,” through the evaluation of “reaction time,” the driver belongs
to “extraversion propensity” by two experts, “intermediacy propensity” by eight experts,
and “introversion propensity” by zero experts; through the evaluation of “speed estimate,”
the driver belongs to “extraversion propensity” by one expert, “intermediacy propensity”
by eight experts, and “introversion propensity” by one expert; through the evaluation of
“complex reaction judgment,” the driver belongs to “extraversion propensity” by one expert,
“intermediacy propensity” by nine experts, and “introversion propensity” by zero experts.
The remaining two matrices have the same meaning. Now, take “reaction judgment indexes,”
for example, the evaluation of its driver’s propensity is given in the calculation steps of
evidential reasoning model. The evaluation information is shown in Table 2.

Transform the evaluation information of e11, e12, e13 into the basic probability
assignment on the Θ. According to the relative weights between the factors, take α1 = 0.8 as
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Table 2: Evaluation information of “reaction judgment indexes.”

Factor Weights Extraversion propensity Intermediacy propensity Introversion propensity
e11 0.34 0.2 0.8 0
e12 0.33 0.1 0.8 0.1
e13 0.33 0.1 0.9 0

the discount rate of the key factor e11, the discount rate of the nonkey factor is (e12/e11)α1 =
0.776, and the discount rate of e13 is (e13/e11)α1 = 0.776, then 3 basic probability assignments
can be gotten. The synthetic results are shown in Table 3.

The synthesis results of E2 and E3 (the discount rate of the key factor was 0.8 and 0.9)
are shown in Table 4.

Table 4 can be seen as an expert evaluation information matrix of the attribute set E =
{E1, E2, E3}, then transform it to basic probability assignment in the Θ and synthesize (the
discount rate of the key factor is 1). The synthesis results are shown in Table 5.

The synthesis results show that, the support degree of extraversion propensity
evidence is about 0.7% through evaluating object, intermediacy propensity is about 98.8%,
and introversion propensity is about 0.4%. If the uncertainty is eliminated, driver’s
propensity can be identified as intermediacy in theory.

5. Comparison of Evidence Synthesis Rules and Fuzzy
Evaluation Method

For E1 = {e11, e12, e13}, its weight vector is V1 = (v11, v12, v13) = (0.34, 0.33, 0.33), the
comprehensive evaluation result of E1 is B1 = V1R1 = (0.134, 0.833, 0.033), and with the same
reason, the comprehensive evaluation results of E2 and E3 are B2 and B3, denoted as

R =

⎡

⎣
B1

B2

B3

⎤

⎦ =

⎡

⎣
0.134 0.833 0.033
0.19 0.775 0.035
0.12 0.758 0.122

⎤

⎦, (5.1)

then B = WR = (0.1452, 0.7856, 0.0692), B is the comprehensive evaluation result. The
driver’s propensity type is intermediacy according to the principle of maximum membership.
It is the same as the result gotten by evidence theory reasoning mode. Because the fuzzy
comprehensive evaluation is considered widely to be intuitive and reasonable, evidence
theory reasoning model is verified to some extent.

6. Conclusion

Relationship between subgoals and overall goals is an inclusion relationship in fuzzy model,
but in the evidence theory it is a “support” relationship, and subgoals are the support
evidence. Obviously, evidence theory has a wider application range and more flexible
application. In particular, the advantages of evidence theory can be better reflected when
the individual property state is uncertain or unknown. In addition to the complete conflict,
expert opinions cannot be synthesized by D-S theory, and other things can get better results.
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Table 3: Synthesis conditions of “reaction judgment indexes” mass function.

Information source Mass function θ1 θ2 θ3 Θ
e11 m11 0.16 0.64 0 0.2
e12 m12 0.0776 0.6208 0.0776 0.224
e13 m13 0.0776 0.6984 0 0.224
Synthesis M1 0.0333 0.9468 0.0051 0.0148

Table 4: Properties mass function.

Factors Weights Extraversion propensity Intermediacy propensity Introversion propensity Θ
E1 0.3 0.0333 0.9468 0.0051 0.0148
E2 0.3 0.0835 0.8619 0.0103 0.0443
E3 0.4 0.0539 0.8873 0.0392 0.0196

Table 5: Properties mass function synthesis situation.

Information source Mass function θ1 θ2 θ3 Θ
E1 M1 0.025 0.7101 0.0038 0.2611
E2 M2 0.0626 0.6464 0.0077 0.2833
E3 M3 0.0539 0.8873 0.0392 0.0196
Synthesis 0.007 0.9875 0.0037 0.0018

Through establishing the identify framework, evidence theory is used to determine
the basic probability assignment function; the qualitative “reaction judgment indexes,
driving control indexes, and driving record indexes” are transformed into quantitative state.
According to the different weights, the state of each index as well as the evaluation results
of the experts is synthesized with combination rules, then the driver’s propensity by the
synthesis function mass is determined. Aimed at the limitations of the experts, the evidence
theory is used to study the uncertainty problem in this paper. The results show that the trust
function constructed in this paper expresses uncertainty and obtains more accurate, reliable,
and objective evaluation results.
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Transportation terminal is the key node in transport systems. Efficient terminals can improve
operation of passenger transportation networks, adjust the layout of public transportation net-
works, provide a passenger guidance system, and regulate the development of commercial forms,
as well as optimize the assembly and distribution of modern logistic modes, among others. This
study aims to clarify the relationship between the function and the structure of transportation
terminals and establish the function layout design. The mapping mechanism of demand, function,
and structure was analyzed, and a quantitative relationship between function and structure was
obtained from a design perspective. Passenger demand and terminal structure were decomposed
into several demand units and structural elements following the principle of reverse engineering.
The relationship maps between these two kinds of elements were then analyzed. Function-oriented
concept layout model of transportation terminals was established using the previous method.
Thus, a technique in planning and design of transportation structures was proposed. Meaningful
results were obtained from the optimization of transportation terminal facilities, which guide the
design of the functional layout of transportation terminals and improve the development of urban
passenger transportation systems.

1. Introduction

With the accelerated urbanization and motorization, construction of transportation terminals
in major cities in China is gradually approaching the ideal. The operating efficiency of ter-
minals, which are key nodes in the transportation network, directly influences the efficiency
of transportation networks. However, the occurrence of passenger interleaving and long-
distance walking due to deficiencies in the layout of transportation terminals result in a low
operating efficiency. This problem is aggravated with the increase in transportation demand.
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In many advanced cities, planning, design, and management of transportation ter-
minals adaptive to their cities have been investigated since the 1950s to alleviate traffic con-
gestion [1–3].

Batarliene and Jarašuniene [4] studied the interaction between different transport
modes in transport terminals. Piccioni et al. [5] gave an application for facility location and
optimal location models. Some scholars succeeded in the study of traffic characteristics of
pedestrian. Lam et al. [6, 7] and Young Seth [8] obtained pedestrian walking speed at dif-
ferent facilities. Cheung and Lam [9, 10], Lee and Lam [11] and Delft [12] explained the
pedestrian flow characteristics and route selection rule at subway stations and simulated
facility service level. Progress in researches about characteristics and evolution law of the
weaving behaviors of pedestrian flow in transport terminals has also been achieved. Hender-
son [13] analyzed the statistical characteristics of high density pedestrian flow. Satish et al.
[14], Laxman et al. [15], and Lam et al. [16] studied the characteristics of pedestrian flow at
certain transportation facilities. The relationship between pedestrian speed and density was
studied by Ando et al. [17], Thompson and Marchant [18], Hughes [19], Hankin and Wright
[20], and so on. All the achieved results formed a base for the planning, design, and man-
agement of transportation terminals. The study of public passenger transportation planning
and design in China began in the 1990s. Among the successful efforts were the development
of a technique that allows cooperation of public traffic and the subway, evaluation of joining
coordination degree, streamline analysis of transfers, optimization of cohesive systems of
transportation terminals, calculation of the main function of key facilities, and the optimized
layout design of transportation terminals [21–23].

A number of local and international achievements in planning and design of trans-
portation terminals have been reported; however, a traditional architectural design is usually
used, without consideration and analysis of the traffic function of terminals as well as the
matching facilities. Traditional architectural design cannot meet the demand of modern and
efficient transportation terminals. The layout or design should be suitable for transportation
structures such as transportation terminals. This study uses the decomposition and recon-
stitution mechanism in industry design to study the relationship maps between demand,
function, and structure. The study also searches for a transportation terminal design based
on demand, which will eventually provide a new method for the layout of transportation
terminals.

The remainder of the paper is structured as follows. Section 2 briefly introduces the
basic methods of concept layout model. Section 3 forms a concept layout model of trans-
portation terminal based on mapping mechanisms among demand, function, and structure,
followed by the conclusions in Section 4.

2. Basic Method

Apart from ordinary architectural structures and basic structural functions, transportation
terminals play specific functions for traffic, business, and civil aviation. Thus, creating a
layout of transportation terminals is a complex task. Such layout differs from those of ordi-
nary architectural structures. This study proposes a new layout that satisfies the demand of
both passengers and structures. The layout is developed from the perspective of passenger
demand for efficient transportation terminals and maximum operating efficiency.

This study analyzes the different characteristics of passengers’ demand and the struc-
ture of facilities. To clarify the uncertainty and multiplicity of the relationship maps between
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demand and structure, the function layer was formed as the medium. A concept layout model
of transportation terminals based on the relationship maps between demand, function, and
structure was examined.

3. Concept Layout Model of Transportation Terminals

3.1. Mapping Mechanisms among Demand, Function, and Structure

Passengers engage in a series of activities inside and outside transportation terminals. These
activities include purchasing tickets, security inspection, ticket checking, waiting, line trans-
ferring, boarding and alighting, and shopping. Each activity corresponds to an area within
the terminal. However, the demand of passengers and the structure facilities of terminals are
complicated. A passenger needs a series of structural facilities at certain times, and each struc-
ture can satisfy various passenger demands. To solve such problems, a functional transport
layer has been established between passenger demands and structural facilities. This layer
simulates human thinking.

Aimed at unifying demand, function, and structure, this paper first analyzed the
original demand of passengers, the objective law of evolution of terminal function, and the
characters of terminal structure facilities. For a certain passenger demand Ri, the correspond-
ing function element Fi can be inversely decomposed. Facility elements of terminal structure
can simultaneously be decomposed to form the mapping combination Ci = {Ri, Fi, Si} in
Figure 1.

3.2. Concept Layout Model

Passenger demand in transportation terminals can be divided into several subdemands such
as transportation, business, architecture, and civil aviation, among others, as shown in the
first layer in Figure 2. Transportation demand is the core among the four sub-demands.
Each subdemand can be divided into several demand units. For instance, let subdemand 1
represent transportation demand. Transportation demand can be divided into demand units
such as transferring, waiting, buying tickets, parking, and coming in and out of the station.

To determine the functions of the demand units, corresponding structure facilities are
needed. For example, to realize transfer demand, facilities such as transfer halls, transfer
channels, railings, transfer stairs, autoescalators, automoving walkways, and elevators are
necessary.

Thus, all facilities needed to realize the functions of the terminal are listed and then
grouped into different substructures.

In Figure 2, the facilities are divided into four sub-structures, which consist of the
following: inside and outside the area, fare collection system, transferring system, and plat-
form area.

Substructure 1 includes the security inspection equipment, elevator, stairs, automatic
moving walkway, automatic escalator, and channel.

Substructure 2 includes the wicket, automatic ticket-selling machine, autoinquiry
machine, autorecharge system, pulling in and out of the station point, supplementary ticket
desk, inquiry office, and railing.

Substructure 3 includes the transfer hall, transfer channel, railing, transfer stairs, auto-
escalator, moving walkway, and elevator.
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Figure 2: Decomposition and reconstitution of transportation concept layout model.

Substructure 4 includes the channel, elevator, auto-escalator, stairs, platform, and plat-
form screen door.

Figure 2 shows the decomposition and reconstitution of transportation concept layout
model.
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3.3. Constraints of the Transportation Concept Layout Model

To form the detailed layout design, the growing elements must be calculated, including, the
form, scale, relative position, and combination of cohesive primitive constraints of the facility.
The key objective is to determine the constraints of all growing elements. With the aim of
optimizing efficiency, this paper examines the calculation of the constraints of time utility, dis-
tance utility, and structure utility.

3.3.1. Constraint of Time UtilityU1

Time utility U1 is the most important constraint in the calculation of growing elements of
transportation terminals.U1 is determined by the service level of facilities, passenger volume,
adaptability relationship of the joining facilities, and so on. Time utility U1 can be calculated
by (3.1). The equation is explained by the arrival and departure of passengers in the terminal.
Passengers are divided into four types: those arriving in mass and departing in mass, arriving
individually and departing in mass, arriving in mass and departing individually, and arriving
individually and departing individually

U1 =
4∑

n=1

Qn

(
tn1 + tn2 + tn3 + tn4 + tn5 + tn6

)
, (3.1)

where Qn is the passenger volume of kind n, n = 1, 2, 3, 4; tn1 is the average time required
for type n passenger to buy tickets; tn2 is the average time of security inspection for type n
passenger; tn3 is the average time required for type n passenger to arrive at the station; tn4 is
the average waiting time for type n passenger; tn5 is the average time required for passenger n
to depart from the station; and tn6 is the average transfer time between different traffic modes
or lines for type n passenger.

3.3.2. Constraint of Distance UtilityU2

Distance utility U2 represents the basic constraint in the calculation of growing elements of
transportation terminals. U2 is determined by the relative position of facilities in passengers’
walking streamline, as shown in (3.2)

U2 =
M∑

m=1

Qmdm, (3.2)

where M is the number of transfer traffic modes; Qm is the passenger volume of traffic mode
m; and dm is the average transfer walking distance of traffic mode m.

3.3.3. Constraint of Structure UtilityU3

Structure utility is the basic constraint in the calculation of growing elements of transporta-
tion terminals, which is determined by the facility plot ratio ϕ, organizational order of
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streamline η and facility correlation degree θ, as shown in (3.3)

U3 = ε1 + ηε2 + θε3,

ε1 + ε2 + ε3 = 1,
(3.3)

where ε1 > 0, ε2 > 0, ε3 > 0; ϕ is the facility plot ratio; η is the organizational order of stream-
line; θ is the degree of facility correlation; ε1 is the weight of the facility plot ratio; ε2 is the
weight of organizational order of streamline; and ε3 is the weight of the degree of facility cor-
relation.

The facility plot ratio is determined by the average ratio of the effective facility utili-
zation area SI and the whole utilization area of the transportation terminal SC, as shown in
(3.4). The greater the plot ratio, the more reasonable the structure design

ϕ =
1
k

k∑

i=1

(
SI
SC

)

i

, (3.4)

where k is the number of facility elements of terminals.
The organizational order of the streamline reflects the intereffect of each streamline,

which is determined by the ratio of the total number of conflict points of the streamline H0

and the total number of facility nodes of the streamline H1, as shown in

η = 1 − H0

H1
. (3.5)

Facility correlation degree is determined by the combined correlation value of each node of
the streamline, as shown in (3.6). The greater the facility correlation degree, the more reason-
able the structure design

θ =
1
m

m∑

i=1

⎡

⎣ 1
ri

rj∑

j=1

(
n(j,j+1) · d(j,j+1)∑m
i=1 n(j,j+1) · d(j,j+1)

)⎤

⎦, (3.6)

wherem is the number of streamlines in the facility, ri is the number of facilities at the node of
the streamline i; n(j,j+1) is the total number of passengers between the facility node j and the
facility node j + 1; and d(j,j+1) is the walking distance from the facility node j and the facility
node j + 1.

4. Conclusion

A transportation terminal design is established. The relationship between the function and
the structure of transportation terminals is examined in this study. Following the principle
of reverse engineering, the whole function and structure of the transportation terminal was
decomposed into several demand units and elements of a facility structure. Transportation
demand can be divided into subunit demands such as transferring, waiting, buying ticket,
parking, and coming in and out of the station, among others. Facilities are divided into
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four sub-structures: inside and outside the area, fare collection system, transfer system, and
platform area. Furthermore, the calculation methods of the constraints of time, distance, and
structure utilities are given. Based on this, the function-oriented concept layout model of
transportation terminals is established to provide a new method for planning and designing
transportation structures.

Future studies should focus on the quantitative description of the demand units and
structure facilities.
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Offset optimization is of critical importance to the traffic control system, especially when spillovers
appear. In order to avoid vehicle queue spillovers, an arterial offset optimization model was
presented in saturated arterial intersections based on minimizing the queue length over the whole
duration of the saturated traffic environment. The paper uses the shockwave theory to analyze
the queue evolution process of the intersection approach under the saturated traffic environment.
Then through establishing and analyzing a function relationship between offset and the maximum
queue length per cycle, a mapping model of offset and maximum queue length was established
in the saturated condition. The validity and sensitivity of this model were tested by the VISSIM
simulation environment. Finally, results showed that when volumes ratios are 0.525–0.6, adjusting
offset reasonably under the saturated condition could decrease the queue length and effectively
improve the vehicle operating efficiency.

1. Introduction

In arterials systems, reasonable adoption of the coordinated control could decrease vehicle
delays and stops. Offset is an important parameter of the arterial signal coordinate control,
which decides the effect of the coordinated control for adjacent intersections. Now, there are
mainly two kinds of the offset optimization [1–3]: (1) Maximum Green Wave Band, setting
offset in order to obtain green wave travel time (maximize ratio of the green wave band
width to cycle length). It includes Graphical Method, Mathematical Analysis Method, and
Max Band Method; (2) minimize vehicle delays and/or stops, optimizing offset by an index
function relation between the vehicle delays (stops) and offset.

The above arterial coordination methods play an important role in the practical traffic
management. However, these methods are mainly designed to the undersaturated coordi-
nation, namely, link supply can satisfy upstream input demand [4]. With the increasing of



2 Discrete Dynamics in Nature and Society

vehicle year by year, the saturated state of the arterial system becomes more common. If
we use the above methods to analyze the saturated condition, we would obtain misleading
results. Therefore, the study of offset optimization at the saturated arterial has important
theoretical significance and application value.

When traffic demand exceeds road capacity or intersection capacity, the saturated
condition appears, and vehicle queues continue to increase. These queues can overflow the
storage capacity of the road and physically block intersections and gradually spread to the
surrounding intersections. Implementing signal control policies designed for the undersat-
urated condition is ineffective and even counters product to the saturated condition [5–7].
Therefore, carrying on traffic dispersion and decreasing the queue length are major signal
control objectives of the saturated environment. Now, the study of the saturated arterial
signal coordinated control mainly included the following three categories: (1) maximum
system capacity, based on an optimization objective of maximum release amount of system;
Khatib and Judd [8] gave a corresponding control strategy, and Ghassan and Rahim [9]
conducted coordinate control based on a control objective of the system turn over volumes.
(2) Minimize vehicle delays or stops: an optimization strategy [10–12] mainly analyzes traffic
delay of traveling team over the whole duration for the saturated traffic environment, then an
arterial offset optimization model was presented based on an objective of minimizing delay
or queue length. (3) Control queue length: Chang and Lin [13] proposed a saturated traffic
control method, which managed the queuing dissipation and formation in subarea sections,
and Lieberman et al. [14] proposed a method to optimize queue length based on the saturated
arterial coordinate control strategy. Wang et al. [15, 16] put pedestrian safety as an important
factor in coordinated system. However, this paper is focused on the theoretical models per
cycle; there is no optimal control of the maximum queue length for multiple consecutive
cycles.

According to an objective of minimizing queue length over the whole duration of
the saturated traffic environment, the paper presented a method to optimize offset of the
saturated arterial through analyzing queue evolution process based on shockwave theory.
Through establishing and analyzing functions relationship between offset and maximum
queue length of single cycle, a mapping model of offset and maximum queue length is
established in the saturated condition. Finally, validity and sensitivity of the model are tested
in VISSIM software.

2. The Queue Evolution Process of the Saturated Traffic Environment

2.1. State Description of the Saturated Arterial

When traffic demand is much more than the capacity at saturated arterial intersections, the
number of in-flowing vehicles exceeds those discharging from the approach, and queue
length will gradually increase at downstream intersection. Assuming the signal timing
parameters remain fixed, this current state of the approach will sustainably develop, then the
long queuing will spill over to the upstream intersection. Our study is based on the following
basic assumptions.

(1) Saturated arterial intersections are typical four phases, and the phase sequence
remains consistent and fixed. Every cycle is composed of the green time and red time without
considering the yellow time. Right-turn flows at the adjacent intersection are less and without
signal control, so that its effect can be neglected. Figure 1 shows the main direction of traffic
flows and phase sequence at saturated arterial adjacent intersections, in which east-west
through phase is coordination phase.
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Figure 1: Main direction of traffic flows and phase-sequence at saturated arterial adjacent intersections.

As shown in Figure 1, i is upstream intersection, while j is downstream intersection.
Arrival vehicle of intersection j is downstream that consists of two parts: west approach
through flows and north approach left-turn flows of upstream intersection. The number of
arrival vehicles per cycle of downstream intersection is

QW
(
j
)
= DW(i)

[
1 − pW(i)

]
gWES(i) +DN(i)pN(i)gNEL(i), (2.1)

where QW(j) is the number of arrival vehicles per cycle of downstream intersection; DW(i)
and DN(i) are west approach and north approach discharge rate of intersectionj; pW(i) and
pN(i) are west approach and north approach turning movement proportions of intersection
j; gWES(i) and gNSL(i) are east-west straight and south-north left-turn phase green time.

(2) Coordination phase green time of upstream intersection is adequate. When green
time starts, the platoon firstly discharges with saturation flow rate, and later discharges with
average arrival rate. If we ignore the discreteness of platoon to reach downstream intersec-
tion, the travel platoon will be pulse arriving to downstream:

D(i) =

{
S, 0 < t ≤ gs(i),
qW(i), gs(i) < t ≤ gWES(i),

(2.2)

where qW(i) and D(i) are the arrival and discharge rates of upstream intersection coordina-
tion phase; S is the saturation flow rate; gs(i) is the duration of saturation discharging of
upstream intersection coordination phase. The duration of saturation discharging is

gs(i) =

(
C − gWES(i)

) · qW(i)
S − qW(i)

. (2.3)

Then there are three femoral pulses of the travel platoons, as Figure 2 showed.
Substituting (2.2) into (2.1), then

QW
(
j
)
=
[
Sgs(i) + qW(i)

(
gWES(i) − gs(i)

)][
1 − pW(i)

]
gWES(i) +DN(i)pN(i)gNEL(i). (2.4)
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Figure 2: Pulse arrival flows schema of downstream intersection.

(3) Maximum cycle length model to determine intersection cycle [17]:

C =

√
LT

(1 −ω)Y
, (2.5)

where C is the cycle time; L is the total loss time; T is the duration of saturated conditions; Y
is the total flow ratio.

(4) The common cycle length of the saturated arterial is determined by traditional
methods [18], and the numbers of the saturated cycles can be calculated as follows:

δ =
⌈
T

Co

⌉
, (2.6)

where Co is the common cycle length.
(5) Green time of each intersection allocated by equal saturation principle.

2.2. Queue Evolution Analysis

At a signalized intersection, multiple shock waves are generated due to the stop-and-go traffic
caused by signal changes. As indicated in Figure 3, when upstream intersection green time
starts, the platoon firstly discharging of saturation flow rate S discharges to downstream
intersection. The head vehicle of platoon forced to stop at downstream intersection because
of red time, at which it creates different flows and density conditions between the arrival and
stopped traffic, forms a queuing shockwave:

v1 =
q1
a

kj − k1
a

, (2.7)
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Figure 3: Traffic flow temporal-spatial graph at saturated arterial adjacent intersections.

where kj represents the jammed density; q1
a and k1

a are the average arrival flow rates and
density of first part flows; q1

a and k1
a can be calculated as [19]

q1
a = S · gs(i)

Co
,

k1
a =

q1
a

vij
.

(2.8)

Substituting (2.8) into (2.7), then

v1 =
S · h · gs(i) · vij

1000Co · vij − S · h · gs(i) , (2.9)

where h is mean queue discharge headway.
When arrival vehicles are of the saturation flow rate all joining the queue, the second

part flows will continue to queue, forming a queuing shockwave:

v2 =
qW(i) · h · (gWES(i) − gs(i)

) · vij
1000Co · vij − qW(i) · h · (gWES(i) − gs(i)

) . (2.10)

Similarly, at the beginning of the downstream intersection green, vehicles begin to discharge
of the saturation flow rate forming a discharge shockwave:

v3 =
S · h · gs

(
j
) · vij

1000Co · vij − S · h · gs
(
j
) . (2.11)

v1, v2, v3 all moved upstream of the intersection and finally intersected at point H, which is
the point of maximum queue length.
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3. Offset Optimization for the Saturated Arterial

3.1. Single Cycle Function Relationship between
Offset and Maximum Queue Length

Figure 3 shows the operating condition of adjacent intersections flows. At the beginning
of the downstream intersection green, head vehicle is of average speed vij traveling to the
downstream intersection and joins the end of original queue in which speed reduces to 0.
Until the discharge shockwave of downstream intersection spreads to this location, head
vehicle continues to travel downstream of average speed vij . Subsequently the following
head vehicles that arrive before point H are in such process (vij → 0 → vij) running in
the link. After point H, arrive vehicles travel downstream of average speed unimpeded. The
above process is shown in Figure 3. According to Figure 3, offset can be represented as

φij = t1 − t2, (3.1)

where φij is the offset of intersection i, j. t1 and t2 can be calculated as

t1 = gs(i) +
Lij −

(
Qij + S · gs(i)

) · h
vij

,

t2 =

(
Qij + S · gs(i)

) · h
v2

−Nij · h
(

1
v2
− 1
v3

)
,

(3.2)

where Qij is the original queue numbers of intersection i, j, veh; Nij is the maximum queue
numbers of intersection i, j, veh. Substituting (3.2) into (3.1), then

φij = gs(i) +
Lij

vij
+Nij · h

(
1
v2
− 1
v3

)
− (Qij + S · gs(i)

) · h
(

1
vij

+
1
v2

)
. (3.3)

The maximum queue length of intersection i, j can be represented as (15) is a compu-
tation model of maximum queue numbers per cycle. This model should be operated with the
following two situations.

(1) When φij > (Lij −Qij · h)/vij −Qij · h/v3, maximum queue numbers per cycle and
offset, common cycle, green time, original queue numbers, arrival rate, and discharge rate
have a close relationship.

(2) When φij ≤ (Lij −Qij ·h)/vij −Qij ·h/v3, maximum queue numbers equal to original
queue numbers, arrival rate. Although this time of queue numbers is the shortest, it will result
in the loss of downstream intersection green, not considered this situation:

Nij =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

[
φij − gs(i) − Lij/vij +

(
Qij+S · gs(i)

) · h(1/vij + 1/v2
)]

h · (1/v2 − 1/v3)
, φij >

Lij −Qij · h
vij

− Qij · h
v3

,

Qij , φij ≤
Lij −Qij · h

vij
− Qij · h

v3
.

(3.4)
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3.2. Computation Model of Queue Length Diversification

Under the saturated condition, if the signal timing is fixed, the arrival rate and discharge rate
stability, the maximum queue numbers, and original queue numbers are greater than previ-
ous cycles, and the relation of queue lengths between cycle k and k + 1 can be represented by
the following equations:

Qij(k + 1) ≥ Qij(k),

Nij(k + 1) ≥Nij(k).
(3.5)

The maximum queue numbers and original queue numbers of intersection i, j are
increased during the saturation period cycle by cycle, and reach the maximum in the last
saturated cycle. We can get the law of queue length changes between adjacent cycles as shown
in Figure 4. Ignore the disturbance of arrival and discharge; variable quantity of the original
queue numbers can be calculated as

ΔQij =
[
S · gs(i) + qW(i) · (gWES(i) − gs(i)

)] · (1 − pW(i)
)
+ qN(i) · pN(i) · gNSL(i)

− [S · gs
(
j
)
+ qW

(
j
) · (gWES

(
j
) − gs

(
j
))] · (1 − pW

(
j
))
.

(3.6)

An algorithm for solving the variable quantity of maximum queue numbers model is
arranged in the following steps.

Step 1. By introducing parameter ts(k), which represents the residence time of head vehicle
in the first part flows joining the end of original queue,

ts(k) = Δij(k) +
Qij(k) · h

v1
− Lij −Qij(k) · h

vij
. (3.7)

There are continuous vehicles from upstream joining the queue; assuming queue
residence time is ts+1(k), ts+2(k), . . . , ts+n−1(k), then they are negatively correlated:

ts+1(k) > ts+2(k) > · · · > ts+n−1(k) > 0. (3.8)

Step 2. The queue numbers of first part flows from upstream in cycle k are

n1(k) = S · gs(i) ·
(
1 − pW(i)

)
. (3.9)

Step 3. By introducing parameter t′s(k), which represents the residence time of head vehicle
in the second part flows joining the end of the original queue,

t′s(k) = ts(k) + n1(k) · h
(

1
v3
− 1
v1

)
. (3.10)
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Vehicle numbers

Qij (k)

Nij (k)
ts (k)

t′s (k)

Qij (k + 1)

Nij (k + 1)

t′s (k + 1)

Time

ts(k + 1)

Figure 4: Arterial traffic flow temporal-spatial graph in multisaturated cycle.

Step 4. The queue numbers of total flows from upstream in cycle k are:

t′s(k) = (n(k) − n1(k)) · h ·
(

1
v2
− 1
v3

)

=⇒ n(k) = n1(k) +
t′s(k) · v2 · v3

(v3 − v2) · h .

(3.11)

Then the maximum queue numbers in cycle k can be calculated as

Nij(k) = Qij(k) + n1(k) +
t′s(k) · v2 · v3

(v3 − v2) · h . (3.12)

Step 5. We can get the variable quantity of maximum queue numbers according to (3.12):

ΔNij = Nij(k + 1) −Nij(k)

= ΔQij + [n1(k + 1) − n1(k)] +
v2 · v3

(v3 − v2) · h
[
t′s(k + 1) − t′s(k)

]
,

(3.13)

then

ΔNij = ΔQij ·
[

1 +
v2 · v3

v3 − v2

(
1
v1

+
1
vij

)]
. (3.14)

The maximum queue numbers and original queue numbers of the last saturated cycle
can be represented by the following equation:

Qij(δ) = Qij(1) + (δ − 1)ΔQij ,

Nij(δ) = Nij(1) + (δ − 1)ΔNij .
(3.15)
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3.3. Offset Optimization Model

Through building a single cycle function relationship between offset and maximum queue
length, a computation model of queue length diversification each cycle during duration of
saturated, we propose an arterial offset optimization model based on an objective of mini-
mizing queue length over the whole duration of the saturated traffic environment, avoiding
queue spillover.

Equation (3.16) builds the relationship between Nij(ω) and φij . If other parameters are
known, an optimal offset φopt

ij by simple iterative method can be obtained:

min Nij(ω) =

[
φij − gs(i) − Lij/vij +

(
Qij + S · gs(i)

) · h(1/vij + 1/v2
)]

h · (1/v2 − 1/v3)

+ (δ − 1) ·ΔQij ·
[

1 +
v2 · v3

v3 − v2

(
1
v1

+
1
vij

)]
,

s.t. xWES =
qWCo

gWESS
> 0.9 (a)

Nij ≥ Qij (b)

− gWES
(
j
) ≤ φij ≤ C − gWES (c)

(3.16)

4. Simulation Testing and Analysis

In order to verify the application effect of the Saturated Arterial Optimization method, we
simulate traffic operation state of two intersections adopting single point control (Scheme
1), coordination control (Scheme 2), and optimization coordination control (Scheme 3) by
the VISSIM software, also comparative analysis of the output evaluation of these simulation
scenarios.

4.1. Simulation Testing Scheme

Simulation Testing Arterial Schematic as shown in Figure 5: all approaches are with dedicated
left turn traffic lane and they do not have the slip/slide right turn lane because we have
not taken right-turning vehicles into consideration when modeling. Designing an arterial of
approach Lij = 400 m, mean queue discharge headway h = 6 m, mean travel speed vij =
40 km/h, saturation flow rate S = 1800 veh/h, all entry turning movement proportions of
intersection pW = pE = 0.15, pN = pS = 0.3.

All entry volumes and approach lengths of arterial are showed in Table 1: assumed
road section length between intersection i and j is 400 m, and assumed related traffic volumes
are 1794 veh/h and 128 veh/h.

Assume the saturated duration of two intersections is 1200 s, total loss time L = 12 s,
the timing scheme of three different simulation scenarios can be obtained (see Table 2).

4.2. Discussion of Simulation Results

Output the maximum queue length, and mean queue length, mean vehicle delays of two
intersections with the three timing schemes in the last saturated cycle.
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N

ji

Figure 5: Simulation testing arterial schematic.

Table 1: All entry flows and approach length of the arterial.

Direction Intersection i Intersection j

Volumes (veh/h) Approach length (m) Volumes (veh/h) Approach length (m)
East approach

Through — 325 1738 400
Left turn — — 242 —

West approach
Through 1794 400 — 400
Left turn 269 — — —

North approach
Through 298 275 400 425
Left turn 128 — 171 —

South approach
Through 272 300 498 355
Left turn 119 — 213 —

As shown in Table 3, when using optimized offset, the maximum queue length of
link is 263 m, less than the maximum queue length of Scheme 1 and Scheme 2, which
decreased by 10.8% compared with Scheme 2. Mean queue length is also decreased by
15.3%. The maximum queue length simulation results of objective link during the saturated
period are shown in Figure 6. In addition, when running the timing parameters of Scheme
3, mean vehicle delays of coordination phase remain fixed compared with the first two
schemes. In particular, maximum queue length, mean queue length, and mean vehicle delays
of noncoordination phase have different degrees of improvement. Therefore, to ensure the
operation parameters of competitive phase not deteriorated, the offset which is calculated
by our optimization method can effectively reduce the maximum queue length and prevents
queuing spillover in the approach of coordination phase.

4.3. Sensitivity Analysis

There is a function of offset and maximum queue length, and determining the offset reason-
ably can reduce the maximum queue length. Whether this optimization of different arrival
rates significant or not, which requires the sensitivity analysis.

As the shown in Figure 7, with volumes increasing, the effectiveness which adjusts
offset to reduce maximum queue length is more significant. But not volumes the larger
the better, when volumes ratios (the ratio of volume and saturation flow rate) are 0.525–
0.6, avoiding queuing spillover by optimizing offset; volumes ratio above 0.6, adjusting offset
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Table 2: Signal timing parameters of the 3 simulated schemes.

Scheme 1 Scheme 2 Scheme 3
Intersection Intersection Intersection Intersection Intersection Intersection

i j i j i j

Cycle length (m) 193 176 193 193 193 193
W-E through green (s) 102 91 102 93 102 93
W-E left-turn green (s) 31 27 31 28 31 28
N-S through green (s) 34 41 34 42 34 42
N-S left-turn green (s) 15 17 15 18 15 18
Offset (s) — 36 −31
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Figure 6: Simulation results of link maximum queue length.
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Table 3: Outputs parameters of the simulations.

Scheme 1 Scheme 2 Scheme 3
Intersection i

Coordination phase
Maximum queue length (m) 221 208 202
Mean queue length (m) 113 101 96
Mean vehicle delays (s) 108 100 88

Mean value of noncoordination phase
Maximum queue length (m) 121 98 82
Mean queue length (m) 64 42 35
Mean vehicle delays (s) 78 64 58

Intersection j

Coordination phase
Maximum queue length (m) 289 295 263
Mean queue length (m) 162 170 134
Mean vehicle delays (s) 125 127 128

Mean value of noncoordination phase
Maximum queue length (m) 141 132 122
Mean queue length (m) 89 75 66
Mean vehicle delays (s) 88 83 80

alone cannot reduces the queue length, spillover is inevitable, and we should consider to
adjust cycle length or green time.

5. Conclusions

We have presented a method of offset optimization based on queue length constraint for the
saturated arterial, whose objective is to minimize queue length and avoid queue spillback
over the whole duration of saturated. To avoid secondary queues, in algorithm development
we assume that through flows from upstream are pulse discharge to downstream. VISSIM
simulation results show the follwing: to ensure the operation parameters of the competitive
phase to not be deteriorated, the offset which is calculated by our optimization method can
effectively reduce the maximum queue length and prevent queuing spillover. In addition,
sensitivity analysis of the model shows that, before the volumes ratios exceed the threshold,
the effectiveness by adjusting offset to reduce maximum queue length is less significant when
volumes increase. The next step will be focused on an in-depth study timing parameter of
coordinated optimization strategy for the saturated arterial.
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This paper presents an improved model for improving headway-based bus route service reliability
at bus stops using real-time preventive operation control, taking into account dynamic interaction
among random passenger demand, stochastic driving conditions of route segments, and vehicle
load capacity constraint. In this model, the real-time information of passenger demand and vehicle
operation is involved to predict the imminent unacceptable headway deviation, in the case of
which some in-time preventive control strategies are deployed according to the given control
rules. As a case study, a single fixed bus route with high-frequency services was simulated and
different scenarios of real-time preventive operation control were performed. Headway adherence
and average passenger wait time were used to measure bus service reliability. The results show
that the improved model is closer to the real bus route service, and using real-time information
to predict potential service unreliability and trigger in-time preventive control can reduce bus
bunching and avoid big gap.

1. Introduction

Giving priority to the development of urban public transit is becoming the common view on
reducing urban traffic jam and improving urban travel efficiency [1]. But it is not just a policy
issue to attract more and more people to choose transit for travelling. A challenging problem
faced by the government, researchers, and transit agencies is how to provide better transit
service by using up-to-date technologies.

Reliability is one of the most important attributes of quality of transit service and
always the top concerned issue for both passengers and transit agencies [2, 3]. From the
perception of the passengers, service unreliability means more average wait time, which is

mailto:ffl0731@163.com
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identified by Welding’s assertion that the more regular service means the lower average
wait time for potential passengers, especially on high-frequency bus routes with random
passenger demand [4]. For transit agencies, service delays and disruptions have a real
monetary cost in terms of lower utilization of vehicles and operators, which account for
3–5% of operating and vehicle costs by conservative estimate [5, 6]. In terms of the causes
of unreliability, running time variability and passenger demand fluctuation are generally
noted to be significant factors for service unreliability [7, 8]. Moreover, the initial headway
irregularity, either at the beginning or the mid-route, will propagate downstream and this
kind of propagation tends to worsen passenger load fluctuation and contributes to worse
unreliability downstream [9, 10].

In order to improve bus service reliability, the provision of real-time information
technologies has been recognized as a persuasive strategy in more and more countries. In
recent days, real-time information technologies like automatic vehicle location (AVL) and
automatic passenger count (APC) are used to monitor service and passenger demand, based
on which different operation control strategies are adopted to control bus operation [11–15].
From the existing research, most of the control strategies were studied to restore service
reliability after the occurrence of disruption [16, 17]. Considering real-time information
collected by the advanced public transit system, however, it is expected to forewarn big
headway deviation from the beginning of the route service and adopt some immediate
preventive action to avoid potential service irregularity [18–21]. In addition, in a rich
information environment, model-based intelligent vehicle systems would help drivers to
achieve the effectiveness of the vehicle operation control [22, 23]. At this point, an effective
model for decision-making using real-time information is the key issue for real-time bus
operation control.

In [20], disregarding the vehicle load capacity constraint, we developed a simulation
model for fixed-route transit service unreliability prevention based on AVL-APC data, whose
effectiveness was extensively demonstrated on a circular bus route [21]. However, in the
real world, vehicle load capacity is a very important factor affecting bus service reliability
from the perspective of passengers. Based on the main framework of the model presented in
[20], this paper develops an improved model for improving bus service reliability by using
instantaneous prediction and preventive control strategies on high-frequency bus route,
considering the dynamic interaction among random passenger demand, stochastic driving
conditions of route segments and the vehicle load capacity constraint. In addition, it presents
a set of decision-making rules for the potential intelligent dispatching module.

This rest of the paper is organized as follows. The next section presents the measures
of headway-based transit service reliability. In Section 3, a vehicle-load-capacity-constrained
preventive model is developed based on the main model framework in [20]. Section 4
presents a Monte Carlo simulation with the model embedded, which applies real-time
preventive control approach to a simple fixed bus route with high-frequency services.
Conclusions and future work are provided in Section 5.

2. Measures of Headway-Based Bus Service Reliability

2.1. Coefficient of Variation of Headways (Cvh)

On high-frequency bus routes, passengers generally arrive at stops randomly disregarding
the schedule. Therefore, headway adherence is the most important index for measuring
service reliability. In the Transit Capacity and Quality of Service Manual (TCQSM) [24], the
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Table 1: The level of service classified by Cvh for fixed-route bus service.

LOS Cvh P(hi > 0.5h) Comments
A 0.00–0.21 ≤1% Service provided like clockwork
B 0.22–0.30 ≤10% Vehicle slightly off headway
C 0.31–0.39 ≤20% Vehicle often off headway
D 0.40–0.52 ≤33% Irregular headways, with some bunching
E 0.53–0.74 ≤50% Frequent bunching
F ≥0.75 >50% Most vehicle bunched

Note: (a) The probability P means that a given transit vehicle’s headway hi will be off headway by more than one-half the
scheduled headway h.
(b) Applies to routes with headways of 10 minutes or less.
Source: transit capacity and quality of service manual-2nd edition.

measure is based on the coefficient of variation of headways (Cvh) of transit vehicles serving
a fixed route arriving at a stop and is calculated as follows:

Cvh =
Standard deviation of headway deviations

mean schedule headway
. (2.1)

For fixed-route high-frequency bus services, the level of service (LOS) is classified
according to the coefficient of variation of headways (see Table 1).

2.2. Average Passenger Wait Time

Welding’s average passenger wait time is also widely used to measure headway-based transit
service reliability, which is a function of the mean and variance of the headway [3]:

E(W) =
1
2

(
E(H) +

Var(H)
E(H)

)
. (2.2)

In (2.2), E(W)is the expected passenger wait time, E(H) is the expected headway,
and Var(H) is the variance of the headway. According to (2.2), when E(H) is a constant, the
smaller Var(H) means the less average passenger wait time E(W).

3. Model Development

In order to improve bus service reliability, static preventive control strategies include route
planning, scheduling, and fleet and labor management [25]. On dynamic bus operation
control, an in-time preventive strategy could be adopted to avoid big headway deviation
before the imminent bus bunching or gap, which requires real-time bus service information
for in-time decision making of operation control. In terms of headway-based preventive
control, it is expected to keep Var(H) in (2.2) close to zero as possible. Therefore, as done
in [20], the prediction and forewarning of potential service irregularity using real-time
information and the immediate action to prevent the headway from deviating too much is
the underlying principle of this improved model.
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Before the improved preventive model is formulated, we use a single fixed bus route
for description. General assumptions are made and the notations used in this paper are listed
below.

(a) Vehicles arrive at each stop frequently (e.g., headways of 5 minutes), making it
proper to assume random passenger arrivals at each stop. Moreover, the arrival
rate and alighting fraction at a given stop do not change over the observed time
period.

(b) When a vehicle arrives at a stop, boarding and alighting of passengers can occur
simultaneously (usually for vehicles with a front door for boarding and a rear door
for alighting). The average boarding time and alighting time of each passenger are
constant for simplicity.

(c) The dwell time of a vehicle at a given stop is the maximum of the boarding time
and the alighting time.

(d) The running time of a vehicle in between two stops is random, but still predictable
and controllable to some extent.

(e) Considering the real-time information of passenger demand and vehicle operation,
when a vehicle leaves the current bus stop, the dwell time and running time of its
preceding vehicle, as well as its own leading headway and the on-board passenger
number, are known for decision making of a preventive control strategy.

(f) Considering vehicle load capacity, those passengers who are not able to take the
current fully loaded bus have to wait for the next bus. Vehicles are not allowed to
overtake each other under preventive control.

A set of variables will be used for describing the interaction between the vehicles and
passengers on this fixed bus route.

Hik = the leaving headway of the vehicle i departing from the stop k;

Rik = the running time of the vehicle i from stop k − 1 to stop k;

Dik = the dwell time of the vehicle i serving passengers’ boarding and alighting at stop k;

Bik = the random number of passengers boarding the vehicle i at stop k;

UBik = the number of passengers who are not able to get on the vehicle i at stop k due its
capacity constraint and full loading;

Aik = the random number of passengers alighting from the vehicle i at stop k;

Lik = the number of on-board passengers of the vehicle i when it departs from stop k;

λk = the passenger arrival rate (passengers per minute) at stop k;

ρk = the passenger alighting fraction of the on-board passengers at stop k;

α = the average alighting time for each passenger;

β = the average boarding time for each passenger;

C = the vehicle load capacity.
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3.1. Dynamic Interaction between Passengers and Vehicles

The route-level bus service system is a typical discrete dynamic system. The dynamic
interaction between passengers and vehicles will be described based on the main model
framework presented in [20]. The transit vehicles spend time on both traveling in between
stops and dwelling at stops to serve passengers’ boarding and alighting. The dwelling time
of the vehicle i at stop k is decided by the maximum of the times of passengers’ alighting and
boarding. According to the assumption (b), Dik will be decided by

Dik = max
(
α ·Aik , β · Bik

)
. (3.1)

Disregarding the vehicle load capacity C, Aik and Bik will be calculated or predicted
by (3.2)

Aik = ρk · Li, k−1 ,

Bik = λk ·Hik.
(3.2)

Considering the constraint of the vehicle load capacity C, those passengers who are
not able to get on the vehicle i − 1 at stopk will have to wait for the vehicle i. Thus we will
have Bik, UBik, and Lik in (3.3) as

Bik = min
(
C − (1 − ρk

) × Li, k−1 , λk ·Hik +UBi−1,k
)
,

UBik = max
(
0, λk ·Hik +UBi−1,k − C +

(
1 − ρk

) × Li, k−1
)
,

Lik = Li, k−1 −Aik + Bik .

(3.3)

When the vehicle i is departing from stop k − 1, the number of on-board
passengers Li,k−1 could be observed according to the real-time information. Thus, it is
appropriate to predict the minimum Dik based on the observed Li,k−1, say, the vehicle i will
have to dwell at stop k at least for a total alighting time (α·ρk ·Li, k−1), which can be formulized
as (3.4).

(Dik )min = α · ρk · Li, k−1. (3.4)

The boarding time (β · λk ·Hik) will depend on the headway Hik with given β and λk;
while the headway Hik depends on the trajectories of transit vehicles. One step of iteration is
as follows:

Hik = Hi,k−1 + ΔRik + ΔDik , (3.5)

ΔRik = Rik − Ri−1,k, (3.6)

ΔDik = Dik −Di−1,k, (3.7)
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where ΔRik is the difference in running times between bus i and its preceding bus i − 1 when
they arrive at stop k; ΔDik is the difference in dwell times between bus i and its preceding
bus i − 1 when they dwell at stop k.

The dynamic iterative calculation of the headway Hik is as follows:

Hik = Him +
k∑

j=m+1

ΔRij +
k∑

j=m+1

ΔDij , 0 ≤ m ≤ k − 1, k > 1. (3.8)

Particularly, let m = 1, the iteration will begin from the starting stop to the current stop k,
then,

Hik = Hi1 +
k∑

j=2

ΔRij +
k∑

j=2

ΔDij , k > 1. (3.9)

From (3.8) and (3.9), the headway Hik depends on the previous headways, the
accumulated running time differences and dwell time differences, which present a theoretical
proof for that the initial headway irregularity, either at the beginning or the mid-route, will
propagate downstream. This kind of propagation is caused by the dynamic interactions
between passengers and vehicles, and the worsen vehicle load fluctuation would contributes
to the worse unreliability downstream, vice versa.

3.2. Real-Time Preventive Bus Operation Control

In a preventive model, the ideal headway Hik will be always expected to be kept close to the
scheduled headway Hi stop by stop (k = 1, 2, 3, . . . ,N) along the bus route. Mathematically,
Hik is kept on the interval decided by Hi plus or minus a permitted deviation ε (ε > 0) due
to the stochastic operation environment as

Hi − ε ≤ Hik ≤ Hi + ε, ε > 0. (3.10)

With the given vehicle load capacity and the initial headway, the headway Hik will
mainly depends on the total running time difference and the total dwell time difference
in between the first stop and the current stop k. When it comes to the operation control
strategies, two options of control strategies will be decided. One option is bus holding
strategy for controlling the vehicle dwell time; the other option is bus speed adjusting for
controlling the vehicle running time. The bus speed adjusting strategy will be preferred on
high-frequency bus route for two aspects of consideration. On one hand, the bus holding
strategy works well for improving service reliability, but it has some disadvantages: wasting
time of the on-board passengers, occupying the pick-up location at the bus station, delaying
the arrival at the destination, and so forth [24]. On the other hand, the bus speed adjusting
is acceptable and operational, which is benefited from the real-time traffic information
technologies. Determining how to use the two strategies will be the key issue for the
preventive control problem.

To illustrate this problem clearly, a simple example bus route is used (see Figure 1).
On this single fixed bus route, the bus i is leaving current stop k − 1 to stop k; with the
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Bus i − 1 Bus i

Stop N Stop N − 1
Stop
k + 1

Stop

Bus

Stop k

Route segment k

Stop k − 1 Stop 1 Stop 0

Direction

Figure 1: Example bus route.

observed Hi,k−1, Li,k−1, Ri−1,k, and Di−1,k (according to the assumption(e)), we need to predict
and suggest a reasonable running time R′ik and D′ik for bus i to keep an acceptable H ′ik.
Determining an adaptive control strategy will follow the steps below.

Step 1. To decide the predicted dwell time D̃ik. As discussed above, a minimum dwell time
(Dik)min is the alighting time and can be calculated by (3.4); and only if the boarding time (β ·
λk ·Hik) is larger than the alighting time, the dwell time will equal to the boarding time. Here,
we use a dummy variable ϕ to determine the predicted dwell time D̃ik, which is calculated as

D̃ik = ϕ · α · ρk · Li, k−1 +
(
1 − ϕ) · β · λk ·Hi, (3.11)

where

ϕ =

{
1 forα · ρk · Li, k−1 ≥ β · λk ·Hi,

0 otherwise.
(3.12)

Hi is the expected headway of the vehicle i.
As discussed above, the vehicle speed control strategy will be firstly adopted and then

will be the holding strategy. Therefore, the next step is to decide a reasonable running time.

Step 2. To decide a reasonable running time R′
ik

. A reasonable running time is decided jointly
by the feasible running time and the acceptable running time. With the transfer of (3.5), an
acceptable running time �Rik is given as follows:

(
Hi − ε −Hi,k−1 + Ri−1,k +Di−1,k

)
− D̃ik ≤ �R

ik

≤
(
Hi + ε −Hi,k−1 + Ri−1,k +Di−1,k

)
+ D̃ik .

(3.13)

A feasible running time
←
Rik is decided by the real-time traffic conditions in between

stop k − 1 and stopk. Along with the development of intelligent transportation technologies,
it will be easy to get the real-time road traffic information, such as current traffic volume

and speed. Here we still use a prediction way to decide the feasible running time
←
Rik. It
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is acceptable to predict it based on Ri−1,k or the statistical mean running time Rk and the
standard deviation σ, respectively,

Ri−1,k · (1 − δ1) ≤
←
Rik ≤ Ri−1,k · (1 + δ2), (3.14)

Rk − x · σ ≤
←
Rik ≤ Rk + y · σ. (3.15)

In (3.14), δ1 and δ2 are nonnegative percentile fractions. In (3.15), x and y are
nonnegative parameters used to adjust the deviation and reflect the real-time traffic
conditions. Considering the combination of (3.13) and (3.14) or (and) (3.15), a reasonable

R′
ik

will be located on the interval decided jointly by �Rik and
←
Rik:

R′ik ∈
[(
�Rik

)

min
,
(
�Rik

)

max

]
∩
[
(
←
Rik)min, (

←
Rik)max

]
. (3.16)

Those values over the interval in (3.16) are the suggested running time for the
vehicle i leaving for stop k. Theoretically, the interval is possible to be void, which means
the acceptable �Rik can not be satisfied, either because the minimum �Rik is bigger than

the maximum feasible running time
←
Rik or because the maximum �Rik is smaller than the

minimum
←
Rik. In practice, the former reason is impossible due to an infinite

←
Rik; then the

bus will be suggested to run at any �Rik. The latter situation usually means the bad traffic
conditions, and bus i will be requested to run at the maximum feasible speed to prevent
the gap. By using the theoretical analysis, we make some decision-making rules for the
reasonable running time as follows:

(1) If ( �Rik)max ≤ (
←
Rik)min, then R′

ik
= (
←
Rik)min;

(2) If ( �Rik)min ≤ (
←
Rik)min and ( �Rik)max ≥ (

←
Rik)min and ( �Rik)max ≤ (

←
Rik)max, then R′

ik
∈

[(
←
Rik)min, ( �Rik)max];

(3) If ( �Rik)min ≤ (
←
Rik)min and ( �Rik)max ≥ (

←
Rik)max, then R′

ik
∈ [(

←
Rik)min, (

←
Rik)max];

(4) If ( �Rik)min ≥ (
←
Rik)min and ( �Rik)max ≤ (

←
Rik)max, then R′

ik
∈ [( �Rik)min, ( �Rik)max];

(5) If ( �Rik)min ≥ (
←
Rik)min and ( �Rik)min ≤ (

←
Rik)max and ( �Rik)max ≥ (

←
Rik)max, then R′

ik
∈

[( �Rik)min, (
←
Rik)max];

(6) If ( �Rik)min ≤ (
←
Rik)max, then R′

ik
= ( �Rik)min.

4. Simulation and Results

4.1. Parameters Description

In order to clarify this model, the example bus route in Figure 1 is also used for the case study.
This bus route has 11 stops which are scattered about in a fairly uniformity of running time,
with buses being dispatched from stop 0 to stop 10 at 5-minute headway (E(H) = 5). The
vehicle load capacity is 80 persons (C = 80).
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Table 2: Example of bus route parameters.

Stop λk/
Passengers/min

ρk/
%

E(Rk)/
min

E(H)/
min

0 1.0 0.0 — 5.0

1 0.75 0.0 3 5.0

2 0.75 0.1 3 5.0

3 2.0 0.2 3 5.0

4 2.0 0.25 3 5.0

5 3.0 0.6 3 5.0

6 1.5 0.25 3 5.0

7 0.75 0.25 3 5.0

8 0.5 0.5 3 5.0

9 0.1 0.1 3 5.0

10 0.0 1.0 3 5.0

Each bus is expected to run in between two successive stops in 3 minutes (E(Rk) = 3 ),
leading to a total expected running time of 30 minutes from stop 0 to stop 10 in one direction.
The dwell time at each stop depends on the passenger demand. On high-frequency bus route,
usually passenger arrival at each stop is a Poisson process and the number of passengers
alighting at each stop is subject to a binomial probability distribution based on the current
passenger load on the vehicle [6, 13]. Here the passenger demand is characterized with a
Poisson passenger arrival rate λk and a binomial probability of passenger alighting fraction
ρk. In addition, the boarding time and the alighting time per passenger are assumed to be 3.6
seconds and 1.8 seconds (α = 0.06, β = 0.03). Table 2 gives the parameters of the operating
conditions of the example bus route.

4.2. Simulation Scenarios

For illustrative purposes, in a single simulation period 30 buses from stop 0 to stop 10 are
observed and a total of 20 simulation runs are performed for four cases.

Case 1. Running time Rik is fluctuated with δ1 = δ2 = 0.4 and ε = 60 seconds.

Case 2. Running time Rik is fluctuated with δ1 = δ2 = 0.4 and ε = 90 seconds.

Case 3. Running time Rik is fluctuated with δ1 = δ2 = 0.2 and ε = 60 seconds.

Case 4. Running time Rik is fluctuated with δ1 = δ2 = 0.2 and ε = 90 seconds.

The initial conditions for each single simulation run includes: each bus leaves stop
0 precisely at its given headway, and the first bus is supposed to run in between two
consecutive stops precisely with 3 minutes. The preventive strategies will be triggered by
checking the real-time conditions following Steps 1 and 2 in Section 3.2.
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Table 3: The observed average headway, standard deviation of headways, and coefficient of variation of
headways.

Scenarios Stop 1 Stop 2 Stop 3 Stop 4 Stop 5 Stop 6 Stop 7 Stop 8 Stop 9 Stop 10
Avg hdw 5.0645 5.0964 5.1042 5.1091 5.1340 5.1497 5.1616 5.1694 5.1698 5.1568

Case 1 Std hdw 0.5636 0.5900 0.5965 0.6000 0.6414 0.5741 0.5603 0.5238 0.5305 0.5290
Cvh 0.1127 0.1180 0.1193 0.1200 0.1283 0.1148 0.1121 0.1048 0.1061 0.1058

Avg hdw 5.1093 5.1919 5.2702 5.3087 5.3304 5.3670 5.4001 5.4170 5.4103 5.4173
Case 2 Std hdw 0.8262 0.8295 0.8644 0.8379 0.9244 0.8189 0.7609 0.7592 0.7541 0.7280

Cvh 0.1652 0.1659 0.1729 0.1676 0.1849 0.1638 0.1522 0.1518 0.1508 0.1456
Avg hdw 5.1290 5.1933 5.2185 5.2655 5.2988 5.3456 5.3819 5.4005 5.3938 5.3968

Case 3 Std hdw 0.5529 0.5221 0.5186 0.5188 0.5745 0.4960 0.4676 0.4147 0.4073 0.4078
Cvh 0.1106 0.1044 0.1037 0.1038 0.1149 0.0992 0.0935 0.0829 0.0815 0.0816

Avg hdw 5.1831 5.3577 5.4580 5.5623 5.6341 5.7012 5.7574 5.7952 5.8196 5.8311
Case 4 Std hdw 0.6506 0.6836 0.7083 0.7497 0.7800 0.7011 0.6483 0.5651 0.5078 0.5089

Cvh 0.1301 0.1367 0.1417 0.1499 0.1560 0.1402 0.1297 0.1130 0.1016 0.1018
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Figure 2: Stop-level changing of coefficient of variance of headways.

4.3. Results and Discussion

The two metrics described in Section 2 are used to measure service reliability. The first one is
the observed average headway and the coefficient of variation of headways (Cvh) at each
stop. Table 3 gives the observed average headway (Avg hdw), the standard deviation of
headways (std hdw), and the coefficient of variation of headways (Cvh) for each case.

According to Table 3, the average headways in four cases are below 6 minutes and the
coefficients of variation of headways are below 0.2. It also shows that, in all four cases, the
biggest coefficients of variation of headways appear at stop 5 due to the highest probability
of passenger boarding and alighting. The route-level changing of the coefficient of variation
of headways is further shown in Figure 2. Compared with the results in [26], these results
indicate good service unreliability prevention.

Comparing Cases 1 with 2, the running time fluctuation is the same with 40% of
the scheduled running time, but the permitted headway deviation is different. From the
simulation as shown in Figure 2, the coefficients of variation of headways at each stop in Case
1 are smaller than those of Case 2, which indicates that better service unreliability prevention
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Figure 3: Average passenger wait time at each stop.

has been achieved in Case 1. The same situation appears when comparing Cases 3 with 4.
These results suggest that the tougher request for keeping headway adherence promises
better bus operation control. The practical reason might be that a bus driver may pay more
attention to improving bus service reliability under strict performance evaluation.

Comparing Cases 1 with 3, the permitted headway deviation is the same with one
minute, but the running time fluctuation is different. In Case 3, the lower limit of the running
time fluctuation is half of that in Case 1. The coefficients of variation of headways at each stop
in Case 3 are smaller than those in Case 1. The same situation also appears when comparing
Cases 2 with 4. The results suggest that, requested by keeping the same permitted headway
deviation, the smaller lower limit of the running time fluctuation is more likely to result in
better headway regularity.

The other metric is average passenger wait time. Figure 3 shows the average passenger
wait time at each stop in four cases.

As shown in Figure 3, the average passenger wait time at each stop is controlled at
a level of less than 3 minutes in all four cases, but it still has a growing tendency. The
best preventive effectiveness appears in Case 1, the worst in Case 4. Compared with the
route-level changing of the coefficient of variation of headways, the growing tendency of
the average passenger wait time is an interesting finding. This is noteworthy in that the
intuition from the previous studies suggests that controlling one vehicle only by referring
to its preceding vehicle might has a time lag of the travel time.

5. Conclusions and Future Works

This paper presents an improved preventive model for improving headway-based bus
service reliability at bus stops, considering the constraint of the vehicle load capacity, as
well as the dynamic nature of the random passenger demand and the stochastic road
traffic conditions. Standing on this point, this model represents a more realistic approach
to characterize the route-level bus service system and to utilize real-time information in a
real-time decision-making context. As demonstrated in the simulation example, using some
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probability distributions of the running time and the constant passenger boarding time and
alighting time, the model and the preventive control strategy are effective.

By using the simulation-based methodology, the model presented in this paper mainly
presents a way of how to follow the steps and the decision-making rules to utilize the real-
time information to make better decision. Nonetheless, a more practical decision-making
supporting system or a more intelligent decision-making module will be more powerful
and useful in the real application. In this sense, this model can be directly embedded
in the advanced public transit system, assisting the dispatching center and the operators
to utilize the real-time information including vehicle running time, speed, dwell time,
passenger demand, and other unreliability causes to instantaneously predict and forewarn
big headway deviation of high-frequency bus routes, based on which better decisions
can be made regarding the use of preventive control strategies. This job has become our
ongoing work, and a real bus route will be chosen in the city of Zhuzhou in China for
testing the real effectiveness. With the real application and test, the improvements of this
proposed methodology could be promised. More broadly, in terms of the preventive control
strategies, the route-level multivehicle collaborative control based on synchronous simulation
optimization is another important future work.
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The highway slope failures are triggered by the rainfall, namely, to create the disaster. However,
forecasting the failure of highway slop is difficult because of nonlinear time dependency and
seasonal effects, which affect the slope displacements. Starting from the artificial neural networks
(ANNs) since the mid-1990s, an effective means is suggested to judge the stability of slope by
forecasting the slope displacement in the future based on the monitoring data. In order to solve
the problem of forecasting the highway slope displacement, a displacement time series forecasting
model of cohesionless soil highway slope is given firstly, and then modular neural network (MNN)
is used to train it. With the randomness of rainfall information, the membership function based on
distance measurement is constructed; after that, a fuzzy discrimination method to sample data
is adopted to realize online subnets selection to improve the self-adapting ability of artificial
neural networks (ANNs). The experiment on the sample data of Beijing city’s highway slope
demonstrates that this model is superior to others in accuracy and adaptability.

1. Introduction

Forecasting the slope displacement accurately in the future becomes a very important step
to judge the stability of slope. Forecasting the highway slope displacement in the future is
a difficult task which involves evaluation of a large number of interrelated variables and
factors and is hardly accounted for a model. Factors affecting slope stability can be divided
into two main types: internal factors and external inducements. Internal factors include rock
type, joints, property, and structure. External inducements include rainfalls, earthquakes, and
human factors. Generally speaking, the slope failures are directly caused by the external
inducements, and internal factors are the fundamentals of it. Also, most of these factors have
obvious randomness, fuzziness, and variability. All factors interleaving together make the
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influence on the stability of slope, so evaluation criterion which is used to judge the stability
of slope should be easily measured and can make clearly manifestations of the change to
slope stability.

Displacement is the external expression of deformation process to mass movements
of soil and rock. In the past, displacement had been used to compute the prealert, alert, and
emergency phases of large rock slides; this method had been validated by collecting and
analysing literature data for historical rock slope failures [1]. The forecasting model of slope
displacement includes artificial neural networks (ANNs) [2–7], grey theory [8–10], whole-
region method of chaotic time series to slope deformation prediction [11]. The engineering
properties of slop exhibit varied and uncertain behaviors, for the complex and imprecise
physical processes associated with the formation of soil and rock [12]. So displacement
considered as the external expression of slope failure shows evident nonlinear and uncertain
characteristics. In order to cope with the complexity of behaviors and the spatial variability
of displacement, traditional forms of forecasting models are justifiably simplified. Artificial
neural networks (ANNs) refer to a class of artificial intelligence which attempt to mimic the
behaviors of the human brain and nervous system, based on the data alone to determine the
structure and parameters of the model. It is well suited to complex model problems where the
relationship between the model variables is unknown. So, models based on ANNs have been
successfully applied on virtually every problem in slope stability. However, rainfalls have
important influence on the slop displacement [13–15], the forecasting displacement models
of highway slop based on ANNs are focus on the time series variation of displacement, but
neglected it.

Modular neural network (MNN) can solve large-scale real-world problems by
dividing a problem into smaller and simpler subproblems, assigning a network module to
learn each of the subproblems, and recombining the individual modules into a solution to
the original problem. In this paper, using rainfall information, the membership function
based on distance measurement is constructed, firstly, then a fuzzy discrimination method
of sample data is adopted on on-line sub-nets selection in order to improve the self-adapting
ability of artificial neural networks (ANNs). The experiment with the sample data of Beijing
city’s highway slope demonstrates that this model is superior to others in accuracy and
adaptability.

2. Study the Relationship between Displacement and Rainfall

In order to obtain an accurate forecasting model based on MNN, a theoretical analysis
of the relationship between displacement and rainfall has been made. The most common
failure mode of cohesionless soil highway slope is landslide, the geological conditions is high
permeability weathered layer or slope deposits which covers low hydraulic conductivity rock
stratum, and the interface of them is often the potential slip surface. The result of analytic
solution from Iverson [16] is used to describe the transient seepage due to rainfall. Then, an
elasto-plastic analysis was used to analyze the unstable slope based on Mohr-Coulomb yield
criterion and associated flow rule.

Figure 1 shows the force diagram of cohesionless soil highway slope in plane strain
condition based on Mohr-Coulomb yield criterion. The assumptions are as follows:

(i) depth of impervious surface and initial groundwater level is denoted by d and dw,
both of them are parallel to the slope surface;
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(ii) the homogeneous isotropic slide body is elastic-perfectly plastic material, strictly
observing the Mohr-Coulomb yield and its flow rule;

(iii) the source of groundwater recharge is only the rainfall; during this process without
considering the loss such as evaporation, the soil above the groundwater level is
fully saturated soil. In other words, all sliding soil masses have the same weight
density (denoted by γsat);

(iv) ignoring the initial plastic strain of sliding soil mass before raining, at first, the
initial effective stress parallel to the slope surface (denoted by σ ′x0) is proportional
to initial effective stress perpendicular to the slope surface (denoted by σ ′y0) and is
calculated using

σ ′x0 = k0σ
′
y0, (2.1)

where k0 is coefficient of lateral earth pressure. To elastic material, k0 can be
calculated by poisson ratio (denoted by μ) using

k0 =
μ

1 − μ. (2.2)

In additional, it is assumed that intensity rainfall has a constant value during the entire
process. Based on the analytical solution of Iverson, pore-water pressure with depth Y at
time t (denoted by φ(Y, t)) can be calculated by

φ(Y, t) = (Y − dw)cos2α

+ 2
I

K

√
D1t

∞∑

m=1

{
i erfc

[
(2m − 1)d − (d − Y )

2
√
D1t

]
+ i erfc

[
(2m − 1)d + (d − Y )

2
√
D1t

]}

− 2
I

K
H(t − T)

√
D1(t − T)

∞∑

m=1

{
i erfc

[
(2m − 1)d − (d − Y )

2
√
D1(t − T)

]

+ i erfc

[
(2m − 1)d + (d − Y )

2
√
D1(t − T)

]}
,

(2.3)

where K is osmotic coefficient of fully saturated soil, H(η) is Heaviside step function, α is
slope angle, D0 is saturated hydraulic conductivity, and D1 can be calculated using

D1 = D0 cos 2α. (2.4)

Function i erfc(η) is given by

i erfc
(
η
)
=

1√
π

exp
(
−η2

)
− η erfc

(
η
)
, (2.5)

where erfc(η) is complementary error function.
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Figure 1: Force diagram of cohesionless soil highway slope.

Otherwise, φ(Y, t) should meet the requirement of

φ(Y, t) ≤ Ycos2α. (2.6)

Hence, the factor of slope safety (defined by Fs) with depth Y at time t can be calculated
using

Fs(Y, t) =
tanϕ′

tanα
+
c′ − φ(Y, t)γw tanϕ′

γsatY sinα cosα
, (2.7)

where ϕ′ and c′ are effective angles of internal friction and effective cohesion of soil, and γw
is weight density of groundwater.

As shown in Figure 1, total normal stress (denoted by σY ) and total shear stress
(denoted by τY ) with depth Y parallel to the slope surface are calculated using

σy = γsatYcos2α,

τxy = γsatY cosα sinα.
(2.8)

Pore-water pressure with depth Y at time t (denoted by u(Y, t)) can be calculated using (2.9).

u(Y, t) = φ(Y, t)γw. (2.9)

Effective normal stresses which are parallel to the slope surface (denoted by σ ′x(Y, t)) and are
perpendicular to the slope surfaceare (denoted by σ ′y(Y, t)) are given by

σ ′x(Y, t) = k0σ
′
y0 − φ(Y, t)γw,

σ ′y(Y, t) = σy − φ(Y, t)γw.
(2.10)
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Figure 2: Stress state.

The relationship between Mohr’s Circle of Stress and shear strength on site is shown in
Figure 2.

Variable tanϕm is defined

tanϕm =
τxy

σ ′y + c′cotϕ′
. (2.11)

As shown in Figure 2(a), (2.12) is satisfied:

√(
σ ′y − σ ′x

)2 + 4τ2
xy

(
σ ′y + σ ′x

)
+ 2c′ cotϕ′

≤ sinϕ′. (2.12)

Figure 2(a) shows that the increased pore-water pressure after the rainfall will shift the
Mohr’s Circle of Stress to the left till it is tangent to the curve of shear strength, and it becomes
yield at this site, then inequation (2.12) will become equation. However, the yield surface
due to yield point does not parallel the bottom plane of slope at this moment (Figure 2(b));
direction of principal stress axis will change with increased pore-water pressure until become
parallel to the bottom plane of slope. During this period, stress of plastic zone can be
calculated using

σ ′x = σ ′
(
1 − sinϕ′ cos 2θ

) − c′ cotϕ′,

σ ′y = σ ′
(
1 + sinϕ′ cos 2θ

) − c′ cotϕ′,

τxy = σ ′ sinϕ′ sin 2θ,

(2.13)

where θ is the angle of the maximum principal stress from y-axis, and it is given as

tanϕm =
sinϕ′ sin 2θ

1 + sinϕ′ cos 2θ
. (2.14)
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Under plane strain conditions, Mohr-Coulomb yield criterion can be expressed as F,
calculated using

F =

√
1
4
(
σ ′x − σ ′y

)2 + τ2
xy +

1
2

(
σ ′x + σ

′
y

)
sinϕ′ − c′ cosϕ′ = 0. (2.15)

Using the flow rule given by it, strain increment along the critical slip surface has a
translational movement, also the value of it is zero, namely, dεx = 0; the relations between
stress and strain increment are taken to be as

dσ ′x =M12dεy +M13dγxy,

dσ ′y =M22dεy +M23dγxy,

dτxy =M32dεy +M33dγxy,

(2.16)

in which

M12 =
AB

D
+ λ,

M13 =
CB

D
,

M22 = −B
2

D
+ 2G + λ,

M23 =M32 = −CB
D

,

M33 = −C
2

D
+G,

A = G cos 2θ + (G + λ) sinϕ′,

B = G cos 2θ − (G + λ) sinϕ′,

C = G sin 2θ,

D = G + (G + λ)sin2ϕ′,

(2.17)

where G is shear modulus and λ is Lame’s constants and calculated by using

λ =
2Gμ

1 − 2μ
. (2.18)
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For dσy = 0, dτxy = 0, and dσ ′y = −du, the displacement of slop can be calculated by using

dεy = −M33

M32
dγxy,

dγxy = −du
G

sin 2θ
[
cos 2θ − (1 + λ/G) sinϕ′

]

(
cos 2θ + sinϕ′

)2(1 + λ/G)
,

dσ ′x =
(
−M12

M33

M32
+M13

)
dγxy.

(2.19)

The slope angle, depth of impervious surface, depth initial groundwater level, weight density
of groundwater, the sliding soil mass weight density, coefficient of lateral earth pressure,
effective angle of internal friction, saturated hydraulic conductivity, and shear modulus were
set up to α = 25◦, d = 4 m, dw = 4 m, γw = 9.8 kN/m3, γsat = 21.0 kN/m3, k0 = 0.7, ϕ′ =
30◦, D0 ≈ 0.001 m2/s, and G = 2 MPa. Also, the coefficient of permeability is expressed as
10−4 m/s and the upper limit of light rain, moderate rain, heavy rain, heavy rainstorm, severe
rainstorm is 1/K = 0.012, 0.025, 0.05, 0.1, and 0.3, respectively.

Figure 3 shows the effect of rainfall in slope displacement and the factor of slope safety
(Fs) under different rainfall amount. There is an approximate one-to-one correspondence
between displacement value and Fs with various grades of rainfall; Fs is found to decrease
markedly with increasing displacement, and the influence of rainfall on the relationship
between Fs and displacement becomes slight (Figure 3(a)). It needs about 124 hours, 53
hours, 26 hours, 14 hours, and 5 hours to light rain, moderate rain, heavy rain, heavy
rainstorm and severe rainstorm to make 10 mm displacement of slop (Figure 3(b)); so rainfall
has a huge impact on the displacement value.

During the calculation of the Fs, some parameters of model such as physical and
mechanical parameters (effective angle of internal friction ϕ′ and effective cohesion of soil
c′) are uncertain, and they are closely related to test method, soil specimens, reduction factor,
and so on. So it is difficult to forecast the displacement of highway slope by this way. Because
displacement has an approximate one-to-one correspondence to Fs, displacement can be
used to forecast the failure of highway slop. And rainfall has important influence on the
slop displacement; forecasting the displacement of cohesionless soil highway slope in the
future with monitoring data based on artificial neural networks (ANNs) should consider the
rainfall.

3. Methods of Study Using Modular Neural Network

The most feature of ANNs is that they are based on a self-organizing structure that resembles
the biological neural system of mammalian brains, and ANNs give an efficient method
to solve problems that cannot be exact solved by statistical methods for their theoretical
limitations. Thus, displacement forecasting models based on ANNs ignore influence of
rainfall, and the values might be unobjective and unconvincing.

MNN uses divide-and-conquer technique, in which a problem is divided into a set
of subproblems according to the inherent class relations among training data, then gives a
network module to learn each of the subproblems, recombine the individual modules into
a solution to the original problem at last. Before learning displacement monitoring data,
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Figure 3: The effect of rainfall on displacement and Fs.

sample set of slope displacement monitoring data should be correctly classified based on
the rainfall grade, after that construct the subnetwork to make the subsample data can be
precisely trained, and finally recombine the subnetwork outputs into one. The total output of
MNN is given by

y =
R∑

i=1

wiyi, (3.1)

where y is the network output, yi is the output of the ith subnetwork (denoted by NETi) and
wi is the normalized output vector elements of the subnetwork, and R is the number of local
networks.

Figure 4 shows the network architecture of the prediction system, which consists of
three layers input layer, hidden layer, and output layer, and all of them are completely
connected to form a hierarchical network. Subnetworks {NET1,NET2, . . . ,NETR} constitute
the network, state of the switches {E1, E2, . . . , ER} is identified by rainfall, andR is the number
of local networks and switches. The sample set of slope displacement monitoring data is
defined as S = {s1, s2, . . . , sn}, Z = {x1, x2, . . . , xn} is the sample set of rainfall, and n is the
number of data. S and Z have an approximate one-to-one correspondence.

The displacement-time forecasting model is established as (3.2), which allows to
forecast the (t +m)th displacement of slope in the future:

st+m = f
(
st−1, st−2, . . . , st−q

)
, (3.2)

where q is delay time step.
At first, construct eigenvector for rainfall x = [LR,MR,HR,TR, SR]T , so that LR is

light rain, MR is moderate rain, HR is heavy rain, TR is terrible rainstorm, and SR is severe
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Figure 4: Modular neural network model.

rainstorm. Consider fuzzy classification of rainfall grade; the displacement monitoring data
of sample set S are classified according to calculation of eigenvector x using

Vi =

∑N
j=1

(
uij

)a
xi

∑N
j=1

(
uij

)a ,

vij =
1

∑R
k=1

(∥∥xj − Vi
∥∥/

∥∥xj − Vd
∥∥)2/(b−1)

,

(3.3)

where R is the classification number of sample set, S = {S1,S2, . . . ,SR}, Vi is clustering center
of Si, and v = (vij) is the membership matrix of sample to fuzzy subset. In (3.3), a = 1 and
b = 2 [17]. Some data may simultaneously belong to sample subsets Si and Sj . After that, the
back propagation algorithm is used to train the gating and local network NETi with sample
subset Si, and set lower bound on the error ε = 10−8 and the maximum iteration number is
2000 [5]. Final results of the MNN can be calculated by (3.1).

To the new test data sf /∈ S, the distance measure of xf and V = [V1,V2, . . . ,VR] is
chosen as criterion to decide which local network it belongs to, calculated using (3.4) and
(3.5):

di =

∥∥xf − Vi
∥∥

di
, (3.4)

in which,

di =
1
ni

ni∑

j=1

∥∥xj − Vi
∥∥, (3.5)

where di is the relative distance measure of xf and NETi, di is the average distance measure
of ith sample subset, and ni is the number of data for ith sample subset. Displacement
monitoring data sf is trained only by local networks in which di is the smallest one based on
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the traditional MNN it makes the calculation accuracy of boundary samples lower to others.
To solve this problem, more than one local network are chosen to training sf with fuzzy
decision, in order to significantly enhance the accuracy of MNN model. First, the relative
distance measure of xf among all local network normalization can be calculated using

ui =
di

∑R
i=1 di

. (3.6)

In (3.6),
∑
ui = 1 and ui ∈ [0, 1].

Defining fuzzy set of relative distance measure A = {very small (denoted by vs), small
(denoted by s), middling (denoted by m), large (l)}, the values of ui reflect the distance
measure between xf and NETi. If ui ∈ {vs}, then local networks NETi should be used to train
sf for the distance of xf and NETi is short. If ui ∈ {l}, then local networks NETi cannot be
used to train sf for the distance of xf and NETi is long.

The calculation of local networks selection involves the following steps.

Step 1. Calculate ui between every new test data sf /∈ S and its corresponding local networks
using (3.4), (3.5), and (3.6).

Step 2. Calculate membership degree of ui to every fuzzy subset A with the membership
degree curves as Figure 5 shows.

Step 3. Make a choice which fuzzy subset ui belongs to by the highest membership degree in
the fuzzy command, and local networks which belong to the same set are chosen to integrate
from vs to 1. If the local network in which ui ∈ {vs} actually exist, then it should be used
to train the data sf , otherwise, select local network in which ui ∈ {s}, until selecting local
network in which ui ∈ {m}.

Due to the symmetry of the Gaussian distribution, the center value of membership
degree decreases 50% at each time by adopting Gauss function for fuzzy membership
functions. The center of fuzzy subset to membership degree {vs, s,m, l} is 0.25/P, 0.5/P, 1/P,
2/P and the value of membership degree is 1 when ui < 0.25/P or ui > 2/P . For

∑
ui = 1,

all ui cannot meet ui > 1/P at the same time; meanwhile, the local network corresponding
to ui ∈ {vs, s,m} would not be the empty set. The local network corresponding to ui ∈ {l}
should not be chosen for selecting sequence of local network is from vs to 1 in Step 3.

The weight of local network that is selected is given by

wfi =
1/dfi

∑L
i=1 1/dfi

, (3.7)

where wfi is the weight of local network that is selected, dfi is the distance measure of ith
local network, and L is the number of local networks that has been selected.

4. Simulation Results

Hence, in order to illustrate the effectiveness of the model validity, one of Beijing city’s
highway slopes is chosen for test. Geological investigations in the collapse area in this
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Figure 5: Membership degree curves of ui.

(a) (b)

Figure 6: Location of slope and brief geological descriptions.

research are based on site investigation and the evaluation of remote survey images; the
location and brief geological descriptions of slope are shown as Figure 6.

Time series analysis was used to set up displacement-time forecasting model for
both MNN model and ANN model [18]. And then forecast cohesionless soil highway slope
displacement in the future based on the same sample data.

Setting model parameters K = 5 for the classification number of sample set, the
number of hidden node in multilayer feedforward neural network that is used to train local
networks is 4, and delay time step q which is calculated with autocorrelation method is 6 [19].

Figure 7 shows the relative error for the group of displacement monitoring data that
is in the same rainfall grade, namely, ignoring influence of rainfall through selecting the
displacement monitoring data in one rainfall grade. And their respective margins of error are
almost the same as each other because both of the methods use back propagation algorithm
to training.

Displacement data records the state of this cohesionless soil highway slope from the
period May 22 to October 31, 2011. Due to the fact that rainfall series is necessary for the
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failure of slope, the meteorological station was built at the slope. Figure 8 shows the grade
of rainfall distribution map at precipitation station of highway construction area during the
whole observation period.

Figure 9 shows three curves of forecast data based on two methods and the real data
during the whole observation period. The forecast data consider the influence of rainfall.

Figure 10 shows their relative error curves of displacement forecast data.
Note that in Figures 9 and 10, MNN offers a highly satisfactory method to forecast

the slope displacement, which is better than the ANN model. MNN model has a moderate
relative error, but ANN model shows even bigger fluctuations especially after intense rainfall.

The value of mean square error and average relative error of these models under
different conditions is just as shown Table 1.

According to the above-mentioned analyses, we can get the results that (1) Whichever
algorithm of artificial neural networks is chosen and both models have accurate forecast data
of the slope displacement. (2) When considering the influence of rainfall, the fitting situation
of MNN model is better than ANN model, mean square error of MNN model is only 7.73%
of ANN model’s, and average relative error of MNN model is 27.65% of ANN model’s. (3)
When considering the influence of rainfall, both models’ errors are sharply decreased, and
MNN model performs better than ANN model.

5. Conclusion

Displacement monitoring data of highway slop is classified by the MNN based on the same
type of data with the same character, which fits the monitoring needed. Also, the method
reduces the complexity of the modular neural network and its generalization capabilities
could remarkably be enhanced.

When considering the influence of rainfall, the precision of MNN model is much
higher than ANN model. The MNN model has a good applicability for the self-learning
ability and data-driven ability than ANN model, and it can enhance the applicability of model
by retraining the networks with new data at regular intervals.
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Table 1: Accuracy of models.

Model
Ignore influence of rainfall Consider the influence of rainfall

Mean square
error/mm

Average
relative error

Mean square
error/mm

Average
relative error

MNN model 7.927 × 10−2 8.25% 2.737 × 10−4 2.06%
ANN model 8.724 × 10−2 6.17% 3.539 × 10−3 7.45%
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A fuzzy optimization model based on improved symmetric tolerance approach is introduced,
which allows for rescheduling high-speed railway timetable under unexpected interferences. The
model nests different parameters of the soft constraints with uncertainty margin to describe their
importance to the optimization purpose and treats the objective in the same manner. Thus a new
optimal instrument is expected to achieve a new timetable subject to little slack of constraints. The
section between Nanjing and Shanghai, which is the busiest, of Beijing-Shanghai high-speed rail
line in China is used as the simulated measurement. The fuzzy optimization model provides an
accurate approximation on train running time and headway time, and hence the results suggest
that the number of seriously impacted trains and total delay time can be reduced significantly
subject to little cost and risk.

1. Introduction

The infrastructures of high-speed railway have been extensively developed in China for
the past several years. The network topology structure and operation mode of the railway
are changing profoundly. The target is to cover its major economic areas with a high-
speed railway network, which consists of four horizontal and four vertical lines [1], in the
following several years. The network scale is much larger than any existing ones in the world.
However, passengers have to face huge challenging variables generated by unexpectedness,
for example, weather, equipment failure. On June 20, 2010, for example, the southern
part of the existing Beijing-Shanghai line experienced speed restriction for a heavy rain
storm. As announced, 18 trains departing from Shanghai were canceled, thereby more than
20,000 passengers being affected. Also, the rest in-service trains were more or less delayed.
Considering the high speed and frequency of bullet train, the impact of train delay and
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speed restriction would be more serious than that on existing lines (in this paper, the existing
nonhigh-speed railway line is called existing line for short). On the other hand, high-speed
lines are more passenger-oriented than existing lines, where punctuality is extraordinarily
important. Thus, train timetable rescheduling is a focal point to improve the operation mode
with the characteristics of high train speed, high train frequency, and mixed train speed
(HHM), which is of great theoretical and practical significance for safe and efficient operation
of China high speed railway network.

Train rescheduling in China is mostly manually developed by the operator with
the support of computer in the existing line or the high speed railway, which depends
on individual’s experience to dominate single line or some sections in one line with fixed
three-hour period. In future, China will establish six comprehensive operation centers of the
railway network, each of which will dominate several lines covering one thousand kilometers
overall. The scale of rescheduling object is far larger, and the relationship between lines is
far more complex than the existing situation, so the inefficient manual rescheduling, which
seriously affects the use of the ability of high-speed rail and brings risk to railway safety,
cannot support the advanced operation command mode.

The research on the train operation automatic adjustment has been a controversial
topic for many years in literature. Variable academic algorithms for optimal rescheduling
have been put forward. Some traditional optimization model, such as integer programming
(branch and bound method [2–5]) and linear programming [6–9], are usually used for the
single transportation organization mode (only high-speed or medium-speed train running).
In China, there are usually mixed high-speed and medium-speed trains running in one line,
so there are great differences on the variable size, constraints, and target in the actual situation
of the Chinese high-speed railway, and these methods cannot be directly applied to the train
rescheduling problems in China.

Since the railway network has been extensively developed, and the operation mode
is becoming more complex in recent years, many heuristic methods, such as DEDS-
based simulation method [10], expert system [11, 12], tabu search [13–15], and some
computational intelligence methods, such as genetic algorithm [16–18], particle swarm
optimization algorithm [19–21], and other composite algorithms [22–26], were used to solve
the large-scale combinatorial optimization problem by many scholars. To some extent, these
mathematical models and optimization algorithms have given feasible solutions for train
operation automatic adjustment problem. However, the decision variables, parameters, and
constraints are far more complex, as they affect on the goals for high-speed railway timetable
rescheduling optimization. For example, typical uncertain variables, such as the running
time at a section and the dwell time at a station of the train, are easily affected by railway
and equipment status, driving behavior of drivers, and environment condition [27, 28].
As a result, these methods are limited on applying to the actual operation environment of
high-speed railway under the significant influence of uncertainty, and hence they cannot
be considered as an appreciative approach to either achieve the purpose of automatic
rescheduling or play the role of decision support in practical applications. Therefore, the
uncertainty character of high-speed train automatic adjustment model should be considered
in substance.

Uncertainty optimization theory is to solve the optimization decision problem with
all kinds of uncertainties, which involves stochastic optimization, fuzzy optimization, rough
set, and so on. Nowadays, some papers studied uncertainty in train scheduling problem.
Jia and Zhang [29] proposed a distributed intelligent railway traffic control system based
on fuzzy decision making. Yang et al. [30] investigates a passenger train timetable problem
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with fuzzy passenger demand on a single line railway. Since the number of passengers
getting on/off the train at each station is assumed to be a fuzzy variable, the total passengers
time is also a fuzzy variable. An expected value goal-programming model is constructed
to minimize the total passenger time and the total delay. A branch-and-bound algorithm
based on the fuzzy simulation is designed in order to obtain an optimal solution. Then they
extend the uncertainty in [31] by considering stochastic and fuzzy parameters synchronously
to solve the railway freight transportation planning problem. Based on the chance measure
and critical values of the random fuzzy variable, three chance-constrained programming
models are constructed for the problem with respect to different criteria. A fuzzy periodic job
shop scheduling model is introduced to address the framework of the periodic robust train
scheduling problem in [32]. Fuzzy approach is used to reach a tradeoff among the total train
delays, the robustness of schedules, and the time interval between departures of trains from
the same origins in this paper. Cucala et al. [33] proposes a fuzzy linear programming model
to minimize energy consumption with uncertain delays and drivers behavioral response. The
method is applied to a real Spanish high speed line to optimize the operation, and comparing
to the current commercial service evaluates the potential energy savings. Wang et al. [34, 35]
and Guo et al. [36] analyzed the driver’s safety approaching behaviour and pedestrian safety
crossing behaviour in the urban traffic environment. The traffic participants revealed different
behavioral decisions with various personal characteristics and can be described as fuzzy
parameters. Overall, none of the previous papers analyzed the uncertainty of all factors in
train rescheduling, although they considered some constraints as fuzzy member, such as
passenger time and delay time. Furthermore, the fuzzy constraints are defined as triangular
or trapezoidal fuzzy numbers, which are very difficult to determine the distribution.

In this paper, we attempt to achieve optimal timetable rescheduling under the
uncertainties, for example, constraints and/or unexpected parameters, by means of
proposing the fuzzy optimization model as discussed in the above. In the rest of this
paper, typical rescheduling model will be discussed in the section of Timetable Rescheduling
Problem. In the following section, we will describe in details of the fuzzy optimization
model based on improved tolerance approach to timetable rescheduling, including the fuzzy
membership functions of the original objective and soft constraints. A case study on the
busiest section of Beijing-Shanghai high speed line will be illustrated in the section of Case
Study. The final section concludes the results of the paper and suggests for further research.

2. Timetable Rescheduling Problem

The aim of train rescheduling is to get a new timetable that adjusts the train movements to be
consistent with the planned schedule as much as possible under some interference [37]. The
following model focuses on minimizing the total delay as well as the number of seriously
impacted trains.

2.1. Input Data

Take a rail line with n trains and m stations for example. The numerical inputs are described
as follows:

Sj : the station j according to original timetable.

x∗i,j : the departure time of train i at station j according to original timetable.
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y∗i,j : the arrival time of train i at station j according to original timetable.

ai,j : the minimum running time of train i on section [j, j + 1].

τ
f

j : the time interval between two adjacent trains at station j.

τdj : the headway of section [j, j + 1].

τ tr
j : the track number of station j.

Ti,j : the minimum dwell time of the train i at station j.

hi,j : if train i stop at station j according to original timetable, then hi,j = 1; otherwise,
hi,j = 0.

c
delay
i : the cost per time unit delay for train i.

TDi : delay tolerance for train i.

θ: weight for objective.

M: a very big integer, for example, 100000.

2.2. Decision Variables

The decision variables are described as follows:

xi,j : the new departure time of train i at station j after adjustment.

yi,j : the new arrival time of train i at station j after adjustment.

di,j : delay of train i at station j, which is defined as the difference between the arrival
time after adjustment and the planned arrival time in the original timetable.

bi: if train reaches its final considered stop with a delay larger than wi, then bi = 1;
otherwise, bi = 0.

ηi,j,l: if train i use track l at station j, then ηi,j,l = 1; otherwise, ηi,j,l = 0.

αi,j,i′,j ′ : if the departure time of train i at station j is earlier than the departure time
of train i′ at station j ′ to original timetable, then αi,j,i′,j ′ = 1; otherwise, αi,j,i′,j ′ = 0.

βi,j,i′,j ′ : if the departure time of train i at station j is changed to occur after the
departure time of train i′ at station j ′, then βi,j,i′,j ′ = 1; otherwise, βi,j,i′,j ′ = 0.

2.3. Objective Functions

(i) To minimize the delay cost:

Minimize
n∑

i=1

⎛

⎝c
delay
i ·

m∑

j=1

di,j

⎞

⎠. (2.1)
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(ii) To minimize the number of seriously impacted trains:

Minimize
n∑

i=1

bi. (2.2)

We set the final objective function as:

S = θ
n∑

i=1

⎛

⎝c
delay
i ·

m∑

j=1

di,j

⎞

⎠ + (1 − θ)
n∑

i=1

bi. (2.3)

2.4. Constraints

(i) Section running time restrictions:

yi,j+1 � xi,j + aij . (2.4)

The real departure time cannot be earlier than the original departure time:

xi,j � x∗i,j , hi,j = 1,

xi,j − x∗i,j = di,j .
(2.5)

(ii) Station dwell time restrictions:

xi,j − yi,j � Ti,j . (2.6)

(iii) Track restrictions:

τ tr
j∑

l=1

ηi,j,l = 1. (2.7)

(iv) Station headway restrictions.

For each station, if two trains use the same track, at least one of α and β is forced to
be 1:

ηi,j,l + ηi′,j,l − 1 < αi,j,i′,j ′ + βi,j,i′,j ′ , (2.8)

yi′,j − yi,j � τ
f

j αi,j,i′,j ′ −M
(
1 − αi,j,i′,j ′

)
, (2.9)

yi,j − yi′,j � τ
f

j βi,j,i′,j ′ −M
(
1 − βi,j,i′,j ′

)
. (2.10)
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(v) Section headway restrictions.

For each section, at least one of α and β is forced to be 1 because there is only one
track:

αi,j,i′,j ′ + βi,j,i′,j ′ = 1, (2.11)

xi′,j − xi,j � τdj αi,j,i′,j ′ −M
(
1 − αi,j,i′,j ′

)
, (2.12)

xi,j − xi′,j � τdj βi,j,i′,j ′ −M
(
1 − βi,j,i′,j ′

)
. (2.13)

(vi) Auxiliary restrictions:

dlost(i) − TDi � Mbi. (2.14)

In practice, some constraints of the model are not strictly satisfied due to the inexact operation
time. Thus four of the above constraints need to be changed as below.

(i) Section Running Time Restrictions

ai,j is the minimum running time of train i in section [j, j+1], including the pure running time
in section and the additional time for train stop or departure at the station. The minimum
running time is decided by the length of the section, the infrastructure characters of the
section, and the train type. In the actual operation environment, the train running speed is
not a constant value because of the various infrastructure characters of the railway, that is,
bridges, tunnels, and culverts. Furthermore, some factors (i.e., railway equipment statuses,
technological level of crew, and weather condition) also increase the uncertainty of running
time. Thus it is very important to find a safe and reasonable average speed that is far below
the limited speed and full utilization of railway capacity, which will greatly improve the
optimization result especially when some trains are delayed due to some interference. Since
the minimum running time of the train in the section usually changes within a certain range,
there should be a tolerance for ai,j . Thus (2.4) does not need to be strictly satisfied and can be
changed as below:

g1 = yi,j+1 − xi,j � ai,j . (2.15)

(ii) Station Dwell Time Restrictions

Ti,j is the minimum dwell time of the train i at station j, including the pure operation time at
station, passengers on and off time, crew setup time, and some additional time, like waiting
for other trains. The minimum dwell time is decided by station operation type, station level,
and the train type. In the actual operation environment, railway equipment statuses, driving
behavior of drivers, and environment condition may increase the uncertainty of running time.
Thus it is also important to find a safe and reasonable average dwell time that can be full
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utilization of station capacity. Similar to section running time, there also should be a tolerance
for Ti,j , and the dwell time constraint can be changed as below:

g2 = xi,j − yi,j � Ti,j . (2.16)

(iii) Station Headway Restrictions

The headway time for each station is decided by the number of receiving-departure track,
the operation time of turnout, and holding time of the track, which also faces uncertainty
problems due to the factors of equipment status and human technological level. So there
should be a tolerance for τfj . Equations (2.9) and (2.10) do not need to be strictly satisfied and
can be changed as below:

g5 = yi′,j − yi,j � τ
f

j αi,j,i′,j ′ −M
(
1 − αi,j,i′,j ′

)
,

g6 = yi,j − yi′,j � τ
f

j βi,j,i′,j ′ −M
(
1 − βi,j,i′,j ′

)
.

(2.17)

(iv) Section Headway Restrictions

The headway time for each section is decided by the number and length of the block between
two tracking trains and the speeds of the trains, which ranges from 2.4 minutes to 3 minutes
according to Shi [38]. Similar to station headway constraint, (2.12) and (2.13) can be changed
as below:

g3 = xi′,j − xi,j � τdj αi,j,i′,j ′ −M
(
1 − αi,j,i′,j ′

)
,

g4 = xi,j − xi′,j � τdj βi,j,i′,j ′ −M
(
1 − βi,j,i′,j ′

)
.

(2.18)

Since the four constraints are changed as above, the model turns to be not representa-
tive in the sense of mathematical viewpoints. To construct a reasonable mathematical model
under the uncertain environment, the tolerance approach based timetable rescheduling
model will be introduced in the next section.

3. Fuzzy Optimization Model for Timetable Rescheduling

In the paper, we use the fuzzy optimization based improved tolerance approach to solve
the uncertainty program, and some necessary backgrounds and notions of the approach are
reviewed.

3.1. Improved Tolerance Approach

Tolerances are indicated in any technical process, that is, the admissible limit of variation
around the object value and the deviations allowed from the specified parameters [39].
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A general model of a fuzzy linear programming problem is presented by the following
system [40]. Ãi,j , B̃i, and C̃j (i = 1 · · ·m; j = 1 · · ·n) are fuzzy set in R. The symbol ⊕ represents
the extended addition. Each real number can be modeled as a fuzzy number.

Minimize C̃1x1 ⊕ C̃2x2 ⊕ · · · ⊕ C̃nxn,

Subject to Ãi,1x1 ⊕ Ãi,2x2 ⊕ · · · ⊕ Ãi,nxn � B̃i, i = 1 . . . m.
(3.1)

Here we only discuss the special case (3.2) where the objective function is crisp, some
constraints have the soft form, and the rest constraints are crisp.

Minimize z(x) = c1x1 + c2x2 + · · · + cnxn,

gi(x) = ai,1x1 + ai,2x2 + · · · + ai,nxn � B̃i, i = 1 · · ·m1,

ai,1x1 + ai,2x2 + · · · + ai,nxn � bi, i = m1 + 1 · · ·m,
x1, . . . , xn � 0.

(3.2)

The m1 soft constraints may be described more precisely by the fuzzy set with the
support [bi−di, bi], and di is the tolerance according to bi. Moreover the membership function
of gi(x) can be specified as (3.3), and its graphics is Figure 1(a). Then we can directly assigns
a measure of the satisfaction of the ith constraint to the solution X = (x1, x2, . . . , xn).

μ
(
gi
)
=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0, gi � bi − di,
gi − (bi − di)

di
, bi − di < gi � bi, i = 1 · · ·m1,

1, bi � gi.

(3.3)

Fuzzy constraints will inevitably lead to the fuzzy objective based on the ideology of
symmetric model. Thus, for the objective function z(x), there is a fuzzy set Z̃ = {(z, μz(z)) |
z ∈ R}. LetXl = {x ∈ R | ai,1x1+· · ·+ai,nxn � bi−di, for all i = 1 · · ·m1 and ai,1x1+· · ·+ai,nxn �
bi, for all i = m1 +1 · · ·m},XU = {x ∈ R | ai,1x1 +ai,2x2 + · · ·+ai,nxn � bi, for all i = 1 · · ·m}, z =
Minx∈XUz(x), and z = Minx∈XLz(x). So the membership function μz(z) of Z̃ is given by (3.4),
and its graphics is Figure 1(b).

μz(z) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0, z � z,

1 − z − z
z − z , z < z � z,

1, z � z.

(3.4)

In order to determine a compromise solution, it is usually assumed that the total
satisfaction of a decision maker may be described by λ(x) = min(μz(x), μ1(x), μm1(x)).
Since not all the constraints are equally important to the solution in practice, we take λi
to describe the priority of the ith soft constraint to the solution, and λ(x) can be described
by λ(x) =

∑m1
1 wiλi(x).wi is the weight of λi, which shows the importance of different soft
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1

Tolerance area

Unaccepted area

Accepted area

μ(gi)

λi

bi − di bi gi

(a) Constraint fuzzy membership function

1

Accepted area

Tolerance area

Unaccepted area

λZ

ZZZ

μz(Z)

(b) Objective fuzzy membership function

Figure 1: Fuzzy membership functions.

constraints to the optimization purpose. Generally, there are many complex constraints for
different optimization systems in practice. It is very hard to handle all constraints during the
system optimization, and therefore the systems always treat the constraints with different
priorities. Moreover the decision makers also hold different views on the importance of
various factors about the same issue. The timetable rescheduling problem, for example, will
take different optimization objectives and constraint priorities in different emergencies. The
dispatcher will focus on the reducing of train delay time and train headway time if few trains
are disturbed by equipment failure. However, minimizing the number of seriously impacted
trains and the train interval running time as much as possible are more effective measures to
return to the normal states, when some accidents or natural disasters lead to speed restriction
on lots of sections for a long time.

Since we treat the objective in the same manner as the soft constraints, this is also
a symmetric model [41]. More information about symmetric fuzzy model can refer to [42].
The optimization program is clearly equivalent to (3.5). Using linear membership functions
or piecewise linear, concave membership function, the system can easily be solved by well-
known algorithms.

Maximize λ ,

μz(x) � λ,

μi(x) � λi, i = 1 · · ·m1,

ai,1x1 + ai,2x2 + · · · + ai,nxn � bi, i = m1 + 1 · · ·m,
x ∈ X, λi ∈ [0, 1].

(3.5)

Figure 2 shows the principle of the tolerance based symmetric fuzzy model. When
the constraint relaxes to b1, the objective value minimized to Z1 (a significant improvement).
However, when the constraint relaxes to b2, the objective value improves little (Z1 − Z2)
compare to the slack of constraint (b2 − b1). The tolerance-based symmetric fuzzy model is to
get the maximum value of the fuzzy member λ, such that the system can obtains a great
improvement of the objective on the conditions of less relaxation of the constraints. This
means, for the train adjustment problem, we can get a new timetable to eliminate interference
as much as possible with little slack of train rescheduling constraints.
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Z

Z

Z

Z1

Z2

b − d b1 b2 b d

λ

Figure 2: The principle of the fuzzy model.

3.2. A New Timetable Rescheduling Model

In the rescheduling model mentioned above, four additional inputs are involved to describe
the tolerances of minimum running time, dwell time, and headway time for section and
station, respectively. An additional decision variable λ is used to describe the fuzzy number
for the objective and constraints. All the additional parameters are listed as below:

cai,j : tolerance of ai,j .

cTi,j : tolerance of Ti,j .

cτdj : tolerance of τdj .

c
τ
f

j
: tolerance of τfj .

λi: decision variable for the fuzzy number.

s0: objective value of the original model based on original constraints.

s∗: objective value of the original model based on relaxed constraints.

Fuzzy membership functions of objective and soft constraints are given by μ0 to μ6

(3.6); their graphics are similar to Figure 1. The timetable rescheduling model is changed as
(3.7). Some principles for the relaxation extent of the constraints are summarized as follows.
(1) Collect statistics of train running states in all kinds of emergencies in reality. (2) Consult
with the train drivers and dispatchers, who have a wealth of experience about train driving
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and operation. (3) Refer to the train safety operation specifications under different emergency
conditions.

μ0 =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1, S < s∗,

1 − S − s∗
s0 − s∗ , s∗ � S � s0,

0, S > s0,

μ1 =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1, g1 > ai,j ,

1 − ai,j − g1

cai,j
, ai,j − cai,j � g1 � ai,j ,

0, g1 < ai,j − cai,j ,

μ2 =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1, g2 > Ti,j ,

1 − Ti,j − g2

cTi,j
, Ti,j − cTi,j � g2 � Ti,j ,

0, g2 < Ti,j − cTi,j ,
μ3 =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1, g3 > τ
d
j ,

1 −
τdj − g3

cτdj
, Ti,j − cτdj � g3 � τdj ,

0, g3 < τ
d
j − cτdj ,

μ4 =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1, g4 > τ
d
j ,

1 −
τdj − g4

cτdj
, Ti,j − cτdj � g4 � τdj ,

0, g4 < τ
d
j − cτdj ,

μ5 =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

1, g5 > τ
f

j ,

1 −
τ
f

j − g5

c
τ
f

j

, Ti,j − cτfj � g5 � τ
f

j ,

0, g5 < τ
f

j − cτfj ,

μ6 =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

1, g6 > τ
f

j ,

1 −
τ
f

j − g6

c
τ
f

j

, Ti,j − cτfj � g6 � τ
f

j ,

0, g6 < τ
f

j − cτfj ,
(3.6)

Maximize λ ,

θ
n∑

i=1

⎛

⎝c
delay
i ·

m∑

j=1

di,j

⎞

⎠ + (1 − θ)
n∑

i=1

bi � s∗ + (1 − λ)
(
s0 − s∗

)
,

λ =
4∑

1

wiλi,

yi,j+1 − xi,j � aij + (λ1 − 1)caij ,

xi,j � x∗i,j , hi,j = 1,

xi,j − x∗i,j = di,j ,

xi,j − yi,j � Ti,j + (λ2 − 1)cTi,j ,

τ tr
j∑

l=1

ηi,j,l = 1,

ηi,j,l + ηi′,j,l − 1 < αi,j,i′,j ′ + βi,j,i′,j ′ ,

yi′,j − yi,j �
(
τ
f

j + (λ3 − 1)c
τ
f

j

)
αi,j,i′,j −M

(
1 − αi,j,i′,j

)
,

yi′,j − yi,j �
(
τ
f

j + (λ3 − 1)c
τ
f

j

)
βi,j,i′,j −M

(
1 − βi,j,i′,j

)
,



12 Discrete Dynamics in Nature and Society

αi,j,i′,j + βi,j,i′,j = 1,

xi′,j − xi,j �
(
τdj + (λ4 − 1)cτdj

)
αi,j,i′,j −M

(
1 − αi,j,i′,j

)
,

xi′,j − xi,j �
(
τdj + (λ4 − 1)cτdj

)
βi,j,i′,j −M

(
1 − βi,j,i′,j

)
,

dlost(i) − TDi � Mbi.

(3.7)

Since M is a very integer, the headway time constraints can be changed as below:

yi′,j − yi,j � τ
f

j + (λ3 − 1)c
τ
f

j
−M(1 − αi,j,i′,j

)
,

yi′,j − yi,j � τ
f

j + (λ3 − 1)c
τ
f

j
−M(1 − βi,j,i′,j

)
,

xi′,j − xi,j � τdj + (λ4 − 1)cτdj −M
(
1 − αi,j,i′,j

)
,

xi′,j − xi,j � τdj + (λ4 − 1)cτdj −M
(
1 − βi,j,i′,j

)
.

(3.8)

4. Case Study

This model is simulated on the busiest part of Beijing to Shanghai high speed line, between
Nanjing (Ning for short) and Shanghai (Hu for short). In the rest of this paper, “Hu-Ning
Section” is used to represent this part of the Beijing to Shanghai high speed line. There
are seven stations on the Hu-Ning Section, thereby there are 6 sections whose lengths are
65110 m, 61050 m, 56400 m, 26810 m, 31350 m, and 43570 m. Its daily service starts at 6:30 am
and ends at 11:30 pm. As currently planned, there are 52 trains (14 high speed trains and 38
medium speed trains) from Beijing to Shanghai line and 8 extra medium speed trains from
Riverside line that go from Ning to Hu by the Hu-Ning Section. The trains from Beijing to
Shanghai line are called self-line trains, while those from Riverside line are called cross-line
trains. In reality, self-line trains have higher priority than cross-line trains. As for self-line
trains, the high speed trains have higher priority than the quasi-high speed trains. Since
Beijing to Shanghai high speed line is double track, we only consider the direction from
Ning to Hu without loss of generality. The experimental procedure is divided into two
stages for the full proof of the validity of the fuzzy model. Firstly, we do research in six
aspects with different fuzzy constraints of the same weight, which proves the effectiveness of
the tolerance-based fuzzy model in different trains operation conditions. Then a sensitivity
analysis of the weighing factors is realized based on the previous operation circumstances.
All the models are solved by Ilog Cplex 12.2.

4.1. Same Weight

4.1.1. Delay of One Train

In the simulation, we assume that the train G103 is late for 20 minutes in the section
from Nanjing to Zhenjiang, and the trains can run at the normal speed in all the sections;
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Figure 3: Timetable of one train delay.

the headway is set from 3 minutes to 2.5 minutes, and the minimum separation time on track
possession in each station is set to 1 min.

First we use the original model to solve the problem and get the follow results. When
the speed of high-speed train is set to 360 km/h, the speed of medium high-speed train is set
to 320 km/h, the headway time is defined as 3 minutes, and the solution value is 368784; there
are 3 trains late with the delay time between 10 minutes to 20 minutes and 1 train late with the
delay time between 20 minutes to 30 minutes; and the total delay time is 47.5 minutes. When
the speed of high-speed train is set to 380 km/h, the speed of medium high-speed train is set
to 350 km/h, the headway time is defined as 2.5 minutes, and the solution value is 350449;
there are one train late with the delay time between 0 minutes to 10 minutes and 2 trains
late with the delay time between 10 minutes to 20 minutes; and the total delay time is 31.85
minutes. Then we use the above results as the inputs of the fuzzy model the paper described
before and get the follow results. The fuzzy member is 0.86392, which means the average
high speed is 365 km/h, the average medium high speed is 335 km/h, and headway time
is 2.9319 minutes; there are also only one train late with the delay time between 0 minutes
to 10 minutes and 2 trains late with the delay time between 10 minutes to 20 minutes; and
the total delay time is 33.5 minutes. The adjustment strategy is to extend the dwell time for
the train K101 and then make the train G105 overtake the train K101 at Changzhou North
Station, which reflects the adjustment priority for high-grade train. Figure 3 shows detail
rescheduling result by fuzzy model. The gray lines mean the initial timetable, and blue lines
mean the rescheduling timetable.

4.1.2. Two Trains Delay

In the simulation, we assume that the train G305 is late for 30 minutes in the section from
Nanjing to Zhenjiang, then the train G103 gets further delay for 20 minutes in the section
from Zhenjiang to Changzhou under the condition of the existing delay, and other conditions
are identical to Section 4.1.1.
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Figure 4: Timetable of two trains delay.

First we use the original model to solve the problem and get the follow results. When
we take the strict constraints, the solution value is 860720; there are 2 trains late with the delay
time between 0 minutes to 10 minutes, 3 trains late with the delay time between 10 minutes to
20 minutes, and 3 trains late with the delay time between 20 minutes to 30 minutes; the total
delay time is 122.43 minutes. When we relax the constraints, the solution value is 848871;
there are 2 trains late with the delay time between 0 minutes to 10 minutes, 2 trains late with
the delay time between 10 minutes to 20 minutes, and also 3 trains late with the delay time
between 20 minutes to 30 minutes; and the total delay time is 109.18 minutes. Then we solve
the fuzzy model and get the follow results. The fuzzy member is 0.89425, which means the
average high speed is 362 km/h, the average medium high speed is 332 km/h, and headway
time is 2.9512 minutes; there are also 7 delay trains, 2 trains of which late with the delay time
between 0 minutes to 10 minutes, 2 trains late with the delay time between 10 minutes to
20 minutes, and 3 trains late with the delay time between 20 minutes to 30 minutes; and the
total delay time is 114.29 minutes. The adjustment strategy is to make the high level train
G105 subsequently overtakes the train K115 L15 and K101 at Zhenjiang West Station, and
train L15 overtakes the train G103 at the Wuxi East Station, which effectively avoid the high
level train G105 being late and reduce the delay time of the train L15. Figure 4 shows detail
rescheduling result by fuzzy model.

4.1.3. Speed Restriction in All Sections

When some natural hazards happened, like heavy storm and strong wind, railway will be
greatly affected in a large area. In the simulation, we assume there is a speed restriction in all
sections and the average limited speed ranges from 170 km/h to 150 km/h; other conditions
are identical to Section 4.1.1.

First we use the original model to solve the problem and get the follow results. When
we set the speed as 150 km/h and headway time as 3 minutes, the solution value is 7969213;
there are 2 trains late for the time between 30 and 40 minutes, 18 trains late for the time
between 40 and 50 minutes, 34 trains late for the time between 50 and 60 minutes, and
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6 trains late over one hour; and the total delay time is 3052.95 minutes. When the speed is
set to 170 km/h, and headway time is set to 2.5 minutes, the solution value is 7473849; there
are 5 trains late for the time between 20 and 30 minutes, 38 trains late for the time between
30 and 40 minutes, 17 trains late for the time between 40 and 50 minutes, and no train late
over one hour; and the total delay time is 2248.26 minutes. Although the latter result is very
exciting, it is a significant risk to take the speed of 170 km/h, as the highest speed must bring
the high operation cost and may arouse some new delays. Then we use the above results as
the inputs of the fuzzy model the paper described before and get the follow results. The fuzzy
member is 0.689117, which means the average speed is 156 km/h, and headway time is 2.8445
minutes; there are 19 trains late for the time between 30 and 40 minutes, 25 trains late for the
time between 40 and 50 minutes, 16 trains late for the time between 50 and 60 minutes, and
no train late over one hour; and the total delay time is 2655.16 minutes. We can see that the
fuzzy optimization result improved greatly with little slack of constraints that means little
risk and operation cost. Figure 5 is the rescheduling timetable by fuzzy model. In addition,
the result is a parallel diagram since all trains must comply with the same speed.

4.1.4. Speed Restriction in One Section

Sometimes equipment failure, like train signal failure, happens in some but not all the
sections. In the simulation, we assume there is a speed restriction in first section, and the
limited speed ranges from 60 km/h to 50 km/h; other conditions are identical to Section 4.1.1.

First we use the original model to solve the problem and get the follow result. When
we take the strict constraints, the solution value is 9294339; there are 19 trains late for the
time between 40 and 50 minutes, 30 trains late for the time between 50 and 60 minutes, and
11 trains late over one hour; and the total delay time is 3269.32 minutes. When the speed is
60 km/h, and headway time is 2.5 minutes, the solution value is 8577661; there are 20 trains
late for the time between 30 and 40 minutes, 37 trains late for the time between 40 and 50
minutes, 3 trains late for the time between 50 and 60 minutes, and no train late over one hour;
and the total delay time is 2486.32 minutes. Then we get the follow result using the fuzzy
model the paper described before. The fuzzy member is 0.70606, which means the average
speed is 53 km/h, and headway time is 2.85303 minutes; there are 5 trains late for the time
between 30 and 40 minutes, 39 trains late for the time between 40 and 50 minutes, 16 trains
late for the time between 50 and 60, minutes and no train late over one hour; the total delay
time is 2753.17 minutes. The adjustment strategy is to make the train G117 overtakes the train
K105 at Wuxi East Station, and then let the train L7 overtake the train G143 at the Wuxi East
Station. Figure 6 is the rescheduling timetable with speed restriction in the first section.

4.1.5. Speed Restriction in One Section with One Train Delay

In the simulation, we assume that there is a speed restriction in first section, and the limited
speed ranges from 60 km/h to 50 km/h; the train G103 gets delay in the section from
Zhenjiang to Changzhou. Other conditions are identical to Section 4.1.1.

First we use the original model to solve the problem and get the following results.
When the speed in the first section is 50 km/h; the trains can run at the normal speed; the
headway time is set to 3 minutes, the solution value is 9367637; there are 19 trains late with
the delay time between 40 minutes to 50 minutes, 24 trains late with the delay time between
50 minutes to 60 minutes, and 17 trains late for more than one hour; and the total delay time
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Figure 5: Timetable of speed restriction in all sections.
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Figure 6: Timetable of speed restriction in first section.

is 3305.19 minutes. When the speed in the first section is 60 km/h; the headway time is set to
2.5 minutes; then the solution value is 8671072; 3 trains late with the delay time between 20
minutes to 30 minutes, 34 trains late with the delay time between 30 minutes to 40 minutes,
17 trains late with the delay time between 40 minutes to 50 minutes, 1 train late with the delay
time between 50 minutes to 60 minutes, and 5 train late with the delay time more than one
hour; and the total delay time is 2557.32 minutes. Then we use the above results as the inputs
of the fuzzy model the paper described before and get the follow results. The fuzzy member
is 0.740856, which means the average speed in the first section is 52 km/h, and headway time
is 2.86 minutes; there are 17 trains late with the delay time between 30 minutes to 40 minutes,
23 trains late with the delay time between 40 minutes to 50 minutes, 15 trains late with the
delay time between 50 minutes to 60 minutes, and 5 trains late with the delay time more than
one hour; and the total delay time is 2823.34 minutes. The adjustment strategy is to make the
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Figure 7: Timetable of speed restriction in one section and one train delay.

trains G105, K115, and L15 overtake the train K115 at Changzhou North Station, and then let
the train G105 overtakes the train K101 at the Wuxi East Station. Figure 7 is the rescheduling
timetable by fuzzy model.

4.1.6. Speed Restriction in All Sections with Two Trains Delay

In the simulation, we assume that the train G305 is late for 40 minutes in the section between
Nanjing to Zhenjiang and then get further delay for 15 minutes in the section between
Zhenjiang to Changzhou; the train G103 gets a delay for 30 minutes in the section from
Zhenjiang to Changzhou; also there is a speed restriction in all sections, and the average
limited speed ranges from 170 km/h to 150 km/h for all the trains; other conditions are
identical to Section 4.1.1.

First we use the original model to solve the problem and get the follow results. When
we set the speed as 150 km/h and headway time as 3 minutes, the solution value is 8042152;
there are 1 train late with the delay time between 30 minutes to 40 minutes, 17 trains late with
the delay time between 40 minutes to 50 minutes, 27 trains late with the delay time between
50 minutes to 60 minutes, and 15 trains late with the delay time more than one hour; and the
total delay time is 3197.86 minutes. When the speed is 170 km/h, and headway time is 2.5
minutes, the solution value is 7588658; there are 5 trains late with the delay time between 20
minutes to 30 minutes, 35 trains late with the delay time between 30 minutes to 40 minutes,
14 trains late with the delay time between 40 minutes to 50 minutes, 3 trains late with the
delay time between 50 minutes to 60 minutes, and 3 trains late with the delay time more than
one hour; and the total delay time is 2397.15 minutes. Then we use the above results as the
inputs of the fuzzy model the paper described before and get the follow results. The fuzzy
member is 0.792877, which means the average speed is 153 km/h, and headway time is 2.89
minutes; there are 17 trains late with the delay time between 30 minutes to 40 minutes, 23
trains late with the delay time between 40 minutes to 50 minutes, 15 trains late with the delay
time between 50 minutes to 60 minutes, and 5 trains late with the delay time more than one
hour; and the total delay time is 2704.43 minutes. The adjustment strategy is to make the train



18 Discrete Dynamics in Nature and Society

300,000
Hongqiao

250,000
Kunshannan

Suzhoubei
200,000

Wuxidong

150,000

St
at

io
ns

Changzhoubei

100,000

Zhenjiangxi
50,000

Nanjingnan

6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 24:00

DJ503 G321

G323

G325
G311

G313

G301
G303

G305

G101 G103 G105
L1 K115 K101

DJ505 L15 G107

G109
G111

G113

G115
K103
G117

G119
G121

G123

L3
G125

G127

K105
G129 G131

L17

L19

G133

K107
L5
G135

G137
K109 L11 K111 L7 L13

G141 DJ509 G145 G147
G139 DJ507 G143K113 G149

G151
G153

G155
G157

G159L9

Times

Figure 8: Timetable of speed restriction in all sections and two trains delay.

L1 overtakes the train G101 at the Wuxi East Station, the train L15 and the train K101 overtake
K115, and then extend the dwell time of K115 at the Wuxi East Station for the stopover by
the train G101, so the importance of the high level trains is also shown from the steps above.
Figure 8 is the rescheduling timetable by fuzzy model.

These simulations are realized on the computer with Intel Core 2 Duo CPU E7500
and 2 sG Memory. All the optimization results for the 6 cases are given in Table 1, where
“R1” denotes original optimization subject to high speed, “R2” denotes original optimization
subject to low speed, “R3” denotes fuzzy optimization, “D1” denotes the number of trains
with a delay less than 10 mins, “D2” denotes the number of trains with a delay between 10
and 20 mins, “D3” denotes the number of trains with a delay between 20 and 30 mins, “D4”
denotes the number of trains with a delay between 30 and 40 mins, “D5” denotes the number
of trains with a delay between 40 and 50 mins, “D6” denotes the number of trains with a
delay between 50 and 60 mins, “D7” denotes the number of trains with a delay not less than
60 mins, “D8” denotes the objective value, “D9” denotes the total delay time, “D10” denotes
the number of stopover trains, and “D11” denotes the calculation time.

4.2. Different Weights

There are four kinds of fuzzy constraints as described in Sections 2.4 and 3.2. Since the
minimum separation time on track possession in each station is set to 1 min in the previous
experiments, we can ignore the uncertainty of station dwell time constraints. Furthermore,
all the station and section headway times are set to the same value that from 3 minutes to
2.5 minutes; thereby the two constraints are considered equally important for the optimal
objective and can use the same fuzzy member. Therefore two kinds of fuzzy constraints are
analyzed in this section, section running time and headway time, and the weights of their
fuzzy member are w1 and w2.

Table 2 and Figure 9 are the comparison of the optimal objectives for the six cases.
It can be seen from Figure 9 that the objective increases obviously as w1 is set from 0.1 to
0.9 in the last four cases; however, the objective curves tend to flat in the former two cases,
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Table 1: Rescheduling results of different cases.

Case R D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11
R1 0 3 1 0 0 0 0 368784 47.5 — 5.38

Case 1 R2 1 2 0 0 0 0 0 350449 31.5 — 3.39
R3 1 2 0 0 0 0 0 0.86392 33.5 1 178.17
R1 2 3 3 0 0 0 0 860720 122.43 — 6.22

Case 2 R2 2 2 3 0 0 0 0 848871 109.18 — 3.36
R3 2 2 3 0 0 0 0 0.89425 114.29 2 142.58
R1 0 0 0 2 18 34 6 7969213 3052.95 — 3.38

Case 3 R2 0 0 5 38 17 0 0 7473849 2248.26 — 3.32
R3 0 0 0 19 25 16 0 0.689117 2655.16 — 23.13
R1 0 0 0 0 19 30 11 9294339 3269.32 — 3.36

Case 4 R2 0 0 0 20 37 3 0 8577661 2486.32 — 3.39
R3 0 0 0 5 39 16 0 0.70606 2753.17 2 76.75
R1 0 0 0 0 19 24 17 9367637 3305.19 — 8.05

Case 5 R2 0 0 3 34 17 1 5 8671072 2557.32 — 7.97
R3 0 0 0 17 23 15 5 0.740856 2823.34 3 280.23
R1 0 0 0 1 17 27 15 8086249 3197.86 — 7.74

Case 6 R2 0 0 5 35 14 3 3 7588658 2397.15 — 7.75
R3 0 0 0 17 23 15 5 0.792877 2704.43 4 260.56

Table 2: Comparison of the optimal objectives.

Case w1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Case 1 0.860180 0.860920 0.861390 0.862250 0.863920 0.864470 0.865731 0.865020 0.864170
Case 2 0.889860 0.890440 0.891050 0.892280 0.894240 0.896030 0.895490 0.892661 0.890040
Case 3 0.671015 0.674356 0.678921 0.684357 0.689117 0.693258 0.698091 0.702655 0.705186
Case 4 0.697540 0.698920 0.700130 0.702480 0.706060 0.709138 0.712240 0.714521 0.715390
Case 5 0.730050 0.732160 0.734875 0.737280 0.740856 0.744030 0.747980 0.749721 0.751060
Case 6 0.779810 0.781530 0.784010 0.787903 0.792877 0.797460 0.801130 0.804655 0.806515

especially the curves decline slightly when w1 is greater than 0.6. This may explain that the
same constraints contribute differently for the optimal objective in different emergencies.
Section running time constraint has a higher priority than headway time constraint when
some accidents or natural disasters lead to speed restriction for a long time, and adjusting the
train headway time is more effective if few trains delay by some interference.

5. Conclusion and Future Work

This paper presents a fuzzy optimization model based on improved tolerance approach for
train rescheduling in case of train delay and speed restriction, which deals with the train
running time at sections, the headway time at sections, and station as the fuzzy parameters.
The simulations on Beijing to Shanghai high speed line reveal that the fuzzy optimization
result improved greatly with little slack of constraints. This means we can get a new timetable
with less total delay time as well as the number of seriously impacted trains in safe and
lower average speed, little dwell time, and enough headway time. In addition, the sensitivity
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Figure 9: Optimal objectives with different weights.

analysis of the weighing factors shows that the same constraints contribute differently to the
optimal objective in different emergencies, thus the dispatchers should take different trains
adjustment strategies to eliminate interference as much as possible.

There remain many interesting areas to explore around the uncertainty in timetable
rescheduling problem. Firstly, the membership functions of fuzzy parameters used in the
paper may be more complex form in practice than the linear function in the paper, so
we can take some genetic functions, like gauss membership function, to model the fuzzy
programming. The more accurate the membership function is, the better result the fuzzy
optimization model gets. Secondly, the tolerance can also be described by fuzzy set-based
schemes. Finally, fuzzy operators in the model can be improved to adapt well to the
information processing mechanism of despatchers in dealing with rescheduling problems.
Our ultimate goal is to develop a real-time rescheduling system to significantly improve
operation management and scheduling efficiency in the future.
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This paper presents a lane-level positioning method by trajectory reckoning without Global
Positioning System (GPS) equipment in the environment of Cooperative Vehicle-Infrastructure
System (CVIS). Firstly, the accuracy requirements of vehicle position in CVIS applications and
the applicability of GPS positioning methods were analyzed. Then, a trajectory reckoning method
based on speed and steering data from vehicle’s Control Area Network (CAN) and roadside
calibration facilities was proposed, which consists of three critical models, including real-time
estimation of steering angle and vehicle direction, vehicle movement reckoning, and wireless
calibration. Finally, the proposed method was validated through simulation and field tests under
a variety of traffic conditions. Results show that the accuracy of the reckoned vehicle position can
reach the lane level and match the requirements of common CVIS applications.

1. Introduction

The recently developed Cooperative Vehicle-Infrastructure System (CVIS) enables vehicle
with the capability to communicate with other vehicles and infrastructure and to ensure
safety and travel efficiency by driving assistance [1]. The capability of providing accurate
position estimation is essential for successful and widespread deployment of CVIS
applications such as optimal speed advisory and lane change assistant.

The Global Positioning System (GPS) is one of the most convenient and accurate
methods for determining vehicle position in a global coordinate system [2, 3]. Low-cost
GPS receivers can provide positioning service with an accuracy of approximately 10–20
meters, and the Differential GPS (DGPS) receivers have improved the positioning accuracy to
approximately 2-3 meters, but require high construction cost for both onboard receiver and
base station. To realize lane-level positioning, vehicle movement dynamics was integrated
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into the position estimate by an Extended Kalman filter utilizing only low-cost GPS
equipment, and the GPS errors were estimated from an event-driven vehicle turn and lane-
alignment optimization model based on an accurate GPS description of the roadway [4].
In addition, a vehicle-lane-determining system was described in [5], which consists of an
onboard DGPS receiver connecting with a wireless communications channel, a unique lane-
level digital roadway database, a developed lane-match algorithm, and a real-time vehicle
location display. Deduced Reckoning (commonly referred to as “Dead” Reckoning or DR)
sensors consisting of an odometer and a gyroscope are routinely used to bridge any gaps
in GPS positioning [6]. This information is then used with spatial road network data to
determine the spatial reference of vehicle location via a process known as map matching
[7]. Toledo-Moreo presented a solution that integrated a Global Navigation Satellite System
(GNSS) receiver, an odometer, and a gyroscope, along with the road information stored in
enhanced digital maps to analyze the reckoning trajectory [8].

On the other hand, most of the CVIS applications do not need the vehicle position
within a global coordinate system. Positioning methods in relative coordinate systems
such as Radio Frequency Identification (RFID) were developed recently. Accurate indoor
position estimation utilizing passive RFID has been realized [9, 10]. In road traffic, Lee
proposed a RFID-assisted localization system, which employed the DGPS concept to improve
GPS accuracy [11]. Scheme of active RFID positioning of vehicles was developed in [12],
the RFID tags were installed along lanes on road to form RFID matrix and the vehicle
equipped with RFID readers locate itself by retrieving position information from tags around
it.

This paper explores lane-level positioning by vehicle trajectory reckoning utilizing
speed and steering data from vehicle’s Control Area Network (CAN). In addition, since the
method was deployed in CVIS environment, the roadside calibration facility was designed by
utilizing Detected Short Range Communication (DSRC) technology to improve the trajectory
reckoning.

2. Accuracy Requirements for Positioning

2.1. The CVIS Environment

In a previous publication [13], a proof of concept for a prototype of Cooperative Vehicle-
Infrastructure System (TJ-CVIS) developed at the University of Tongji was presented, which
provides a vehicle with the capability to communicate with other vehicles and infrastructure.
Conceptually, by using sensor technologies and standardized communication protocol, the
vehicle probe data such as position, velocity, and preplanned routes can be automatically
collected with high frequency and accuracy in CVIS. Therefore, a series of advanced traffic
control applications and advanced driving assist applications for safety and efficiency can be
deployed relying on the high sensitivity and information interactive abilities of CVIS. Table 1
lists the most common CVIS applications and their accuracy requirements for positioning
[14].

2.2. GPS Position Errors

Low-cost GPS equipment has been widely used in the navigation applications. However,
as the analysis shown in Section 2.1, the accuracy requirements of navigation and CVIS
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Table 1: Typical CVIS applications and positioning accuracy requirements.

Application Location/direction Accuracy requirements
� Route navigation Vehicle heading Road section level
� Optimal speed advisory Vehicle heading Lane level
� Automatic cruise Vehicle heading Lane level
� Lane change assist Lane heading Lane level
� Overtaking assist Lane heading Lane level
� Collision avoidance At intersection Lane level
� Active traffic control At intersection Lane level
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Figure 1: Actual shape of test grid.

applications are markedly different. In order to test the feasibility of low-cost GPS equipment
in CVIS, a common GPS receiver was placed at a set of stationary positions which form a grid
shown in Figure 1. The positioning result is shown in Figure 2.

In Figure 2, the test result is totally out of shape compared to the actual shape of test
sites. The distance between any two points in a line or row was calculated by the GPS data.
The result shown in Table 2 indicates that in the situation of stationary positioning, the GPS
errors arrive at 2.79 m on average, which is inapplicable for the CVIS applications.

In order to test the dynamic positioning accuracy of GPS, we conducted a test on
an urban road, the starting and completing time stamps of lane changing were manually
recorded. Figure 3 shows an example of dynamic positioning test in the situation of lane
change. Results show that the performance of dynamic positioning is better than static
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Table 2: Stationary positioning accuracy of GPS.

From To Calculated distance (m) Actual distance (m) Error (m) Proportional error
B1 B2 27.12 10.00 −17.12 171.16%
B2 B3 7.47 10.00 2.53 25.25%
B3 B4 6.57 10.00 3.43 34.35%
B4 B1 23.14 30.00 6.86 22.86%
W1 W3 21.85 20.00 −1.85 9.25%
W1 W4 30.22 30.00 −0.22 0.74%
W3 W2 16.26 10.00 −6.26 62.57%
W4 W1 30.22 30.00 −0.22 0.74%
R1 R2 10.88 10.00 −0.88 8.83%
R2 R3 13.48 10.00 −3.48 34.84%
R3 R4 26.99 10.00 −16.99 169.90%
R4 R1 31.28 30.00 −1.28 4.27%
R4 R3 10.90 10.00 −0.90 9.04%

positioning [13]. Although map-matching can improve the positioning accuracy if good
spatial road network data are available [15], a poor-quality road map could lead to a
large error in map-matched solutions. Hence the lane changing event still cannot be easily
recognized in the normal traffic environment.
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Figure 3: Dynamic positioning test of GPS.

3. Vehicle Trajectory Reckoning

3.1. Input Parameters

The idea of lane-level positioning in this paper is reckoning the vehicle trajectory based on
vehicle’s driving-related data, then determining the position of vehicles. Figure 4(a) shows
the actual vehicle trajectory of a left lane change event, Figures 4(b) and 4(c) show the
variations of steering wheel angle and the front wheels’ steering angle corresponding to the
lane change event described in Figure 4(a). According to the data from CAN, the speed,
steering wheel angle, and the wheels’ steering angle can be recorded with a high frequency of
100 Hz, which enables the possibility to reckon the trajectory of a moving vehicle. Therefore,
the vehicle position can be determined by the precise trajectory.

Since vehicle’s body shape bears on the reckoning input, it is necessary to define the
reference point of the vehicle. In this study, we developed the trajectory reckoning algorithm
based on the four-wheel vehicle with a wheel track of B and a wheel base of L shown in
Figure 5. For the four-wheel vehicle, each front wheel should perform only rolling movement
around the rotation center O when steering. As an example of right steering shown in
Figure 5, steering angle of the inner wheel (β) should be greater than the outer wheel (α).
The relationship between β and α is described as the following:

cotα = cot β +
B

L
. (3.1)

To simplify the algorithm, we use the point of rotation axis of left-front wheel as the
reference point shown as P in Figure 5. Finally, the input parameters can be specified as the
vehicle body shape parameters, left-front wheel’s speed (v), and its steering angle (α). For the
vehicles which can only output the steering wheel angle (γ), α can be calculated by α = f(γ),
which is specified by the vehicle type. Figure 6 shows an example of f(γ) tested by a common
four-wheel vehicle.
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3.2. Trajectory Reckoning

Since GPS is not utilized in our test, which means global coordinate system is not available for
the trajectory reckoning method, we choose the dynamic-update coordinate system shown in
Figure 7. The calibration method will be introduced in Section 3.3.

At any time, the rotation radius (R, in meters—m) of the reference point can be
calculated as the following:

R =

⎧
⎨

⎩

L

sin(|α|) , |α| > 0

∞, |α| = 0.
(3.2)
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Angular speed (μ, in radian/second—rad/s) of reference point as the following:

μ =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

v

R
, α > 0

0, α = 0

− v
R
, α < 0.

(3.3)

In (3.3), v is the linear speed of the reference point (in meters/second—m/s). When
the trajectory is being reckoning,v and α are sampled with high frequency. Thus, the rotation
angle (ω, in radian—rad) of the vehicle body can be calculated as the following:

ω =
∑

μi × t. (3.4)

In (3.4), μi denotes the angular speed calculated by (3.3) at time sequencei, and t is the
sampling interval.

The movements refer to the calibration point as:

Δxi = vi × cosω × t,
Δyi = vi × sinω × t.

(3.5)
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Figure 7: Dynamic update coordinate system.

In (3.5), vi denotes the speed output at time sequence i, and the vehicle position at
time sequence i can be reckoned as follows:

xi =
i∑

j=0

Δxj ,

yi =
i∑

j=0

Δyj.

(3.6)
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3.3. Calibration Method

For the data output from CAN, the random errors cannot be avoided, and the cumulative
errors in reckoning results increased rapidly when the distances get longer. It is necessary to
calibrate the trajectory at a certain distance. Once the trajectory is calibrated, the dynamic-
updated coordinate system referred above is updated.

The CVIS environment provides a vehicle with the capability to communicate with
roadside infrastructures, which can be adopted to calibrate the vehicle trajectory. Figure 8
indicates the design of calibration facilities. The actuated loop, which has been already
installed in most signalized intersections, is utilized in this method to detect the passing
of vehicle. The directional antenna is set to send the calibration information to the vehicle
by DSRC when vehicle is passing through the loop [16]. The road geometry data including
road curvature, intersection geometry and lane drop geometry are stored in the onboard unit.
In the prototype of TJ-CVIS [13], the content of calibration information was specified as the
following:

� actuate time;

� road section ID;

� loop ID;

� lane ID of the loop;

� distance to the downstream calibration points.

With the calibration information, vehicle’s position can be determined by comparing
the reckoned trajectory with road geometry data. We assume that the vehicle is not



10 Discrete Dynamics in Nature and Society

Figure 9: Field test Scenario 1.

steering when passing a loop at intersections. The calibration procedure is described as the
following.

Step 1. Calibration message received by the vehicle.

Step 2. Update coordinate system referring to loop ID, lane ID and road section ID,

Step 3. xi = vi × tlatency, yi = 0, ω = 0. (tlatency denotes the constant value of wireless
communication latency, tlatency = 0.01 s in the prototype of TJ-CVIS [13]).

Step 4. Keep trajectory reckoning until next calibration.

4. Field and Driving Simulator Trials

4.1. Field Test

In order to validate the trajectory reckoning method, we conducted a field test at the campus
of Tongji University. A computer program was developed on Windows platform to collect
output data from CAN and reckon the trajectory. A common four-wheel vehicle was utilized
as the experiment vehicle. Since the data protocol of CAN has not been disclosured by the
manufacturer, we made use of the On-Board Diagnostics (OBD) protocol to read the vehicle
speed. Hence only the algorithm for vehicle heading movement was validated in field test.

The first scenario of field test was deployed at a flattened square at the campus shown
in Figure 9. The experiment vehicle was driven to pass through a pre-measured road segment
with 37.5 m long. Another scenario of field test was deployed at a 276.6 m-long road shown
in Figure 10. When experiment vehicle entering the test segment, the on-board unit started
to reckon the trajectory. And when experiment vehicle leaving test segment, the distances of
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Figure 10: Field test Scenario 2.

Table 3: Result of field test Scenario 1 (5 trials).

ID Actual distance (m) Reckoned distance (m) Error (m) PE
1 37.50 37.29 −0.21 0.56%
2 37.50 37.56 0.06 0.16%
3 37.50 37.83 0.33 0.88%
4 37.50 37.33 −0.17 0.45%
5 37.50 37.33 −0.17 0.45%

Table 4: Result of field test Scenario 2 (10 trails).

Actual distance (m) Average reckoned distance (m) ME (m) MPE
276.60 277.54 −0.94 0.34%

trajectory between the vehicle’s current position and the segment start line were recorded.
The sampling frequency is 5 Hz in both scenarios. Test results are shown in Tables 3 and 4.

Results from field test indicate that the trajectory reckoning method can reach the
submeter accuracy both in the two scenarios. It can also certify that the data from CAN
are applicable for the reckoning method. Since the speed accuracy output by OBD protocol
is limited to ±1 km/h (0.28 m/s), the reckoning accuracy will be improved if we use
the standard CAN protocol, which has a nominal output speed accuracy of ±0.01 km/h
(0.003 m/s).

4.2. Driving Simulator Trials

Another validation was taken on driving simulator due to the lack of CAN communication
protocol of real vehicles. The driving simulator involved in validation was constructed by
Tongji University, including a movement system with eight degrees of freedom shown in
Figure 11. A real four-wheel vehicle with real steering system was installed in the movement
system to simulate the situation of steering, braking, and acceleration. By using the driving
simulator, the steering angle and speed can be sampled with high accuracy. Moreover, the
actual trajectory can also be recorded for every sampling interval shown in Figure 12, which
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Figure 11: Driving simulator in Tongji University.

Figure 12: Actual trajectory and driving scenarios in driving simulator.

is hardly to record in field test and can make it easier to analyze the trajectory reckoning
errors.

In the driving simulator trials, the driver was asked to change lane and turn at
different speeds. The speed and steering angle of front-left wheel were recorded every 0.05 s.
According to the manufactory, the wheel base (L) is 2.686 m. In addition, virtual calibration
points were set at outbound lanes of each intersection. Examples of lane change trajectory
and turning trajectory reckoning are shown in Figures 13 and 14.
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Figure 13: Example of trajectory reckoning result of lane change.

The two examples indicate that the reckoning results are very close to the actual
trajectories. If the geometry of the road and lane drop are known, the position of vehicle
(i.e., distance to the next stop line and in which lane the vehicle is driving) can be determined
by the reckoned trajectory.

Table 5 shows the statistical result of driving simulator trials, indicating that the
proposed trajectory reckoning method can reach the accuracy of submeter both in vehicle
heading and lane heading directions (U turn is not included in the statistic).

5. Conclusions and Future Work

This paper introduced a lane-level positioning method by trajectory reckoning without GPS
equipment in the environment of CVIS. Vehicle driving data from CAN was adopted to
reckon the vehicle movements, and then the position was determined by the reckoned
trajectory object to the road geometry. In addition, a calibration method was designed
to eliminate the cumulate errors during long-time reckoning. Results from field tests and
driving simulator indicate that the proposed method can reach the positioning accuracy of
submeter, which meets the requirements of most CVIS applications. Hence, the proposed
method can be further deployed in the real traffic.
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Figure 14: Example of trajectory reckoning result of turning.

Table 5: Trajectory reckoning results.

Event Number of trials MAE of x (vehicle heading, m) MAE of y (lane heading, m)
Lane change 13 0.56 0.27
Turning 5 0.03 0.58

Although the method outperforms GPS, based on the field test and driving simulator
trials, it has certain limitations. For instance, the system errors increase as the increase of
length of trajectory takes place, and the performance of calibration facility drops when too
many vehicles approach, which deserve further discussion.
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Although more attention has been attracted to benefit evaluation of Intelligent Transportation
Systems (ITS) deployment, how ITS impact the traffic system and make great effects is little
considered. As a subsystem of ITS, in this paper, Intelligent Transportation Management System
(ITMS) is studied with its impact mechanism on the road traffic system. Firstly, the correlative
factors between ITMS and the road traffic system are presented and 3 positive feedback chains
are defined. Secondly, we introduce the theory of Fundamental Diagram (FD) and traffic system
entropy to demonstrate the correlative relationship between ITMS and feedback chains. The
analyzed results show that ITMS, as a negative feedback factor, has damping functions on the
coupling relationship of all 3 positive feedback chains. It indicates that with its deployment in
Beijing, ITMS has impacted the improvement of efficiency and safety for the road traffic system.
Finally, related benefits brought by ITMS are presented corresponding to the correlative factors,
and effect standards are identified for evaluating ITMS comprehensive benefits.

1. Introduction

1.1. Background

Intelligent Transportation Management System (ITMS) is an advanced system for traffic
control, traffic management, and decision-making deployed by road traffic administration.
It utilizes technologies and methods of Intelligent Transportation Systems (ITS) to manage
the urban road traffic system efficiently, systematically and scientifically, to ensure the traffic
system is safer and traffic flow is smoother, promote the environmental protection, and
realize energy resource saving. ITMS is one of the research fields of ITS and is one type of
ITS applications in road traffic management. The ITMS of Beijing was started to deploy in
2004 and was established and put into practice entirely in 2008. It consists of 1 center and
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Figure 1: Architecture of ITMS in Beijing.

3 platforms, including the Traffic Management Data Center, the Dispatch and Command
Platform, the Integrated Operation Platform, and the Information Dissemination Platform
(shown in Figure 1). Based on these center and platforms, 8 related informationized support
systems and 99 application subsystems are integrated and developed to mainly function
on command and dispatch, traffic signal control, comprehensive supervision, information-
provided service, and so forth. With its deployment within the 5th Ring Road in Beijing, the
traffic congestion has been alleviated effectively, and some benefits have appeared, such as
enhancing traffic capacity, improving service level and road safety, increasing the response to
traffic accidents, and reducing environmental pollution. Therefore, more attention has been
attracted to study the impacts of ITMS application in Beijing.

1.2. Related Works

The analysis of ITS impact has been a subject of interest for many years; however, the
literature mainly emphasized on evaluating ITS benefits qualitatively or quantitatively. On
evaluation methods and procedures, in [1], the authors proposed that physical logical
structure, market cost, and information interaction structure should be established accord-
ing to subsystems of ITS, so as to explain the relationship between ITS and estimate socio-
economic benefits. Haynes and Li [2] introduced the Probabilistic Multidimensional Scaling
Algorithm to evaluate the questionnaires and deploy the subsystems of ITS. The method
of Multicriteria Analysis was also applied in ITS impacts evaluation [3]. Both cost-benefit
analysis and data envelopment analysis (DEA) [4], one type of multicriteria appraisals,
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were applied to analyze the socioeconomic impact of convoy driving systems. A computable
general equilibrium (CGE) model was put forward to analyze the impact of ITS on Japan’s
economy [5]. In addition, a simulation was used to assess the impacts of ITS on the traffic
system [6, 7]. Dotoli et al. [8] provided a modeling approach by Petri nets to analyze the
impact of Information and Communication Technologies (ICT) on real-time management
and operation, as well as the impact on the infrastructures of intermodal transportation sys-
tems. Wang et al. [9, 10] brought forward a methodology for model-based digital driving
dependability analysis in ITS, which represents an activity in the direction of safety asses-
sment to ITS and gives a new idea how to model digital driving reliability and safety.
Recently, Cantarella [11] presented a day-to-day dynamic model, whose application shows
that this proposed approach can be applied to model the effect of ITS based both on the value
of user surplus and its stability over time.

On ITS impacts and benefits, existing researches such as [12–16] mainly focused on
the quantitative evaluation of ITS socioeconomic benefits, and some focused on safety, for
example, [7, 17, 18]. Farooq et al. [19] pointed out that ITS affect not only the transportation
industry, but also other industries with a quantitative economic analysis through a Leontief’s
Input-Output (I-O) model [20]. The comprehensive effects, including the environmental and
safety benefits, have also been considered in related researches, for example, [21–23].

These efforts have been limited in what ITS effects are and how to evaluate them,
but did not refer to how ITS impact the traffic system and why they make effects. Although
Newman-Askins et al. [24] pointed out that there was presently little understanding of the
causal relationships between ITS projects and their impacts and often it may not be appro-
priate to transfer results in space and time, they only provided a state-of-practice summary
of ITS evaluation methods and impact measurement efforts, without quantitative analysis of
the relationship and impact mechanism.

1.3. Motivation and Contribution

To evaluate the influences of ITMS in Beijing comprehensively, it’s necessary to identify the
impact mechanism of ITMS on the road traffic system, and then define the evaluation content
and evaluation system of ITMS effects. The paper is organized as follows. In the next section,
we discuss the correlative factors between ITMS and the road traffic system and present 3
positive feedback chains by systemic dynamics theory. In Section 3, according to correlative
factors, the intrinsic impact mechanism of ITMS on the road traffic system is studied based
on 3 positive feedback chains, respectively. Firstly, the ITMS impact mechanism on travel
velocity is illuminated through the Fundamental Diagram (FD) theory. Then with the entropy
theory of traffic system, the ITMS impacts on the disequilibrium of road network load and
traffic accidents are investigated. Consequently, in terms of the impact mechanism, the effects
and benefits brought by ITMS are identified and related evaluation standards are defined
in Section 4, which will lay the pretheoretical basis for comprehensive evaluation of ITMS
system benefits. Conclusions and an outlook are given in Section 5.

2. Correlative Factors between ITMS and Road Traffic System

It is known that with socioeconomic acceleration of urban development, the vehicle
maintenance number increases rapidly and various types of traffic demands expand greatly.
Those factors have resulted in the increase of road traffic flow and decrease in traveling speed,
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Figure 2: Correlation framework of traffic systematic factors.

and then boosted the occurrence of traffic accidents and enhanced the disequilibrium of road
network load. Conversely, the increase of traffic accidents and disequilibrium of network load
further impact the decline of traveling speed. We take these factors into consideration and
analyze their interactions by the theory of system dynamics. Then we can obtain 3 positive
feedback chains as follows:

(1) the growth in motor vehicle number (ΔN) → the increase in quantity of traffic
flow (ΔQ) → the decrease in travel velocity (ΔV ),

(2) the growth in motor vehicle number (ΔN) → the increase in quantity of traffic
flow (ΔQ) → the increase in disequilibrium of network load (ΔE) → the decrease
in travel velocity (ΔV ),

(3) the growth in motor vehicle number (ΔN) → the increase in quantity of traffic flow
(ΔQ) → the increase in traffic accidents (ΔA) → the decrease in travel velocity
(ΔV ).

The correlation and interaction between above factors in detail is shown in Figure 2.
Based on above analysis, we introduce the ITMS system into this correlation frame-

work to study its influence. There is no doubt that the deployment of ITMS will exert signifi-
cant influences on controlling the traveling speed, reducing traffic accidents, and decreasing
the disequilibrium of road network load. In all 3 positive feedback chains, ITMS plays a role
of negative feedback factor as shown in Figure 3.

According to the ITMS impact mechanism described in Figure 3, we will collect the
urban road traffic-related data of Beijing to analyze these 3 feedback chains in the next section.

3. Impact Mechanisms of ITMS on Road Traffic System

3.1. Positive Feedback Chain: ΔN → ΔQ → ΔV

We introduce the ITMS impact into the feedback chain ΔN → ΔQ → ΔV , as shown in
Figure 4. As a negative feedback factor, we can find that ITMS plays a role to restrain the
decrease of traveling speed.
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In order to study further the impact of ITMS on the urban traffic system, we will
analyze the changes in traffic flow and speed against the growth of motor vehicles.

According to Figure 5, it is found that although the motor vehicle number increases
rapidly from the year of 2000 to 2010 in Beijing, the growth rate of traffic flow does not
maintain consistent with the rate of motor vehicle increase correspondingly. In particular,
we can observe that since 2004 when ITMS was begun to deploy in large scale, in spite of the
rapid increase in vehicle number, the growth rate of traffic flow was slowing gradually, and
there was an obvious decrease in 2008 when Beijing held the Olympic Games. In addition, the
decline rate of ring roads’ average velocity did not keep pace with the increase rate of motor
vehicle. Since 2004, the decline rate of average velocity was also slowing down. Although in
2007 the average velocity of ring roads dropped to the minimum in recent years, in 2008, it
began to rebound and was increasing with ITMS being put into practice in a row.

To explain this phenomenon further, based on the traffic data collected from ring roads
of Beijing, we use the FD theory to describe the relationship between travel velocity and
traffic flow (shown in Figure 6). According to the forecast by the FD theoretical curve, once
traffic flow quantity reaches the saturation value, there will be a sudden drop in average
velocity; however, in terms of the real data in Beijing’s ring roads, we find that after traffic
flow quantity reaches the saturation value of 1,800 veh/h, there is no sudden drop in average
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Ring Roads in Beijing.

velocity, but there is maintaining in a certain range, which we call it velocity maintaining
phenomenon.

Likewise, we analyze the relationship between average traffic flow and vehicle density
(shown in Figure 7). We also find that when the density of vehicles reaches 100 veh/km
saturation value, the real traffic flow in Beijing does not decline as rapidly as what is predicted
by the FD theory, but is maintaining in a certain range, which we call it flow rate maintaining
phenomenon.

Based on above empirical analysis of Figures 4, 5, and 6, abstractly, we can consider
that ITMS, as a negative feedback factor, has a damping function on the coupling relationship
of positive feedback chain ΔN → ΔQ → ΔV . To describe this damping function, we put
forward the concepts of speed maintaining capability and flow rate maintaining capability. The
definitions are identified as follows.

3.1.1. Speed Maintaining Capability Cv

Speed maintaining capability Cv means below the critical speed of saturated traffic flow, a
rate of traffic flow samples that are with velocity maintaining phenomenon on the overall
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population. It indicates how much traffic flow can maintain in a certain velocity range
without a sudden drop after traffic flow quantity reaches the saturation value. Cv is demon-
strated as

Cv =
n
(
v, q

)∣∣
v∈[vc−Δv,vc]

N
(
v, q

)∣∣
v≤vc

× 100%, (3.1)

where vc : v|q=qmax
is the critical speed when traffic flow quantity q = qmax. Here, vc, qmax can be

defined by a approach presented by one of our authors—Guan and He [25]; Δv demonstrates
the increment of velocity; n(v, q) is the sample size of traffic flow when v ∈ [vc − Δv, vc];
N(v, q) is the overall population when v ≤ vc.

3.1.2. Flow Rate Maintaining Capability Cq

Flow rate maintaining capability Cq is a rate of the traffic flow samples with flow rate
maintaining phenomenon on the overall population over vehicle critical density. It reflects
a degree which the quantity of traffic flow can maintain in a certain flow rate range without
a sudden drop since the density of vehicles is larger than the saturation value. Cq is demon-
strated as

Cq =
n
(
q, ρ

)∣∣
ρ≥ρc,q∈[qmax−Δq,qmax]

N
(
q, ρ

)∣∣
ρ≥ρc

× 100%, (3.2)

where ρc : ρ|q=qmax
is the critical density when traffic flow quantity q = qmax. Here, ρc can be

defined by [25]; Δq demonstrates the traffic flow increment of volume; n(q, ρ) is the sample
size when vehicle density ρ ≥ ρc and traffic flow quantity q ∈ [qmax −Δq, qmax]; N(q, ρ) is the
overall population when ρ ≥ ρc.

In the rest of this section, we will calculate Cv and Cq by above equations, based
on the traffic flow data of the 2nd, 3rd, and 4th Ring Roads that are collected by Remote
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Traffic Microwave Sensors (RTMS) set up in Beijing, and make an analysis for the computing
results. Before computing Cv and Cq, the data outliers have been preprocessed in advance
with a method that is presented by Guan and He [26]. Here, the impacts by changes of roads’
condition are not considered.

Firstly, through the regression analysis, it is not difficult to find that the two parameters
of vehicle number and traffic flow quantity are highly coupled, and the correlation coefficient
is 0.96 (shown in Figure 8), which indicates that each vehicle in Beijing has nearly traveled
one trip on the 2nd, 3rd, or 4th Ring Road every day on average.

Secondly, according to the phase identification of traffic flow on urban freeways [25] in
Beijing, we can define qmax = 2000 veh/h and then vc is 40 km/h. Thus, when vc = 40 km/h,
the speed maintaining capability Cv of ring roads is calculated as follows:

(i) when Δv = 5 km/h, Cv = 17.0%;

(ii) when Δv = 10 km/h, Cv = 45.3%;

(iii) when Δv = 15 km/h, Cv = 90.6%.

This means, for example, after the flow rate reaches its maximum value (qmax =
2000 veh/h), the sample data whose speed is between 25 km/h to 40 km/h account for nearly
90% of total population. It reflects that more than 90% of traffic flow still can travel quite
smoothly without a sudden transform to stop status after traffic flow quantity reaches the
saturation value.

Thirdly, when ρc = 50 veh/km (qmax = 2000 veh/h), the traffic flow maintaining capa-
bility Cq of ring roads are as follows:

(i) when Δq = 500 veh/km, Cq = 47.0%;

(ii) when Δq = 800 veh/km, Cq = 83.1%.

This means that when the density is larger than the critical density (ρc = 50 veh/km),
the sample data whose flow rate is between 1500 veh/h to 2000 veh/h account for 47% of
total population, and the sample data whose flow rate is between 1200 veh/h to 2000 veh/h
account for 83% of total population. The computing results show that although the density is
over the critical value, quite large numbers of traffic flow can maintain in a certain flow rate
range without a sudden drop.
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Consequently, we can draw a conclusion that ITMS, as a negative feedback factor, has
a damping function on the coupling relationship in positive feedback chain ΔN → ΔQ →
ΔV .

3.2. Positive Feedback Chain: ΔN → ΔQ → ΔE → ΔV

In the positive feedback chain ΔN → ΔQ → ΔE → ΔV , we also introduce the ITMS factor
(shown in Figure 9).

Similarly, we need to study the effect and nature of ITMS on the coupling relationship
in the positive feedback chain ΔN → ΔQ → ΔE → ΔV . Here, the entropy of the system
science theory will be introduced to analyze ITMS impact on this positive feedback chain as
follows.

The entropy is a state function to indicate the rate of absorbed heat on temperature for
material during a reversible process (by Rudolf Clausius in 1865). It is a parameter used to
reflect the disorder degree for a system. The larger the entropy is, the more chaotic a system
would be. The entropy ds of an open system consists of two parts: one is the entropy increase
called entropy production dis that is caused by a irreversible process within the system itself;
the other is the entropy exchange called entropy flow des that is caused by exchanging the
energy and substance between the system and the outside. The total entropy change ds of an
opened system is the sum of entropy production and entropy flow, that is,

ds = dis + des. (3.3)

In the research field of traffic flow, the entropy theory has been introduced to
investigate the traffic systematic characteristics and applied in different cases. For example,
on modeling research, the traffic system model based on thermodynamics entropy was
constructed to reflect the traffic conditions in [27]. Karmakar and Majumder [28] presented
the entropy maximization technique to maximize the flow rate at a given continuous traffic
stream, so as to illustrate the flow-concentration relationship. Furthermore, Li et al. [29]
considered that trip distribution problems can be modeled as entropy maximization models
with quadratic cost constraints, then they proposed an entropy maximization model with
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chance constraint and proved it is convex. Lu et al. [30] constructed the entropy solutions
for the Lighthill-Whitham-Richards (LWR) traffic flow model with a piecewise quadratic
flow-density relationship, which may be used for predicting traffic or as a diagnosing tool
to test the performance of numerical schemes. One of latest researches on entropy is that
an entropy space method is based on a 3D-space built on a flow-packet level by Velarde-
Alvarado et al. [31]. And they modeled the network traffic by using Gaussian Mixtures and
Extreme Generalized Distributions. By integrating this model in an Anomaly-Based Intrusion
Detection System, anomalous behavior traffic can be detected easily and early. Ngoduy
and Maher [32] put forward an effort to find global optimal parameters of a second order
macroscopic traffic model using a cross entropy method. On entropy-based applications on
traffic system, Montemayor-Aldrete et al. [33] introduced a new concept of the production
rate of entropy due to traffic flow. With the use of such a concept, the percentage of increase
in the fuel consumption rate due to velocity fluctuations on the traffic flow can be easily
determined. Tapiador et al. [34] provided a new measure of Intermodal Entropy to help to
characterize high speed train stations (HSTS) and improve their intermodal performance.
This variable can also be integrated into models of regional accessibility to take into account
the intermodality of HSTS within a single comprehensive estimate. Murat et al. [35] used
Shannon Entropy Approach to deal with the determination of black spots’ traffic safety levels.
In addition, the entropy was applied in traffic assignment problems in [29, 36, 37] and the
cross entropy method was used to optimize signal [38]. Chi et al. [39] assumed that each cell
of the transportation subnetwork O-D flow table contains an elastic demand function and
then proposed a combined maximum entropy-least squares (ME-LS) estimator, by which O-
D flows are distributed over the subnetwork so as to maximize the trip distribution entropy,
while demand function parameters are estimated for achieving the least sum of squared
estimation errors. Although the above entropy-based methods and models are different in
different studies, they all show that the essence of entropy could be used to reflect a system’s
characteristics as an effective approach.

Here, based on the dissipative structure theory, we assess the disequilibrium of road
network load in terms of the changes in order degree of an open traffic system by value of
system entropy [40].

(1) If ds > 0, it shows that traffic system entropy has an increase and the order degree
of system will decrease, so it indicates the disequilibrium of road network load will
boost;

(2) If ds < 0, it reflects that the external environment has provided negative entropy flow
to the system, and if des < −dis, the system entropy has a decrease and order degree
will increase, so it means the disequilibrium of road network load will decrease;

(3) If ds = 0, it indicates that the order degree of system, that is, the disequilibrium of
road network load, is essentially invariable.

In order to calculate the value of entropy in a traffic system, the following will intro-
duce the definition of information. Information is a measure to the degree of uncertainty for
a system. For a given random variable X, the probability of the event xi is p(xi), then the
self-information I(xi) of the event xi is defined as, [41],

I(xi) = −C log10 p(xi), xi ∈ X, (3.4)

where C is a constant.
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Figure 10: The 2nd Ring Road in Beijing marked with 24 sections.

In 1948, Claude Elwood Shannon introduced the entropy into the concept of information.
And the entropy H(x) of a discrete random variable X is identified as

H(x) = −C
n∑

i=1

p(xi)log10p(xi), (3.5)

where C is a constant.
It can be found that the entropy is a statistical probability-weighted average of self-

information in terms of (3.4) and (3.5). The self-information I(xi) and entropy H(x) are the
functions of probability and unrelated to the value of the variables.

According to the above definitions, we use the concept of traffic entropy to estimate the
disequilibrium of road network load. The traffic entropy E(t) is demonstrated as, [42],

E(t) = −C
n∑

i=1

ki · pi · log10 pi, (3.6)

where E(t) is the entropy of a road traffic system, and C is a constant; ki is the weight of the
road section i,

∑n
i=1 ki = 1; pi = {Δλi/

∑n
i=1 Δλi, i = 1, 2, 3, . . . , n} is distribution of congestion

deviation 9,
∑n

i=1 pi = 1; Δλi = max{(λi − 0.8), 0} is congestion deviation of the road section i;
λi denotes the average congestion degree, and it is a rate of traffic flow on capacity in section
i; and λ = 0.8 is threshold of congestion.

Then we will illustrate the meaning of traffic entropy by calculating entropy of the 2nd
Ring Road of Beijing in 2004 and 2008, respectively. The 2nd Ring Road shown in Figure 10 is
marked with 24 sections, that is, i = 1, 2, . . . , 24.
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Figure 11: Traffic entropies of the 2nd Ring Road in 2004 and 2008 in Beijing.
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Based on the empirical data, we estimate the traffic entropies of the 2nd Ring Road in
2004 and 2008 by (3.5). The comparison of these two entropies is shown in Figure 11.

Figure 11 shows that the traffic entropy of 2008 does not increase, but decrease slightly
comparing with that of 2004, which means that the order degree has increased and the
disequilibrium of road network load decreased despite the rapid growth in vehicle number.
Therefore, we can get a conclusion that ITMS, as a negative feedback factor, has a damping
function on the coupling relationship of positive feedback chain ΔN → ΔQ → ΔE → ΔV .

3.3. Positive Feedback Chain ΔN → ΔQ → ΔA → ΔV

In the same way, we introduce the ITMS impact into the positive feedback chain ΔN →
ΔQ → ΔA → ΔV , which is shown in Figure 12.

In terms of the statistic date, the number of traffic accidents in 2008 has decreased from
5,425 to 1,960 comparing with that of 2004 (shown in Figure 13), with the decreased accidents
accounting for about 62.03% of 2004; while the number of vehicles is growing increasingly,
the total length of road has extended from 4,064 km to 6,186 km and the total area of road
from 64.17 million m2 to 89.40 million m2. It indicates that the safety of urban traffic system
has been improved with ITMS deployment and application. So we can draw a conclusion
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Figure 13: Comparison of traffic accidents number between 2004 and 2008 in Beijing.

that ITMS has a damping function on the coupling relationship of positive feedback chain
ΔN → ΔQ → ΔA → ΔV as a negative feedback factor.

4. Benefits and Evaluation Standard of ITMS on Road Traffic System

Based on above analysis, it can get a conclusion that with the deployment of ITMS in Beijing,
the negative influence on traveling speed, road traffic safety, and the disequilibrium of
network load aroused by the increase of traffic flow have been weakened efficiently. ITMS has
effects on improving road traffic efficiency, alleviating traffic congestion, and enhancing road
service capacity. According to the impact mechanism, the benefits brought by ITMS can be
concluded in 4 aspects: socioeconomic benefit, energy resource and environmental benefits,
traffic safety, and management efficiency.

For each benefit aspect, we identify standards for evaluating benefits of ITMS. The
evaluation standards of socioeconomic benefit can be mostly derived from the increase of
travel velocity, mainly including (1) reduction in vehicles’ operational cost, (2) reducing
traveling time, and (3) investment reduction on land resource and transportation infras-
tructure (shown in Figure 14). And the standards of energy resources and environmental
benefits consist of (1) decrease in traffic noise, (2) decrease in vehicle tailpipe emission,
(3) greenhouse gas emission, (4) reduction of energy resource, and (5) improvement on
consumption structure of energy resource, which are also brought mainly because of the
increase in travel velocity (shown in Figure 14).

For evaluation standards of traffic safety benefits, because of the decrease in traffic
accidents and improvement on vehicle safety, they can be denoted by (1) reduction in vehicle
loss, (2) loss of vehicle stolen or robbed, (3) decrease in loss of personal casualty, and (4)
loss of social public institution service (shown in Figure 15). The management efficiency for
road administrations can be indicated by the increase in response time for alarm (shown in
Figure 15).

5. Conclusion

Summing up, in this paper, in order to investigate the ITMS impacts on road traffic system,
we have introduced 3 positive feedback chains to analyze the correlative factors between
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ITMS and road traffic system. The results show that ITMS has damping functions on the
coupling relationship of 3 positive feedback chains ΔN → ΔQ → ΔV , ΔN → ΔQ →
ΔE → ΔV , and ΔN → ΔQ → ΔA → ΔV as a negative feedback factor. This indicates
that with its deployment in Beijing, ITMS has impacted significantly the improvement on
road traffic efficiency, alleviation of traffic congestion, and enhancement of road service
capacity. Accordingly, in terms of this impact mechanism, the benefits of ITMS deployment
have been presented and related evaluation standards are identified, which provides a
comprehensive evaluation framework for subsystems of ITS. Such analyses would provide
richer information for ITS benefits evaluation. Indeed, some policy factors, such as traffic
regulation and limitation of vehicle use during period of 2008 Olympic Games, are not taken
in account to analyze the impact mechanism. But our paper present an approach to study
the ITS impacts from a new view point. Given more data, future work would focus on
considering the above policy factors and quantifying the impact benefits.
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A fast pedestrian recognition algorithm based on multisensor fusion is presented in this paper.
Firstly, potential pedestrian locations are estimated by laser radar scanning in the world
coordinates, and then their corresponding candidate regions in the image are located by camera
calibration and the perspective mapping model. For avoiding time consuming in the training and
recognition process caused by large numbers of feature vector dimensions, region of interest-based
integral histograms of oriented gradients (ROI-IHOG) feature extraction method is proposed later.
A support vector machine (SVM) classifier is trained by a novel pedestrian sample dataset which
adapt to the urban road environment for online recognition. Finally, we test the validity of the
proposed approach with several video sequences from realistic urban road scenarios. Reliable and
timewise performances are shown based on our multisensor fusing method.

1. Introduction

Pedestrians are vulnerable participants among all objects involved in the transportation
system when crashes happen, especially those in motion under urban road scenarios [1]. In
2009, it was found that in the first global road safety assessment of World Health Organization
report, traffic accident is one of the major causes of death and injuries around the world. 41%
to 75% of road traffic fatal accidents are involving pedestrians, and the lethal possibility of
pedestrians is 4 times compared with that of vehicle occupants. Therefore, pedestrian safety
protection should be taken seriously [2].
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Active pedestrian safety protection could be able to avoid collision between vehicles
and pedestrians essentially, thus it has become the most promising technique to enhance
the safety and mobility of pedestrians. For active safety systems, various types of sensors
are utilized to detect pedestrians and generate appropriate warnings for drivers or perform
autonomous braking in the case of an imminent collision [3]. To detect pedestrian in real
time is one of the most crucial part. The current research is mainly focused on the application
of visual sensors [4–6], infrared (IR) imaging sensors [7, 8], and radar sensors [9, 10] to
aware of pedestrians and obtain their safety state information for realizing active pedestrian
protection. Each type of sensors has its advantages and limitations. In order to enhance
the advantages and overcome the limitations, multimodality information fusion has become
the development trend of pedestrian detection and security warning [3]. Depending on the
complementarity information from different sensors, more reliable and robust pedestrian
detection results could be obtained by processing multisource and heterogeneous data. In
past two decades, reducing accidents involving vulnerable road users with fusion of different
kinds of sensors has already been focused on by some research projects, such as APVRU
[11], PAROTO [12], PROTECTOR [13, 14], and SAVE-U [15, 16] in European countries. Some
considerable and available researches have been conducted by various groups. Scheunert et
al. [17] detected range discontinuities utilized by laser scanner and high brightness region
in the image by far infrared sensor (FIR). Data fusion based on Kalman filter handled the
combination of the outputs from laser scanner and FIR. Szarvas et al. [18] created a range
mapping method to identify pedestrian location and scale by laser radar and camera fusion.
Neural network was utilized for image-based feature extraction and object classification.
Töns et al. [19] combined the radar sensor, IR, and vision sensor for robust pedestrian
detection, classification, and tracking. Bertozzi et al. [20] fused stereo vision and IR to obtain
disparity data together for pedestrian detection. Vision was used to preliminary detect the
presence of pedestrians in a specific region of interest. Results were merged with a set of
regions of interest provided by a motion stereo technique. Combining with a laser scanner
and a camera, Broggi et al. presented [21] an application for detecting pedestrian appearing
just behind occluding obstacles.

Despite some achievements have already been made, complementary advantages of
multisensor data fusion are not fully realized. Multimodality data fusion-based pedestrian
detection algorithm should be further improved for higher detection accuracy rate and
timewise performance boosting, especially in some complicated urban road environment.
This paper aims to propose a real time pedestrian recognition algorithm based on laser
scanner and vision information fusion. In the first stage, combining with the information
of radar scanning, the pedestrian candidate regions in the image are located by space-image
perspective mapping model, which could effectively reduce the computational time cost for
pedestrian recognition. In the second stage, ROI-IHOG feature extraction method is proposed
for further improving the computation efficiency, which could ensure the real time and
reliability of online pedestrian recognition effectively.

The reminder of this paper is organized as follows: a brief overview of proposed
pedestrian recognition system is presented firstly, followed by the pedestrian candidate
region estimation based on laser scanner and vision information fusion, and then we focus
on vision-based pedestrian recognition. Finally, we test the validity of the proposed approach
with several urban road scenarios and conclude the works.
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Figure 1: Multisensor based pedestrian recognition experimental platform.

2. System Overview

2.1. System Architecture

The research of pedestrian recognition is carried out on the multisensor vehicle platform, as
shown in Figure 1. This experimental platform is a modified Jetta. It is equipped with a vision
sensor, a laser scanner, and two near-infrared illuminators to detect pedestrians in the range
of 90◦ in front of the vehicle.

The architecture of the proposed pedestrian detection system based on multisensor
is shown in Figure 2. The system is running on an Intel Core I5 CPU, 2.27 GHZ, RAM
2.0 GB PC. The system includes offline training and online recognition. For offline training, a
novel pedestrian dataset adapt the urban road environment is established first, and then the
pedestrian classifier is trained by SVM. For online recognition, a Sony SSC-ET185P camera
installed on the top front of the experimental vehicle is used to capture continuous 320 × 240
image. Potential pedestrian candidate regions are identified in the image through the radar
data from a SICK LMS211-S14 laser scanner and the perspective mapping model between
world coordinates and image coordinates. For each image, all candidate regions are scaled to
64 × 128 and judged by the classifier trained offline.

2.2. Sensor Selection

The Sony SSC-ET185P camera has been chosen for several reasons. The camera has a high
color reproduction and sharp images. It includes a 18x optical zoom and 12x digital high-
quality zoom lens with autofocus, so the camera can capture high quality color images
during the day. Although the system is now being tested under daylight conditions, two
near-infrared illuminators are mounted on both sides of the laser radar in front of the
vehicle, which allow the object detection due to a specific illumination for the extension of
its application at night.

The laser scanner is a SICK LMS211-S14. The detection capabilities (scanning angle of
90◦, minimum angular resolution of 0.5◦ up to 81.91 m range) are suitable for our goal. The
laser scanner only scans a flat data, the ranging principle is a time-of-flight method, and it
measures the round trip time of flight to determine the distance by emitting light pulses to
the target. It takes 13 ms of once scanning which could be able to meet the needs of real time.
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Figure 2: Architecture of the proposed multisensor pedestrian recognition system.

2.3. Vehicle Setup

The laser scanner and two near-infrared illuminators are located in the front bumper in
horizontal, as shown in Figure 3(a). The camera is placed at the top front of the vehicle,
with the same centerline of the laser scanner, as show in Figure 3(b). The horizontal distance
between the camera and the laser scanner is 2.3 m, and the camera height is 1.6 m, which are
two key parameters of the camera calibration.

The MINE V-cap 2860 USB is used to connect between the camera and the PC. An RS-
422 Industrial serial and MOXA NPort high-speed card provide an easy connection between
the laser and PC. Figure 4 shows the hardware integration of the proposed system.

3. Potential Pedestrian Location Estimation

Most current pedestrian detection methods are simply depending on visual sensors that
cannot meet the real time application. In our work, we attempt to utilize laser radar
sensor to detect obstacle locations for potential pedestrian position estimation in world
coordinates, and then we make use of the camera calibration and the space-image perspective
mapping model to mark the pedestrian candidate region in the image. Pedestrian recognition
algorithm proposed later is performed only for the candidate regions instead of the entire
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(a) (b)

Figure 3: (a) Installation location of the laser scanner and near-infrared illuminators. (b) Installation
location of the camera.
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Figure 4: Hardware integration of the platform.

image, which could effectively reduce the computational time cost for a good real time
application.

In our experimental platform, a SICK LMS211-S14 laser scanner is utilized. The
scanning angle is 90◦ in front of the host vehicle and the minimum angular resolution of
0.5◦ (in Figure 5). Thus, we can get 181 data arrays from radar sensor scanning once time.
Each data array includes two parameters: the angle and the distance between the obstacle
and the host vehicle. A data array could be denoted as {(ρi, θi) | i = 1, 2, . . . , m}, where m is
the total number of the array, and (ρi, θi) is the data of the ith array.
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45 ◦

Figure 5: The sketch of radar scanning.

Obviously, a set of laser beams from the same target should have the similar distances
and the similar angles. Based on this, a clustering method is applied for 181 data to determine
which belong to the same target, which is denoted as

D1 <
√
rk2 + r2

k+1 − 2rkrk+1 cos
(
φ
)
< D2, (3.1)

where φ is the minimum angular resolution of the radar; rk is the distance of the kth array;
D1, D2 are the distance threshold. According to the installation location of the radar, the part
of pedestrian’s knees would be scan. Taking into account the actual physical characteristics
of the pedestrian (legs separated or closed) in spatial, D1, D2 are set as 10 cm and 70 cm,
respectively. Then, the potential pedestrian location parameters (the start data, the end data,
and the data amount) of each target are recorded. The target distance could be expressed by
the average distance of all beams from the target: ρa = (ρ1 +ρ2 + · · ·+ρn)/n. Its direction could
be represented as θa = (θj1 + θj2)/2, where θj1 is first angle value of the target, and θj2 is the
last one. Finally, we convert the radar data from polar coordinate to Cartesian coordinate as

x = r sin θ, y = r cos θ, (3.2)

where (r, θ) is the data in the polar coordinate; (x, y) is the data in the Cartesian coordinate,
which represent the target location in space. The possible pedestrian locations are 2D data in
world coordinate. Their corresponding regions in the image are then located by a piecewise
camera calibration and the perspective space-image mapping model. This map is projected
into the image in order to identify the regions and scale to search for pedestrians in the image.
The camera height is 1.6 m, which is a parameter of the camera calibration. We can obtain the
space-image mapping model as follows:
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Figure 6: ROI of average samples.

where Xw, Yw, and Zw are location parameters in world coordinate; u, v are corresponding
parameters in image coordinate. We divided the detection area into four sections which
gradually to determine, respectively, the mapping model parameters u, v more accurately
by the least square method.

In order to detect pedestrians more accurately and faster, we should determine the
detection size of the candidate pedestrian imaging region at different distances in front of
the vehicle. We assumed that the pedestrian template is 2 m height and 1 m width (a little
larger than real pedestrian). The relationship between the pedestrian’s width and height of
the imaging region and the pedestrian location in space could be found by the calibration
experiment. The potential pedestrian region’s width and height in the image could be
denoted as h = 1402y−0.97, w = 723.2y−0.99, where y is vertical distance from the target to
the host vehicle.

4. Pedestrian Recognition

4.1. Feature Representation

In 2005, Dalal and Triggs [22] proposed the grids of histogram of oriented gradient (HOG)
descriptors for pedestrian detection. Experiment results showed that HOG feature sets
significantly outperformed existing feature sets for human detection. However, HOG-based
algorithm is too time consuming, especially for multi-scale object detection. The approach
should be further optimized because it is not suitable for real time pedestrian safety
protection.

In this paper, for fast pedestrian detection, the region of interest (ROI) of a pedestrian
sample is found by calculating the average gradient of all positive samples in RSPerson
dataset mentioned below. We can find that the gradient features at the head and limbs of
pedestrian samples are most obvious. On the other hand, the gradients of the background
area in the sample image offer less effect for pedestrian detection which may also disturb
the processing performance. Therefore, in order to reduce HOG feature vector dimension
of a whole image (3780 dimensions), several important areas are considered as ROI of a
selected sample image to calculate the HOG feature. Accordingly, the computation amount
of HOG feature is greatly reduced, and pedestrian recognition speed is improved. Through
the analysis of average gradient value of pedestrian samples which is shown in Figure 6,
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Table 1: Location of ROI in the sample.

ROI Left-top position of a 64 ∗ 128 sample Width Height
Head region (16, 8) 32 32
Left arm region (4, 30) 24 40
Right arm region (36, 30) 24 40
Legs region (12, 60) 40 56

four regions of interest are identified as ROI: the head region, the leg region, the left arm
region, and the right arm region. These regions could be part of the overlaps each other and
cover the body’s contours basically.

For a color image, gradients of each color channel are calculated. The gradients which
have the largest amplitude among three color channel are selected as the the gradient vector
of each pixel. Optimal ROI location, width, and height of a sample image is shown in Table 1.

Similar with Dalal’s method, for calculating the feature vector of ROI in a detection
window, the cell’s size is defined as 8 × 8 pixel, and the block’s size is defined as a
2 × 2 cell. The window’s scan step is 8 pixels, the width of a cell. A total of 49 blocks
could be extracted in a detection window. For each pixel (x, y) in the image, the gradient
vector is denoted as Δg(x, y) = (∂f(x, y)/∂x, ∂f(x, y)/∂y). In general, one-dimensional
centrosymmetric template operator [−1, 0, 1] is used for calculating the gradient vector:

gx
(
x, y
)
=
∂f
(
x, y
)

∂x
= f
(
x + 1, y

) − f(x − 1, y
)
,

gy
(
x, y
)
=
∂f
(
x, y
)

∂y
= f
(
x, y + 1

) − f(x, y − 1
)
.

(4.1)

Accordingly, the gradient magnitude could be calculated as

∥∥Δg
(
x, y
)∥∥ =

√(
gx
(
x, y
))2 +

(
gy
(
x, y
))2

. (4.2)

The gradient orientation is unsigned, it is defined as

θ
(
x, y
)
= arctan

gy
(
x, y
)

gx
(
x, y
) +

π

2
. (4.3)

To compute the gradient histogram of a cell, each pixel casts a vote weighted by its gradient
magnitude, for the bin corresponding to its gradient orientation. All of gradient orientations
are group into 9 bins. Thus, every block has a gradient histogram with 36 dimensions, and
ROI-HOG feature vector has 49 ∗ 36 = 1764 dimensions. Furthermore, integral histograms
of oriented gradients (IHOG) [23] are utilized for farther speed up the process of feature
extraction. The histograms of oriented gradients of the pixel (x, y) could be expressed as
follows:

T
(
x, y
)
=
[
g1, . . . , gi, . . . , g9

]
, gi =

⎧
⎨

⎩

∥∥Δg
(
x, y
)∥∥, i = k

0, i /= k,
(1 ≤ i ≤ 9; 1 ≤ k ≤ 9). (4.4)
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Figure 7: IHOG calculation of a block.

The integral feature vectors in x-orientation is as follows:

H
(
x, y
)
=

x∑

i=0

T
(
i, y
)
. (4.5)

The integral feature vectors in y-orientation is as follows:

HH
(
x, y
)
=

y∑

i=0

H(x, i). (4.6)

As shown in Figure 7, IHOG of a cell could be calculated as

HOGCELL-1 = HH(A) +HH(I) −HH(E) −HH(F). (4.7)

Accordingly, IHOG of a block could be calculated as

HOGBLOCK = [HOGCELL-1,HOGCELL-2,HOGCELL-3,HOGCELL-4]. (4.8)

IHOG method only need scan the entire image for once and storage the integral gradient data.
Any area’s HOG feature could be obtained with simple addition and subtraction operations
without repeated calculation of the gradient orientation and magnitude of each pixel.

4.2. Sample Selection for Training

For pedestrian recognition in urban road environment, we build a pedestrian sample dataset
called RSPerson (Person Dataset of Road System) dataset. In the sample dataset, the positive
samples are including walking pedestrians, standing still pedestrians, and group pedestrians
with different size, pose, gait, and clothing. Some preexperimental studies have shown that
the selection of negative samples is particularly important for reduction of false alarms. Thus,
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(a) Positive samples

(b) Negative samples

Figure 8: Partial samples in RSPerson dataset.

boles, trash cans, telegraph poles, and bushed which are likely to be mistaken for pedestrians,
as well as some normal objects such as roads, vehicles, and other infrastructures are selected
to form negative samples. This is most beneficial for our pedestrian detection system. In
RSPerson dataset, each sample image is normalized to 64 × 128 pixels for training. Figure 8
shows some samples of RSPerson dataset.

4.3. Pedestrian Recognition with SVM

Before online recognizing pedestrian, we should construct a classifier offline trained by SVM
algorithms. Firstly, training dataset and test dataset are built from RSPerson dataset. The
training dataset includes 2000 pedestrian and 2000 nonpedestrian samples, and the testing
dataset includes 500 pedestrian and 500 nonpedestrian samples. The training dataset samples
are handled, and features are extracted to form training vectors. With cross-validation based
on grid search method, the proper parameters of SVM are selected. RBF kernel is chosen as
kernel function, and the penalty factor C = 1024 as well as the kernel parameter g = 0.0625.
After that, the pedestrian classifier could be constructed. Finally, testing dataset samples
are chosen to test the performance of the classifier. We use the DET curve which contains
two indicators: miss rate and FPPW (false positive per window) to evaluate performance of
SVM classifiers. The performance of pedestrian recognition based on ROI-IHOG is shown in
Figure 9.

For online recognition, once the potential pedestrian locations are located by laser
radar, candidate regions in the image are confirmed accordingly by the perspective mapping
model. For each candidate region, scale transforming is carried out for normalization of 64 ∗
128 pixels, and then, ROI-IHOG feature vector could be extracted. Based on these steps, we
can judge whether the candidate is a true pedestrian or not by the classifier trained with SVM.
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Figure 9: Performance on ROI-IHOG-based pedestrian recognition.

5. Experimental Results

For testing the validity of the proposed method, several video sequences from realistic urban
traffic scenarios are tested for performance assessment of our pedestrian recognition exper-
imental platform. Firstly, the pedestrian candidate locations are estimated based on laser
radar data processing and space-image perspective mapping model. Some candidate region
segmentation results are shown in Figure 10. In this way, potential pedestrian regions are
located in the image, but some other obstacles (poles, shrub, etc.) are also located as positives.

Secondly, the proposed ROI-IHOG+SVM algorithm is tested with several video
sequences. In this step, pedestrian recognition only depends on ROI-IHOG+SVM for an entire
image without fusing the laser information. The recall could reach 93.8% under 10−4 FPPW.
The image size is 320 ∗ 240 pixels. The average detection time is about 600 ms/frame. Some
detection results are shown in Figure 11.

Finally, fusing information from laser and vision sensor, each candidate region
detected is scaled to the size of 64 ∗ 128 pixels and extracted the ROI-IHOG feature. According
to our recognition method, the candidate region is considered to be a pedestrian or not by
the classifier trained with SVM. Based on multisensor fusion, the average detection time
is about 18 ms for a candidate. Thus, if there are 5 candidate regions in each image of the
video sequence averagely, the processing speed is about 11 frame/s which could be satisfied
the real time requirement. Several recognition results (Figure 12) indicate that the proposed
pedestrian detection approach based on multisensor fusion has good performance, which
could provide an effective support for active pedestrian safety protection.

6. Conclusions

A fast pedestrian recognition algorithm based on multisensor fusion is developed in
this paper. Potential pedestrian candidate regions are located by laser scanning and the
perspective mapping model, and then ROI-IHOG feature extraction method is proposed
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Figure 10: Pedestrian candidate region estimation results under different urban scenarios.

(a) 1st urban scenario

(b) 2nd urban scenario

Figure 11: Pedestrian detection with ROI-IHOG+SVM.

(a) (b)

(c) (d)

Figure 12: Pedestrian recognition based on multisensor fusion.
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for reducing computational time cost. Moreover, SVM is utilized with a novel pedestrian
sample dataset which adapt to the urban road environment for online recognition. Pedestrian
recognition is tested with radar, vision, and two-sensor fused, respectively. Reliable and
timewise performances are shown on fusion-based pedestrian recognition. The processing
speed could reach 11 frame/s which could be satisfied the real time requirement. In future
work, we will further study the key technologies for pedestrian safety, such as pedestrian
tracking, pedestrian behavior recognition, and conflict analysis between pedestrians and the
host vehicle.
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In recent years, with axle loads, train loads, transport volume, and travel speed constantly
increasing and railway network steadily lengthening, shortcomings of current maintenance
strategies are getting to be noticed from an economical and safety perspective. To overcome the
shortcomings, permanent-of-way departments throughout the world have given a considerable
attention to an ideal maintenance strategy which is to carry out appropriate maintenances just in
time on track locations really requiring maintenance. This strategy is simplified as the condition-
based maintenance (CBM) which has attracted attentions of engineers of many industries in the
recent 70 years. To implement CBM for track irregularity, there are many issues which need to
be addressed. One of them focuses on predicting track irregularity of each day in a future short
period. In this paper, based on track irregularity evolution characteristics, a Short-Range Prediction
Model was developed to this aim and is abbreviated to TI-SRPM. Performance analysis results for
TI-SRPM illustrate that track irregularity amplitude predictions on sampling points by TI-SRPM
are very close to their measurements by Track Geometry Car.

1. Introduction

Traffic accidents have long been a social-economical problem which has caused increasing
concerns to the public worldwide [1, 2]. 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 [3].

The roles of railway track are to guide the vehicle or locomotive traveling, endure
comprehensive effects of contributing environmental variables and loads from wheels,
distribute wheel loads to roadbed, bridges, or tunnels, provide a smooth trajectory for wheel
running, keep operation costs, travel safety and passenger comfort within an accepted range,
and roadbed in a good condition [4, 5]. Track condition may be classified into two categories:



2 Discrete Dynamics in Nature and Society

track geometry condition and track structure condition [6]. Track geometry condition plays a
significant role in ensuring train traveling safety and passenger comfort [7] and is usually
measured by several geometry parameters [5]. These parameters comprise projections of
rails in the horizontal, longitudinal and vertical planes and include gauge and cross level
in the horizontal plan, longitudinal level in the vertical plan, alignment in the longitudinal
plane, and twist for measuring uneven running surface [8]. In theory, values of these five
parameters that is, gauge, cross level, longitudinal level, alignment, and twist are G0 which
is the designed gauge and in most countries is equal to 1435 mm, 0 mm, 0 mm, 0 mm, and
0 mm/m for the straight track, respectively, and for the curved track are G0 + Gw, wherein
Gw is the designed gauge widening, and CL0 which is the designed super-elevation, 0 mm,
0 mm and 0 mm/m, respectively. Because of many reasons [4, 9, 10], however, the actual
values of these parameters deviate from their theoretical ones. These deviations are usually
referred to as track irregularity [5]. The existence of track Irregularity makes unsmooth the
running trajectory of wheels. The unsmooth trajectory will lead to vibrations of vehicles and
locomotives and dynamic forces between wheels and rails. The trains vibrations and dynamic
forces not only reduce train travelling safety and passenger comfort, but also shorten track
equipment life [4, 11], what is more, deteriorating track irregularity further [4, 12]. According
to investigation reports, which were published by the Rail Accident Investigation Branch of
UK, of 184 accidents occurred between October 2005 and June 2010, there are 58 derailments,
and 24 of them are induced by bad track irregularity [13].

In recent years, with axle loads, train loads, transport volume, and travel speed
constantly increasing and railway network steadily lengthening, shortcomings of current
maintenance strategies are getting to be noticed from an economical and safety perspective
[9]. To overcome the shortcomings, permanent-of-way departments throughout the world
have given a considerable attention to an ideal maintenance strategy which is to carry out
appropriate maintenances just in time on track locations requiring maintenance. This strategy
is simplified as the condition-based maintenance (CBM) which has attracted attentions of
engineers of many industries in the recent 70 years. To implement CBM strategy for track
irregularity, there are many issues which need to be addressed [9]. One of them deals with
predicting track irregularity of each day in the future short period.

There are some studies on track irregularity prediction methods. Professionals at
Railway Technical Research Institute in Japan have, respectively, developed degradation
models which utilize standard deviations of track geometry measurements to predict
standard deviations of track alignment and surface over 100-meter-long track sections [14].
Alfelor et al. have built a track degradation database storing track gauge restraints and
track geometry parameters measured with Gage Restraint Measurement System, traffic loads,
environment, and track structural characteristics, and they developed a track degradation
analysis program which can formulate a one-to-one relationship between track degradation
and a contributing parameter by employing least square linear regression [15]. Chen et al.
at China Academy of Railway Sciences have developed an integrated factor method (IFM)
which utilizes the latest track geometry measurements to predict track irregularity parameter
values on all sampling points [10]. In order to make predictions, IFM divides a railway track
into 200-meter-long unit sections, classifies unit sections into 17 categories, and assumes that
unit sections in the same category have the same track irregularity deterioration rate. Based
on a common denominator; “a good track behaves well, while a poorer one deteriorates
faster,” Veit and Marschnig developed an exponential model for describing track irregularity
evolution between two adjacent temping maintenances over a 5-meter-long track section [12].
Quiroga and Schnieder also developed an exponential model for describing track surface
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evolution between two adjacent temping maintenances over 200-meter-long sections [7].
Based on experiences of railway engineers, Meier-Hirmer et al. employed Gamma process
to fit track surface deterioration rate between two adjacent temping maintenances over track
sections with the length equal to 200 meters and 1000 meters [16]. Xu et al. developed
a multistage framework integrating linear regression models to describe track irregularity
evolution between two adjacent maintenances [17]. And based on conclusions drawn from
[9, 16], Xu et al. then proposed a novel method for predicting track irregularity condition over
unit sections [18] and mean of track irregularity amplitudes over 10-meter-long unit sections
[19].

There are some limitations of these methods [9]. The study presented in this paper
will overcome these shortcomings and develop a novel, distinctive model to predict track
irregularity parameter values over sampling points of each day within the following one or
two inspection intervals of Track Geometry Car (TGC). Thus, the model is named Short-
Range Prediction Model for Track Irregularity and is abbreviated to TI-SRPM.

The rest of the paper is organized as follows. Section 2 declares variables for TI-
SRPM. In Section 3, TI-SRPM is detailed. In Section 4, by analyzing track gauge and surface
predictions of about 8000 sampling points, the performance of TI-SRPM is analyzed. Based
on the performance analysis results, conclusions are drawn in Section 5.

2. Variable Denotations

Variable denotations throughout this paper are listed as follows.

Sec: a track section on which TI-SRPM is built.

Ti: a track irregularity index for which TI-SRPM is built.

{tn,x}: a date series of every day within two adjacent maintenances at Sec; when x is
equal to 0, tn,0 presents the date when a TGC inspection was carried out; when x is
more than 0, tn,x presents the date of the xth day after the nth TGC inspection; when
x is less than 0, tn,x presents the date of the xth day before the nth TGC inspection.

aln,x: the measurement by TGC of the amplitude of the track irregularity index Ti
on tn,x over the sampling point l in Sec; due to the fact that TGC is not operated to
measure track irregularity each day, only aln,0 has the actual value.

âln,x: the prediction of aln,x.

An =

⎛
⎜⎜⎝

a1
n,0 · · · a1

n,x

...
. . .

...
aln,0 · · · aln,x

⎞
⎟⎟⎠,

Ân =

⎛
⎜⎜⎝

â1
n,1 · · · â1

n,x

...
. . .

...
âln,1 · · · âln,x

⎞
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(2.1)

Sn: the condition of Ti over Sec on tn,0.

kn: the degradation rate of Ti within a date interval including the date of the nth
TGC inspection.

Vl = [1, 1, . . . , 1︸ ︷︷ ︸
l

]T , a column vector with the size of l and all elements of 1.

3. TI-SRPM

Many factors exert influences on track irregularity deteriorations. To ensure TI-SRPM to
capture track irregularity degradation trend as much as possible, it should be built on the
basis of track irregularity degradation characteristics.

3.1. TI-SRPM Research Object

According to practical experiences on track irregularity degradation, under the effect of
many factors on track irregularity deterioration, degradation processes of two near spatial
points are different, and what is more, degradation processes of two track irregularity indices
over a spatial point are also distinguished. On the other hand, maintenance works routinely
or temporarily scheduled will destroy the current degradation process and initiate a new
evolution process. Therefore, track irregularity prediction model should be built for the
degradation process of a track irregularity index over a spatial point within two adjacent
maintenance works.

However, because there are mileage errors existing between TGC inspections [9, 20,
21], building track irregularity prediction model on a spatial point is usually impossible.
Therefore, some researches on track irregularity predictions built models for a section of some
length.

Track Geometry Measurements (TGMs) used in this paper are processed with two
mileage error correction models, Key Equipment-based Mileage Error Correction model, KE-
BMEC [9, 22], and Track Geometry Measurements-based Mileage Error Correction model,
TGM-BMEC [9]. Mileage errors of such TGM processed by these two models are normally
less than a sampling distance, that is, 0.25 m. Therefore, TI-SRPM will be constructed for the
degradation process of a track irregularity index Ti over a shorter unit section, 0.5 m. Due to
the fact that a unit section only has 2∼3 sampling points, amplitudes of Ti over these points do
not deviate very much from each other. Therefore, track irregularity condition, Sn, of Ti over
Sec on tn,0 is quantified with the mean of track irregularity measurements of Ti over sampling
points in Sec.



Discrete Dynamics in Nature and Society 5

Indicates occurrence of inspection on current day
Indicates ascending direction of dates

t1,0
S1,0 S1,1 S2,−2 t2,−1

S2,−1

ti,0
Si,0

ti,1
Si,1 Si+1,−2

ti+2,−1
Si+1,−1

tn,0
Sn,0 Sn,x−2

tn,x−1
Sn,x−1 tn,x

Sn,x
tn,x+1

Sn,x+1

· · ·

t1,1 · · ·

· · ·

· · ·

· · ·

· · ·

Figure 1: Evolutionary process of track irregularity over the unit section Sec.

3.2. Track Irregularity Degradation Process of Ti over the Unit Section Sec

With the current track irregularity condition as its initial condition, future track irregularity
condition is induced by comprehensive influences of many factors on track irregularity.
During railway transportation, track irregularity changes on a daily basis. The difference
in track irregularity condition on two moments quantifies accumulatively comprehensive
effects in the period. It indicates that comprehensive influences of factors on track irregularity
deteriorations can be taken into consideration by directly using TGM. This forms a
basis for some pieces of research on track irregularity predictions, for example, IFM in
[9].

Therefore, sn,x−1 on tn,x−1 is a main input affecting sn,x on tn,x. Meanwhile, sn,x serves
as a main output at tn,x which influences sn,x+1 on tn,x+1. Figure 1 illustrates this evolution
process. In the evolution process of Figure 1, track irregularity condition is inspected by TGC
at an inspection cycle. Track irregularity condition sn,x on the day of tn can be calculated from
TGM generated during this day’s inspection.

3.3. TI-SRPM Building

Research results of [8] show that in a normal circumstance (no natural disasters occurring)
and with no maintenance works carried out, track irregularity condition changes over a
unit section within a short period are small. On the other hand, under effects of factors,
changes in track irregularity condition over a unit section are nonlinear with railway
transportation [7, 9–11, 14, 16–19]. So, in the normal circumstance, the track irregularity
degradation process can be presented as an approximately differentiable and evolutionarily
smooth curve. According to one of calculus fundamentals, a nonlinear deterioration process
in a short-range period within two adjacent maintenance works can be approximated by a
linear deterioration process in the same short period. A whole evolution process between
two adjacent maintenance works comprises deterioration processes of many short periods.
Therefore, the whole process can be approximated by many linear deterioration processes.

According to the previous discussion, once the short period lengths are known for the
approximation of a nonlinear deterioration process over Sec by many linear processes, TGM
can then be used to fit these linear deterioration processes, and a mean deterioration rate, kq,
is available for each of these linear processes. kq quantifies the mean comprehensive effect of
many factors on the condition of Ti over Sec. Because the unit section has a shorter length, all
sampling points in Sec can be considered to have the same deterioration rate, kq, for the track
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Figure 2: Illustration of predicting track irregularity amplitudes over all sampling points in the unit section
Sec after the qth Track Geometry Car inspection.

irregularity index Ti. According to the analysis results of Section 3.2, the amplitude of Ti over
a sampling point l on tq,x is approximated by alq,0 + kq · x.

After the qth TGC inspection for the railway track where the unit section Sec is,
predicting amplitudes of Ti at each day within the period of tq,1 ∼ tq,r over sampling points in
Sec is illustrated in Figure 2. In Figure 2, the date range satisfies the following two conditions:
(a) tq,r − tp = Tq, wherein Tq represents the short period length for the approximation of
the current nonlinear deterioration process, and (b) in the period of tq,1 ∼ tq,r , there is at
least one TGC inspection for the railway track where Sec is. r is determined by the TGC
inspection interval and usually takes on the maximum interval, Id. In Figure 2, the prediction
for amplitudes Aq,x of Ti on tq,x over sampling points in Sec is made with (3.1), wherein the
mean deterioration rate, kq, is determined by fitting the time series {Sp, Sp+1, . . . , Sq}with the
least squares method, where

Âq,x = Aq,0 + kq · x · Vl. (3.1)

Because the track irregularity deterioration is nonlinear, to approximate the real
deterioration process with a linear process, when a new TGC inspection for the railway
track is carried out, the newly generated TGM should be taken into consideration to adjust
previously fitted deterioration rate, kq, and to obtain a new one, kq+1. The new deterioration
rate is then used for making predictions as shown in Figure 3. In Figure 3, the date range
satisfies the same conditions with one in Figure 2. Predictions for amplitudes, Aq+1,x, of Ti
on tq,x+1 in Sec are made according to (3.2). The mean deterioration rate in (3.2) is obtained
according to the newly formed time series {Su, Su+1, . . . , Sq+1}where

Âq+1,x = Aq+1,0 + kq+1 · x · Vl (3.2)
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Figure 3: Illustration for predicting track irregularities of all sampling points along the unit section Sec
after the (q + 1)th Track Geometry Car inspection.

As the TGC inspection for the railway track where Sec is continues, the previous
adjustments will list a family of linear prediction models, shown in (3.3). The family of linear
models is TI-SRPM for making short-range predictions for amplitudes of Ti over sampling
points in Sec consider

Â2,x = A2,0 + k2 · x · Vl
...

Âq,x = Aq,0 + kq · x · Vl
...

(3.3)

In (3.3), x lies in the closed section [1, r], and the mean deterioration rate, kq, for
each linear model is determined with the least squares methods by fitting {Sp, Sp+1, . . . , Sq}
calculated from TGM generated during the least 4 TGC inspections. When the available TGC
inspections are less than 4 in times, all available TGM are used.

4. Performance Analysis

Utilizing TGM processed with both KE-BMEC and TGM-BMEC, multiple predictions for
amplitudes of track irregularity over sampling points on the Jiulong-Beijing Railway Track
under the jurisdiction of Jinan Railway Bureau have been made with TI-SRPM. In this section,
errors in predictions of amplitudes of gauge and right surface over sampling points in the
section from K612+000 to K614+000 will be analyzed. There are about 4000 (2000/0.5) unit
sections and about 8000 (2000/0.25) sampling points in the 2-kilometer-long track section. To
perform these predictions, approximately 48000 (4000∗6∗2) linear models in the form of (3.1)
or (3.2) are built automatically with a computer routine coded for TI-SRPM.
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Table 1: Some error statistics from gauge predictions of all sampling points in Jiulong-Beijing track section
from K612+000 to K614+000.

Date Error statistic
ME (mm) SD (mm) ρ

Sep. 24 −0.0018 0.1912 0.9884
Oct. 10 −0.0019 0.0660 0.9985
Oct. 30 −0.0013 0.3007 0.9690
Nov. 13 −0.0022 0.1062 0.9960
Dec. 12 −0.0027 0.1481 0.9921
Dec. 25 0.0001 0.1030 0.9961

These predictions of 6 times were made after inspections of September 8, September
24, October 10, October 30, November 13, and December 12, 2008, respectively. As stated in
Section 3, due to the fact that TGC does not perform inspections every day, track irregularity
measurements are only available for those days with inspection. Thus, error analysis is
carried out only for these predictions which have amplitude measurements, that is, on
September 24, October 10, October 30, November 13, December 12, and December 25, 2008.

4.1. Gauge

Histograms of errors in gauge predictions are illustrated in Figure 4. And some statistics from
gauge prediction errors such as Mean Error, ME, Standard Deviation, SD, and Correlation
Coefficient, ρ, of errors are listed in Table 1.

Histograms in Figure 4 and statistics listed in Table 1 show that gauge prediction
errors of these 6 times are normally distributed with means approximately equal to 0 mm,
the maximum SD is 0.3007 mm, and the minimum ρ takes the value of 0.9690.

From the previous results, the following four main conclusions are arrived at: (a)
the gauge deterioration trends over sampling points are captured by TI-SRPM, (b) gauge
amplitude measurements, aln,x, lie in the closed section [âln,x − 2SD, âln,x + 2SD] (wherein,
SD < 0.31 mm) with the probability of 95.44%, (c) gauge predictions are very close to
gauge measurements, and (d) there are high similarities between gauge measurements and
predictions.

4.2. Right Surface

Figure 5 shows histograms of right surface prediction errors. Some error statistics are listed
in Table 2.

Histograms in Figure 5 and error statistics listed in Table 2 show that right surface
prediction errors are normally distributed with means approximately equal to 0 mm, the
maximum SD is 0.1487 mm, and the minimum ρ takes 0.9940.

From the previous results, the similar conclusions with ones in Section 4.1 are drawn
as follows: (a) right surface deterioration trends are captured by TI-SRPM, (b) right surface
measurements, aln,x, lie in the closed section [âln,x − 2SD, âln,x + 2SD] (wherein, SD < 0.15 mm)
with the probability of 95.44%, (c) right surface predictions are very close to right surface
measurements, and (d) there are high similarities between right surface measurements and
predictions.
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Figure 4: Histograms on errors in gauge predictions of all sampling points in Jiulong-Beijing track section
from K612+000 to K614+000.

5. Conclusions

According to one of calculus fundamentals, on the basis of track irregularity deterioration
characteristics, a short-range prediction model was developed for amplitudes of track
irregularity over sampling points on each day within a future short period. The research
objects of the model are a deterioration process of a track irregularity parameter between
two adjacent maintenance works over a 0.5-meter-long unit section. TI-SRPM for a research
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Figure 5: Histograms on errors in right surface predictions of all sampling points in Jiulong-Beijing track
section from K612+000 to K614+000.

object comprises a family of linear models, that is, Âq,x = Aq,0 + kq · x · Vl (wherein, q ≥ 2
and x ∈ [1, r]). Performance analysis in Section 4 for TI-SRPM shows that track irregularity
deterioration trends over sampling points are captured by TI-SRPM, and track irregularity
predictions are very close to their measurements.
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Table 2: Some error statistics from right surface predictions of all sampling points in Jiulong-Beijing track
section from K612+000 to K614+000.

Date Error statistic

ME (mm) SD (mm) ρ

Sep. 24 −0.0047 0.1477 0.9940

Oct. 10 −0.0015 0.0931 0.9977

Oct. 30 −0.0010 0.0976 0.9975

Nov. 13 0.0019 0.1378 0.9949

Dec. 12 −0.0034 0.1486 0.9943

Dec. 25 0.0005 0.0735 0.9986
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Night illumination of expressway long tunnels in China was far from drivers’ demand and caused
lots of traffic accidents and electricity wasting. In order to solve this problem, reasonable night
luminosity in expressway long tunnels in China was studied. Based on a visual disturbance
generation mechanism, the mistakes in night illumination of Chinese expressway long tunnels
were analyzed. Real road experiments were conducted and fuzzy assessments were used to
establish models. The results showed that night luminosity was too high and should be controlled
below 9 Lx. In the entrance segment, the luminosity should be gradually increased from 0 Lx to
9 Lx. In the middle segment, the luminosity should be remained at 9 Lx. In the exit segment, the
luminosity should be gradually decreased to 0 Lx. The optimized luminosity is highly consistent
with the actual demand of drivers. Traffic safety was improved and electricity consumption was
reduced.

1. Introduction

The environment inside and outside tunnels was of great difference, in particular the
luminosity. Significant contrast of dark and bright increased the visual and psychological
burden of drivers. In the daytime, the drivers would suffer dark adaptation when entering
tunnels and light adaptation when leaving tunnels. While at night, drivers would suffer light
adaptation when entering these tunnels and dark adaptation when leaving. All expressway
long tunnels in China are equipped with lights. The ventilation and lighting specification of
PRC only required luminosity in day [1]. The same illumination program were generally
adopted in Chinese practices for both day and night. This illumination method worsen
visual disturbance in night and increased electricity consumption. For example the expense
of illumination electricity in Chinese Zhongnan mountain tunnel was higher than charge. The
night luminosity in expressway long tunnel was too higher to meet the drivers’ demand.
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2. Literature Review

The Luminosity difference inside tunnel and outside was a major factor to traffic safety. At
the same time, illumination consumption of large amounts of electricity was obvious. Many
studies have been conducted about this problem.

The ventilation and lighting specification of PRC stipulated detailed parameters
of luminosity of tunnels in daytime [1]. The specification ignored the fact that drivers
would suffer different visual disturbances between day and night. It stipulated luminosity
mainly based on the visual disturbance that drivers would suffer in tunnel in daytime.
Environmental factors affected driving behavior and information perception [2, 3]. Although
the exact luminosity maybe different in every country, the major factors considered were the
same. The different country had built self-specification [1, 4]. International Commission on
Illumination published “Guide for the Lighting of Road Tunnels and Underpasses” in 2004
[5]. Schreuder and Swart studied the energy saving in tunnel entrance lighting in order to
decrease the electricity consumption [6]. Piarc also studied the problem of operational cost
reduction of road tunnels and proposed the illumination solution [7]. In China, Xia analyzed
some problems about tunnel illumination unsolved in the specification. He proposed that
the problem should be studied from driver light and dark adaption but no luminosity value
regarded as appropriate [8]. Qiu et al. studied the specification and compared it with CIE then
proposed the dynamic requiring illumination in the transition section of the tunnel lighting
[9]. Tu and Chen Studied the illumination parameter of short tunnels [10]. Zhang aims at
medium and short tunnels in expressway studied illumination [11]. Tunnel entrance and exit
were regarded as black points of traffic accident so, Wang et al., analyze the illumination
design at tunnel entrance and exit [12]. Schreuder researched the illumination in tunnel
entrances at day [13]. Zhao and Liu from Chang’an University, investigated drivers’ visual
feature variation pattern and driving behaviors in tunnels and established relevant models to
describe the variation pattern [14]. Fukuda selected one tunnel to study the eye fixation point
[15]. Wang et al. collected data of Chinese traffic accidents happened in tunnel and proposed
the high rate segment in tunnel [16]. Du et al. from Tongji University evaluated driving safety
level in tunnels using drivers’ pupil area variation and put forward many conclusions. From
the point of content and methods, this study attributed pupil area variation completely to
drivers’ nervousness and ignored the impact of illumination and dark adaptation time. When
driving in tunnel the relation between visual information perception and safety was analyzed
[17, 18]. Schreuder, describes the relation between visual performance and road safety [19].
In china tunnel operation difficulties was researched including illumination [20]. In recent
two years researchers in China mainly concerned in LED applied in tunnel [21]. All these
studies were connected to the illumination in expressway tunnel but the conclusions could
not be applied directly to the Chinese expressway long tunnel.

Although some studies on tunnel lighting were conducted, Chinese expressway long
tunnel illumination at night is unreasonable yet. The reason for the above situation was
that the illumination design ignored the sequence difference of dark and light adaptation
between day and night, did not evaluate environment consistency, and only considered that
illumination in tunnels could improve visual field. In contrast, the calculation method of
illumination abroad was of great difference from the demand of drivers in China due to
differences of vehicle velocity, traffic condition, and human factors.
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3. Research Method and Experiment

3.1. Research Method

It was difficult to find out the exact luminosity. The reason was that human factors were not
easy to quantitatively describe. Whether the luminosity was satisfying to drivers’ demand
only depended on the divers assessment. But the luminosity that could be applied in
experiments was restrict to real tunnel illumination. If this problem was researched in
laboratory, the drivers could not obtain the same feeling from the stimulated environment
compared with real driving environment.

To solve this significant problem, this paper would conduct the real rod experiments.
Drivers passed through the tunnels with a different luminosity and assessed whether
the illumination was appropriate. Considering the fact that people could not give exact
assessment results fuzzy mathematics would be the best method to calculate the luminosity.
Aiming at the calculated luminosity, some drivers were selected to verify whether the
optimized luminosity was right. Via the above methods, the best illumination parameters
would be certain. Based on these analyses, this paper researched appropriate night lumi-
nosity in expressway long tunnels fit for Chinese real character of traffic condition and human
factors and proposed an optimized night lighting solution.

3.2. Experiments

3.2.1. Subjects

As the uniform, requirements for more than 2 years of expressway driving experience
were required. Also, the drivers should have good driving skills and normal visual ability,
without physiological defect, or serious or severe accident experience. The subjects were from
different industries with different experiences. They had different occupations and years of
driving. At the same time, age and gender were considered. At last, including 12 female
drivers total, 37 drivers were selected in the experiments.

3.2.2. Instruments

Luminosity meter was used to measure luminosity on ground and wall in tunnels. A 5-seat-
car was chosen as an experiment vehicle. The vehicle velocity variation was recorded by
Microwave radar speed sensor.

3.2.3. Tunnels and Luminosity

Before they entered each experimental tunnel, the drivers were required to run on an
expressway without light for more than 30 minutes to make sure of full dark adaptation to the
luminosity outside the tunnels. All the tunnels were one-way traffic and without interference
from vehicles in the other way. Other vehicles would not pose any impact on the ambient
luminosity. The length and luminosity of each tunnel were shown in Table 1.

All the tunnels had the same night and day illumination. The luminosity in middle
segment was lower than both ends. The illumination was enhanced in entrance and exit
segment. The luminosity variation pattern could be seen in Figure 1.
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Table 1: Tunnels length and luminosity in middle segment.

Name of tunnel Yongxing Lijiahe Nanwutai Zhongnanshan Qingcha
Length/m 1140 3650 2561 18020 1343
Illumination/Lx 60 50 40 30 20
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Entrance segment

Middle segment
Exit segment

Figure 1: Luminosity variation pattern.

Table 2: Membership grade between luminosity and fuzzy assessment.

Luminosity 20 30 40 50 60
Appropriate 0.20 0.10 0.00 0.00 0.00
Less appropriate 1.00 0.31 0.00 0.00 0.00
All right 0.64 1.00 0.37 0.25 0.20
Brighter 0.12 0.73 1.00 0.90 0.85
Too bight 0.00 0.00 0.90 0.95 1.00

3.3. Experiment Program

The drivers did not know the goal of experiment and other factors were controlled as much
as possible. The drivers entered the tunnels with their own driving habits after they had full
adaptation outside the tunnels on the expressway. The drivers made subjective assessment of
the appropriateness of luminosity in course of driving. Assessment results were recorded by
the examiner.

4. Calculation and Analysis

4.1. Luminosity in Middle Segment

To ease dark and light adaptation of drivers, transition of tunnel luminosity should be smooth
and comfortable. The luminosity in entrance segment should be gradually increased to the
luminosity value in the middle segment, then retained at an appropriate value in middle
segment, and then gradually decreased to 0 Lx in the exit segment. Therefore, the appropriate
luminosity value in middle segment of expressway long tunnel was a critical parameter for
illumination design.

4.1.1. Fuzzy Assessment

According to the illumination of the experimental tunnels, the domain of luminosity value in
middle segment was taken as Lm = {60, 50, 40, 30, 20}. To simplify the assessment model, only
the luminosity value in middle segment was assumed to be an assessment factor. Cognitive
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fuzzy set of luminosity value in middle segment of expressway long tunnel at night was
established. Fuzzy set of luminosity appropriateness in middle segment: D = {too bright,
lighter, all right, less appropriate, appropriate} and recorded as {D1, D2, D3, D4, D5}. The
membership grade of each was obtained using a fuzzy statistical method and was recorded
as Rm. By taking all the results into consideration, the fuzzy relation between the luminosity
value and appropriateness was obtained, as shown in Table 2.

Effective luminosity data of expressway long tunnel at night was obtained through
luminosity assessment experiment. Using summary of assessment of tunnel luminosity
cognition, membership grade of each fuzzy set of luminosity appropriateness was obtained.
Membership grade variation showed that with the gradual decrease of luminosity value, the
luminosity in middle segment was closer to the actual demand of drivers. This showed that
the luminosity at night in middle segment of the Chinese expressway tunnels is too high.

4.1.2. Model and Results

Table 2 showed that the luminosity value in middle segment was smaller the membership
grade of subset {appropriate} against the fuzzy set was higher. Considering road ambient
consistency the luminosity in middle segment was smaller the ambient consistency, was
higher. According to Weber’s Law, the higher the illumination was, the smaller, equivalent
variation of physical quantity that drivers can feel. On the basis of the above analysis
and in combination of fuzzy mathematical membership function that fuzzy distribution of
appropriate night luminosity in expressway long tunnels was “small” was certain. So that
normal distribution was fit for the luminosity optimization function model. The specific
calculation was shown in the following formula:

˜
A(x) =

{
1, x ≤ a
e−((x−a)/σ)

2
, x > a.

(4.1)

where
˜
A is membership grade function, σ is standard deviation, and a is optimal illu-

mination.
The fuzzy membership grade values in Table 2 defined by experiments were in-

corporated into function then the unknown number in formula (4.1) can be solved as optimal
luminosity value. The specific equation was shown in the following formula:

e−((30−a)/σ)2
= 0.1

e−((20−a)/σ)2
= 0.2.

(4.2)

The calculation results were a = 9 and σ = 2. So that luminosity in middle segment was less
than 9 Lx was appropriate for actual demand of drivers.

4.1.3. Result Validation

To validate the reliability of result drivers’ fuzzy evaluation experiment was performed.
23 drivers were randomly selected from all subjects to participate in this experiment. The
luminosity was set at 10, 8, 6, 4, 2, and 0 Lx, respectively. The results showed that when
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Table 3: Luminosity in entrance segment.

Distance away from
the entrance

0 30 50 100 150 200

Illumination/Lx 0 2 5 5 7 7

Table 4: Assessment results of easing lighting entrance segment.

Comment Too bright Brighter Appropriate Darker Too dark
New entrance illumination 0.00 0.00 0.90 0.5 0.5
Original entrance illumination 0.8 0.2 0.0 0.0 0.0

the luminosity in the middle segment was less than 9 Lx membership grades of subjective
luminosity {appropriate} levels given by drivers were all more than 0.95. This indicated that
the calculation result was effective.

4.2. Luminosity in Entrance

When the night ambient luminosity outside the tunnel was 0 Lx, drivers would inevitably
suffer light adaptation at entrance if illumination devices are turned on. This destroyed
ambient consistency of road. So the ambient luminosity should be gradually increased to
9 Lx.

4.2.1. Optimization of Entrance Illumination

The light entered drivers eyes was ecological light reflected by every surface. The tunnel
had been several reflection surfaces and was helpful to percept information. Due to diffuse
reflection in tunnels, the light issued by illumination devices was more than a spot, but
a domain. Meanwhile, all lamps in practices had been a certain power restriction. In
consideration of convenience and feasibility, a simple solution was more reasonable. The
result was shown in Table 3.

4.2.2. Illumination Assessment in Entrance

To verify whether this solution was effective, a comparison experiment of fuzzy assessment
was performed. Randomly selected 21 drivers from all subjects were chosen to participate
in this experiment. The experiment design was the same as to experiment on luminosity in
middle segment. Domain Le = {original entrance illumination, new entrance illumination}.
Fuzzy set of appropriate luminosity in entrance segment with easing illumination was
E = {too bright, brighter, all right, darker, too dark}, and recorded as {E1, E2, E3, E4, E5}. The
membership grade of each was obtained using a fuzzy statistical method, and was recorded
as Re. By taking all results into consideration, the fuzzy relation between the luminosity
and its appropriateness in entrance segment with easing lighting was obtained, as shown
in Table 4.

The experiment results showed that too high luminosity value in the original
entrance segment might easily result in sudden environment change. Comparatively, the new
illumination in entrance segment could meet the demand of drivers.
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Table 5: Luminosity in entrance exit segment.

Distance away from
the exit

0 30 50 100 150 200 250

Illumination/Lx 0 2 2 5 5 7 7

Table 6: Assessment results of lighting easing in exit segment.

Comment Too light brighter appropriate darker Too dark
New exit illumination 0.00 0.00 0.95 0.5 0.0
Original exit illumination 0.9 0.1 0.0 0.0 0.0

4.3. Luminosity in Exit Segment

When drivers left the tunnel at night they would suffer dark adaptation. The luminosity at
the exit that was higher dark adaptation problem would be more serious.

4.3.1. Optimization of Exit Illumination

The dark adaptation took longer time than light adaptation. On the contrary to entrance
segment with lighting easing the optimal illumination in exit segment should be decreased
gradually from 9 Lx to 0 Lx. The result was shown in Table 5.

4.3.2. Illumination Assessment in Exit

Fuzzy assessment of exit segment with easing lighting was performed in the same way with
that of entrance segment. The fuzzy relation between the luminosity and its appropriateness
in exit segment with easing lighting was obtained, as shown in Table 6.

The results showed that luminosity value in the original exit illumination was too high.
The new exit illumination proposed based on appropriate luminosity value in the middle
segment could better meet the demand of drivers.

5. Conclusions

Measurements of luminosity in more than 100 tunnels in Shanxi and Guangdong Provinces in
China showed that the luminosity in middle segment was more than 20 Lx and higher at both
ends for all tunnels. But the drivers feel that luminosity value was set as 9 Lx was appropriate
in middle segment. The luminosity should be gradually increased from 0 Lx in entrance
segment, maintained constant in middle segment, and then reduced to 0 Lx gradually in
exit segment. According to these research results, night illumination of expressway long
tunnels should be optimized. The optimization illumination could remove dark and light
adaptation caused by luminosity difference when driving through tunnels at night. This
illumination design could reduce accidents induced by visual disturbance and electricity
power consumption. The following conclusions are obtained.

(1) The luminosity should be controlled less than 9 Lx in the middle segment of
expressway long tunnels at night. This illumination level was less than the level
required in specification.
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(2) In the entrance segment the luminosity should be increased gradually from 0 Lx to
9 Lx.

(3) The luminosity should be decreased gradually from 9 Lx to 0 Lx in the exit segment.

In this paper, the optimization of night illumination in expressway long tunnels was
obtained according to Chinese traffic condition and character of drivers. The conclusion was
verified by lighting practice in Yongxing tunnel and Wohuwan tunnel. In fact the luminosity
of each point in expressway long tunnel could not be exactly equal to the proposed ones for
optical line entered the drivers eye was reflected from driving environment. In practice, the
luminosity in middle segment controlled under 9 Lx was the key problem. Such optimized
night illumination in expressway long tunnel would not only eliminate the dark and light
adaptation problem but also significantly reduce electricity power consumption.
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This paper applies method of continuous-time random walks for pedestrian flow simulation. In
the model, pedestrians can walk forward or backward and turn left or right if there is no block.
Velocities of pedestrian flow moving forward or diffusing are dominated by coefficients. The
waiting time preceding each jump is assumed to follow an exponential distribution. To solve the
model, a second-order two-dimensional partial differential equation, a high-order compact scheme
with the alternating direction implicit method, is employed. In the numerical experiments, the
walking domain of the first one is two-dimensional with two entrances and one exit, and that of
the second one is two-dimensional with one entrance and one exit. The flows in both scenarios are
one way. Numerical results show that the model can be used for pedestrian flow simulation.

1. Introduction

In recent years, modeling pedestrian flow has attracted considerable attention, partly because
the model serves as basis for efficient crowd evacuation management and pedestrian facility
operations. However, the research is still in its infancy owing to the complexity of human
being’s behaviors.

Most of the existing models for pedestrian flow are of microscopic nature, describing
in detail the interactions among pedestrians, and between pedestrians and obstacles. Those
models include, among others, cellular automata models [1–7], lattice gas models [8–12], the
social force models [13], the centrifugal force models [14], and the floor field models [15, 16].
In cellular automata models, the walking space is two-dimensional and divided into cells.
Each cell can either be empty, be occupied by exactly one pedestrian, or contain an obstacle.
Cellular automata models are widely used for capturing pedestrian walking behaviors, such
as bi-direction movement [1, 3, 4], pedestrian counter flow with different walk velocities
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[2] or with right-moving preference [5], freezing transition phenomenon [6], and moving
pedestrians’ reaction to an obstacle [7]. Like cellular automata models, the lattice gas model
consists of a set of stochastic rules on the square lattice. Applying the lattice gas model,
previous studies have systematically investigated the phenomenon of jamming transition
from the moving state at a low density to the stopping state at a higher density [8–11]. Jiang
and Wu employed the lattice gas model to examine the interaction between a large object and
pedestrians in the narrow channel [12]. The social force model, proposed by Helbing and
Molnár [13], consists of three force terms that are measures for the moving motivations of a
pedestrian. The model is able to reproduce the self-organization of collective phenomena of
walking behaviors. By considering the headway and relative velocity among pedestrians, the
centrifugal force model is capable of describing the behavior of lane formation [14]. The floor
field model is yet another type of cellular automata models extended by realistically taking
into account pedestrians’ behaviors around the exit [15, 16].

Macroscopic models are often in the form of partial differential equations. Instead
of describing individual pedestrian’s behavior, this type of models treats the crowd as a
whole and applies the conservation laws to capture the relationship among speed, flow, and
density of pedestrian flow [17–21]. Directly starting from the flow conservation, Hughes
[17] derived partial differential equations for flows with single or multiple pedestrian
types. Likewise, Colombo and Rosini [18] introduced another partial differential equation
model for pedestrian flows with a new parameter called characteristic density, which is
used to reveal the maximal density in panic. Henderson [19] considered the movement
of a crowd as an analogous system of gas molecules and applied the Maxwell-Boltzmann
theory to describe the velocity distribution of people movements. Without making use
of the conservation assumptions in Henderson’s study, Helbing [20] developed a fluid
dynamic model for the collective movement of pedestrians based on the Boltzmann-like
approach.

Motivated by the work by Barkai et al. [22], this paper attempts to apply the
approach of continuous-time random walks (CTRW) to derive a partial differential equation
model to describe the motion of pedestrians. The CTRW is a useful model from statistical
physics, in which each random particle jump is preceded by a random waiting time.
Mathematically, the CTRW is a random walk subordinated to a renewal process. Different
from the traditional macroscopic models, the proposed model is capable of not only capturing
the macroscopic characteristics of pedestrian flows, but also describing the interactions
among pedestrians, and between pedestrians and obstacles in terms of parameters in the
model.

This paper is organized as follows. Section 2 introduces the continuous-time random
walks model, formulated as a partial differential equation. Section 3 presents a high-order
compact (HOC) solution scheme with the alternating direction implicit (ADI) method,
followed by a numerical example in Section 4. Finally, Section 5 concludes the paper.

2. Model

Consider a random walker on a bounded two-dimensional lattice with a domain Ω ∈ R2.
It is assumed that there is no correlation between steps. Let τ represent the time that the
walker stays at a particular point before making a “jump.” Hereinafter we simply call τ as
waiting time at a point and assume the waiting time at all points are independent random
variables with an identical probability density function ψ(τ). We further define Ψ(N, t)
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as the probability of N jumps occurring during the time interval (0, t). Consequently, the
probability that there is no jump occurring during the time interval (0, t) is

Ψ(0, t) = P(τ > t) = 1 − P(τ ≤ t) = 1 −
∫ t

0
ψ(τ)dτ. (2.1)

Applying the Laplace transform to both sides of (2.1) leads to

Ψ̃(0, s) =
1 − ψ̃(s)

s
. (2.2)

Note that Ψ(1, t) represents the probability that the first jump occurs at time t′ and
there are no further jumps after it until t. We thus have

Ψ(1, t) =
∫ t

0
ψ
(
t′
)
Ψ
(
0, t − t′)dt′ def= ψ ∗Ψ, (2.3)

where Ψ(0, t) and ψ(t) are simplified as Ψ and ψ. Similarly, we obtain

Ψ(N, t) = ψ ∗ ψ ∗ ψ ∗ · · · ∗Ψ = ψ∗N ∗Ψ. (2.4)

The Laplace form of (2.4) is given by

Ψ̃(N, s) = ψ̃N(s)
1 − ψ̃(s)

s
. (2.5)

Let P(x, y, t) be the probability of observing the walker at site (x, y) at time t, and let
pN(x, y) denote the probability that the walker is at the position (x, y) after N jumps. We
then have

P
(
x, y, t

)
=
∞∑

N=0

pN
(
x, y

)
Ψ(N, t). (2.6)

The Laplace transformation of (2.6) yields

P̃
(
x, y, s

)
=

1 − ψ̃(s)
s

∞∑

N=0

pN
(
x, y

)
ψ̃N(s) =

1 − ψ̃(s)
s

p0
(
x, y

)
+

1 − ψ̃(s)
s

∞∑

N=1

pN
(
x, y

)
ψ̃N(s).

(2.7)

In the domain of Ω with the length of the lattice edge being h (as shown in Figure 1),
the law of total probability implies that

pN
(
x, y

)
= r1pN−1

(
x − h, y) + r2pN−1

(
x, y − h) + r3pN−1

(
x + h, y

)
+ r4pN−1

(
x, y + h

)
,
(2.8)
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P(x, y + h, t)

P(x − h, y, t) P(x, y, t) P(x + h, y, t)

P(x, y − h, t)

Figure 1: Probabilities of walking directions.

where r1 to r4 represents the probability for the walker to proceed forward, turn left, walk
back, and turn right, respectively. The probabilities are assumed to be known and

∑4
i=1 ri = 1.

Applying Taylor’s expansion to RHS of (2.8) at the point (x, y) leads to

pN
(
x, y

)
= r1

[
pN−1

(
x, y

) − h ∂

∂x1
pN−1

(
x, y

)
+

1
2
h2 ∂

2

∂x2
1

pN−1
(
x, y

)
]

+ r2

[
pN−1

(
x, y

) − h ∂

∂x2
pN−1

(
x, y

)
+

1
2
h2 ∂

2

∂x2
2

pN−1
(
x, y

)
]

+ r3

[
pN−1

(
x, y

)
+ h

∂

∂x1
pN−1

(
x, y

)
+

1
2
h2 ∂

2

∂x2
1

pN−1
(
x, y

)
]

+ r4

[
pN−1

(
x, y

)
+ h

∂

∂x2
pN−1

(
x, y

)
+

1
2
h2 ∂

2

∂x2
2

pN−1
(
x, y

)
]
+O

(
h2
)
,

(2.9)

where O(h2) denotes higher-order terms that are omitted hereinafter. We thus obtain the
following:

pN
(
x, y

)
= pN−1

(
x, y

) − (r1 − r3)h
∂

∂x
pN−1

(
x, y

) − (r2 − r4)h
∂

∂y
pN−1

(
x, y

)

+ (r1 + r3)
h2

2
∂2

∂x2
pN−1

(
x, y

)
+ (r2 + r4)

h2

2
∂2

∂y2
pN−1

(
x, y

)
.

(2.10)
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Define f(x) = (r1 − r3)/h, f(y) = (r2 − r4)/h, where f(x) is the direction force along
the x-axis and f(y) is the force along the y-axis. Consequently, (2.10) can be recast as

pN
(
x, y

)
= pN−1

(
x, y

) − V1
∂

∂x
pN−1

(
x, y

) − V2
∂

∂y
pN−1

(
x, y

)

+W1
∂2

∂x2
pN−1

(
x, y

)
+W2

∂2

∂y2
pN−1

(
x, y

)
,

(2.11)

where V1 = h2f(x), V2 = h2f(y), W1 = (r1 + r3)h2/2, and W2 = (r2 + r4)h2/2. Applying the
Laplace transformation to (2.11), we have

p̃N
(
x, y

)
= p̃N−1

(
x, y

)
+ h2LFP p̃N−1

(
x, y

)
, (2.12)

where LFP = −f(x)∂/∂x − f(y)∂/∂y + (W1/h
2)∂2/∂x2 + (W2/h

2)∂2/∂y2.
Substituting (2.12) into (2.7) yields

P̃
(
x, y, s

)
=

1 − ψ̃(s)
s

p0
(
x, y

)
+

1 − ψ̃(s)
s

ψ̃(s)
∞∑

N=0

[
p̃N

(
x, y

)
+ h2LFP p̃N

(
x, y

)]
ψ̃N(s)

=
1 − ψ̃(s)

s
p0
(
x, y

)
+ ψ̃(s)P̃

(
x, y, s

)
+ ψ̃(s)h2LFP P̃

(
x, y, s

)
.

(2.13)

The specific form of (2.13) depends on the choice of the waiting time distribution ψ(τ).
Several distributions are plausible based on the nature of pedestrian walking behaviors. Here
we assume that ψ(τ) follows the exponential distribution, that is,

ψ(τ) ∼ 1
λ
e−τ/λ, (2.14)

where λ is the mean of waiting time. The probability density function of waiting time in the
Laplace space can be written as

ψ̃(s) =
1

1 + λs
= 1 − λs + · · · . (2.15)

Substituting (2.15) into (2.13) yields

P̃
(
x, y, s

)
= λp0

(
x, y

)
+ (1 − λs)P̃(x, y, s) + (1 − λs)h2LFP P̃

(
x, y, s

)
. (2.16)

Rearranging the above and dividing both sides by λs leads to

P̃
(
x, y, s

) − 1
s
p0
(
x, y

)
=
k

s
LFP P̃

(
x, y, s

)
, (2.17)
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where k = limh2/λ as h2 → 0, λ → 0. Then the inverse Laplace transform of (2.17) becomes
the following:

P
(
x, y, t

)
= kLFP

∫ t

0
P
(
x, y, t

)
dt. (2.18)

We thus obtain the continuous-time random walks model for pedestrian traffic as

∂P
(
x, y, t

)

∂t
= kLFPP

(
x, y, t

)
. (2.19)

3. Numerical Algorithm

Equation (2.19) is recognized as the Fokker-Planck equation. If none of the coefficients is
function of x or y, then it is a linear second-order partial differential equation. Here we
employ a high-order compact scheme with the alternating direction implicit method to
numerically solve this equation [23, 24]. Further denoting (r1 − r3)k/h as βx, (r2 − r4)k/h
as βy, (r1 + r3)k/2 as αx, and (r2 + r4)k/2 as αy, we rewrite the model as follows:

βx
∂P

∂x
+ βy

∂P

∂y
− αx ∂

2P

∂x2
− αy ∂

2P

∂y2
= −∂P

∂t
. (3.1)

Assume the domain Ω is divided evenly into spaced cells of length Δx along x-axis
and length Δy along y-axis, and δxPij , δyPij , δ2

xPij , and δ2
yPij represent the approximations

to the first and second derivatives of P with respect to x or y at node (xi, yj). Based on the
standard central finite difference method, (3.1) can be discretized as follows:

βxδxPij + βyδyPij − αxδ2
xPij − αyδ2

yPij − τij = −
∂P

∂t

∣∣∣∣
ij

. (3.2)

In the above, the truncation error, that is, τij , is

τij =

[
βx

Δx2

6
δ3
x + βy

Δy2

6
δ3
y − αx

Δx2

12
δ4
x − αy

Δy2

12
δ4
y

]
Pij +O

(
Δx4 + Δy4

)
, (3.3)

where δx, δy, δ2
x, and δ2

y are the first- and second-order central difference operators.
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Differentiating (3.1) with respect to x or y once and twice, respectively yields,
approximations of higher-order derivatives as follows:

δ3
xPij =

[(
βy

αx
δy −

αy

αx
δ2
y

)
δx +

βx
αx
δ2
x +

1
αx
δxδt

]
Pij +O

(
Δx4 + Δy4

)
,

δ3
yPij =

[(
βx
αy
δx − αx

αy
δ2
x

)
δy +

βy

αy
δ2
y +

1
αy
δyδt

]
Pij +O

(
Δx4 + Δy4

)
,

δ4
xPij =

[(
βxβy

α2
x

δy −
αyβx

α2
x

δ2
y

)
δx +

(
β2
x

α2
x

+
βy

αx
δy −

αy

αx
δ2
y

)
δ2
x +

(
βx

α2
x

δx +
1
αx
δ2
x

)
δt

]
Pij

+O
(
Δx4 + Δy4

)
,

δ4
yPij =

[(
βxβy

α2
y

δx −
αxβy

α2
y

δ2
x

)
δy +

(
β2
y

α2
y

+
βx
αy
δx − αx

αy
δ2
x

)
δ2
y +

(
βy

α2
y

δy +
1
αy
δ2
y

)
δt

]
Pij

+O
(
Δx4 + Δy4

)
.

(3.4)

Substituting (3.4) and (3.3) into (3.2) leads to

[
βxδx + βyδy −Aδ2

x − Bδ2
y − Cδxδy +Dδxδ2

y + Eδ
2
xδy + Fδ

2
xδ

2
y

]
Pij = GδtPij +O

(
Δx4 + Δy4

)
,

(3.5)

where A = αx − β2
xΔx

2/12αx, B = αy − β2
yΔy

2/12αy, C = βxβyΔx2/12αx + βxβyΔy2/12αy,
D = αyβxΔx2/12αx + βxΔy2/12, E = αxβyΔy2/12αy + Δx2βy/12, F = αxΔy2/12 − αyΔx2/12,
and G = −1 + (βxΔx2/12αx)δx + (βyΔy2/12αy)δy − (Δx2/12)δ2

x − (Δy2/12)δ2
y.

Following Karaa and Zhang [24], we define four finite difference operators,

Lx = 1 +
Δx2

12

(
δ2
x −

βx
αx
δx

)
, Ly = 1 +

Δy2

12

(
δ2
y −

βy

αy
δy

)
,

Ax = −
(
αx +

β2
xΔx

2

12αx

)
δ2
x + βxδx, Ay = −

(
αy +

β2
yΔy

2

12αy

)
δ2
y + βyδy.

(3.6)

The difference between LHS of (3.5) and (LxAy + LyAx)Pij is expressed as

[
β2
xβyΔx

2Δy2

144αxαy
δ2
xδy +

βxβ
2
yΔx

2Δy2

144αxαy
δxδ

2
y −

(
β2
xΔx

2Δy2

144αx
+
β2
yΔx

2Δy2

144αy

)
δ2
xδ

2
y

]
Pij , (3.7)

while the difference between RHS of (3.5) and LxLyδtPij is

[
βxβyΔx2Δy2

144αxαy
δxδy −

βxΔx2Δy2

144αx
δxδ

2
y −

βyΔx2Δy2

144αy
δ2
xδy +

Δx2Δy2

144
δ2
xδ

2
y

]
δtPij . (3.8)
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Thus (3.5) can be rewritten as

[
LxAy + LyAx

]
Pij = LxLyδtPij +O

(
Δx4 + Δy4

)
, (3.9)

since adding the above two expressions to (3.5) will not influence the accuracy. Applying the
Crank-Nicolson discretization, we have

(
LxAy + LyAx

)Pn+1
ij + Pnij

2
= −LxLy

Pn+1
ij − Pnij

Δt
+O

(
Δx4 + Δy4

)
+O

(
Δt2

)
. (3.10)

This discretization is apparently second order in time and fourth order in space.
We move the terms with Pn+1

ij in the above equation to its LHS and add Δt2AxAyP
n+1
ij /4

to it. Similarly, we move the terms with Pnij to the RHS and add Δt2AxAyP
n
ij/4. Consequently,

(3.10) becomes the following equation after dropping the error terms [24]:

(
Lx +

Δt
2
Ax

)(
Ly +

Δt
2
Ay

)
un+1
ij =

(
Lx − Δt

2
Ax

)(
Ly − Δt

2
Ay

)
Pnij . (3.11)

Employing the alternating direction implicit method, we have

(
Lx +

Δt
2
Ax

)
Pn+1/2
ij =

(
Lx − Δt

2
Ax

)(
Ly − Δt

2
Ay

)
Pnij ,

(
Ly +

Δt
2
Ay

)
Pn+1
ij = Pn+1/2

ij ,

(3.12)

where Pn+1/2
ij is an intermediate variable.

4. Numerical Example

We applied the proposed model and solution algorithm to a rectangular walking platform
with x = 30, y = 20. Pedestrians are only allowed to walk from the left boundary to the
right one. There are two doors of the same width as w = 4 where pedestrians can enter
the platform, as shown in Figure 2. Initially, there are no pedestrians in the platform. The
boundary conditions are

P(x, 0, t) = 0, P(x, 20, t) = 0, P(0, [8, 12], t) = 0, (4.1)
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8

4

8

x = 30

y = 20

Figure 2: Schematic illustration of the one-way pedestrian flow in a platform. The length of the platform
is 30 and the width is 20. The left dashed lines represent two entrances and the right one is exit. Solid lines
are walls.

and the inputs are

P(0, d, t) =
t

1.5
, t ∈ [0, 1.5],

P(0, d, t) = 1.0, t ∈ (1.5, 3.5),

P(0, d, t) =
(5 − t)

1.5
, t ∈ [3.5, 5],

P(0, d, t) = 0, t > 5,

(4.2)

where d = (0, 8) ∪ (12, 20).
We further assume r1 to r4 to be 0.70, 0.15, 0.0, and 0.15, respectively, and λ = 0.045 and

h = 0.05.
Figure 3 is snapshots of numerical solutions of the pedestrian flow at times t =

1, 2, . . . , 9, respectively, to show the movement pattern of the pedestrians. The density
increases steadily with the increase of entering flow and reaches its maximum at time t = 5.
The density centered at either group is becoming less while the density between these
two groups is becoming larger as the pedestrians are walking forward. For each group of
pedestrians, density at the center is always larger than those in the surroundings. The reason
is that the people around the block are much easier to disperse than those in the middle. As
the time is close to t = 9, the density is approaching zero and only some late-entering or slow-
walking people remain in the platform. From the snapshots, we can observe the phenomena
of dispersion and advection of the pedestrian flow.

To further illustrate the model, additional experiments were conducted with the whole
left boundary, that is, x = 0, as the entrance. In addition, the inflow is supposed to be steady
with P(0, y, t) = 1.0, where y ∈ (0, 20) and t ∈ (0, 30]. Figure 4 plots the density along x at
t = 1, 2, . . . , 8, respectively. It can be observed that there is a sharp decrease in each curve,
indicating that only a few pedestrians are fast walkers. The results are consistent with the
phenomenon we may observe in reality that no matter how crowded a platform is, the density
close to the exit is always less than the jam density.
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Figure 3: Density of pedestrian flow at different times.

To reveal the impact of direction choice behavior on the flow patterns, Figure 5
plots the average density of the platform along time under various scenarios where r1 =
0.80, 0.60, 0.40, 0.33, respectively, and probabilities of left and right turns are r2 = r4 =
(1 − r1)/2 and walking backward is not allowed. It is shown that the time the flow becomes
steady is significantly dependent on r1. The larger r1 is, the faster the flow reaches to a steady
state. The numerical results coincide with actual pedestrian moving behavior. Moreover, a
smaller value of r1 leads to a lower density in the steady state.

Figure 6 illustrates the average density across the time under different entering flow
intensity at PE = 1.0, 0.8, 0.6, 0.4, 0.2, respectively. It shows the steady density is only slightly
lower than the input flow intensity. In addition, it is observed that no matter what intensity
the inflow is, the time the flow reaches to its steady state remains almost the same.
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Figure 4: Density along x-axis at different times with r1 = 0.6, r2 = 0.2, r3 = 0.0, and r4 = 0.2.

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30

Time

D
en

si
ty

r1 = 0.8
r1 = 0.6

r1 = 0.4
r1 = 0.33

Figure 5: Average density of the platform along time with different r1’s.

5. Conclusion

This paper is an application of continuous-time random walks approach to pedestrian flow
simulation. The model is capable of describing macroscopic phenomena such as forward
moving and dispersion of pedestrian flow. In addition, by varying coefficients of the model,
some microscopic phenomena such as route/direction choice behaviors can be replicated. To
solve the model, a high-order compact scheme with the alternating direction implicit method
is applied. Numerical results validated both the model and the numerical method.
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Figure 6: Average density with different entering flow intensity, where r1 = 0.6, r2 = 0.2, r3 = 0.0, and
r4 = 0.2.

The model formulation in the paper only accounts for the distribution of the waiting
time. In our future study, the probability distribution of jump length will be considered to
further enhance the validity of the model. To make the model more practically applicable,
we also plan to incorporate bi-direction flow and more realistic boundary conditions, such as
input and output between platform and trains in platform.
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As a multimodal travel behavior, park and ride includes several trip modes such as car, walking,
bus, or railway. And people’s choice of park and ride is influenced by many factors. This paper,
based on the park and ride behavior survey in Beijing, will analyze the relationship between the
perception of the influencing factors and the behavior intent for park and ride by using structural
equation modeling. The conclusions suggest that the park and ride choice for travelers is a passive
behavior which means giving up driving the car is mainly caused by the serious traffic congestion.
Furthermore, improving the service level of the park and ride facilities and the comfort for riding
bus or railway will increase the utilization of park and ride facilities. The perceptions of the
influencing factors have both direct and indirect effects on the travel intent for park and ride by
the interaction among the influencing factors.

1. Introduction

Park and ride is a travel mode, in which the car travelers who are going to the city center (or
congestion area) park in the peripheral area and then reach the destination by using public
transportation. This mode is helpful to reduce the car flow in the city center, relieve the traffic
pressure; and perfect the urban traffic structure. The factors affecting the park and ride choice
for the car drivers include personal characteristics, service level of the transfer facilities, and
policy factors.

Hole has used stated choice (SC) data to forecast the demand for an employee park
and ride service. Four different Logit models have been established in the paper. The model
estimations show that the drivers with low income, more cars, and parking spaces scarcity at
travel destination would be more likely to use park and ride [1].

Bos et al. have conducted a stated choice experiment in Nijmegen, The Netherlands,
using the hierarchical information integration method. The results indicate that social safety,
quality of the connecting public transport, and relative travel times by transport modes are



2 Discrete Dynamics in Nature and Society

key attributes to the success of park and ride facilities. Contextual variables seem to have
only a minor impact [2].

Hess has developed the multinomial mode Logit model including driving alone,
riding in a carpool, or transferring to transit for the trip to work in Portland’s CBD. The
results suggest that raising the cost of parking at work sites and decreasing the transit travel
time (by improving service and decreasing headways) will reduce the driving alone mode
share [3].

At present, the construction of park and ride facilities is just beginning in metropolitan
cities of China. For example, Beijing and Shanghai have launched pilot program of park and
ride and made the plan of park and ride facilities. Some related researches are shown as
followes.

Hui and He have studied the influencing factors and the travel intent for park and
ride choice behavior and used disaggregated model to analyze the importance of influencing
factors. The paper brings forward the idea that the main factors affecting park and ride choice
behavior are passive factors such as road traffic congestion and lack of parking spaces [4].
He et al. have established a binary Logit model using the stated preference survey data
in Nanjing, China. The results show that income, driving experience, trip purpose, traffic
congestion level, and parking fee have significant impacts on the use of park and ride facilities
[5].

The previous researches mainly analyze the relations between the influencing factors
and choice behaviors by using the investigations and models. The travelers may have
different perceptions of the same influencing factors, and then they will produce different
travel intents under the same traffic condition [6]. It can be said that the perception of the
influencing factors is an important aspect for travel behavior analysis.

Sakano and Benjamin have studied the travel behavior for choosing the commuter rail
or car between two cities using the structural equation analysis. The model is specified and
estimated to test various policy factors such as changes in fares, headway and travel time of
train service, and the congestion on the highway. It was found that travel time and explicitly
expected extra travel time due to congestion are not significantly related to mode choice, and
primary activities are significant predictors of mode choice [7].

Lin et al. have proposed an alternative model specification for better conceptualizing
the customer perceived value construct and to discuss the theoretical justification of the
model. The proposed model was elaborated based on theoretical contexts. Three models of
different conceptualization specifications were estimated and compared with eTail service
value survey data [8].

Rahaman et al. have used SERVQUAL to measure the quality of provided services and
analyze the gaps between customer expectations and perceptions of the service organization.
The research points out how the management of service improvement can become more
logical and integrated to prioritize service quality dimensions and affect on increasing or
decreasing service quality gaps [9].

Yüksel has used a structural equation modeling to explore the relationships between
the perceived shopping environment and tourists’ emotions and shopping values. The
emotional state and shopping value created by the shopping environment were found to
influence the enjoyment of shopping, revisiting intentions, and the tendency to spend more
money and time than originally planned [10].

This paper takes the car park and ride travel behavior as the research object. Based on
the park and ride behavior survey conducted in Beijing, China, it will analyze the relations
between the perception of various influencing factors and the behavior intent for park and
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ride by using the structural equation modeling. The results will provide some references for
the park and ride behavior analysis and facilities planning and location.

2. Park and Ride Behavior Survey

In order to analyze the relationship between the perceptive factors and the park and ride
behavior intent, it is necessary to understand the perception level of the related influencing
factors for travelers by the survey. The influencing factors of this survey include personal
characteristics such as age, sex, monthly income, car ownership, and household size and the
perception of the traffic congestion, parking space and parking fee at destination, parking
and riding at park and ride facility, travel time, and travel cost as well as comfort for riding
public transit. The perceptive questions are constructed in terms of a five-point scale that
measures the level of satisfaction with a statement. The scale categories are identified as
“strongly satisfied,” “relatively satisfied,” “generically satisfied,” “unsatisfied” and “strongly
unsatisfied.” It can also change the expressed optional contents according to different
questions. For example, the perception levels of the traffic condition are “very congested,”
“relatively congested,” “congested,” “not congested,” and “smooth traffic flow”.

This paper used the combined survey methods with revealed preference (RP) and
stated preference (SP). RP refers to situations where travelers are observed to make choices
in real situations and is used to investigate the travel time, travel cost, and weekly trip times
by using park and ride for the travelers. SP refers to situations where choices are observed
in the hypothetical situations and is used to investigate the intent for using park and ride in
the future [11–13]. The survey respondents are travelers who possess cars and have used the
park and ride facilities once. The survey place is Tiantongyuan North park and ride facility
which is the terminal station for Beijing subway line 5 with the straight line distance from
the city centre of about 20 km. In the survey, the investigator inquires the interviewees at
designated time and place and makes them fill in the questionnaires and then retrieves them.
The survey was conducted from February to March in 2011. The retrieved sample is 112, and
the effective sample is 99.

For the sex distribution, the proportion of interviewees for male and female is 52%
and 48%, respectively. For the age distribution, the age of most interviewees is between 20 to
50 years, and the proportion is 78%. For the monthly income distribution, the proportion of
interviewees with the monthly income less than or equal to 3000 yuan is 49%. The proportion
of those with the monthly income between 3000 and 5000 is 31%. For the weekly days
distribution for using park and ride, the proportion of interviewees with one day for using
park and ride is 14%. The proportion of those with two days and three days is 18% and
17%, respectively. The proportion of those with the four days and five days is 10% and 24%,
respectively. This indicates commuters often use the park and ride.

3. Park and Ride Behavior Survey Analysis

According to the survey data, this section will analyze the influencing factors.

3.1. Analysis of Personal Characteristics

It is shown by Figures 1 and 2 that the proportion of people who possess one car is 82%, two
cars is 16%. The people who possess three cars is relatively less, and the proportion is only
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One car
Two cars
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Figure 1: Car ownership distribution.
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Figure 2: Household size distribution.

2%. The household size is mostly 2, 3, and 4 persons which altogether share the proportion
of 89%.

3.2. Perception of the Traffic Condition

Figure 3 shows that the perception of traffic condition is relatively poor for the interviewees.
The proportion of the persons who perceive traffic condition as relatively congested and very
congested is 81%. The proportion of the interviewees who perceive traffic condition as not
congested and smooth is only 3%. This indicates that the traffic condition for driving is poor.

As can be seen from Figure 4, 44% of interviewees feel that the parking fee at
destination is a little higher, and 32% of interviewees feel that the parking fee is reasonable
and acceptable. Only 5% of interviewees think that the parking fee is cheap.

3.3. Perception on the Service Level of Park and Ride Facilities

As shown in Figures 5 and 6, among the two main factors influencing the service level of the
park and ride facility, the proportions of interviewees who consider generally and relatively
satisfied with the services are 44% and 33%, respectively, and only 8% of interviewees
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Figure 3: Traffic congestion.
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Figure 4: Parking fee at destination.

are unsatisfied or strongly unsatisfied. For transferring at the park and ride facility, the
proportions of interviewees who consider generally and relatively satisfied are 40% and
41%, respectively, and only 6% of interviewees are unsatisfied or strongly unsatisfied. This
indicates that the service level of park and ride facility is rather good and the travelers are
quite satisfied with it.

3.4. Perception of Travel Time and Cost

As shown in Figure 7, 45% of park and ride users feel comparatively satisfied, and 36% of
those feel quite satisfied for the travel time. Only 11% of those feel unsatisfied and strongly
unsatisfied for the travel time. Figure 8 shows that 16% of the interviewees are very satisfied
for the travel cost, and 51% of those are relatively satisfied for the travel cost. Only 6% of
those are unsatisfied and strongly unsatisfied for the travel cost. This indicates that the park
and ride users are satisfied for the travel time and cost.

The perception of the comfort for riding bus or railway is shown in Figure 9. 23% of
interviewees express that it is too crowded to be tolerated. While 38% of those consider that
it is relatively crowded and a little unbearable. 34% of them consider that it is crowded but
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Figure 5: Satisfaction for parking at park and ride facility.
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Figure 6: Satisfaction for transferring at park and ride facility.

acceptable. Only 5% of them consider that it is comfortable. This indicates that service level
for public transit need, to be improved.

3.5. Park and Ride Travel Intent

Park and ride travel intent is represented by the change of weekly travel times for using park
and ride in the future as shown in Figure 10. 42% of interviewees do not change their weekly
travel times for using park and ride. 36% of interviewees will increase their travel times for
using park and ride. Among this group of travelers, 7% increase park and ride by three times,
16% by twice, and 13% by once. By contrast, 22% of users like to reduce their frequency of
park and ride.

4. Analysis of the Park and Ride Travel Intent

Based on the previous analysis for the survey data, the structural equation is used to analyze
the relationship between the influencing factors and park and ride intent. As a method
to estimate and verify the causal relationship among variables, the structural equation is
mainly used for analyzing and simulating the latent variable that cannot be directly observed.
Recently, structural equation is gradually applied to the travel behavior researches [14–17].
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Figure 7: Satisfaction for travel time.
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Figure 8: Satisfaction for travel cost.

4.1. Structural Equation Modeling Theory

Structural equation modeling (SEM) is a statistic analysis method of the variables’ relation
based on the covariance matrix. The steps for applying the structural equation modeling
include the model specification, quantification of variables, identification, estimation, and
modification [18, 19].

Structural equation modeling (SEM) is composed of measurement model and
structural model. A general structural equation includes three formulas as follows. Formula
(4.1) is the structural model which analyzes the relation among latent variables. formulas
(4.2) and (4.3) are measurement models which analyze the relation between the latent
variables and the observed variables:

η = Bη + Γξ + ζ, (4.1)

y = ∧yη + ε, (4.2)

x = ∧xξ + δ, (4.3)

where η is the vector of endogenous latent variables. B is the coefficient matrix of endogenous
latent variables; Γ is the coefficient matrix of exogenous latent variables; ξ is the vector of
exogenous latent variables; ζ is the vector of residual error of the structural model; y is
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Figure 9: Perception of the comfort for riding bus or railway.
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the vector of endogenous observed variables. ∧y is the coefficient matrix of the endogenous
observed variables y on endogenous latent variables η; ε is the vector of residual error of
the endogenous observed variables; x is the vector of exogenous observed variables; ∧x is
the coefficient matrix for the exogenous observed variables x on exogenous latent variables
ξ; and δ is the vector of residual error of the exogenous observed variables.

A whole structural equation modeling has eight coefficient matrixes. The model
estimation methods include maximum likelihood (ML), generalized least squares (GLSs),
and diagonally weighted least squares (DWLSs). The results of the model estimation are
the relation among variables, errors in measure of variables and the portion that cannot be
explained by the model, and so forth.

4.2. Selection of Model Variables

Eleven important influencing factors were chosen as the observed variables of structural
equation by the correlation analysis. The influencing factors include car ownership,
household size, perception of the traffic congestion, parking fee at destination, parking and
transferring at park and ride facility, travel time, travel cost, and comfort for riding bus or
railway. In order to analyze the effect of past travel behavior on the park and ride intent, the
researcher adds another variable, the weekly travel days, for using park and ride. The latent
variables are personal information, perception for using park and ride facility, perception of
the traffic condition, and perception of the travel.

4.3. Estimation and Analysis of the Model

Amos software is used to establish the structural equation [20]. Figure 11 illustrates the
hypothetic relation model for park and ride travel intent by repeatedly estimating parameters
and modifying correlations of the models.

Since Amos software is used to denote the error, the residual error symbol in Structure
Equation model formulas cannot be expressed by ζ, ε, δ, e. The maximum likelihood
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method is used to obtain the goodness-of-fit indices and the standard coefficients for the
model (Table 1).

Table 2 shows that the degrees of freedom of the model is 38 and the χ2 of the model fit
index is 26.550. The probability of significance level is 0.919 which refuses the null hypothesis.
The statistic indices meet the requirements of relevant standards or critical values except for
the normed fit index which is only 0.647. This indicates that the model is fitted to the sample
data on the whole.

The standard direct influencing coefficients reflect to what extent the exogenous
variables influence the endogenous variables. Their values are denoted by the standardized
regression coefficients. Figure 12 shows that the personal information has a significant
influence on the perception of the traffic condition with the standard coefficient of 0.73. This
indicates that travelers who have fewer cars and household persons will consider that the
traffic condition is more congested and parking fee is higher. Personal information has a little
effect on the perception of the travel and using park and ride facility. The standard coefficient
of the perception of traffic condition on the travel is 0.30. This shows that the poorer the
perceptive traffic condition is, the more satisfied the perception for the travel time and cost
and comfort for using park and ride is. The standard parameter for the perception of park
and ride facility is 0.61. This indicates that the more satisfied the perception of parking and
transferring at the facility is, the more satisfied the perceptive travel time and cost for using
park and ride is. The standard parameter that the perception of traffic condition influences the
travel intent is 0.42. This implies that the more congested the perception of traffic condition is
and the higher the perceptive parking fee at destination is, the more inclined the travelers are
to choose park and ride and increase the travel times for using park and ride. The standard
parameter is 0.19 for the perception of travel of the travel intent which indicates that the
more satisfied the travelers are with the perception of travel time, travel cost, and comfort
for using park and ride, the more likely they are to choose park and ride and increase the
travel times for using park and ride. The standard parameter for the past weekly travel
days for using park and ride on the travel intent is −0.04. This indicates that the past travel
behavior has a little effect on travel intent. The previous conclusions show that the poor traffic
condition is the main factor that promotes car travelers’ usage of park and ride. Improving
the service level of park and ride facility and comfort for riding bus or railway will increase
the utilization rate of park and ride facilities.

Table 3 shows the indirect influencing relationship among the variables which is
caused by the effect of the exogenous observed variables on the other variables via the latent
variables or endogenous observed variables. The indirect influencing standard coefficient
can be obtained by multiplying the direct influencing standard coefficients. The indirect
influencing standard coefficient for the personal information on the park and ride travel
intent via the perception of using park and ride facility and travel is −0.016, and via the
perception of travel is 0.017. The indirect influencing standard coefficient for the personal
information on the park and ride travel intent via the perception of traffic condition is
0.307, and via the perception of traffic condition and travel is 0.042. Among these indirect
relationships, the indirect effect for the personal information via the perception of traffic
condition is the biggest. The total indirect influencing effect for the personal information on
the travel intent via other variables is 0.35.

The perception of using park and ride facility has an effect of the perception on travel
which further affects the park and ride travel intent with the indirect standard coefficient of
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Table 1: Variables in structure equation.

Latent variables and
variable symbols

Observed variables
and variable symbols Description and coding input values

Personal information
X1

Car ownership X11
One car: 1
Two cars: 2
Three cars: 3

Household size X12

One person: 1
Two persons: 2
Three persons: 3
Four persons: 4
Five persons: 5
Equal to or more than six persons: 6

Perception of traffic
condition X2

Traffic congestion X21

Very congested: 1
Relatively congested: 2
Congested: 3
Not congested: 4
Smooth traffic flow: 5

Parking fee at
destination X22

Too high to be tolerated: 1
A little higher: 2
Moderately and acceptable: 3
Cheap: 4

Perception of park and
ride facility X3

Perception of parking
X31

Strongly satisfied: 1
Relatively satisfied: 2
Satisfied: 3
Unsatisfied: 4
Strongly unsatisfied: 5

Perception of
transferring X32

Strongly satisfied: 1
Relatively satisfied: 2
Satisfied: 3
Unsatisfied: 4
Strongly unsatisfied: 5

Travel time X41

Strongly satisfied: 1
Relatively satisfied: 2
Satisfied: 3
Unsatisfied: 4
Strongly unsatisfied: 5

Perception of travel X4 Travel cost X42

Strongly satisfied: 1
Relatively satisfied: 2
Satisfied: 3
Unsatisfied: 4
Strongly unsatisfied: 5

Comfort X43

Too crowded to be tolerated: 1
Relatively crowded: 2
Crowded and acceptable: 3
Comfortable: 4
Very comfortable and enough room: 5

Past weekly travel
times for park and ride
X5

One day: 1
Two days: 2
Three days: 3
Four days: 4
Five days: 5
Six days: 6
Seven days: 7
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Table 1: Continued.

Latent variables and
variable symbols

Observed variables
and variable symbols Description and coding input values

Travel intent for park
and ride X6

Increase three times: 1
Increase two times: 2
Increase one time: 3
Do not change: 4
Decrease one time: 5
Decrease two times: 6
Decrease three times: 7

Table 2: Goodness-of-fit measures.

Measure Meaning Model results Standards or critical values

χ2 χ2 26.550/38
(P = 0.919) P > 0.05

CMIN/DF χ2/degrees of freedom 0.699 <3.00
GFI Goodness-of-fit index 0.949 >0.90
AGFI Adjusted goodness-of-fit index 0.912 >0.90
NFI Normed fit index 0.647 >0.90

RMSEA Root mean square error of
approximation 0.000 <0.08

CFI Comparative fit index 1.000 >0.90

PGFI Parsimony goodness-of-fit
index 0.547 >0.50

0.12. The indirect influencing coefficient of the perception of traffic condition on park and
ride travel intent via the perception of travel is 0.06 (Table 4).

These show that various influencing factors have a direct and indirect effect on travel
intent based on the interaction among variables. The perception of traffic condition and travel
has direct effect on the park and ride travel intent. Personal information has indirect effect on
the park and ride travel intent via perception of using park and ride facility, traffic condition,
and travel. The perceptions of using park and ride facility and traffic condition have indirect
effect on the park and ride travel intent via the perception of travel.

5. Conclusions

Many influencing factors impact the multimodal modes choice for travelers. Park and ride
is a multimodal travel behavior. The past researches mainly focused on the relationship
between the influencing factors and travel mode choice based on the behavior survey and
the disaggregated model. This paper, based on the park and ride survey conducted in Beijing,
China, has studied the influence of perception of various factors on the park and ride behavior
intent and analyzed the relationship between the perception of the factors and travel intent
for park and ride by using the structural equation modeling. The research findings suggest
that park and ride is a passive travel behavior which mainly caused by the poor traffic
condition. Meanwhile, improving the service level of the park and ride facility and comfort
for riding bus or railway will increase the utilization rate for park and ride. All these factors
interact with each other. The research also indicates that the perception of various factors has
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Table 3: The standard direct relationship.

Personal
information

X1

Perception
of park and
ride facility

X3

Perception
of traffic

condition X2

Perception
of travel X4

Perception of park and ride facility X3 −0.14 0.00 0.00 0.00
Perception of traffic condition X2 0.73 0.00 0.00 0.00
Perception of travel X4 0.09 0.61 0.30 0.00
Travel intent X6 0.00 0.00 0.42 0.19

Table 4: The standard indirect relationship.

Personal
information X1

Perception of park
and ride facility X3

Perception of traffic
condition X2

Perception of transferring X32 −0.09 0.00 0.00
Perception of parking X31 −0.10 0.00 0.00
Comfort X43 −0.13 −0.36 −0.18
Travel intent X6 0.35 0.12 0.06
Travel cost X42 0.12 0.31 0.16
Travel time X41 0.16 0.42 0.21
Traffic congestion X21 0.32 0.00 0.00
Parking fee X22 0.49 0.00 0.00

both direct and indirect effects on travel intent. This research is conducive to the behavior
analysis and policy making for park and ride.
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A numerical model based on Lagrange-D’Alembert principle is proposed for car-to-car end impact
in this paper. In the numerical model, the friction forces are treated by using local linearization
model when solving the differential equations. A computer program has been developed for
the numerical model based on Runge-Kutta fourth-order method. The results are compared with
the Multibody Dynamics/Kinematics software SIMPACK results and they are close. The ladings’
relative displacement to struck car and the relative displacement between two ladings get larger as
impact speed increases. There is no displacement between two ladings when the contact surfaces
have the same friction coefficient.

1. Introduction

The freight damage incurred during railroad transportation is a serious economic and safety
problem. The railroad freight car’s dynamic characteristic leads to most of the freight damage.
The dynamics of railroad car and freight damage can be divided into two groups:

(1) during the marshalling operation in train yard, the car-to-car end impacts from
coupling cause high car and lading acceleration;

(2) the car-body vibrations come from track irregularities and some extra forces, such
as the wind, and so forth.

Most of the damage is attributed to car-to-car end impacts in the marshalling yard, so
more focus is given on it when working out the load support and load securement method.
Railroad freight car impact tests are always carried out for checking if the method can
ensure transportation safety and no damage to the ladings. A railroad freight car impact test
usually needs a lot of work to do; it needs much workforce, material resources, and financial
support. Most of the time, carrying out an impact test will lead to disorder and break-off
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transportation. Compared with impact test, numerical simulation is a more economical and
faster method of investigating the effect on ladings when coupled.

Car-to-car end impact is a special multibody dynamic problem between railroad
freight cars. Investigation into the multibody dynamic has been carried out in the works
[1–9]. Later, mathematical models are derived in [10] for studying the effect of impact
on packaging. At the same time, numerical methods need to be developed for solving
mathematical models. Euler tangent method, Newmark-β method, Wilson-θ method,
and Runge-Kutta fourth-order method are developed and widely applied in solving
mathematical models [11–17]. Runge-Kutta fourth-order method means that the truncation
error per step is O(h5). It is an important numerical method used extensively in engineering
problems for solving first-order differential equations.

Draft gear is the most important component of a freight car during impact. Its
performance is investigated by mechanics dynamics software in [18–21]. The draft gear’s
characteristic is analyzed under different impact speeds. The force versus draft gear travel of
the Chinese MT-2 under impact speed of 5∼8 km/h is given by simulation and test.

In the paper, the second-order differential equations of the car-to-car end impact are
converted to first-order differential equations and solved by using Runge-Kutta 4th order
method.

2. Draft Gear Interaction Process

Railroad car-to-car end impacts usually occur in train yard, and most of the time the struck
car is static when coupled with the striking car. The draft gear is an important component for
reducing freight and car damage during car-to-car end impacts.

MT-2 friction draft gear is widely used in the class 70 t universal freight cars in China.
This draft gear is composed by springs and friction mechanism; when it is compressed, part
of kinetic energy is converted to friction energy and part of kinetic energy is converted
to potential energy. MT-2 draft gear has different force versus travel characteristic curves
when loading and unloading. In Figure 1, the irreversible force versus draft gear travel
characteristic curve is shown [22].

As shown in Figure 1, Δx is draft gear travel and Δv is speed difference between
striking car and struck car. Δv > 0 means draft gear loading process and Δv < 0
means unloading process. Figure 1 shows that the resistant force in loading process is
larger than unloading process. In the numerical calculation program, draft gear force versus
travel characteristic curve is based on the test results, and the force is calculated by linear
interpolation. MT-2 draft gear force versus travel characteristic curves under impact speeds
of 5 km/h, 6 km/h, 7 km/h, and 8 km/h are presented in the appendix.

3. Car-to-Car End Impact Dynamic Models

3.1. Railroad Freight Car Impact System

Railroad freight car impact test is using a striking car with a certain speed running to a
static struck car and collides. The longitudinal status of the ladings and struck car is mainly
observed during impact for checking the loading support and loading secure method. The
method must ensure transportation safety and no lading damage.

The assumptions in models are
(1) the wind acting on the striking car and struck car, and the rolling resistance between

wheel and rail are neglected;
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Figure 1: Draft gear’s force and travel characteristic.
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Figure 2: Car-to-car end impact dynamic system.

(2) the car-body deformations during impact are neglected;

(3) the car-body vertical bounce, yaw, pitch, and sway vibrations are neglected;

(4) no lateral forces between ladings.

Sometimes more than one lading are loaded on freight car. There are longitudinal
forces between ladings and car, between adjacent ladings. Figure 2 shows the railroad freight
car-to-car end impact dynamic system, where m, x represent mass and displacement, L
represents striking car, c represents struck car, 1, 2 . . . , n represent ladings, kn, cn are the
stiffness and damping coefficients between ladings and car, k(n−1)n, c(n−1)n are the stiffness and
damping coefficients between ladings n and (n − 1), Fc is draft gear force, and d is distance
between two cars.

3.2. Longitudinal Dynamic Equations

The striking car, struck car and ladings in the impact dynamic system are treated as mass
elements. According to the assumptions in Section 3.1, the external forces, constraint forces
and inertial forces are an equivalent static system based on Lagrange-D’Alembert principle.
Then, universal longitudinal dynamic equations can be derived for each mass element.
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External force acting on the striking car is the draft gear force. So the differential
equation for striking car is

mLẍL + Fc = 0, (3.1)

where mL is gross weight of the striking car and Fc is calculated by the following equation:

Fc =

{
F1(Δx) Δv > 0,
F2(Δx) Δv < 0.

(3.2)

The acceleration and velocity initial values of the striking car are ẍL = 0, ẋL = vL; the
initial value of the draft gear force is Fc = 0.

The external forces acting on the struck car are the draft gear force and forces between
ladings and car,

mcẍc +
n∑

i=1

ci(ẋc − ẋi) +
n∑

i=1

ki(xc − xi) − Fc = 0, (3.3)

wheremc is the struck car tare weight and the acceleration and velocity initial values of struck
car are ẍc = 0, ẋc = 0.

External forces acting on lading i are the forces between lading i and car, between
adjacent ladings,

miẍi − ci(ẋc − ẋi) − ki(xc − xi) − c(i−1)i(ẋi−1 − ẋi) − k(i−1)i(xi−1 − xi)
+ ci(i+1)(ẋi − ẋi+1) + ki(i+1)(xi − xi+1) = 0, i ∈ [2, n − 1],

m1ẍ1 − c1(ẋc − ẋ1) − k1(xc − x1) + c12(ẋ1 − ẋ2)

+ k12(x1 − x2) = 0, i = 1,

mnẍn − cn(ẋc − ẋn) − kn(xc − xn) − c(n−1)n(ẋn−1 − ẋn)
− k(n−1)n(xn−1 − xn) = 0, i = n,

(3.4)

where the acceleration and velocity initial values of lading i are ẍi = 0, ẋi = 0.

4. Double-Stack Loading Impact Models

Double-stack loading method in gondola car is proposed as an example for analyzing
longitudinal relation between ladings and car. It shows that the numerical method applied in
railroad freight car-to-car end impact simulation. In the model, the striking car and struck car
are the same type and have the same draft gears.



Discrete Dynamics in Nature and Society 5

µ1

µ2
Cushion

mc

m2 (lading)

m1 (lading)

Figure 3: Load support and load securement method.
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Figure 4: Force analysis.

4.1. Load Support and Load Securement Method and Force Analysis

Figure 3 shows the double-stack loading in a 70 t class gondola car. The securement method
is using friction cushion to enlarge friction force.

The above struck car system includes three mass elements that are the struck car, 1st
lading and 2nd lading. Forces acting on struck car are draft gear force and friction force from
1st lading; forces acting on the 1st lading are friction forces from struck car and the 2nd lading;
force acting on the 2nd lading is friction force from 1st lading. The force analysis is illustrated
in Figure 4.

4.2. Dynamic Equations of Motion

The universal longitudinal dynamic equations in Section 3.2 can be rewritten based on the
force analysis

striking car : mLẍL = −Fc,
struck car : mcẍc = Fc − f1,

1st lading: m1ẍ1 = f1 − f2,

2nd lading: m2ẍ2 = f2.

(4.1)

As striking car and struck car have the same draft gear type, so the travel of one draft
gear is given as

Δx =
(xL − xc)

2
. (4.2)
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The speed difference between striking car and struck car is given as

Δv = ẋL − ẋc. (4.3)

The model has two one-dimensional friction elements: one is between 1st lading and
car-body and the other is between 1st lading and 2nd lading. The one-dimensional friction
element’s friction force direction is dependent on the direction of the relative sliding velocity.
Figure 5(a) shows that the direction of friction force changes abruptly as the direction of
relative velocity changes. More calculation time is needed near the zero-point, and even the
differential equations cannot be integrated at zero-point. The friction element is treated by
using a local linearization model [23], which uses a parameter v0 called switching speed.
Figure 5(b) illustrates linear relationship between friction force and relative velocity, and the
friction force is given as

f =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

μmg Δv > v0,

Δv
v0

μmg |Δv| ≤ v0,

−μmg Δv < −v0.

(4.4)

4.3. Solution Methodology

For using Runge-Kutta fourth-order method, second-order differential equations need to
be rewritten in the form of first-order differential equations. In general, to solve first-order
differential equation ẏ = f(x, y), Runge-Kutta fourth-order method is given as

yi+1 = yi +
h

6
(K1 + 2K2 + 2K3 +K4),

K1 = f
(
xi, yi

)
,

K2 = f
(
xi +

h

2
, yi +

h

2
K1

)
,

K3 = f
(
xi +

h

2
, yi +

h

2
K2

)
,

K4 = f
(
xi + h, yi + hK3

)
,

(4.5)

where h is the step size.
Let xdL = ẋL in the striking car’s second-order differential equation, then the reduced-

order differential equations are given as

ẋdL = − Fc
mL

,

ẋL = xdL.

(4.6)
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Table 1: Numerical model parameters.

Case mL/t mc/t m1/t m2/t μ1 μ2 h/s

1 92.5 22.5 30 30 0.4 0.3 0.00001
2 92.5 22.5 30 30 0.4 0.4 0.00001
3 92.5 22.5 30 20 0.4 0.3 0.00001

f

µmg

−µmg

∆v

(a)

f

µmg

−v0

v0

−µmg

∆v

(b)

Figure 5: One-dimensional friction element model.

In the same way, the second-order differential equations of other mass elements are
given as,

Struck car

⎧
⎨

⎩
ẋdc =

Fc − f1

mc
,

ẋc = xdc,

1st lading

⎧
⎨

⎩
ẋd1 =

f1 − f2

m1
,

ẋ1 = xd1,

2nd lading

⎧
⎨

⎩
ẋd2 =

f2

m2
,

ẋ2 = xd2.

(4.7)

4.4. Numerical Results and Discussion

The type of draft gear is MT-2 in the dynamic models; the impact speeds are 5 km/h, 6 km/h,
7 km/h, and 8 km/h. The simulation is for studying relative displacement of 1st lading and
2nd lading, which are secured by the friction cushion. Case 1 only has friction cushion
between 1st lading and car floor; Case 2 has friction cushion between 1st lading and car floor,
and between two ladings; the friction cushion in Case 3 is the same as Case 1, but two ladings
have different weight. The parameters in numerical model are given in Table 1.

A virtual model is built in Multibody Dynamics/Kinematics software SIMPACK
which has the same parameters as Case 1 to validate the model and numerical method. It



8 Discrete Dynamics in Nature and Society

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

5 6 7 8

R
el

at
iv

e 
d

is
pl

ac
em

en
t(

m
)

1st lading
2nd lading

1st lading from Simpack
2nd lading from Simpack

vL (km·h−1)
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Figure 9: Draft gear force and travel characteristic curves. vL is the velocity of striking car just before
impact.
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can be observed from Figure 6 that there is an excellent agreement between the results from
Runge-Kutta fourth-order method and SIMPACK. The displacement between ladings and
car-body and between 1st lading and 2nd lading increased with impact speeds.

Figure 7 shows the displacement between ladings and car-body under Case 2 versus
different impact speeds. The displacement between ladings and car-body increased with
impact speeds, but the displacement between 1st lading and 2nd lading is zero as two
surfaces have the same friction coefficient.

In Case 3, the weight of 2nd lading is less than that in Case 1, so the gross weight of
struck car reduced. The displacement between ladings and car-body versus impact speeds
are illustrated in Figure 8. The displacements between ladings and car-body are increased
compared with Case 1 under the same impact speed.

5. Conclusion

In this paper, railroad freight car-to-car end impact system and the influence on ladings
are considered. To derive differential equations of the system motion, forces acting in the
system are analyzed and Lagrange-D’Alembert principle is used. The obtained solution of
the differential equations by Runge-Kutta fourth-order method is close to the results from
SIMPACK. Based on numerical results from double-stack model, it is concluded that the
higher the impact speed, the larger the ladings’ relative displacement to struck car. The lower
weight the ladings, the larger the ladings’ relative displacement to struck car. There is no
displacement between two ladings if they have the same friction coefficient between struck
car and 1st lading and between 1st lading and 2nd lading.

Appendix

See Figures 9(a)–9(d).
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We study the traffic states and fundamental diagram of vehicular traffic controlled by a series
of traffic lights using a deterministic cellular automaton (CA) model. The CA model is not
described by a set of rules but is given by a difference equation. The vehicular traffic varies
highly with both signal’s characteristics and vehicular density. The dependence of fundamental
diagram on the signal’s characteristics is derived. At a low value of cycle time, the fundamental
diagram displays the typical trapezoid, while it shows a triangle at a high value of cycle time. The
dynamic transitions among distinct traffic states depend greatly on the signal’s characteristics. The
dependence of the transition points on the cycle time split and offset time is found.

1. Introduction

Mobility is nowadays one of the most significant ingredients of a modern society. Recently,
transportation problems have attracted much attention in the fields of physics [1–4]. Physics
and other sciences meet at the frontier area of interdisciplinary research. The traffic flow,
pedestrian flow, and bus-route problem have been studied from a point of view of statistical
mechanics and nonlinear dynamics [5–7]. The interesting dynamic behaviors have been
found in the transportation system. The jams, chaos, and pattern formation are typical
signatures of the complex behavior of transportation [8, 9]. The cellular automaton (CA)
model has been used extensively for the traffic dynamics [1, 3]. The CA model for traffic flow
is a typical system of discrete dynamics.

The traffic light is an essential element for managing the transportation network. In
urban traffic, vehicles are controlled by traffic lights to give priority for a road because the
city traffic networks often exceed the capacity and one avoids a collision between vehicles.
Brockfeld et al. have studied optimizing traffic lights for city traffic by using a CA traffic
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model [10]. They have clarified the effect of signal control strategy on vehicular traffic. Also,
they have shown that the city traffic controlled by traffic lights can be reduced to a simpler
problem of a single-lane roadway. D. W. Huang and W. N. Huang have studied the traffic
flow controlled by signals on a single-lane roadway by using Nagel-Schreckenberg model
[11]. Sasaki and Nagatani have investigated the traffic flow on a single-lane roadway with
traffic lights by using the optimal velocity model [12]. They have derived the relationship
between the road capacity and jamming transition. Until now, one has studied the periodic
traffic controlled by a few traffic lights. It has been concluded that the periodic traffic
does not depend on the number of traffic lights. Very recently, Lammer and Helbing have
studied the vehicular flow by the self-control of traffic signals in urban road networks
[13].

In real traffic, the vehicular traffic depends highly on the configuration of traffic
lights and the priority of roadways. In the dilute limit of vehicular density, a few works
have been done for the traffic of vehicles moving through an infinite series of traffic lights
with the same interval. The effect of cycle time on vehicular traffic has been clarified by
using the nonlinear-map models [14–18]. Also, it has been shown that the heterogeneity
of signal’s interval and irregular split have the important effects on vehicular traffic
[19].

The deterministic CA model has been presented for the vehicular traffic through a
series of traffic lights at the synchronized strategy for various values of vehicular density
[20]. The dependence of the travel time on both cycle time and density has been clarified.
The effect of a slow vehicle on the traffic flow through a series of signals has been
investigated [21]. Also, it has been shown that the fundamental diagram depends a little
on the cycle time for an intermediate value of the cycle time [20]. It has been found
that the dynamic transition occurs from the undersaturated traffic, through the saturated
traffic, to the oversaturated traffic [20]. However, it is little known how the dynamic
transition depends on the signal’ characteristics for the traffic flow through a series of
signals. Also, it is unknown how the dynamic transition varies with the cycle time at the
green-wave strategy. It will be necessary and important to study the dynamic transition and
the fundamental diagram for the traffic flow through a series of signals at the green-wave
strategy.

Until now, the traffic flow controlled by a few signals has been studied. Also, the traffic
flow through the series of signals controlled by split 0.5 and zero offset has been investigated
with the use of CA model. The effects of split and offset on traffic flow through the series of
signals are known little. Also, the dependence of the fundamental diagram on the cycle time,
the split, and the offset is unclear.

In order to study the effect of offset on the traffic flow, it is necessary to take into
account the series of signals because the phase shift varies from signal to signal at the green-
wave strategy.

In this paper, we take into account the split and offset. We clarify the effect of split
and offset on the traffic flow. We study the fundamental diagram and dynamic transitions
for traffic flow through a series of traffic lights at the synchronized and green-wave strategies
by using the CA model described by the difference equation. We clarify the dependence of
dynamic transition on the signal’s characteristics. We show how the fundamental diagram
and transition points vary with the cycle time, split, and phase shift of signals. Especially,
we investigate the dynamic transitions and fundamental diagram at a high value of the cycle
time.
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2. CA Model and Difference Equation

We consider the flow of vehicles going through the series of traffic lights on one-dimensional
lattice. Each vehicle does not pass over other vehicles. The traffic lights are positioned
homogeneously on a roadway. The interval between signals has a constant value and is
given by l. All traffic lights change from red (green) to green (red) with a fixed time period
(1 − sp)ts (spts). The period of green is spts and the period of red is (1 − sp)ts. Time ts is called
the cycle time and fraction sp represents the split which indicates the ratio of green time to
cycle time.

We apply the Fukui-Ishibashi model to the vehicular motion [22]. The Fukui-Ishibashi
model is not stochastic but deterministic. We use the deterministic CA model in place of the
stochastic Nagel-Schreckenberg model [3] because the dynamic transition occurs clearly in
the deterministic model. We extend the deterministic CA model to take into account traffic
lights. We define the position of vehicle i at time t as xi(t) where x, i, and t are an integer. The
velocity takes the integer value ranging from 0 to vmax. The velocity depends on the headway.
If headway Δxi(t)(= xi+1(t) − xi(t)) is larger than the maximum velocity, the vehicle moves
with the maximum velocity. If the headway is less than the maximum velocity, the vehicle
moves with velocity Δxi(t) − 1.

When a vehicle arrives at a traffic light and the traffic light is red, the vehicle stops at
the position of the traffic light. Then, when the traffic light changes from red to green, the
vehicle goes ahead. On the other hand, when a vehicle arrives at a traffic light and the traffic
light is green, the vehicle does not stop and goes ahead without changing speed. The position
of the closest signal before vehicle i at time t is given by

xi,s(t) =
{

int
(
xi(t)
l

)
+ 1

}
l. (2.1)

We set split as sp = 0.5. Then, the position of vehicle i at time t + 1 is given by

xi(t + 1) = min[xi(t) + vmax, xi+1(t) − 1]
{

1 − ϑ
(

sin
(

2πt
ts

))}

+ min[xi(t) + vmax, xi+1(t) − 1, xi,s(t) − 1]ϑ
(

sin
(

2πt
ts

))
.

(2.2)

Here, ϑ(t) is the step function. It takes one if t > 0 and zero if t ≤ 0. min[A,B] is a minimum
function and takes the minimum value within A and B.

If the signal just before vehicle i is green, ϑ(sin(2πt/ts)) = 0 and xi(t+ 1) = min[xi(t) +
vmax, xi+1(t) − 1]. Otherwise, if the signal just before vehicle i is red, ϑ(sin(2πt/ts)) = 1 and
xi(t + 1) = min[xi(t) + vmax, xi+1(t) − 1, xi,s(t) − 1]. Then, if the headway is larger than vmax,
vehicle i stops at site xi,s(t) − 1 just before the signal. Also, if xi+1(t) is higher than xi,s(t),
vehicle i stops at site xi,s(t) − 1 just before the signal. Thus, (2.2) presents the CA model
for the vehicular traffic through a series of traffic lights. Equation (2.2) is a single difference
equation. Until now, the CA model for the signal traffic has been described by a set of CA
rules. However, model (2.2) is of great advantage to simulate the traffic flow because the
difference equation is simple.

We extend (2.2) to take into account the phase shift and split. The signal timing is
controlled by offset time toffset. The offset time means the difference of phase shifts between
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Figure 1: Schematic illustration of periodic functions. (a) Sine wave. (b) Generalized periodic function.

two successive signals. In the green wave (delayed) strategy, the phase shift of signal n is
given by tphase(n) = ntoffset where the phase shift is indicated by tphase(n). Then, the signal
switches from red to green in green wave way. The phase shift increases with signal n.

The position of vehicle i at time t + 1 is given by

xi(t + 1) = min[xi(t) + vmax, xi+1(t) − 1]

×
{

1 − ϑ
[
t + tphase(n) − ts

{
int

(
t + tphase(n)

ts

)}
− spts

]}

+ min[xi(t) + vmax, xi+1(t) − 1, xi,s(t) − 1]

× ϑ
[
t + tphase(n) − ts

{
int

(
t + tphase(n)

ts

)}
− spts

]
.

(2.3)

Periodic function sin(2πt/ts) in (2.2) is replaced by generalized periodic function [t +
tphase(n) − ts{int((t + tphase(n))/ts)} − spts] in (2.3). In the generalized periodic function, the
phase shifts are included explicitly. However, if one extends periodic function sin(2πt/ts)
to take into account the split, one cannot include the split explicitly. Figure 1(a) shows the
schematic illustration of traffic sign given by a sine wave in (2.2). The cycle time is given
by ts. The split is sp = 0.5. Figure 1(b) shows the schematic illustration of the generalized
periodic function in (2.3). The split is set explicitly by any value sp. Also, the phase shift
is displayed by tphase. The green and red signs are illustrated by the green and red colors,
respectively.

When sp = 0.5 and tphase = 0, (2.3) reduces to (2.2). If there are no signals on the
roadway, (2.3) reduces to the CA model of Fukui and Ishibashi

xi(t + 1) = min[xi(t) + vmax, xi+1(t) − 1], (2.4)

where vmax is the maximum velocity and an integer.
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It will be expected that the vehicular traffic exhibits a complex behavior by dynamic
transitions. We study how the vehicular traffic changes by varying the cycle time, split, phase
shift, and vehicular density.

Until now, CA models with no signals and with a few signals have been proposed.
In the previous work [20], we have presented the CA model with the series of signals at the
synchronized strategy. The split and the offset (phase shift) have been not taken into account.
Generally, it is necessary and important to take into account the split and the offset (phase
shift). In this study, we have proposed the CA model with the series of signals to take into
account the split and the offset of signals. The conventional CA model is described in terms
of the set of rules. However, our CA model is given by the difference equation (2.3). The
difference equation (2.3) is the first for the traffic flow controlled by the series of signals.

3. Simulation Result

We investigate the fundamental diagram, the traffic states, and the dynamic transitions by
using (2.3). First, we study the traffic flow at the synchronized strategy for the signal control.
Second, we investigate the traffic flow controlled by signals at the green-wave strategy.

We consider the city traffic network controlled by traffic signals. There always exist
signals at a crossing. Vehicles move ahead through a series of signals at a street. We simulate
the traffic flow on a single-lane roadway with many signals. We set the direction of vehicle
flow as x-axis. A signal changes alternately from green (red) to red (green). We ignore the
yellow signal. We consider the periodic boundary for the vehicular flow on a single-lane
roadway. When vehicles reach the right edge of the roadway, they return the left edge of the
roadway. We calculate the positions of all vehicles using (2.3).

3.1. Synchronized Strategy

In the synchronized strategy, all signals change simultaneously. We calculate the current
(flow) versus density for various values of cycle time ts. We set the interval between signals
as l = 40 and the maximal velocity as vmax = 4. We define the dimensionless cycle time
as Ts = tsvmax/l. It is the ratio of cycle time to the moving time between a signal and its
next signal. This means that the unit of time is the moving time over the interval between
two signals. It has an advantage that the dimensionless cycle time does not vary even if the
interval between two signals or maximum velocity changes. Also, the dimensionless offset
time is defined as τ = toffsetvmax/l. Figure 2(a) shows the plots of mean current against density
for dimensionless cycle time Ts = 3.0 where the split is sp = 0.5, the offset time is τ = 0.0, and
the road length is L = 4000. The solid curve indicates the current profile. For comparison, the
current for the vehicular traffic with no signals is shown by the chain line. The current profile
changes from the triangle to the trapezoid by adding the signals. The traffic states change
from the undersaturated traffic, through the saturated traffic, to the oversaturated traffic. In
the unsaturated traffic region between points 0–b, the current increases with density, two
distinct states occur, and the traffic state changes at point a. In the saturated traffic region
between points b-c, the current keeps a constant value. In the oversaturated traffic region
between points c-1, the current decreases with increasing density, two distinct states appear,
and the traffic state changes at point d. Thus, there exist five distinct traffic states and dynamic
transitions occur at four points a–d for dimensionless cycle time Ts = 3.0.
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Figure 2: (a) Plots of mean current against density for Ts = 3.0 where the split is sp = 0.5, the offset time is
τ = 0.0, and the road length is L = 4000. The solid curve indicates the current profile. For comparison, the
current for the vehicular traffic with no signals is shown by the chain curve. (b) Fundamental diagrams
for the dimensionless cycle times Ts = 4.0, 5.0, 8.0, 10.0.

We study the variation of fundamental diagram with the dimensionless cycle time.
Figure 2(b) shows the fundamental diagrams for the dimensionless cycle times Ts = 4.0,
5.0, 8.0, 10.0. The fundamental diagram depends greatly on the dimensionless cycle time.
Especially, the fundamental diagram at high values of dimensionless cycle time is definitely
different from that at low value of the cycle time. With increasing the cycle time, the current
profile changes from the typical trapezoid to the triangle.

We study the traffic pattern (vehicular trajectories) for various values of density at
dimensionless cycle time Ts = 3.0. Figure 3 shows the trajectories of vehicles between x =
400 and x = 600 at various values of density for cycle time Ts = 3.0 where the road length
is L = 4000, the interval between signals is l = 40, and the maximal velocity is vmax = 4.
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Figure 3: Trajectories of vehicles between x = 400 and x = 600 at various values of density for cycle time
Ts = 3.0 where the road length is L = 4000, the interval between signals is l = 40, and the maximal velocity
is vmax = 4. Diagrams (a)–(e) are obtained, respectively, at densities (a) ρ = 0.05, (b) ρ = 0.15, (c) ρ = 0.35,
(d) ρ = 0.6, and (e) ρ = 0.8 for the fundamental diagram in Figure 2(a).

Diagrams (a)–(e) are obtained, respectively, at densities (a) ρ = 0.05, (b) ρ = 0.15, (c) ρ = 0.35,
(d) ρ = 0.6, and (e) ρ = 0.8 for the fundamental diagram in Figure 2(a). In diagram (a), a pair
of two vehicles move together and stop every two signals. The traffic pattern (a) is typical for
the traffic state at the region 0-a in Figure 2(a). In diagram (b), a group of six vehicles move
together. However, the group breaks up into two subgroups at a signal and merges again
at the next to next signal. The breakup and coalescence are repeated. The traffic pattern (b)
is typical for the traffic state at the region a-b in Figure 2(a). The traffic state (a) changes to
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the traffic state (b) at transition point b in Figure 2(a). In diagram (c), the stop- and go-wave
is induced by stopping at the signal. The vehicles stop temporarily by the stop- and go-wave
before they reach the signal. The stop- and go-wave disappears within the interval between
two signals. In the traffic state (c), the traffic current saturates and keeps the maximum value.
The traffic pattern (c) is typical for the traffic state at the region b-c in Figure 2(a). At the
transition point b, the traffic state (b) changes to the traffic state (c). In diagrams (d) and (e),
the stop- and go-wave propagates backward through signals. In diagram (d), the region of the
moving vehicles breaks up and coalescences, while the region of moving vehicles propagates
backward with no breakup in diagram (e). At transition point c in Figure 2(a), the traffic state
(c) changes to the traffic state (d). The traffic state (d) changes to the traffic state (e) at the
transition point d. Thus, the traffic state changes at the transition points a–d. The vehicular
trajectories change highly with density.

We study the dependence of the maximum current on the dimensionless cycle time.
Also, we study the effect of the split sp on the maximum current Qmax and the dynamic
transitions. Figure 4(a) shows the plot of the maximum currents Qmax against dimensionless
cycle time Ts at splits sp = 0.25, 0.5, 0.75. The squares, circles, and triangles indicate,
respectively, the maximum currents at sp = 0.25, 0.5, 0.75. At split sp = 0.5, the maximum
current goes up and down with increasing dimensionless cycle time and the width decreases
with increasing dimensionless cycle time. The profile displays a saw-toothed shape. When
Ts approaches to an infinity, the maximum current approaches to 0.4. With increasing the
split, the maximum current increases. When the split goes to infinity, the maximum currents
at sp = 0.25, 0.5, 0.75 approach, respectively, to 0.2, 0.4, 0.6. We rescale the profiles of the
maximum current versus the dimensionless cycle time as Figure 4(b).

Figure 4(b) shows the plots of rescaled maximum current Qmax/2sp against rescaled
dimensionless cycle time Tssp for Figure 4(a). All rescaled maximum currents collapse on a
single curve. The maximum current scales as

Qmax = 2spf
(
Tssp

)
, (3.1)

where f(x) is the scaling function.
In the synchronized strategy, the maximum current is proportional to the split. Also,

the dependence of the maximum current on both cycle time and split is determined only
by the product Tssp. It is important how the saturated traffic disappears with density. We
study the dependence of transition points b and c on the dimensionless cycle time. Also,
we study the dependence of transition points b and c on the split sp. Figure 5(a) shows
the plots of the transition densities ρc,b and ρc,c against dimensionless cycle time at splits
sp = 0.25, 0.5, 0.75. The open squares, open circles, and open triangles indicate, respectively,
the transition density ρc,b of the dynamic transition from the undersaturated traffic to the
saturated traffic at splits sp = 0.25, 0.5, 0.75. The full squares, full circles, and full triangles
represent, respectively, the transition density ρc,c of the dynamic transition from the saturated
traffic to the oversaturated traffic at splits sp = 0.25, 0.5, 0.75.

At split sp = 0.5, the transition point ρc,b keeps constant value 0.2 for Ts > 1.8. The
transition point ρc,c varies up and down for Ts < 4, then decreases linearly with increasing
Ts, and keeps the constant value 0.2 for Ts > 7.8. The transition point ρc,c coalescences
with the transition point ρc,b at Ts = 7.8. The saturated traffic disappears at Ts = 7.8 for
sp = 0.5. In the result, the fundamental diagram changes from the trapezoid to the triangle
at dimensionless cycle time Ts = 7.8. We rescale the profiles of the transition points versus
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Figure 4: (a) Plot of the maximum currents Qmax against dimensionless cycle time Ts at splits sp = 0.25, 0.5,
0.75. The squares, circles, and triangles indicate, respectively, the maximum currents at sp = 0.25, 0.5, 0.75.
(b) Plots of rescaled maximum current Qmax/2sp against rescaled dimensionless cycle time Tssp for (a).

the dimensionless cycle time as Figure 5(b). Figure 5(b) shows the plots of transition points
ρc,b and ρc,c against rescaled dimensionless cycle time Tssp for Figure 5(a). The transition
points ρc,b at sp = 0.25, 0.5, 0.75 collapse on a single curve. Also, the transition points ρc,c at
sp = 0.25, 0.5, 0.75 collapse on a single curve. The transition points ρc,b and ρc,c scale as

ρc,b = g1
(
Tssp

)
,

ρc,c = g2
(
Tssp

)
,

(3.2)

where g1(x) and g2(x) are the scaling functions for the two dynamic transitions.
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(a) (b)

Figure 5: (a) Plots of the transition densities ρc,b and ρc,c against dimensionless cycle time Ts at splits
sp = 0.25, 0.5, 0.75. The open squares, open circles, and open triangles indicate, respectively, the transition
density ρc,b of the dynamic transition from the undersaturated traffic to the saturated traffic at splits sp =
0.25, 0.5, 0.75. The full squares, full circles, and full triangles represent, respectively, the transition density
ρc,c of the dynamic transition from the saturated traffic to the oversaturated traffic at splits sp = 0.25, 0.5,
0.75. (b) Plots of transition points ρc,b and ρc,c against rescaled dimensionless cycle time Tssp for (a).

In the synchronized strategy, the transition points ρc,b and ρc,c depend only on the
rescaled cycle time Tssp. If the product Tssp of dimensionless cycle time Ts by split sp is the
same value, the dynamic transition between the undersaturated traffic and the saturated
traffic occurs at the same value of the transition density. Also, when the product Tssp of
dimensionless cycle time Ts by split sp is the same value, the dynamic transition between
the saturated traffic and the oversaturated traffic occurs at the same value of the transition
density. Thus, the dynamic transitions are governed only by the product Tssp.

3.2. Green-Wave Strategy

We study the traffic flow controlled by signals at the green-wave strategy. We investigate
the effect of the offset time (phase shift difference) on the traffic flow. Signals vary from the
upstream to the downstream and vice versa with constant value toffset of the phase shift
difference. We define the dimensionless offset time as τ = toffsetvmax/l. We calculate the
current (flow) versus density for various values of cycle time ts at dimensionless offset time
τ = 1.0. We set the interval between signals as l = 40 and the maximal velocity as vmax = 4.
The dimensionless cycle time is defined as Ts = tsvmax/l. Figure 6(a) shows the plots of mean
current against density at offset time τ = 1.0 and Ts = 3.0 where the split is sp = 0.5 and
the road length is L = 4000. The solid curve indicates the current profile. For comparison,
the current for the vehicular traffic with no signals is shown by the chain curve. Figure 6(a)
is compared with Figure 2(a) at the synchronized strategy. The traffic states change from
the undersaturated traffic, through the saturated traffic, to the oversaturated traffic. In the
unsaturated traffic region between points 0–b, the current increases with density, only a state
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Figure 6: (a) Plots of mean current against density at offset time and where the split is sp = 0.5 and
the road length is L = 4000. The solid curve indicates the current profile. For comparison, the current
for the vehicular traffic with no signals is shown by the chain curve. (b) Fundamental diagrams for the
dimensionless cycle times.

occurs, and the traffic state does not change at point a in Figure 2(a). In the saturated traffic
region between points b-c, the current keeps a constant value. In the oversaturated traffic
region between points c–1, the traffic state does not change at point d in Figure 2(a). Thus,
there exist three distinct traffic states and dynamic transitions occur at two points b and c
for dimensionless cycle time Ts = 3.0. Thus, the fundamental diagram in Figure 2(a) for the
synchronized strategy changes to that in Figure 6(a) for τ = 1.0.

We study the variation of fundamental diagram at τ = 1.0 with the dimensionless cycle
time. Figure 6(b) shows the fundamental diagrams at τ = 1.0 for the dimensionless cycle
times Ts = 4.0, 5.0, 8.0, 10.0. Figure 6(b) is compared with Figure 2(b) at the synchronized
strategy. The fundamental diagram depends greatly on the dimensionless cycle time.
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Especially, the fundamental diagram at high values of dimensionless cycle time is definitely
different from that at low value of the cycle time. With increasing the cycle time, the current
profile changes from the typical trapezoid to the triangle. However, the dependence of tran-
sition densities on the dimensionless cycle time is definitely different from that in Figure 2(b)
at the synchronized strategy.

We study the dependence of transition points b and c on the split sp at τ = 1.0.
Figure 7(a) shows the plots of the transition densities ρc,b and ρc,c against dimensionless
cycle time at splits sp = 0.25, 0.5, 0.75 at τ = 1.0. The open squares, open circles, and
open triangles indicate, respectively, the transition density ρc,b of the dynamic transition
from the undersaturated traffic to the saturated traffic at splits sp = 0.25, 0.5, 0.75. The full
squares, full circles, and full triangles represent, respectively, the transition density ρc,c of the
dynamic transition from the saturated traffic to the oversaturated traffic at splits sp = 0.25,
0.5, 0.75. We rescale the profiles of the transition points versus the dimensionless cycle time
as Figure 7(b). Figure 7(b) shows the plots of rescaled transition points ρc,b − (1 − sp)/5 and
ρc,c − (1 − sp)/5 against rescaled dimensionless cycle time Tssp for Figure 7(a). The rescaled
transition points scale as those at the synchronized strategy in Figure 5(b). The transition
points ρc,b at sp = 0.25, 0.5, 0.75 collapse on a single curve. Also, the transition points ρc,c at
sp = 0.25, 0.5, 0.75 collapse on a single curve. The transition points ρc,b and ρc,c scale as

ρc,b =
1 − sp

5
+ g3

(
Tssp

)
,

ρc,c =
1 − sp

5
+ g4

(
Tssp

)
,

(3.3)

where g3(x) and g4(x) are the scaling functions for the two dynamic transitions.
All rescaled transition points keep 0.2 for Tssp ≥ 3.0. The fundamental diagram

changes from the trapezoid to the triangle at point ρc,bc (Tssp = 3.0).
We calculate the current (flow) versus density for various values of cycle time ts at

a negative value of dimensionless offset time τ = −1.0. Figure 8 shows the fundamental
diagrams at τ = −1.0 for the dimensionless cycle times Ts = 4.0, 5.0, 8.0, 10.0. Figure 8
is compared with Figure 2(b) at the synchronized strategy and Figure 6(b) at τ = 1.0. The
fundamental diagram depends greatly on the dimensionless offset time τ . The fundamental
diagram at τ = −1.0 is definitely different from that at τ = 0.0 and that at τ = 1.0. With
increasing the cycle time, the current profile changes from the typical trapezoid to the triangle.
However, the dependence of transition densities on the dimensionless cycle time is definitely
different from that in Figure 6(b) at τ = 1.0.

We study the dependence of transition points b and c on the split sp at τ = −1.0.
Figure 9(a) shows the plots of the transition densities ρc,b and ρc,c against dimensionless cycle
time at splits sp = 0.25, 0.5, 0.75 at τ = −1.0. We rescale the profiles of the transition points
versus the dimensionless cycle time as Figure 9(b). Figure 9(b) shows the plots of rescaled
transition points ρc,b + (1 − sp)/5 and ρc,c + (1 − sp)/5 against rescaled dimensionless cycle
time Tssp for Figure 9(a). The transition points ρc,b at sp = 0.25, 0.5, 0.75 collapse on a single
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Figure 7: (a) Plots of the transition densities ρc,b and ρc,c against dimensionless cycle time at splits sp = 0.25,
0.5, 0.75 at τ = 1.0. (b) Plots of rescaled transition points ρc,b−(1−sp)/5 and ρc,c−(1−sp)/5 against rescaled
dimensionless cycle time Tssp for (a).

curve. Also, the transition points ρc,c at sp = 0.25, 0.5, 0.75 collapse on a single curve. The
transition points ρc,b and ρc,c scale as

ρc,b = −
1 − sp

5
+ g5

(
Tssp

)
,

ρc,c = −
1 − sp

5
+ g6

(
Tssp

)
,

(3.4)

where g5(x) and g6(x) are the scaling functions for the two dynamic transitions.
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Figure 8: Fundamental diagrams at τ = −1.0 for the dimensionless cycle times Ts = 4.0, 5.0, 8.0, 10.0.

We study the dependence of the transition points ρc,b and ρc,c on the dimensionless
cycle time for various values of the offset time τ . Figure 10(a) shows the plots of transition
densities ρc,b and ρc,c against the dimensionless cycle time for τ = 0.0, 1.0, 2.0, 3.0 at split
sp = 0.5. Figure 10(b) shows the plot of the rescaled transition density ρc,b−τ(1−sp)/5 against
the rescaled cycle time Tssp − τ for Figure 10(a). The transition points ρc,b for τ = 0.0, 1.0, 2.0,
3.0 collapse on a single curve. Figure 10(c) shows the plot of the rescaled transition density
ρc,c−τ(1−sp)/5 against the rescaled cycle time Tssp+ τ for Figure 10(a). The transition points
ρc,c for τ = 0.0, 1.0, 2.0, 3.0 approach to a single curve. The transition points ρc,b and ρc,c scale
for 0 ≤ τ ≤ 3.0 as

ρc,b =
τ
(
1 − sp

)

5
+ gb

(
Tssp − τ

)
, (3.5)

ρc,c =
τ
(
1 − sp

)

5
+ gc

(
Tssp + τ

)
, (3.6)

where gb(x) and gc(x) are the scaling functions for the two dynamic transitions.
The transition points ρc,b and ρc,c scale for −1.0 ≤ τ ≤ 0.0 as (3.5) and (3.6). The scaling

forms (3.5) and (3.6) of transition points ρc,b and ρc,c hold only for −1.0 ≤ τ ≤ 3.0. The scaling
forms are not satisfied for the values of the dimensionless offset time except for −1.0 ≤ τ ≤ 3.0
but the profiles of the transition points versus the dimensionless cycle time deviate from the
scaling forms for τ < −1.0 and τ > 3.0.

Thus, we obtain the following finding. The transition point from the undersaturated
traffic to the saturated traffic scales as (3.5) for any values of split and offset time. Also, the
transition point from the saturated traffic to the oversaturated traffic scales as (3.6) for any
values of split and offset time.
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Figure 9: (a) Plots of the transition densities ρc,b and ρc,c against dimensionless cycle time at splits sp =
0.25, 0.5, 0.75 at τ = −1.0. (b) Plots of rescaled transition points ρc,b + (1 − sp)/5 and ρc,c + (1 − sp)/5 against
rescaled dimensionless cycle time Tssp for (a).

4. Summary

The deterministic cellular automaton model was presented for vehicular traffic through the
series of traffic signals. The CA model is described by the difference equation. We have
studied the effect of both vehicular density and signal’s characteristics on dynamic behavior
of vehicles by using the CA model. The fundamental diagram was derived for various values
of the cycle time. The effect of the dimensionless cycle time on the fundamental diagram was
clarified. It was found that the fundamental diagram changes from the typical trapezoid to
the triangle with increasing the dimensionless cycle time. It was shown that the fundamental
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Figure 10: (a) Plots of transition densities ρc,b and ρc,c against the dimensionless cycle time for τ = 0.0,1.0,
2.0, 3.0 at split sp = 0.5. (b) Plot of the rescaled transition density ρc,b −τ(1−sp)/5 against the rescaled cycle
time Tssp − τ for (a). (c) Plot of the rescaled transition density ρc,c − τ(1 − sp)/5 against the rescaled cycle
time Tssp + τ for (a).

diagram also depends highly on the split and the dimensionless offset time. It was found that
the transition densities from the undersaturated traffic to the saturated traffic and from the
saturated traffic to the oversaturated traffic scale as (3.5) and (3.6) for various values of both
split and offset time.

The deterministic CA model proposed by this paper will be useful for studying the
traffic flow through a series of signals controlled by the cycle time, the split, and the offset
time because it is described by the difference equation. The study for the dependence of the
dynamic transitions on the cycle time, the split, and the offset time is the first. Especially, the
change of the fundamental diagram from the trapezoid to the triangle will be interesting.
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The combination of linear and nonlinear methods is widely used in the prediction of time series
data. This paper analyzes track irregularity time series data by using gray incidence degree models
and methods of data transformation, trying to find the connotative relationship between the
time series data. In this paper, GM (1, 1) is based on first-order, single variable linear differential
equations; after an adaptive improvement and error correction, it is used to predict the long-term
changing trend of track irregularity at a fixed measuring point; the stochastic linear AR, Kalman
filtering model, and artificial neural network model are applied to predict the short-term changing
trend of track irregularity at unit section. Both long-term and short-term changes prove that the
model is effective and can achieve the expected accuracy.

1. Introduction

Track irregularity is a serious threat to the safety of train operation. Track irregularity
data includes environmental variables (gauge, longitudinal level, cross level, alignment,
and twist) and effective variables (vertical acceleration and horizontal acceleration). The
developing and changing process of the track irregularity state is random, which cannot
be defined by identified function. Generally, it can be researched with the combination of
probability theory and analysis method within a certain range. Nowadays, most studies focus
on the overall indicators which evaluate the changes of the track’s state, but a few studies
focus on the changes of specific geometric parameters’ changes and the laws behind them.
This is a basic difficulty.

Linear and nonlinear methods are two groups of models employed to estimate time
series. DENG Julong [1] proposed the gray system theory in 1982. Gray system theory has
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been widely applied to the field of controlling, forecasting, and decision making, and the GM
(1, 1) model is its core essence. G. Liu and Yu [2] studied the main factors that could affect
MLF generation by using the method of gray correlation coefficient. Marcellino et al. [3] and
Ding et al. [4] studied the autoregressive model (AR) to forecast macroeconomic time series
and parameter estimation problems. AR is a main model of random process, which can only
reflect the target through historical values of the time series, without being constrained by the
mutually independent variables, eliminating the difficulties caused by independent variables
selection in ordinary regression prediction and multicollinearity, and so forth. Kalman [5]
proposed Kalman filter model in 1960. In the study of Feil et al. [6] and Kandepu et al. [7],
Kalman model was applied to monitoring process transitions and nonlinear state estimation.
Rumelhart and McClelland [8] studied the neural network years ago. Balestrassi et al. [9]
studied neural network’s training for nonlinear time series forecasting. Khashei et al. [10]
studied artificial neural networks in hybrid models. The hybrid method is widely used on
predicting time series predictions now. Zhang [11] proposed to take advantage of the unique
strengths of ARIMA and ANN models in linear and nonlinear modeling. H. Liu et al. [12]
studied hybrid methods in the prediction of wind speed based on time series, artificial neural
networks (ANNs), and Kalman filter (KF). Areekul et al. [13] studied hybrid methodology
which combined both autoregressive integrated moving average (ARIMA) and artificial
neural network (ANN) models to predict short-term electricity prices. Khashei et al. [14] and
Khashei and Bijari [15] proposed hybrid method that could yield more accurate results with
incomplete data sets based on the basic concepts of ANNs and fuzzy; he also proposed hybrid
model of artificial neural networks by using autoregressive integrated moving average
(ARIMA) models in order to yield a more accurate forecasting model compared to artificial
neural networks. Aladag et al. [16] proposed a hybrid approach combined with Elman’s
Recurrent Neural Networks (ERNNs) and ARIMA models and applied the approach to
Canadian Lynx data. In practical prediction, research methods are often composed of two
types of models.

In this paper, three aspects are studied on trends of track cross level state changes. First,
it analyzes track irregularity time series data and tries to find the connotative relationships
between time series data with the application of seven gray incidence degree theories;
secondly, it predicts long-term track level changes at fixed measuring point; finally, it predicts
changes of tracks over time at unit section in short term. This paper modifies and corrects
the inadequacies in the GM (1, 1) model, which can only reflect the state of development
of the general trend other than reflect cycle and random variation of the changes of track
level at the fixed measuring point. The accuracy of fitting and forecasting can be greatly
improved. In terms of unit section track state study, this paper uses random linear AR model
and Kalman filtering model to analyze track state over time as well as to predict its future
state. By combining the above studies, we can see the statistical laws of track state changes in
the long and short term and can forecast the future state of the track.

2. Data Analysis

2.1. Analysis of Track Irregularity Data

The idea of time series analysis has been applied in many areas of research, such as the
relationship of following speed and spacing with driving time in driver’s safety-related
approaching behavior [17, 18]. In track irregularity time series studies, the continuity of tracks
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Figure 1: Comparison of track cross level values at K550.00166 and K550.00191 mileage points.

Table 1: Seven incidence degrees between cross level time series and reference cross level time series.

DID AID IAID TID SID FODID SODIG
(1, R) 0.9753 0.9774 0.5032 0.3758 0.9347 0.5811 0.1399
(2, R) 0.9779 0.9767 0.4867 0.3704 0.8977 0.5144 0.1874
(3, R) 0.6299 0.7450 0.5058 0.3897 0.8143 −0.3925 −0.1512
(4, R) 0.9707 0.9768 0.4604 0.3988 0.8718 0.5400 0.1737
(5, R) 0.9743 0.9768 0.4702 0.3790 0.8911 0.5150 0.1496
· · · · · · · · · · · · · · · · · · · · · · · ·

The relationship of cross level data between adjacent hours is shown in Figure 2.

leads to a great similarity between two random time series data obtained at two adjacent
inspection points. The comparison of track cross level values at K550.00166 and K550.00191
mileage points is shown in Figure 1.

It can be seen through Figure 1 that data obtained between the two adjacent measuring
points shares high similarity. There is a great inconsistency during the 23th, 24th, 25th, and
26th inspection at the two adjacent measuring points. It shows great changes on track state
during this time period.

In terms of the complicity of the relationships of time series curves, it is not easy
to find a standard or a fixed formula to indicate the time series curve, but it can only
give a complex evaluation on the changes and a developing tendency of the time series
data. As a result, this paper analyzes and compares seven incidence degree algorithms.
Certain relationships exist between track irregularity time series. Seven incidence degree [19]
formulas include displacement incidence degree (DID), absolute incidence degree (AID),
improved absolute incidence degree (IAID), T incidence degree (TID), slide incidence degree
(SID), first difference incidence degree (FODID), and second difference incidence degree
(SODIG). These seven incidence degree are used to reflect the corelationship between time
series curves. Table 1 shows, respectively, seven incidence degrees between actual cross level
time series and reference cross level time series.

It can be found from Figure 2 that changes on two adjacent cross level irregularity state
data show the linear trend, with an approximated slope of 1. If there is a large deviation from
the slope, it will illustrate that the two adjacent inspection data on track cross level state have
been changed greatly and are in need of special attention.
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Figure 2: Scatter diagrams of detection data during the last ten-day period of April and the first ten-day
period of May, 2008.

2.2. Analysis of Track Irregularity Time Series

Track inspection data refers to the data obtained within a roughly fixed time interval (a half
month), which is generated from geometry state detection along the mileage range of railway
line. The time sequence of track geometry state changes with the following characteristics.

(1) Data Elements of Original Time Series Is a Data Set

In the study of variation law of detection data, each detection data on a certain unit of section
area is considered as a data unit. Data sequence consisted of data unit within a certain time
frame is the object of study, forming a time series. Original time series data is described as
follows:

T =
{(
x(1)

t1 , x
(2)

t1 , . . . , x
(n)

t1

)
,
(
x(1)

t2 , x
(2)

t2 , . . . , x
(n)

t2

)
, . . . ,(

x(1)
ti , x

(2)
ti , . . . , x

(n)
ti

)
, . . . ,

(
x(1)

tm , x
(2)

tm , . . . , x
(n)

tm

)
}
. (2.1)

In the formula, x(1), x(2), . . . , x(n) is the prediction data set at the unit section,
constituting a time series of data units, xti = {ti,m, gi, ldi, cli, cri, ali, ari, twi}, ti is the time
point in time series, i = 1, 2, . . . , m, m is mileage, gi is gauge, ldi is longitudinal level, cli is
cross level (L), cri is cross level (R), ali is alignment (L), ari is alignment (R), and twi is twist.

(2) Data Transformation Is Necessary

Since each data unit is not a single data, but a data set of union section, rather than, therefore,
it is necessary to transform processing in order to form data which can reflect the real
characters of this section geometry state at ti:

T = {Xt1 , Xt2 , . . . , Xti , . . . , Xtm},

Xti = f
(
x(1)

ti , x
(2)

ti , . . . , x
(n)

ti

)
=
[

1
n

(
x(1)2

ti + x
(2)2

ti + · · · + x(n)2
ti

)]1/2

.
(2.2)
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Figure 3: Changes of time series data at unit section.
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Figure 4: Cyclical trend of track state condition change.

In the formula, f(x(1)
ti , x

(2)
ti , . . . , x

(n)
ti) reflects the characteristics of the entire section

of the track geometry at ti. After transformation, changes of time series data at unit section
are shown in Figure 3.

(3) Time Series Data Are Small Data Sets

In order to keep track status in good condition and to ensure operation safety, maintenance
at regular intervals is needed as the track state changes. Only data from two maintenance
operations can be seen as the objects of the study as well as time series data. It also means
that this is a small data set within a short timespan. We need to find an effective forecasting
method to realize our research goal even though historical data is limited.

As shown in Figure 4, G refers to track geometry state changes (deterioration) limits
and T1 and T2 refer to the exact time that maintenance and repair operations occurred within.
It shows a cyclical changing trend of track state conditions.

(4) Data Selecting

In this paper, track irregularity data by track inspection car in the experimentation is provided
by State key Laboratory of Rail Traffic Control and Safety, Beijing Jiaotong University. The
cross level irregularity data is selected as the object of this research. The research selects the
Beijing-Kowloon upline, the K550 + 000 to K550 + 075 mileage ranging from the second track
inspection in late February 2008 to the second track inspection in late May 2009, a total of
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31 inspection data as data object, each of which contains 300 cross level values and each data
array contains 300 elements.

3. Medium and Long-Term Track State Change Models

3.1. Improvement of GM (1, 1) Model and Prediction

GM (n, h) stands for a grey model of “h” variable expressed by n order differential equations.
Generally speaking, when we make benefit analysis and production forecast in the field of
economy and agroecology, we only work on a variable—a result, by then h = 1. But when n
is too large, it will be too difficult to calculate; thus model GM (1, 1) will be commonly used.
G represents gray, M represents model, and GM (1, 1) stands for first-order, single variable
grey model [1], which can be represented by the linear differential equation (3.1). GM (1, 1)
model is usually used to predict growth trend sequences with power exponent and usually
has better accuracy in prediction. However, in reality, in most cases, the series data does not
show the exponentially growth trend, and generally they are outliers, which limit the range
of applications and fields of GM (1, 1). Thus, the model needs to be improved on the pretreat-
ment of the raw sequence, so that it can expand the extent to which the model can be applied.

Track cross level irregularity data x(0) is a data set at a fixed measuring point, which
fluctuates along mileage with zero values, and the data itself is not monotonic. The methods
of the improved model are as follows: first, the fluctuating value of data is changed to zero
by translating, and then a fixed positive constant is added to each data, so that the new time
series data are positive. Next, smooth the new time series data using a power function [x(0) +
I]α. The result of new time series data weakens the impact of outliers on the fitted data. In
this paper, the positive regular value I is selected as the integer value of two times of the max-
imum absolute value among all original series of data elements, that is, I = int(2 · max |x(0)|).

According to the analysis of the track cross level sequence of raw data, we find that
int(2·max |x(0)|) = 15. So we select 15 as the positive constant value. According to the degree of
the dispersion of the newly constructed data, α, which ranges from 0 to 1, can be determined.
Combined with data characteristics of cross level irregularity, we set α = 0.2. Reconstruct
the original series x(0) by applying new methods of constructing series and then get the new
series x̂(0), adding up, AGO sequence x(1) is constructed:

dx(1)

dt
+ αx(1) = u. (3.1)

When dx(1)/dt is on a point value [k, k+1], dx(1)/dt approximation taken in the point
k + 1, that is,

dx(1)

dt

∣∣∣∣∣
t=k+1

≈ x(1)(k + 1) − x(1)(k) = x̂(0)(k + 1). (3.2)

After transformation, let us solve differential equations

x̂(0)(k + 1) = a
[
−1

2

(
x(1)(k + 1) + x(1)(k)

)]
+ u, k = 1, 2, . . . , n. (3.3)



Discrete Dynamics in Nature and Society 7

0 2 4 6 8 10 12 14
−5

0

5

Time order

C
ro

ss
 le

ve
l

Prediction value
Actual value

Figure 5: Comparison of actual value and prediction value at a fixed measuring point.
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Figure 6: Comparison of actual state and predictive state at unit section.

Then we can obtain the coefficients a and u of the regression curve according to the
least squares method. The expression resulted from the solutions of

x(1)(k + 1) =
[
x̂(0)(1) − u

a

]
e−ak +

u

a
. (3.4)

Next, take the values of a and u into (3.4), we can obtain GM (1, 1) prediction model of
the track cross level state changes. Because the calculation data is a data array which is added
up based on a fixed value; the final predictive value of the expression is as follows:

x(0)(k) =
(
x(1)(k) − x(1)(k − 1)

)1/α − 15. (3.5)

With the application of the formula (3.5), we can predict the law of trend on historic
track cross level data. The trend curve and actual curve fitting is shown in Figure 5.

When gray model GM (1, 1) is used to forecast time series data that after
transformation (see Section 2.2) at the unit section, the predictive result is shown in Figure 6.

It can be found from Figures 5 and 6 that the GM (1, 1) predictive value curve is smooth
and there is a larger deviation between the predicted values and actual values; so it can only
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reflect the overall trend, but cannot reflect the characteristics of the cyclical changes and
random fluctuations and cannot be applied to forecast track state. Therefore, the GM (1, 1)
model needs amended residuals to meet the forecasting requirements.

3.2. Gray Model GM (1, 1) with Residual Modification

Since the residuals are large, there will be a great inaccuracy in GM (1, 1) when predicting
the actual track state change trends. So we cannot predict the medium and long-term track
state changes. In this paper, a method based on the trigonometric residual modification was
presented to improve the predictive accuracy.

Time series of the track geometry state changes has cyclical characteristics according to
the analysis of the historical changing trend of cross level. We find that trigonometric function
has obvious cyclical features. In this paper, trigonometric function is used to correct residuals
of the prediction model. Here, the residual refers to the actual value minus the predicted
value, that is, (x̂(0)(k))1/α − (x̃(0)(k))1/α. Set

f =
(
x̂(0)(k)

)1/α −
(
x̃(0)(k)

)1/α
= a0 +A sin(ω(t − 1)). (3.6)

In the formula, A is the amplitude of wave mode, ω = 2π/T , T is the cycle, t is the
inspection time interval sequence. Because of x(0) = x(1), so a0 = 0. One has

A =
2
n

n∑

k=1

Ai =
2
n

n∑

k=1

∣∣∣∣
(
x̂(0)(k)

)1/α
−
(
x̃(0)(k)

)1/α
∣∣∣∣. (3.7)

With the principle of the minimum cumulative error of the fitted values and actual
values, combined with the application of trigonometric wave mode matching method, we
try to make sure that the posteriori error C is the smallest and the small probability P is
the largest, and then we obtain ω = 1.06. At the same time, the amplitude of wave mode
calculated by the formula (3.7) is A = 3.14.

Take A and ω into (3.6); then we obtain the revised residuals’ formula:

f = 3.14 · sin(1.06 · (t − 1)). (3.8)

Combined with residual formula and the formula (3.5), the final forecast expression
after residuals adjustment is

x(0)(k) =
(
x(1)(k) − x(1)(k − 1)

)1/0.2 − 15 + 3.14 · sin(1.06 · (t − 1)). (3.9)

Let us predict track cross level state with the formula (3.9). The predicted values and
actual values are shown in Figure 7.
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Figure 7: Comparison of actual value and revised predictive value at fixed measuring point.
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Figure 8: Comparison of actual state and prediction state at unit section after residual modification.

When gray model GM (1, 1) after residual modification is used to forecast time series
data (see Section 2.2) at the unit section, the prediction formula is (3.10), and the prediction
result is shown in Figure 8:

x(0)(k) =
(
x(1)(k) − x(1)(k − 1)

)1/0.2
+ 1.6 · sin(1.26 · (t − 1)). (3.10)

As can be seen from Figures 7 and 8, compared to the original forecasting trend
curve, the modified forecasting trend curve is much closer to the actual value. It has a better
degree of fitting and can reflect the cyclical changes of the track cross level state. Therefore,
the revised model can be applied to forecast the future track cross level state trends in the
medium and in the long term.

In gray forecasting, the prediction with good fitting and extrapolation leads to a
smaller value C and a larger value P . It shows a large probability of small error and high
accuracy in prediction [20]. According to the statistical theory, we examine the accuracy of
prediction on track state by using posteriori error C and the small probability P and then
make a comparison between it and the predictive accuracy of original GM (1, 1) model. See
Table 2.
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Table 2: Comparison of model’s accuracy.

Test items GM (1, 1) GM (1, 1) after residual modification
C 65% 43%
P 86% 86%

Table 3: Values of autocorrelation function, autocovariance function, and partial incidence degree function.

k 0 1 2 3 4 5 6 7
ρ̃k 1 −0.5910 0.0835 0.0075 0.0040 −0.1106 0.3729 −0.4402
r̃k 20.7675 −12.2731 1.7341 0.1567 0.0821 −2.2967 7.7441 −9.1408
ϕ̃kk 1 −1.0356 −0.9201 −0.7259 −0.5022 −0.2565 0.1265 −0.0529

Through comparative analysis, the variance ratio of posteriori error of GM (1, 1) model
after the residual modification is significantly smaller than the original residual model; thus
the fitting and extrapolation of the modified model have changed for the better, and the
predictive accuracy is improved.

4. Short-Term Prediction Models of Cross Level State Change

4.1. Prediction Based on AR Model

Track cross level irregularity time series data is smooth and consistent with the characteristics
of the stationary random sequence; so there is no need to eliminate the trend of the differential
operator. Although there is no definite model in track state changes in the long run, the state
change in a short period can still be considered as close to the linear model. In order to study
the unit section of the overall level of state which changes over time, it is considered as one-
dimensional array data which contains 300 data at a select unit section. The track cross level
irregularity time series data is

Zt =
[
zt

0, zt
1, . . . , zt

m
]
, t = 1, 2, . . . , 31, m = 1, 2, . . . , 300. (4.1)

Then, ωt = Zt − Z, time series {ωt} is generated with mean value zero, t = 1, 2, . . . , 31,
and Z is the sample mean value of Zt.

Autocovariance function refers to the random signal between the values of two
different moments of the second-order mixed central moments. Autocorrelation function
depicts the incidence degree between adjacent variables of time sequence. The partial
autocorrelation function was excluded from the impact of other intermediate variables; the
two functions are closely related and can reflect the true incidence degree between two
variables [21]. The value of sample’s autocovariance function r̃k, incidence degree function
ρ̃k, and partial autocorrelation function ϕ̃kk are shown in Table 3.

It can be seen from Table 3 that when k becomes greater, the previous four |ρ̃k|, absolute
value of ρ̃k, are getting smaller and smaller. Therefore, we can see that the autocorrelation
function ρ̃k is tailed. When k > 4, there is at most one ϕ̃kk that can make |ϕ̃kk| ≥ 0.3591. There-
fore, the sample partial incidence degree function ϕ̃kk is truncated; partial autocorrelation
function ϕ̃kk is truncated at the point at which k = p = 4.
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Figure 9: Comparison of predicted value and actual inspection data in late June 2009.

Through comprehensive analysis, the prediction model is defined as AR (4). We can
calculate the parameter’s estimates ϕ̃ using Yule-Walker equations.

We get ϕ̃1 = −1.0257, ϕ̃2 = −0.8123, ϕ̃3 = −0.5224, and ϕ̃4 = −0.2292.
Thus, the AR (4) model is

Zt − Z = ϕ̃1

(
Zt−1 − Z

)
+ ϕ̃2

(
Zt−2 − Z

)
+ ϕ̃3

(
Zt−3 − Z

)
+ ϕ̃4

(
Zt−4 − Z

)
+ at. (4.2)

In the formula, t = k + l, at is the random disturbance error, which is white noise
sequences with zero mean value, normally variance, nonzero, unrelated, and independent.

Taking estimated value on both sides of formula (3.8) and then take the estimated
parameter into the formula, we can get the AR (4) prediction formula:

Z̃k+l = −1.0257Z̃k+l−1 − 0.8123Z̃k+l−2 − 0.5224Z̃k+l−3 − 0.2292Z̃k+l−4 − 1.5896Z. (4.3)

In formula, when k + l − i < n, Z̃k+l−i = Zk+l−i.
The predictive results of cross level irregularity data at late June 2009 and actual test

data are shown in Figure 9.
By contrasting the forecasted data with the actual inspection data, it can be found that

the distribution characteristics of actual value and the predictive value can agree with each
other well, and the data curves roughly coincide with each other.

4.2. Prediction Model Based on Kalman Filtering

Kalman filtering can be used to estimate the current state when the estimated state from
the last time and the current state are known, needless to know historical information
observations or estimates. In the absence of maintenance, changes of track geometry are
closely related to the passing gross weight change; deviation of track geometry will be further
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Figure 10: Comparison of detection value and the prediction value (ANN).

from the standard value with the increase in gross weight; track geometry status is also
affected by the impact of train speed. The higher the speed is, the greater force is exerted
on the track and the greater influences on the track geometry status are. The track geometry
(detection data), passing gross weight change, and train speed are used as the technical
indicators for track state prediction, and the accumulation and analysis of historical data can
be used for building track state prediction models.

With the application of Kalman filtering algorithm, in the track inspection data
analysis and forecasting models, xk is actual value of track inspect items; A is the transfer
matrix of the actual value; zk is track inspection car’s detecting value; H is the observation
matrix; wk is process noise p(w) ∼N(0, Q), which is the deviation of the track state changes;
vk is measuring noise p(v) ∼ N(0, R), which is white Gaussian noise; ŝ(k) is the predictive
value of the state of the track geometry. The prediction formula of Kalman filtering is as
follows:

ŝ(k) = Aŝ(k − 1) +H(k)[X(k) − C(k)A(k)ŝ(k − 1)]. (4.4)

In the formula, ŝ(k) is prediction value, H(k) is the minimum mean-square deviation
under the revised matrix, A(k) is transfer matrix, X(k) is an observed value and ŝ(k) is an
estimated value, and C(k) is the measured matrix.

Kalman filter model is applied to forecast the cross level status the next time when
testing. The comparison of detection cross level value and the prediction value is shown in
Figure 10.

4.3. Prediction Model Based on Artificial Neural Network

Artificial neural network (ANN) is widely used in function approximation, pattern
recognition, and data compression [22–24]. It is the best method compared with other
traditional models, because it has better durability, timely forecasts, highly nonlinear, and
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Figure 11: Comparison of the detection value and the prediction value (Kalman filter model).

strong self-adaptive learning ability. Usually, the network has an input layer, an output layer,
and a hidden layer. ANN has advantages such as the following. Network’s input and output
can be achieved in any nonlinear mapping as long as there are enough hidden layers and
hidden nodes. The relationship between input nodes and output nodes of ANN is as follows
[10]:

yt = w0 +
Q∑

j=1

wj · g
[

p∑

i=1

wij · yt−i +w0j

]
+ et. (4.5)

In the formula, wij (i = 1, 2, . . . , p, j = 1, 2, . . . , Q), sig(x) = (1/(1 + e−x)) is a hidden
layer transfer function, yt is actual output, wij is connection weights, p is the number of input
nodes, andQ is the number of hidden nodes. The neural network model performs a nonlinear
functional mapping from the past observations to the future value yt, that is,

yt = f
(
yt−1, yt−2, . . . , yt−p,W

)
+ et. (4.6)

W is a vector of all parameters and f(·) is a function determined by the network
structure and connection weights. Because track state changes are nonlinear and ANN has
a flexible capability in nonlinear modeling, ANN is applied to forecast the track data change.
The forecasting result is shown in Figure 11.

4.4. Comparison of Three Prediction Models

The specific error distribution of AR model, Kalman filtering model, is ANN model are shown
in Table 4.

It can be seen from Table 4 that the predictive accuracy of AR and Kalman filtering
models is similar, and the predictive accuracy of ANN model is slightly higher than the
previous two.
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Table 4: Error distribution of forecasted data.

Models Error range |r| > 1 0.5 < |r| ≤ 1 0.2 < |r| ≤ 0.5 0 ≤ |r| ≤ 0.2

AR Amount 44 104 82 70
Percentage 15% 35% 27% 23%

Kalman filtering Amount 37 99 87 77
Percentage 12% 33% 29% 26%

ANN Amount 36 65 99 100
Percentage 12% 22% 33% 33%

5. Conclusions

After the comprehensive assessment of the incidence degrees of track irregularity between
various indicators of factors, we find that when the associated values are higher, these
correlated time sequences will normally have a higher degree of factors correlation or
processes correlation. Meanwhile, the calculated results of incidence degree will be in a good
agreement with the actual situation, which will provide a reliable basis for choosing modeling
variables and analyzing factors. Improved GM (1, 1) model based on features of track cross
level data can predict track state development and changes at fixed measuring point in the
medium and long term. Fitting curve can reflect the cyclical changes of cross level state over
time by residual modification. Statistical validation shows that the posteriori error values in
improved model which was corrected with residuals will be reduced down from 65% to 43%,
compared to the original model. It reflects the changes of cross level state more accurately.
Random linear AR model, Kalman filtering, and ANN are used to predict the state changes of
union section in short term. The results show that the accuracy of ANN is slightly higher than
AR model and Kalman filtering, and the combination of the four models together constitutes
the research of long-term and short-term track state changes at fixed measuring point and
union section.
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To analyze the spreading regularity of the initial traffic congestion, the improved cell transmission
model (CTM) is proposed to describe the evolution mechanism of traffic congestion in regional
road grid. Ordinary cells and oriented cells are applied to render the crowd roads and their
adjacent roads. Therefore the traffic flow could be simulated by these cells. Resorting to the pro-
posed model, the duration of the initial traffic congestion could be predicted and the subsequent
secondary congestion could be located. Accordingly, the spatial diffusion of traffic congestion
could be estimated. At last, taking a road network region of Hangzhou city as an example, the
simulation experiment is implemented to verify the proposed method by PARAMICS software.
The result shows that the method could predict the duration of the initial congestion and estimate
its spatial diffusion accurately.

1. Introduction

The urban traffic congestion has been becoming a more and more serious issue, especially
in China. Traffic congestion is a typical traffic condition with a dynamic course by time. The
congestion generating mechanisms analysis considering both time and space scale helps to
illustrate the dynamic changing characteristic of the traffic flow that eventually leads to
the congestion. Many scholars had studied the urban traffic congestion by cell transmission
model (CTM) at the 1990s [1–3]. Some scholars, such as Szeto, Jia Bin et al., had researched
CTM model to have a good performance in simulating the typical dynamic characteristics
of traffic flow, such as the formation of shock waves, traffic congestion, and the dynamic
evolution rule of node combined by Multiroad [4, 5]. Certainly, other scholars, such as Chen
Qian, ZHOU Xi-peng, and YANG Zhao-shen, applied CTM model to the models of traffic
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flow spread on network such as traffic bottleneck recognition and modeling for traffic events
duration time and traffic recovery time [6–10].

In previous studies, the spatial diffusion estimating and duration predicting of traffic
congestion are separately supposed as both independent issues on congestion. However, both
issues usually affect and restrain one another. Actually they have remarkable relationship in
time and space scale. Therefore, the analysis method based on our proposed improved CTM
model will give a new solution to track traffic congestion considering both time and space
scale. And the research in this paper promises to prevent and relieve traffic congestion and
improve the utilization efficiency of the road resources.

This paper is organized as follows. The spatial diffusion regularity of traffic congestion
is analyzed in Section 2. The improved cell transmission model is given to describe the
spread of traffic flow in the road grid in Section 3. The analysis method of traffic congestion
mechanism based on improved CTM is researched in Section 4. In Section 5, taking a road net-
work region of Hangzhou city as an example, the experimental simulation is provided to
demonstrate the application of our proposed method by PARAMICS software. The last sec-
tion highlights the conclusion.

2. Spatial Diffusion Analysis of Traffic Congestion

Traffic congestion refers to traffic flow detained phenomenon caused by the contradiction
between traffic requirement and traffic capacity. Generally, traffic congestion would occur
if the traffic capacity supplied by traffic facilities is close to or less than the current traffic
demand. In some specific time, the regular bottlenecks will be formed if the traffic demand
keeps being beyond the transportation capacity. Such case is called regular traffic congestion.
Besides, if the actual capacity declines because of temporary event or accident, occasional
traffic congestion is generated.

For a jammed unit in the road network, if the traffic demands remain high level and
even continue to increase, the actual traffic capacity to collect the upstream traffic flow will
become more and more limited. It leads to slow traffic speed and quickly rising traffic density
of the upstream unit. That is how the primary traffic congestion can spread to upstream unit.
In addition, traffic flow is usually controlled by traffic signal control system. Consequently,
traffic flow in jammed unit with small headway will spread to the downstream unit during
the green time. Traffic demand and v/c of downstream unit will rise rapidly. With the
increasing interference between the vehicles with one another, the traffic speed will be drop-
ped and it may also lead to the possible congestion. These factors easily make the traffic flow
unstable and the capacity to drop. It is why the downstream units may be jammed. There-
fore, the original congestion can spread to the whole road grid quickly. If there are no effec-
tive corresponding measures to relieve its spatial diffusion, the whole or regional traffic con-
gestion will occur.

3. Improved Cell Transmission Model

3.1. Cell Transmission Model

Cell transmission model (CTM) is based on assumption that the traffic flow q and density ρ
have a relationship as shown in Figure 1.



Discrete Dynamics in Nature and Society 3

q

ρ
ρj

−w
qmax

ρj

1/v

v

+ 1/w

Figure 1: A trapezoidal fundamental diagram for the cell transmission model.
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Figure 2: Traffic flow moving model of CTM.

CTM means the road section could be divided into several cells and time series dis-
credited into several time steps. The length of each cell is the driving distance with free traffic
flow during one time step. It should satisfy the below formula to describe the traffic flow
between two nearby cells by CTM:

q = min
{
vρ, qmax, w

(
ρj − ρ

)}
. (3.1)

Here v is free traffic flow speed and w is back propagation speed of traffic wave when it
is jammed. qmax is maximum traffic volume. Under low traffic density, v is constant. While
traffic density is high, w is constant and v > w. For 0 < ρ < ρj , the above quantity is satisfied.

The traffic flow spreading process between cells is shown as Figure 2. At time step k,
yi(k) is the total flow entering the cell i. Ni(k) is the maximum capacity of the cell i. ni(k) is
the number of vehicles in the cell i.

qi(k) is the inflow rate of the cell i and qi·max(k) is the maximum inflow rate of the
cell i. And the function relation between vehicles and the density of cell is as the following
equation:

ni(k) = ρi(k)vδ. (3.2)

So it is deduced the traffic flow spread relationship between two adjacent cells is as (3.3).
Qi(k) is the maximum inflow rate of cell i. Then after discretizing it, traffic flow conservation
equation in CTM is as (3.4):

yi(k) = min
{
ni−1(k), Qi(k),

ω(Ni(k) − ni(k))
v

}
, (3.3)

ni(t + 1) = ni(t) + yi(t) − yi+1(t). (3.4)
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The existing CTM method is appropriated for describing traffic flow of linear road
such as freeway. Unfortunately, the weakness of node diversion and node confluence appears
in the existing CTM and it is unable to suit for traffic flow modeling of urban road network.
Accordingly, the improved CTM method is researched as below.

3.2. Improved CTM and Its Cell Definition

The spread of traffic flow in the road grid could be classed into two aspects. One is traffic flow
transmission inside the road section and another is between the adjacent sections. Recently
many scholars use Daganzo’s cell transmission model to construct the spread of traffic flow
which includes section model and node model. The node model involves the signal control
and oriented lanes at the end of the section. Based on the node model, the improved section
model is proposed with oriented cell instead of node model into section model to realize the
spread of traffic flow. It helps to simplify the modeling process and improve the calculation
efficiency.

Oriented cell is defined as the cell locating at oriented lane of section. It plays the role
of traffic flow diverging. The capacity and outflow of oriented cells is decided by the timing
scheme of the downstream traffic control system. Therefore the key parameters of oriented
cell are different because of their different traffic flow direction.

According to the principle of lane group classification, define CL
k

, CS
k

, and CR
k

as three
kinds of oriented cells to describe spatial distribution of traffic flow shown as Figure 3. It is
essential to analyze the spatial diffusion of traffic congestion.

3.3. Parameter Definition and Constraint Condition

Along the traffic direction, section a consists of ordinary cellsCi
a (i = 1, 2, . . . , m·i is numbered

in ascending order from 1 along the traffic direction.) and a series of oriented cells. At time
step k, parameter of two types of cell is shown as in Table 1.

According to the core theory of CTM, traffic flow transmission between cells could be
classified in the three types below.

The first type is the flow expression of ordinary cells in the same section shown as
in (3.3).

The second type is the flow expression of ordinary cell and oriented cells in the
same section shown in (3.5), (3.6), and (3.7). This type describes that the traffic flow
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Table 1: Parameter definition of model.

Parameter Ordinary cell Oriented cell
Density ρia(k) ρ

ξ
a(k)

Vehicles nia(k) n
ξ
a(k)

Inflow rate qia(k) q
ξ
a(k)

Inflow yia(k) y
ξ
a(k)

Max. outflow qi,max
a (k) q

ξ,max
a (k)

Max. inflow Qi
a(k) Q

ξ
a(k)

Capacity Ni
a(k) N

ξ
a(k)

Cm
a

L
aC

CS
a

CR
a

Figure 4: Flow transmission between ordinary cell and oriented cells.

of the ordinary cell moves into different oriented cells on the basis of trip demand
shown in Figure 4:

yLa(k) = min

{
nma (k)ηL,Q

L
a(k),

ω
[
NL

a (k) − nLa(k)
]

v

}
, (3.5)

yRa (k) = min

{
nma (k)ηR,Q

R
a (k),

ω
[
NR

a (k) − nRa (k)
]

v

}
, (3.6)

ySa(k) = min

{
nm(k)

(
1 − ηL − ηR

)
, QS

a(k),
ω
[
NS

a (k) − nSa(k)
]

v

}
, (3.7)

ηL, ηR are the behavior proportion of left turn and right turn of traffic flow in the
section.

The third type is the flow expression of oriented cell and ordinary cells of nearby
sections shown in (3.8). This type describes that the traffic flow of the oriented cell
moves into ordinary cells of different downstream sections shown in Figure 5:

Q
ξ
a(k) = min

⎧
⎨

⎩
g
ξ
a(k)
h(v)

,
w
[
N

ξ
a(k) − nξa(k)

]

v
, q

ξ,max
a δ

⎫
⎬

⎭,
(3.8)

ξ can express L, S, or R. gξa(k) is green time in the direction of traffic flow in orien-
ted cell by signal control system. h(v) is the average headway of free traffic flow.



6 Discrete Dynamics in Nature and Society

C∗S
a

C1
b

C1
c

C1
d

C∗L
a

C∗R
a

Se
ct

io
n 

a

Section b

Se
ct

io
n 

c

Section d

Figure 5: Flow transmission between oriented cells and ordinary cells.

Therefore flow expression is updated in (3.9):

y1
b(k) = min

{
n1
b(k), Q

ξ
a(k)

}
. (3.9)

If the model is applied to urban road grid, the oriented cell and the ordinary cell is
difficult to be defined as equal length. It will lead to the strong noise of model. The traffic
density conservation function is introduced to solve the issue. The function can ignore the
cell length inequality that leads to disorder of traffic flow transmission. The general formula
is shown in (3.10):

ρi(k + 1) = ρi(k) +
δ

li

(
yi(k) − yi+1(k)

)
. (3.10)

Traffic density conservation formula for the second and third type is shown in (3.11):

∑
ξ=R,S,L ρ

ξ
a(k + 1)

3
=

∑
ξ=R,S,L ρ

ξ
a(k)

3
+
δ

lδa

[
yma (k) − y1

b(k)
]
. (3.11)

4. Analysis Method for Traffic Congestion Mechanism
Based on Improved CTM

The analysis method for traffic congestion mechanism contains both of predicting and locat-
ing, that is, to predict the duration of initial congestion and to locate secondary congestion. To
improve the accuracy of the method, the sections can be divided into three groups according
to their locations and the traffic flow direction. The first one is the object group that is being
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Figure 6: Flowchart of analysis method for traffic congestion mechanism based on CTM.

jammed sections. The second group is the upstream group including the sections locating at
upstream of the object group. The third group is the downstream group that locates down-
stream of object section.

The analysis method for traffic congestion mechanism based on CTM is as follows.
The analytical cycle is discretized into several time steps. The dynamic traffic characteristic is
simulated by the inflow vehicles and outflow vehicles during the period of one time step.
After every time step is completed, it will repeatedly output the value of the key variables
such as the inflow vehicle quantity and the traffic capacity of the section until the termination
conditions are met. After each step, the cells in different groups are judged by the corres-
ponding rules. If the cell complies with the rules, it will be marked until the end condition.
The marked cells will restore the section. The outcome of new congestion area and duration
of initial congestion can be obtained eventually. The flow chart of the method is shown in
Figure 6.

All cells in object group are analyzed to predict the duration of the initial congestion. If
all cells appear to be noncongestion status after λ time steps, the duration of initial congestion
is as (4.1):

Tlast = λδ. (4.1)
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The ordinary cells in the second group and the third group are analyzed to locate the
secondary congestion. After repeatedly simulating and comparing with the practice data, the
judgment rules are introduced to indentify traffic state of cell. Rule 1 describes the judgment
rule of the cell of section p in the object group.

Rule 1. If there is yi+1
p (k) = nip(k), then Ci

p(k) /∈ Ucgt(k). Otherwise Ci
p(k) ∈ Ucgt(k).

Ucgt(k) is the set of congestion cells after No. k time step. When Ucgt(λ) is empty, it
means the initial congestion ends.

Rules 2 and 3 describe the judgment rules of the cell of section a in the upstream group
and the cell of section b in the upstream group during the period Tγ which is the dura-tion of
initial congestion.

Rule 2. If there is f(Tγ) = count[yia(k) < nia(k)] ≥ εexp 1, then Ci
a(k) ∈ Ucgt(Tγ). Otherwise

Ci
a(k) /∈ Ucgt(Tγ).

Rule 3. If there is f(Tγ) = count{yib(k) = [Ni
b(k) − nib(k)]} ≥ εexp 2, then Ci

b(k) ∈ Ucgti(Tγ).
Otherwise Ci

a(k) /∈ Ucgt(Tγ).
f(Tγ) = count(expression) means the number of variables of cell satisfy the expression

after each time step. εexp is the default threshold.
Above all, the analysis method for traffic mechanism based on CTM can be divided

into four steps.

Step 1. Define the cells of three groups and assign values to basic variables.

Step 2. Initialize the numbers of vehicles, the capacity, and other variables of each cell.

Step 3. The vehicles transmit between cells referring to (3.5), (3.6), (3.7), and (3.9). Cells are
divided into sets according to Rules 1–3 after each time step.

Step 4. Repeat Step 3 until satisfying the terminating condition.

5. Simulation Experiment of Our Proposed Method by PARAMICS

PARAMICS is the reliable, feature-rich microscopic traffic simulation software, which is
widely applied to research intelligent transportation. The simulation experiment contains
road network modeling supported by modeller module and API programming supported
by programmer module.

The road network model has been constructed referring to the location and spatial
relationship of real road network in Hangzhou. The traffic control system of each node in
network is set by the typical actual signal timing plan. The traffic detector is fixed at the
beginning of each cell to virtually realize the cell definition in the model shown in Figure 7.
The traffic flow acquired by the detector can promise to verify the validity and feasibility of
the proposed method.

Here are some parameters in the experiment. The congestion density of each lane is
142 puc/km. The free-flow speed is 36 km/h. Time step is 10 s. The length of ordinary cell
is 100 m. The capacity of each lane in ordinary cell is 14 puc. Assuming at the beginning the
section of Tiyuchang Road from Wulin Crossing to Yan’an Crossing is jammed and the traffic
congestion is triggered by short-term traffic demand expansion.
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Figure 7: Virtual cell of the network.
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Figure 8: Comparing experiment and theoretical results.

The experiment results of duration of initial congestion are compared with the
theoretical value shown in Figure 8.

The density of each ordinary cell in object group is shown in Figure 9. The above
curves shows that cell1, cell2, cell3, and cell4 separately have obvious downward trend
during [600 s–720 s], [720 s–840 s], [840 s–960 s], [960 s–1080 s]. Both of the duration of initial
conges-tion in the experiment and its theoretical result locates in these areas.

The above results demonstrate that the max duration of congestion is 930 s of all cells in
the object group. Therefore during 96 time steps, the traffic state of sections of upstream and
downstream groups is influenced by initial congestion shown in Table 2.

The above table suggests that the influence to upstream section by initial congestion is
more than one to downstream section. Vehicles queuing phenomenon is the most significant
characteristic of congestion. The vehicles from upstream join the queue and the queue is
lengthened into upstream section. Therefore, the congestion spreads to upstream sections.
Besides, the vehicle queue is intermittently starting and stopping because of traffic control
system. The influence to downstream section is related to the signal time plan by traffic
control system. What is more, the improved CTM have good performance on modeling traffic
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Table 2: Results of second congestion location.

Time step

The number of
congestion cells in

upstream group

The number of
congestion cells in
downstream group

Precision

Theoretical
result

Experiment
result

Theoretical
result

Experiment
result

Matching
number

Precision
rate

1–12 3 3 1 0 2 91.67%
13–24 5 5 2 2 4 83.33%
25–36 6 7 2 3 6 83.33%
37–48 6 6 3 3 7 87.5%
49–60 5 6 3 3 6 83.33%
61–72 5 4 2 2 5 91.67%
73–84 4 3 2 1 4 91.67%
85–96 3 2 1 1 2 87.5%
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Figure 9: Density curves of ordinary cells in object group.

flow of the urban road grid and describing the congestion issue considering time and space
scales at the same time comparing the CTM.

6. Conclusion

The improved cell transmission model with the oriented cell instead of node model is
proposed to realize the spreading of traffic flow in the road grid, which could not only
simplify the model but also improve the adaptability of the model. The analysis method of
traffic congestion mechanism based on the model could be applied to predict the duration
of the initial congestion and locate the secondary congestion. Besides, the micro-simulation
experiments demonstrate the validity and feasibility of our proposed comprehensive method,
which can satisfy the analytical requirements of traffic congestion in the urban transpor-
tation.
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[4] L. Muñoz, X. Sun, R. Horowitz, and L. Alvarez, “Piecewise-linearized cell transmission model and
parameter calibration methodology,” Transportation Research Record, no. 1965, pp. 183–191, 2006.

[5] B. Jia, Z. Y. Gao, K. P. Li, and X. G. Li, Models and Simulations of Traffic System Based on Theory of Cellular
Automaton, Science Press, Beijing, China, 2007.

[6] Z. S. Yang, X. Y. Gao, and D. Sun, “Cellular automata model of urban traffic emergency evacuation
and rescue,” Journal of Traffic and Transportation Engineering, vol. 11, no. 2, pp. 114–120, 2011.

[7] J. C. Long, Studies on Congestion Propagation Properties and Dissipation Control Strategies of Urban Road
Traffic, Beijing Jiaotong university, 2009.

[8] Q. Chen and W. Wang, “Application of fuzzy optimization method based on CTM for traffic trunk
line control under special events,” Journal of Southeast University (Natural Science Edition), vol. 38, no.
5, pp. 861–865, 2008.

[9] B. S. Kerner, H. Rehborn, M. Aleksic, and A. Haug, “Recognition and tracking of spatial-temporal
congested traffic patterns on freeways,” Transportation Research Part C, vol. 12, no. 5, pp. 369–400,
2004.

[10] A. P. Lian, Z. Y. Gao, and J. C. Long, “Dynamic user optimal assignment problem of link variables
based on the cell transmission model,” Acta Automatica Sinica, vol. 33, no. 8, pp. 852–859, 2007.



Hindawi Publishing Corporation
Discrete Dynamics in Nature and Society
Volume 2012, Article ID 309415, 15 pages
doi:10.1155/2012/309415

Research Article
Dynamic Recognition Model of Driver’s Propensity
under Multilane Traffic Environments

Xiaoyuan Wang,1, 2 Jin Liu,1 and Jinglei Zhang1

1 School of Transportation and Vehicle Engineering, Shandong University of Technology,
Zibo 255091, China

2 Department of Civil and Environmental Engineering, School of Engineering,
Rensselaer Polytechnic Institute, Troy, NY 12180, USA

Correspondence should be addressed to Xiaoyuan Wang, wangxiaoyuan@sdut.edu.cn

Received 2 August 2012; Accepted 22 October 2012

Academic Editor: Wuhong Wang

Copyright q 2012 Xiaoyuan Wang 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.

Driver’s propensity intends to change along with driving environment. In this paper, the situation
factors (vehicle groups) that affect directly the driver’s affection among environment factors are
considered under two-lane conditions. Then dynamic recognition model of driver’s propensity
can be established in time-varying environment through Dynamic Bayesian Network (DBN).
Physiology-psychology experiments and real vehicle tests are designed to collect characteristic
data of driver’s propensity in different situations. Results show that the model is adaptable to
realize the dynamic recognition of driver’s propensity type in multilane conditions, and it provides
a theoretical basis for the realization of human-centered and personalized automobile active safety
systems.

1. Introduction

With the rapid development of China economy, vehicle quantity, especially private vehicle,
is increasing rapidly, and the contradiction among people, vehicle, and environment is
increasing outstandingly in road traffic system. Above 90% of traffic accidents are caused
by person, and above 70% of traffic accidents are caused by drivers. The reduction of
traffic accidents not only needs to solve the problems of vehicle safety, road safety, and
environment and climate impacts, but what is also more important is to research the influence
of drivers on safe driving. Driver’s propensity is a dynamic measurement of controller’s
affection, predilection, and others during driving. It is a core parameter to compute driver’s
intention and consciousness in safety driving assist systems, especially vehicle collision
warning systems. Vehicle, as a mean of modern transportation, is convenient to people’s
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traveling; at the same time, it also brings some traffic safety problems. Automatic driving
and driving assistant are vigorous and effective measures to reduce accidents and improve
traffic safety. Driver’s psychological and affective states are represented as driver’s tendency
[1] that is an important part of the driver-assistance systems, especially for the active security
warning systems. Previous research about the driver’s tendency focused mostly on the
influence on traffic safety and the driver’s psychological characteristics from relative static
and macroscopic perspective [1–6]. Wang et al. [7–10] had researched preliminarily driver’s
tendency on special traffic scenes, such as free flow and car following; Feng and Fang et
al. had researched cluster analysis of drivers’ characteristics evaluation [11]; Chen et al.
had researched subjective judgment of driving tenseness and control of vehicle motion [12];
Wang et al. had researched reliability and safety analysis methodology for identification of
drivers’ erroneous actions [13]; Cai and Lin had researched modeling of operators’ emotion
and task performance in a virtual driving environment [14]. However, they could not
consider completely the influences of environment. In this paper, physiology-psychology
experiments and real vehicle tests are designed to collect characteristic data of driver’s
propensity considering situation (vehicle group) that affects directly driver’s affection among
environment factors in different situations. Then dynamic recognition model of driver’s
propensity can be established in time-varying environment through Dynamic Bayesian
Network. Results show that the model and relative experiment scheme are feasible. They
can realize the dynamic recognition in multilane conditions.

2. Analysis of Traffic Situation Complexity

Vehicle group is crucial which consists of dynamic transport entity and its influence on
driver’s behaviors. Obviously, different vehicle position has different influence on target
vehicle’s driver. Within areas of influence, the front vehicle on the same lane has the largest
effect on driver, then the around vehicles on the adjacent lanes, and rear vehicle on the same
lane. The model can be simplified taking roads with two lanes in the same direction as an
example and ignoring the influence from rear vehicle. The division of vehicle groups is shown
in Figures 1 and 2.

Through simplifying the model further, the position of vehicles in left front, left side,
left rear, right front, right side, and right rear can be represented into two types, limiting
vehicles of left and right. When there is more than one limiting vehicle on target vehicle’s left
or right and the distance between them meets the minimum gap acceptance conditions, the
vehicle whose spatial distance (distance between target and that vehicle along the direction of
speed) is minimum can restrict target vehicle. If the distance does not meet the minimum gap
acceptance conditions, then the two vehicles will be combined into one interference vehicle.
So the complicated group is simplified as in Figure 3. Characteristics of driver’s propensity
for eight vehicle groups are shown in Table 1.

3. Dynamic Recognition Model of Driver’s Propensity

3.1. Dynamic Bayesian Network

Dynamic Bayesian Network is also named Temporal Bayesian Network. It is static Bayesian
Network developing with time. Every time slice corresponds to a Static Bayesian Network
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Figure 1: Vehicle group (A).
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Table 1: Characteristics of driver’s propensity for different groups.

Group Characteristics of driver’s propensity

T1 and T2 Speed of target vehicle; acceleration frequency; deceleration frequency; performance
reaction time

T3 and T4 Speed of target vehicle; acceleration of target vehicle; headway; relative speed; relative
acceleration; acceleration frequency; deceleration frequency; performance reaction time

T5 and T6
Speed of target vehicle; acceleration of target vehicle; acceleration frequency; deceleration
frequency; risky lane-changing frequency; conservative lane-changing frequency;
performance reaction time

T7 and T8
Headway; relative speed; acceleration frequency; deceleration frequency; risky
lane-changing frequency; conservative lane-changing frequency; performance reaction
time

Target vehicle

T1 free driving in the 

T5 in the right lane T6 left lane limitation from

right lane
T2 free driving in the left 

T3 in the right lane 
limitation from front

vehiclelane

Driving direction

Interferences in the
region

+ T7 right lane limitation from
front left vehicles

+
+

T8 left lane limitation 
from front

+

+ T4 in the left lane 
limitation from front

vehicle
+

Figure 3: Simplified vehicle group under two-lane conditions.

with identical structure and parameters. Two adjacent time slices are jointed by arc, which
represents dependencies between adjacent time slices [15, 16].

Figure 4 shows a simple Dynamic Bayesian Network with three time slices,
where, A1, A2, and A3 are hide nodes; B1, B2, and B3 are observed nodes. Each node is a
variable. Variables have many states. Inference basis of Dynamic Bayesian Network is Bayes
formula:

P
(
x | y) =

P
(
yx

)

P
(
y
) =

P
(
yx

)
∑

x P
(
yx

) , (3.1)

With n hide nodes and m observed nodes, inference essence of Static Bayesian
Network is to calculate the following formula:

P
(
x1, x2, . . . , xn | y1, y2, . . . , yn

)
=

∏
jP

(
yj | Pare

(
Yj

))∏
iP(xi | Pare(Xi))

∑
x1,x2,...,xn

∏
jP

(
yj | Pare

(
Yj

))∏
iP(xi | Pare(Xi))

,

i = 1, 2, . . . , n, j = 1, 2, . . . , m,

(3.2)

where xi is a valued state of Xi, Pare(Yj) is parent node sets of Yj, x1, x2, . . . , xn located in
below the

∑
in the denominator is combination state of hide nodes, and

∑
is the sum for
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Figure 4: Simple Dynamic Bayesian Network.
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Figure 5: Dynamic human-vehicle-environment information acquisition systems.

joint distribution of observed variables and hidden variables combination state. In fact, it is
to compute definite distribution of observed variables combination state.

Dynamic Bayesian Network consisted by T time slices can be obtained from Static
Bayesian Network with time. Each time slice has n hide nodes and m observed nodes. Then
inference of network can be expressed as follows:

P
(
x11, x12, . . . , x1n, . . . , xTn | y110, y120, . . . , yT10, . . . , yTm0

)

=
∑

y11y12···y1m···yT1···yTm

∏
i,jP

(
yij | Pare

(
Yij

))∏
ikP(xik | Pare(Xik))

∑
x11x12···x1n···xT1···xTm

∏
i,jP

(
yij | Pare

(
Yij

))∏
i,kP(xik | Pare(Xik))

×
∏

i,j
P
(
Yij0 = yij

)
, i = 1, 2, . . . , T ; j = 1, 2, . . . , m; k = 1, 2, . . . , n,

(3.3)

where xij is a valued state of Xij , i is the time slice of i, j is the hide node of j during the time
slice of i, yij is the value of observed variable of Yij , Pare(Yij) is parent node sets of yij , Yij0 is
observed state of observed node j during time slice of i, and P(Yij0 = yij) is the membership
degree that continuous measurements of Yij belong to state yij .

3.2. Experiment Design

3.2.1. Experiment Equipment

The experiments designed in urban road environment collect data using dynamic human-
vehicle-environment information acquisition systems (shown in Figure 5, including noncon-
tact multifunction speedometer of SG299-GPS; laser range finder sensor of BTM300-905-200;
high definition cameras; Minivap monitoring systems; HDTV camera; notebook computer.).
Then driver’s tendency can be extracted using the above data. In addition, the softwares used
in the experiments include SPSS17.0 and Ulead VideoStudio10.0.
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Figure 6: Recognition and identification model.

3.2.2. Experiment Conditions and Subjects

The experiments arranged in shiny days are taken from 8 : 00 am to 10 : 30 am on dry
pavement, working day. Traffic is heavy, but there is no congestion. Sample capacity of
experiment objects is 50, including 41 males and 9 females. Their ages range from 27 to 58
years old, average with 34.6 years. Driving years range from 3 to 22 years, with average 8.16
years.

3.2.3. Experiment Data

When human-vehicle-environment dynamic information is obtained, state division for the
data is necessary to compute the membership degree in different states and to dynamically
recognize driver’s tendency. Computing model of state division and membership degree
shown in chapter 2.3. Part of transited data is shown in Table 2.
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Figure 8: Model of Dynamic Bayesian Network (union of characteristic data).

3.3. Recognition of Driver’s Propensity Based on Dynamic Bayesian Network

Vehicle group recognition depends on a group of different space location and distance along
with direction of speed. Amounts of experiments show that when dleft or dright (dleft is space
line distance between target vehicle and vehicles in the left lane along with direction of
target vehicle’s speed, and dright is space line distance between target vehicle and vehicles
in the right lane along with direction of target vehicle’s speed) are less than (or equal to) one
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Table 4: Conditional probability matrices of environmental characteristics under T7 conditions.

Type
Conditional probability matrices of environmental characteristics

P (d6 | environment) (large, medium, and small) P (d7 | environment) (small, medium, and large)

Ty1 0.80 0.10 0.10 0.75 0.15 0.10
Ty2 0.50 0.40 0.10 0.50 0.45 0.05
Ty3 0.10 0.80 0.10 0.10 0.80 0.10
Ty4 0.10 0.45 0.45 0.10 0.40 0.50
Ty5 0.05 0.10 0.85 0.05 0.15 0.80

Table 5: Conditional probability matrices of tendency type under T7 conditions.

Type
Conditional probability matrices of driver’s propensity type

P (human factor |propensity) P (environment |propensity)
(Ty1, Ty2, Ty3, Ty4, and Ty5) (Ty1, Ty2, Ty3, Ty4, and Ty5)

Ty1 0.75 0.10 0.05 0.05 0.05 0.65 0.15 0.10 0.05 0.05
Ty2 0.15 0.65 0.10 0.05 0.05 0.10 0.70 0.10 0.05 0.05
Ty3 0.05 0.10 0.70 0.10 0.05 0.05 0.10 0.70 0.10 0.05
Ty4 0.05 0.05 0.10 0.70 0.10 0.05 0.05 0.10 0.65 0.15
Ty5 0.05 0.05 0.10 0.15 0.65 0.05 0.10 0.10 0.15 0.60

Notes: the above table shows the corresponding probability when driver’s or environment characteristics are conservative
type, common-conservative type, common type, common-radical type, and radical type. For example, when driver’s
propensity is conservative type, the probability that driver’s characteristics belong to conservative type is 75%, belong to
common and conservative type is 10%, belong to common type is 5%, belongs to common and radical type is 5%, and belong
to radical type is 5%.

threshold value, it will affect the target vehicle. Amounts of data for different drivers show
that the interval of dleft is (−65 m, 60 m) and interval of dright is (−50 m, 55 m). Recognition
and identification model of vehicle group is shown in Figure 6. Flow chart of the model for
Dynamic Bayesian Network is shown in Figure 7. Model of Dynamic Bayesian Network is
shown in Figure 8.

Figure 8 contains all characteristic data in different groups. According to different
environments and corresponding characteristic data, computing can be made in the process
of recognition and identification. Variable state sets in Dynamic Bayesian Network are shown
as follows.

Driver’s propensity includes conservative type, common-conservative type, common
type, common-radical type, and radical type; speed of target vehicle includes small, medium,
and large; acceleration of target vehicle includes small, medium, and large; headway
includes large, medium, and small; relative speed includes slow, moderate, and fast;
relative acceleration includes small, medium, and large; deceleration frequency includes
high, middle, and low; acceleration frequency includes high, middle, and low; performance
reaction time includes long, medium, and short; conservative lane-changing frequency
includes high, middle, and low; risky lane-changing frequency includes low, middle, and
high.

Variable states are fuzzy set. Definition of state is derived from relative change of data
during driving. If states are divided uniformly, then the differences of driver’s characters
cannot be represented truly. State thresholds of drivers are different. The data of inputting
model is expressed with probability. In this paper, membership degree is to express the
probability of certain characteristic data. If sample data x contains N characteristic data, it
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Table 6: State transition probability of Dynamic Bayesian Network under T7 conditions.

New/old node State transition probability of Dynamic Bayesian Network
Ty1 (old) Ty2 (old) Ty3 (old) Ty4 (old) Ty5 (old)

Ty1 (new) 0.60 0.20 0.10 0.05 0.05
Ty2 (new) 0.15 0.60 0.15 0.05 0.05
Ty3 (new) 0.05 0.10 0.70 0.10 0.05
Ty4 (new) 0.05 0.05 0.15 0.60 0.15
Ty5 (new) 0.05 0.05 0.10 0.15 0.65

Table 7: Initial probability of different driver’s propensity.

Calibration result Initial probability
P (Ty1) P (Ty2) P (Ty3) P (Ty4) P (Ty5)

Ty1 0.75 0.10 0.05 0.05 0.05
Ty2 0.10 0.70 0.10 0.05 0.05
Ty3 0.05 0.10 0.70 0.10 0.05
Ty4 0.05 0.05 0.10 0.70 0.10
Ty5 0.05 0.05 0.05 0.10 0.70

will be expressed with the value of membership degree. Pi is probability that characteristic
component is subordinate to i. There are three kinds of eigenvector state. Calculation formula
of membership degree is shown as follows:

P1 =
(

1 +
∣∣∣∣
ai − ai min

ai max − ai

∣∣∣∣
)−4

,

P2 =
(

1 +
∣∣∣∣

ai − ai

ai max − ai

∣∣∣∣
)−1

,

P3 = 1 − P1 − P2,

(3.4)

where ai is mean value of known sample data, ai is observed value of characteristic data, and
ai min and ai max are minimum and maximum of observed values.

3.3.1. Prophase Parameter Setting

Conditional probability matrix is a kind of expert knowledge, which represents an
opinion of causality between correlative nodes in network. According to expert experience,
characteristic data of driver’s propensity includes headway, relative speed, deceleration
frequency, acceleration frequency, performance reaction time, conservative lane-changing
frequency, and risky lane-changing frequency during stable driving under vehicle group of
T7. So its inference rule is probabilistic manner. Initial conditional probability is got by expert
experiences. When the number of data in database reaches to a certain capacity, probability
will be got by computing.

According to the above inference rule, conditional probability matrices of driver’s
characteristics are gained and shown in Tables 3, 4, 5, and 6. d1 is acceleration frequency, d2 is
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Table 8: Recognition and identification result of driver’s propensity (expert probability).

Type Time
Recognition and identification result (expert probability)

Ty1 Ty2 Ty3 Ty4 Ty5

Ty1

1 0.63067 0.14054 0.10462 0.06543 0.05874
2 0.66285 0.15179 0.09091 0.04815 0.0463
3 0.68018 0.14084 0.11021 0.01992 0.04984
. . . . . . . . . . . . . . . . . .

10 0.85191 0.06092 0.03991 0.03909 0.00817

Ty2

1 0.14124 0.61423 0.12424 0.07676 0.04353
2 0.12077 0.64089 0.13091 0.05914 0.04829
3 0.13541 0.65434 0.11333 0.05559 0.04133
. . . . . . . . . . . . . . . . . .

10 0.05357 0.84156 0.06255 0.01744 0.02488

Ty3

1 0.04137 0.15113 0.61122 0.12872 0.06756
2 0.05448 0.14411 0.64415 0.13575 0.02151
3 0.05333 0.12483 0.68329 0.10621 0.03234
. . . . . . . . . . . . . . . . . .

10 0.04184 0.05131 0.84024 0.05879 0.00782

Ty4

1 0.01266 0.06271 0.11206 0.64751 0.16506
2 0.03132 0.03185 0.12166 0.65865 0.15652
3 0.03257 0.06239 0.10242 0.66757 0.13505
. . . . . . . . . . . . . . . . . .

10 0.02226 0.02633 0.04422 0.85572 0.05147

Ty5

1 0.06148 0.06211 0.09043 0.17782 0.60816
2 0.04468 0.07452 0.08471 0.15531 0.64078
3 0.04462 0.03474 0.09399 0.14577 0.68088
. . . . . . . . . . . . . . . . . .

10 0.02312 0.02257 0.05262 0.04704 0.85465

deceleration frequency, d3 is performance reaction time, d4 is risky lane-changing frequency,
d5 is conservative lane-changing frequency, d6 is headway, and d7 is relative speed.

It is noticed that conditional probability matrix is a kind of expert knowledge, so it has
certain subjectivity. Sample data can be debugged repeatedly. Matrix data can be adjusted
reasonably to improve the creditability of assessment result.

Due to the limited space in this paper, prophase parameter setting of other groups is
not amplified any more.

3.3.2. Anaphase Parameter Setting

When the number of data reaches to a certain capacity, the database of driver’s propensity
can be established. According to driver’s psychology test results, the data is classified to
five types: conservative type, common-conservative type, common type, common-radical
type, and radical type. Data of each type consist of characteristic data extracted and the
recognition result of driver’s propensity in prophase stage. In the same results of psychology
tests, statistical analysis for data is to determine the proportion of characteristic data from
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Table 9: Recognition and identification result of driver’s propensity (statistical probability).

Type Time
Recognition and identification result (statistical probability)

Ty1 Ty2 Ty3 Ty4 Ty5

Ty1

1 0.73461 0.15486 0.06825 0.03038 0.01190
2 0.77525 0.11735 0.05814 0.03394 0.01532
3 0.81994 0.11206 0.01064 0.04224 0.01513
. . . . . . . . . . . . . . . . . .

10 0.93704 0.02811 0.01651 0.01004 0.00829

Ty2

1 0.10751 0.71301 0.11708 0.02018 0.04223
2 0.09211 0.72634 0.09094 0.04531 0.04530
3 0.07130 0.81076 0.08220 0.02817 0.00758
. . . . . . . . . . . . . . . . . .

10 0.02198 0.94139 0.02289 0.01247 0.00128

Ty3

1 0.06365 0.11161 0.70473 0.11451 0.00550
2 0.02781 0.11532 0.70561 0.11371 0.03755
3 0.03796 0.10864 0.74603 0.10353 0.00384
. . . . . . . . . . . . . . . . . .

10 0.00302 0.03251 0.94079 0.02103 0.00264

Ty4

1 0.01647 0.05396 0.09593 0.73192 0.10172
2 0.00506 0.02362 0.10056 0.76312 0.10764
3 0.01482 0.03376 0.08892 0.79106 0.07145
. . . . . . . . . . . . . . . . . .

10 0.00227 0.01161 0.02368 0.93504 0.02741

Ty5

1 0.02530 0.03231 0.07193 0.16028 0.71018
2 0.02938 0.02224 0.07548 0.14080 0.73210
3 0.01952 0.02803 0.06931 0.11413 0.76901
. . . . . . . . . . . . . . . . . .

10 0.00022 0.00671 0.01712 0.03149 0.94446

driver’s propensity in different traffic environments in order to determine the conditional
probabilities in Dynamic Bayesian Network. The determination of state transition probability
of Dynamic Bayesian Network is similar to that of conditional probability, so the process is
not amplified any longer.

3.4. Model Verification

There are two parts of recognition and identification model. Firstly, recognition can be taken
with data from expert experiences. Secondly, recognition of driver’s tendency can be taken
with statistical data. In the situation of absence of another evidence, initial states depend on
initial value set with driver’s propensity, which is shown in Table 7.

According to the above several circumstances, initial values of different drivers are
taken as a rational starting point. Evidence in different nodes can be collected (assuming
independent). Vast characteristic data and recognition results for several drivers can be
collected in this paper. The data of five typical driver’s propensity (initial calibration) is
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amplified under T7 conditions. Tables 8 and 9 are recognition and identification results of
driver’s propensity (includes expert probability and statistical probability).

The same method is used to verify accuracy of recognition for driver’s propensity in
different groups. The result is shown in Figure 9.

Verification results are shown in Figure 10. Curve 1 is the result without considering
the change of driver’s propensity in the simulation process. Curve 2 shows the situation
process with considering driver’s propensity in real time.

Microscopic models considering differences of driver’s propensity are more precise to
simulate driver’s behaviors. Meanwhile, scope of application is very broad.

Accuracy of recognition and identification model is relatively higher under multilane
environments. It also can meet the need of dynamic recognition for driver’s propensity under
multilane conditions.

4. Conclusion

Driver’s propensity can represent their affection states in the process of vehicle operation
and movement. It can change along with environment and affect profoundly drivers’
cognition and process procedure on environment information. Therefore, the real-time
identification of driver’s state is the key to realize the driver-assistance systems and the active
security warning systems. In this paper, situation factors (vehicle group) that affect directly
driver’s affection among environment factors are considered under two-lane conditions.
Then dynamic recognition and identification model of driver’s propensity can be established
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in time-varying environment through Dynamic Bayesian Network. It also can provide a
theoretical basis for the realization of human-centered and personalized automobile active
safety systems. For three-lane or more complicated environments, recognition and computing
of driver’s affection need further research.
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In this study, the traffic crash rate, total crash frequency, and injury and fatal crash frequency
were taken into consideration for distinguishing between rural and urban road segment safety.
The GIS-based crash data during four and half years in Pikes Peak Area, US were applied for
the analyses. The comparative statistical results show that the crash rates in rural segments are
consistently lower than urban segments. Further, the regression results based on Zero-Inflated
Negative Binomial (ZINB) regression models indicate that the urban areas have a higher crash
risk in terms of both total crash frequency and injury and fatal crash frequency, compared to
rural areas. Additionally, it is found that crash frequencies increase as traffic volume and segment
length increase, though the higher traffic volume lower the likelihood of severe crash occurrence;
compared to 2-lane roads, the 4-lane roads have lower crash frequencies but have a higher
probability of severe crash occurrence; and better road facilities with higher free flow speed can
benefit from high standard design feature thus resulting in a lower total crash frequency, but they
cannot mitigate the severe crash risk.

1. Introduction

Previous studies have been focused on distinguishing between rural and urban traffic safety
using traffic crash data, but the influence of rural or urban settings on segment safety is
controversial. The fatal traffic crash research indicated that fatality rates in rural areas are
higher than in urban areas [1–3]. The higher fatality and injury rates in rural road facilities
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have been attributed to various reasons, such as longer emergency response time and further
distance to crash locations [3]. The other explanations include higher speed limit and worse
driving habits (e.g., alcohol, a lower rate of seat belt use, and safety precaution use), road
conditions, and accessibility to trauma care [4–6]. On the other hand, some studies reported
that crash frequencies in urban areas were higher than those in rural areas [7, 8], because
urban regions involve more complex traffic conditions, high traffic volume, congestion, poor
pavement conditions, and so forth [9]. While the risk of severe crashes appears higher in rural
segments, no differences were identified in the cause of injury and place of injury between
urban and rural drivers [10].

Neither crash frequencies nor fatality rate can entirely represent the influence of rural
or urban settings on the segments. Many other factors lead to the occurrence of traffic
crashed, such as traffic characteristics, road design characteristics, demographic features,
and pavement maintenance conditions [11–17]. Therefore, numerous cross-sectional studies
have been conducted to characterize the relationships between factors and road segment-
involved crashes. In the prior studies, the Poisson models are the most common ones which
have been widely used [18, 19]. It is known that a Poisson model would be appropriate only
when the mean and the variance of the crash frequencies are approximately equal. However,
this assumption has been proved invalid for modeling traffic crash frequencies [20, 21],
because the variances of crash frequencies were generally greater than means. Therefore, the
negative binomial (NB) regression models were introduced to overcome this overdispersion
problem, which had a more flexible mean-variance equality constraint [16, 22]. Nevertheless,
both Poisson and NB models cannot deal with the property of crash frequency data
with a large density of zeros (no crashes occur on roads during the observation period).
Correspondingly, the zero-inflated count regress models were developed and applied for
analyzing and predicting crash frequencies. The zero-inflated count regression models are
capable of handling the apparent “excess” zeros crash data and generally have a more
statistical suitability for modeling crash data than Poisson and NB regression models [23].

In order to understand the role of rural or urban settings in segment safety, the crash
rate, crash frequencies, and the injury and fatality frequencies are taken into consideration in
this study to distinguish between rural and urban traffic safety. The GIS-based crash data
during four and half years in Pikes Peak Area, USA were applied for analyses. The GIS
techniques for traffic data process have been proved effective to analyze and visualize crash
data [24] and have advantages in data display, clear presentation of spatial relationship,
and convenient query of relevant data [25, 26]. Since previous studies have discussed the
suitability of various models in the prediction of crash frequencies, we adopt zero-inflated
negative binomial (ZINB) regression models for crash frequency analysis and prediction,
because zero-crash segments account for more than 40% of the total data in this study.

2. Methodology
2.1. Data Preparation

Accident data were obtained from the department of revenue (DOR) and were calculated
by the total accidents recorded from 2006 July to 2010 December. It contains useful traffic
information, such as crash location, severity, weather condition, and segment type, and
the data were geocoded into GIS databases by the PPACG (Pikes Peak Area Council of
Governments).

Based on the GIS process of spatial join between whole road network and urban
boundary, the road segments were classified into two categories: rural segments and urban
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Table 1: ZINB models for segment crash frequency analyses and predictions.

Role Variables Types Description
Dependent
variable

Num crsh Continuous Number of crashes (crash frequencies)

ADT 1000 Continuous Average thousand daily traffic (thousand vehicles per day)
Length Continuous The length of a segment (mile)

FFS Continuous Free flow speed in road segment (mph)
Independent
variable

Daily VMT Continuous Average daily Vehicle Mile Traveled (VMT)

RorU Discrete Rural or urban: 0 = urban; 1 = rural

FC Discrete Segment functional classification: 0 = interstate; 1 =
expressway; 2 = arterial; 3 = M Arterial

Numberofla Discrete Number of lanes: 0 = 2 lanes; 1 = 4 lanes

segments. Before analyzing segment crashes, the crashes at intersections were separated from
the databases. Thus, the 200-ft intersection buffers were first created, and the crashes within
these intersection buffers were deleted from the segment crash analyses. Then, with a road-
segment layer separated from the road network geodatabase, the crashes associated with
segments needed to be further separated from all other crashes. Because these segments may
have wide cross-sections, a 150-foot buffer on both sides of an arterial centerline was adopted
to capture most crashes associated with the segments only. After the 150 foot buffers were
created, the crashes within these buffers were selected and aggregated in their corresponding
segments.

Because different categories of road facilities vary by characteristics of highway
design, traffic operation, and environments, the crash data associated with a specific type
of highways needed to be separated from the other types of highways. In this study, the
crash risk was calculated and analyzed not only for the overall segment network, but also
for interstate, expressway, principal arterial, and minor arterial, respectively. The segments
belonging to other road types were excluded from these segments. The combined data set
was further organized according to the following criteria.

(i) These accidents were divided into three categories: fatal, injury, and property-
damage only (PDO) accounting for the accident severity.

(ii) Road segments with 2 and 4 lanes were selected, because 6 lanes segments exist in
urban areas only.

(iii) ADT was calculated by 1000, because the change in crash frequency with increment
of one vehicle is meaningless.

The cleaned accident data were overlaid with the GIS-based network and distributed into
each segment in rural and urban areas. The segments were first analyzed and compared in
terms of crash rate based on the comparative statistics of the four types of road segments.
Then, ZINB models for segment crash frequency analyses and predictions were developed,
in which variables are described in Table 1.
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2.1.1. Zero-Inflated Negative Binomial Regression

For a Poisson crash frequency model, it assumes that the observed crash count data yi, given
the vector of covariate xi, follows a Poisson distribution. The density function of yi can be
expressed as follows:

P
(
Yi = yi | xi

)
=
e−μiμyii
yi!

, yi = 0, 1, 2, . . . , (2.1)

where the parameter ui, conditional mean number of events for each covariate xi, is given by

μi = Exp
(
x′iβ

)
, (2.2)

where β is a (k+1)×1 parameter vector (β0 is the coefficient for intercept, and β1, β1, β2, . . . , βk
are for k regressors).

In the Poisson regression, the conditional variance of the count variable is equal to the
conditional mean as follows:

V
(
yi | xi

)
= E

(
yi | xi

)
= μi, (2.3)

where xi is the covariate of road segment geometric and traffic features in each record
including the intercept; ui is the conditional mean of the crash frequency yi. Since this
assumption is contradict to the fact that the vehicle accident data are always significantly
overdispersed relative to its mean, the NB regression model was developed with a
heterogeneity component accounting for unobserved heterogeneity in the crash count data
as follows:

ui = Exp
(
xiβ + εi

)
= Exp

(
xiβ

)
Exp(εi), (2.4)

where β is the parameter coefficients vector to be estimated for independent variables
including intercept; Exp (εi) is a heterogeneity component accounting for unobserved
heterogeneity in the crash count data, which is independent of xi. However, there is always a
large density of zeros in crash count data, which cannot accurately be predicted by traditional
NB models. For this situation, the zero-inflated regression models were developed in the
crash frequency-related research area.

Zero-inflated count models provide a way of modeling the excess zeros in addition to
allowing for overdispersion. For each road segment, there are two possible data generation
processes. Process 1 is chosen with probabilityωi and process 2 with probability 1−ωi. Process
1 generates only zero counts, whereas process 2 generates counts from either a poisson or a
negative binomial model. In this paper, the probability ωi depends on the geometric and
traffic features of segment i, can be obtained from the logistic function F, as follows:

ωi = F
(
z′iγ

)
= Λ

(
z′iγ

)
=

exp
(
z′iγ

)

1 + exp
(
z′iγ

) , (2.5)
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Table 2: Original statistics for the length and mileage.

Area Number Mean length Minimum Maximum Std. deviation Mileage
Rural 374 0.968 0.063 5.998 0.989 362.100
Urban 2387 0.301 0.051 3.992 0.382 719.239
Network 2761 0.392 0.051 5.998 0.525 1081.339

where z′i is the vector of independent variables specified in the logistic regression model
(road facility and traffic features) and intercept; γ is the vector of zero-inflated coefficients to
be estimated.

The probability of crash frequency for segment i can be expressed as follows:

p
(
yi | xi, zi

)
=

{
ωi + (1 −ωi)g

(
yi | xi

)
, yi = 0,

(1 −ωi)g
(
yi | xi

)
, yi > 0,

(2.6)

where g(yi | xi) follows either Poisson distribution or NB distribution; xi is the vector of
covariates of observation i specified in the model.

In this study, ZINB models were used for regression efforts because zero-crash
segments account for more than 40% of the total data.

3. Results

3.1. Comparative Statistical Analyses of Rural and Urban Traffic Safety

During the observation period of four and a half years, there were 9651 crashes occurring
in the study areas, consisting of 1057 records in rural segments and 8594 records in urban
segments. Among the crashes in the rural segments, there were 15 fatal and 176 injured
accidents. On the other hand, 46 fatal and 1038 injury crashes happened in urban areas.
Table 2 shows the descriptive statistics for rural and urban segment lengths, which indicate
that average mileage of rural segments (0.968 mile) is longer than urban segments (0.293
mile) because of a lower density of intersections in rural networks. Figure 1 displays the
road segment crash rate distribution, calculated as the number of crashes per 100 million
VMT, where the double line is the boundary between rural and urban areas. It shows that the
percentage of segments with higher crash rates within the urban region is more than rural
areas.

Table 3 displays the t-test statistics of rural and urban segment comparison for
different types of facilities. It shows that there is a significant difference between rural and
urban in terms of crash rates using both crash per lane∗miles∗year and crash per 100 million
VMT in 2-lane segments. The crash rates in rural segments are consistently lower than urban
segments. The 2-lane expressway is exceptional mainly because of the small sample size of
2-lane rural expressway. However, there is no statistical difference between rural and urban
4-lane arterial segments.
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Figure 1: Road segment crash rate distribution in terms of the number of crashes per 100 million VMT.
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Figure 2: Crash frequencies distribution.

3.2. ZINB Regression Analyses

The crash frequencies distribution histogram (Figure 2) clearly illustrates that there are
excessive zeros (over 40%) in the crash data. The P values in Kolmogorov-Smirnov, Cramer-
von Mises, and Anderson-Darling normality tests are all less than 0.05. Therefore, it strongly
supports the null hypothesis that the crash data do not follow the normal distribution.
Therefore, the ZINB models are suitable to the crash count data regression analyses.

ZINB models were developed using the software SAS 9.2. We chose the crash
frequency in segment (Num crsh) as the dependent variable, and the regressors included
segment length (length), number of lanes (Numberofla), thousand average annual day traffic
(ADT 1000), free flow speed (FFS), and RoU (rural or urban). The segment type was not
considered in this model since it was highly correlated with FFS and RoU.

Table 4 shows the parameter estimates of ZINB model for total crash frequency in
segment, and only significant variables (P < 0.05) were included in the model. The ZINB
model parameter estimates include 2 parts: NB regression and logistic regression. In the NB
regression process, it can be found that the number of lanes, rural or urban, ADT, length, and
FFS are all significantly correlated with the number of crashes. Further, the measure of Alpha
in Table 4 is 1.435, with a P value less than 0.001, displaying a very strong overdispersion
effect and indicating the superiority of the ZINB model over the zero-inflated Poisson (ZIP)
model. ADT 1000 and LENGTH are positive associated with the crash frequency, suggesting
that crash frequencies increase with increments of traffic volume and segment length. The
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Table 3: t-test statistics for rural and urban segment comparison.

Road function Lane Variable District N Mean Standard
deviation

Mean
difference P value

Interstate

2
Per lane

Mile
Rural
Urban

30
86

2.06
4.52

1.12
4.63 −2.456 0.000

Per 100
MVMT

Rural
Urban

30
86

45.31
77.14

25.07
79.69 −31.83 0.001

4
Per lane

Mile
Rural
Urban

1
4

0.00
1.16

—
2.21 −1.167 —

Per 100
MVMT

Rural
Urban

1
4

0.00
30.18

—
56.91 −30.184 —

Expressway

2
Per lane

Mile
Rural
Urban

2
151

0.44
2.31

0.62
3.37 −1.873 0.074

Per 100
MVMT

Rural
Urban

2
151

19.83
75.06

28.05
112.07 −55.233 0.171

4
Per lane

Mile
Rural
Urban

0
77

—
1.26

—
2.34 — —

Per 100
MVMT

Rural
Urban

0
77

—
43.08

—
74.91 — —

P Arterial

2
Per lane

Mile
Rural
Urban

91
162

0.57
1.19

0.76
1.97 −0.621 0.000

Per 100
MVMT

Rural
Urban

91
162

34.01
59.85

44.34
102.08 −25.837 0.006

4
Per lane

Mile
Rural
Urban

9
592

0.54
0.90

0.44
1.79 −0.363 0.546

Per 100
MVMT

Rural
Urban

9
592

23.99
91.62

19.57
357.28 −67.630 0.571

M Arterial

2
Per lane

Mile
Rural
Urban

241
783

0.29
0.60

0.78
1.20 −0.307 0.000

Per 100
MVMT

Rural
Urban

241
783

108.70
133.16

424.56
436.68 −24.454 0.444

4
Per lane

Mile
Rural
Urban

0
532

—
0.59

—
1.41 — —

Per 100
MVMT

Rural
Urban

0
532

—
105.56

—
246.18 — —

Total comparison

Per lane
Mile

Rural
Urban

374
2387

0.51
0.99

0.93
2.07 −0.480 0.000

Per 100
MVMT

Rural
Urban

374
2387

82.64
102.96

343.16
331.91 −20.32 0.133

results are consistent with many previous research conclusions [7, 9, 27]. FFS is negatively
associated with the crash frequency, indicating that crash frequencies are decreasing with
increment of roadway free flow speed. Since FFS is correlated with the design standard of
road facilities, it would be more appropriate to be explained that a better road facility with
higher FFS has a lower crash rate compared to the facilities with lower FFS. In this study,
FFS can be treated as a surrogate of speed limit but it can more accurately reflect the actual
traffic operation status in road segments than speed limit. Previous research finding is less
conclusive about the impact of speed limit on crash frequency [28]. In addition, four-lane
roadways were found to be associated with a lower number of crashes than 2-lane roadways
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Table 4: Parameter estimates of ZINB model for total crash frequency.

Parameter DF Estimate Standard error t value P value
Negative binomial regression part

Intercept 1 0.850 0.161 5.29 <0.0001
Numberofla (2 lane) 0 — — — —
Numberofla (4 lane) 1 −0.438 0.107 −4.10 <0.0001
RoU (rural) 1 −0.270 0.095 −2.84 0.0045
RoU (urban) 0 — — — —
ADT 1000 1 0.075 0.004 18.20 <0.0001
LENGTH 1 0.395 0.070 5.61 <0.0001
FFS 1 −0.011 0.004 −2.99 0.0028

Logistic regression part
Inf Intercept 1 8.214 0.913 8.99 <0.0001
Inf ADT 1 −0.028 0.013 −2.20 0.0277
Inf LENGTH 1 −71.713 8.739 −8.21 <0.0001
Alpha 1 1.435 0.065 22.20 <0.0001

in this model. This is reasonable because this comparison was based on the assumption of
same traffic exposure so that the segments with 4 lanes should have lower traffic volume per
lane. More importantly, the urban regions appear to have a higher crash frequency than rural
areas, which is consistent with the crash rate analyses results. The logistic regression part
of the model predicts the likelihood of zero crash occurrences. The modeling results reveal
that the variables of ADT 1000 and LENGTH are significant in estimating the probability
of segments belonging to the zero crash occurrence group. According to the parameter
coefficients estimated, the higher the traffic exposure (thousand of AADT and segment
length), the lower the possibility of zero crash occurrences, which is consistent with all the
previous study conclusions.

Furthermore, Table 5 shows the parameter estimates of ZINB model for injury and
fatal crash frequency in a segment (Alpha is 1.074, with a P value less than 0.001). The NB
regression indicates that Numberofla, RoU, ADT 1000, and LENGTH are significant variables
to predict injury and fatal crash frequency, which displays a very similar result to that for total
crash frequency except for FFS. It implies that although the better road facilities with higher
FFS benefit from high standard design features resulting in a lower total crash frequency (as
shown in Table 4), they would not mitigate the severe crash risk. A previous study reported
that by controlling the other factors, purely increasing operation speed in road segments by
1% would approximately result in 2% increment in injury crash rate and 4% increment in fatal
crash rate [29]. On the other hand, compared to the total crash frequency model, the logistic
regression results for injury and fatal crash frequency model are quite different though the
effect of LENGTH keeps similarity. First, the number of lanes is a significant variable for
estimating the probability of zero injury and fatal crash occurrence in segment. Compared
to 2-lane roads, the 4-lane roads have a lower severe crash frequency but have a lower
probability of zero crashes. A possible explanation is that changing lane maneuver in 4-lane
segments would increase the severe crash risk. Second, the effect of ADT 1000 in the Logistic
regression of injury and fatal crash model is reverse from the total crash model. It shows that
as traffic volume increases, the likelihood of zero severe crashes decreases. This interesting
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Table 5: Parameter estimates of ZINB model for injury and fatal crash frequency.

Parameter DF Estimate Standard error t value P value
Negative binomial regression part

Intercept 1 −1.272 0.093 −13.73 <0.0001
Numberofla (2 lane) 0 — — — —
Numberofla (4 lane) 1 −0.398 0.098 −4.08 <0.0001
RoU (rural) 1 −0.232 0.118 −1.96 0.0496
RoU (urban) 0 — — — —
ADT 1000 1 0.060 0.004 15.58 <0.0001
LENGTH 1 0.338 0.068 5.00 <0.0001

Logistic regression part
Inf Intercept 1 5.404 0.850 6.35 <0.0001
Numberofla (2 lane) 0 — — — —
Numberofla (4 lane) 1 −0.967 0.352 −2.75 0.0060
Inf ADT 1000 1 0.035 0.016 2.21 0.0268
Inf LENGTH 1 −38.325 6.436 −5.95 <0.0001
Alpha 1 1.073 0.124 8.64 <0.0001

finding is consistent with the previous conclusion in a crash severity study, which explains
that lower ADT could mean higher speeds that more often lead to severe/fatal crashes [30].

4. Conclusion and Discussions

There have been numerous studies to clarify the role of rural or urban settings in segment
safety, but it was still controversial to make a conclusion. Before reaching the common
agreement on the difference between rural and urban traffic safety, it is important to clarify
the definition of “rural.” Generally, to distinguish from urban environments, rural areas have
the attributes associated with demographic features (e.g., low population size and density,
outside boundary of urban area), economic statues (low economic indicators, farming, and
agriculture), social structure (e.g., intimate, informal, and homogeneous forms of social
interaction, limited social resources), cultural characteristics (e.g., traditional, conservative,
provincial, slow to change), and so forth. The above features are often used to explain the
statistical fact that the death rate from many common causes in US is significantly higher in
rural compared to urban areas [1, 6], as well as in different countries [31–33].

However, these thresholds should not be universally applied to make local transporta-
tion safety analyses. For many developed regions, although districts are clearly separated into
rural and urban regions according to their demographic, economic, or social attributes, the
transportation facilities are well connected to each other and formed more standardized road
networks. Thus, it was reported that there are relatively high numbers of crashes in urban
regions because the heavy traffic volume and complex driving environments in urban lead
to more conflicts between vehicles [34]. Therefore, for a specific safety evaluation project,
this study supports the argument that more detailed crash risk comparisons between rural
and urban transportation road segments should be performed at a comparable level. In this
paper, the crash rate comparison and ZINB regression for both total crash frequency and
injury and fatal crash frequency in road segment were conducted to discriminate between
rural and urban traffic safety. It was found that compared to urban areas, the measures for
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traffic safety in rural areas show lower crash rates, total crash frequencies, and injury and
fatal crash frequencies. The results based on the ZINB regression models also showed the
following.

(i) Segment crash frequencies increase as traffic volume and segment length increase.
However, higher traffic volume will lower the likelihood of severe crash occurrence.

(ii) Compared to 2-lane roads, the 4-lane roads have a lower crash frequency but have
a higher probability of severe crash occurrence.

(iii) Better road facilities with higher free flow speed benefit from high standard design
feature resulting in a lower total crash frequency but would not mitigate the severe
crash risk.

Finally, it can be concluded that in the research area traffic safety of rural segments is better
than urban segments, which implies that a priority for traffic safety improvement should be
put on the urban highway segments.
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Driver cognitive distraction is a hazard state, which can easily lead to traffic accidents. This study
focuses on detecting the driver cognitive distraction state based on driving performance measures.
Characteristic parameters could be directly extracted from Controller Area Network-(CAN-)Bus
data, without depending on other sensors, which improves real-time and robustness performance.
Three cognitive distraction states (no cognitive distraction, low cognitive distraction, and
high cognitive distraction) were defined using different secondary tasks. NLModel, NHModel,
LHModel, and NLHModel were developed using SVMs according to different states. The
developed system shows promising results, which can correctly classify the driver’s states in
approximately 74%. Although the sensitivity for these models is low, it is acceptable because in
this situation the driver could control the car sufficiently. Thus, driving performance measures
could be used alone to detect driver cognitive state.

1. Introduction

Driver distraction is a major factor in traffic accidents, and it is estimated that up to 23
percent of crashes and near-crashes are caused by driver distraction. As the use of in-vehicle
information systems (IVISs) such as cell phones, navigation systems, and satellite radios, will
increase these figures will likely increase [1–6]. Thus enabling drivers to benefit from IVISs
without diminishing safety is an important challenge [7]. One way to solve this problem is to
detect the driver state in real time, and when distraction occurs, the corresponding warning
system works to mitigate the effects of distraction [8].

Obviously, measuring driver state in real time is the core function in such systems.
There has been an explosion research on these topics including the definition, classification,
and detection of distraction. Donmez et al. [8] proposed a general definition that is “driver
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distraction is a diversion of attention away from activities critical for safe driving toward a
competing activity.”

Generally, visual distraction and cognitive distraction are the two major types. Visual
distraction can be described as “eye-off-road” and cognitive distraction as “mind-off-road”
[9]. Both of them can undermine drivers’ performance.

Visual distraction is straightforward, occurring when drivers look away from the
roadway (e.g., to adjust a radio), which can be reasonably measured by the length and
frequency of glances away from the road [10]. Unlike visual distraction, cognitive distraction
occurs when drivers think about something not directly related to the current vehicle control
task (e.g., conversing on a hands-free cell phone or route planning) [6]. Therefore, in this
paper we only detect driver cognitive distraction.

2. Measures Selection

There are five types of measures for driver inattention detection [11]: (1) subjective report
measures (e.g., SSS, KSS); (2) driver biological measures (e.g., EEG, ECG); (3) driver physical
measures (e.g., PERCLOS, gaze direction); (4) driving performance measures (e.g., steering
wheel angle, yaw angle); (5) hybrid measures.

Since cognitive distraction needs to be done in real time and nonintrusively, the
subjective report measures and driver biological measures are not suitable for a real-life
context.

2.1. Driver Physical Measures

The most common used driver physical data for driver cognitive distraction are eye
movements [6, 12]. Azman et al. [13] found that mouth and eyes are correlated to each
other when a person is thinking or cognitively distracted and they could be used to detect
driver’s cognitive distraction. Victor et al. [9] found that cognitive distraction causes drivers
to concentrate their gaze in the center of the driving scene, as defined by the horizontal
and vertical standard deviation of gaze distribution, and diminishes drivers’ ability to detect
targets across the entire driving scene. Fletcher and Zelinsky [14] utilized faceLAB to obtain
information such as eye gaze direction, eye closure, and blink detection, as well as head
position.

2.2. Driving Performance Measures

A change in the mental state can induce the change in driving performance. Many studies
prove the fact that compared to the attentive drivers the distracted ones steer their car in
a different way; the same applies for throttle use and speed [15]. Some lines of evidence
show that drivers adjust their behavior according to cognitive demand of secondary tasks.
Drivers tend to increase the distance to the leading vehicle in the car-following scenario when
they engage in cognitively demanding secondary tasks [16–18]. This suggests that drivers
may compensate for the impairments that secondary tasks have imposed. One study found
that drivers drove faster than the normal when distracted by a cognitive task [19]. Liang
et al. [6] found that the driving measures improved the cognitive distraction detection model
performance dramatically and built SVMmodels used driving performance only. The driving
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measures consist of standard deviation of steering wheel position, mean of steering error, and
standard deviation of lane position. But compared with gaze behavior, they found that gaze-
related features led to much better prediction accuracy than using the driving performance
measures alone. The similar conclusion was found in [4]. Wollmer et al. [1] introduced
a technique for online driver distraction detection that used LSTM recurrent neural nets
to continuously predict the driver’s state based on driving and head-tracking data. The
measured signals include steering wheel angle, throttle position, speed, heading angle, lateral
deviation, and head rotation. These links between driving performance and cognitive state
show that driving performancemeasures are good candidates to predict cognitive distraction.

2.3. Hybrid Measures

In [6], driver physical measures and driving performance measures were combined to detect
driver distraction in real time. Comparing support vector machines (SVMs) to traditional
logistic regression models, the results showed that the SVMs models performed better. In
[20], machine-learning techniques were used to detect driver cognitive distraction based on
the standard deviations of eye gaze, head orientation, pupil diameter, and average heart rate
(RRI). The eye and head parameters were obtained using faceLAB, whereas the RRI data
came from ECG. Sathyanarayana et al. [21] detected distraction by combining motion signals
from the leg and head with driving performance signals using a k-nearest neighbor classifier,
the driving performance signals adopted including vehicle speed, braking, acceleration, and
steering angle.

Among all of these measures, eye movements are one of the most promising ways
to assess driver distraction [4, 6, 12]. While most of the eye movements parameters were
obtained by faceLAB or SmartEye, these systems are not common in vehicles today, owing
to their higher price for installation into a vehicle. At the same time there are limits in the
process of extracting eye movements’ parameters [6].

(1) Complex calibration: before each experimental drive, the calibration of the gaze
vector with the simulator screen must be verified. After that, in the process
of the experiment eye tracker must be calibrated to every participant and the
calibration takes 5 to 15min. After the complex calibration, the tracking error was
approximately 5% of visual angle for most participants.

(2) Driver restriction: the participants cannot wear glasses or eye make-up because
these conditions can negatively affect tracking accuracy.

(3) Environmental restriction: eye trackers may lose tracking accuracy when vehicles
are traveling on rough roads or the lighting conditions are variable.

(4) Time delay: the SeeingMachines’ faceLAB eye tracking system takes approximately
2.6 s to transfer camera image to numerical data.

These requirements limit the application of cognitive distraction system using eye
movements parameters obtained from faceLAB or SmartEye; therefore, up till now, this
scheme is only for research offline. More robust and real-time eye tracking techniques
are needed to make these detection systems become a reality. While driving performance
parameters could be obtained in real time from CAN-Bus directly, driving performance
measures are used in this study for cognitive distraction detection. In this method, the
characteristic parameters could be directly extracted without depending on other sensors,
and system real-time performance and robustness are improved.
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3. Model Development

Driving performance data were collected in a simulator experiment. The driving simulation
directly outputs driving performance original data, which is collected each 10Hz. After
extracting characteristic parameters from the original data, SVM model was trained for
each participant. Twelve subjects participated in the experiment to detect driver’s cognitive
distraction state.

3.1. Experiment

3.1.1. Participants

Twelve participants (4 women and 8 men) aged 21–40 years old took part in this study. All
participants were experienced drivers with valid licenses. Participants were recruited via an
advertisement in school website.

3.1.2. Driving Simulator

The driving simulator used in this experiment is shown in Figure 1. The highway scenario is a
133 km long highway of a sampled actual ChangPing highway located between ChangChun
and SiPing city, with two lanes in one direction. The traffic situation selected in this
experiment was only sparse oncoming traffic and no traffic driving in the same direction
as the test subject.

3.1.3. Driving Task

The driving experiment was to drive the simulator at 80–120 km/h. Every participant was
asked to drive 4 sessions. In the first session, the participant drove 20 minutes to be familiar
with the driving condition. In the following three sessions, the participants were asked
to perform secondary tasks, including no workload tasks, low workload tasks, and high
workload tasks. Each session took 25–35 minutes.

In the no workload task session, subjects drove the simulator without secondary task
introduced, called no cognitive distraction (NCD). During the events, researcher randomly
recorded ten different 60-second periods driving performance original data as NCD data.

In the low workload tasks session, subjects were asked to talk with the researcher.
During the events, researcher ensures the talk diverts part of subjects’ attention away from
activities critical for safe driving. The talk added subjects’ workload and made subjects think
about something not directly related to the current vehicle control task but not led to be
lost in thought, called low cognitive distraction (LCD). During the talking process, another
researcher randomly recorded ten different 60-second periods driving performance original
data as the LCD data.

In the high workload tasks session, subjects were asked to answer the researcher’s
questions (intelligent test questions). These intelligent test questions diverted subjects’
attention away from activities critical for safe driving, and led subjects to think and be
lost in thought, called high cognitive distraction (HCD). During the events, when another
researcher ensured subjects thought about a question, driving performance original data were
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Figure 1: Driving simulator.

recorded as the HCD data. In this session, the original data record period depends on driver’s
distraction state. This session took muchmore time until enough original data were recorded.

3.1.4. Original Data

The driving performance original data were directly obtained from the driving simulator
including (1) vehicle velocity, (2) vehicle acceleration, (3) steering wheel angle, (4) steering
wheel angular velocity, (5) throttle position, (6) yaw angle, and (7) yaw angular velocity.

3.2. SVM Model

3.2.1. Support Vector Machines (SVMs)

Support vector machine (SVM) is a popular machine learning method for classification,
regression, and other learning tasks, which is first proposed by Vapnik [22].

The basic idea of classification using SVMs in 2D space is shown in Figure 2. Labeled
binary-class training data D = {(xi, yi)}li=1, where xi is a vector containing multiple features
and yi is a class indicator with value either −1 or 1, are illustrated as circles and dots in
Figure 2, respectively.

They are mapped onto a high-dimensional feature space via a function Φ. When
the mapped data are linearly separable in the feature space, a hyperplane maximizing the
margin from it to the closest data points of each class exists. The hyperplane yields a
nonlinear boundary in the input space. The maximum margin represents the minimized
upper bound of generalization error. The function is written in the form of a kernel function
K(xi, xj) = Φ(xi)

TΦ(xj) used in the SVM calculation. When data are not linearly separable in
the feature space, the positive penalty parameter C allows for training error ε by specifying
the cost of misclassified training instances.

As cognitive distraction affects driving performance complexly, the learning technique
of the SVM method makes it very suitable for measuring the cognitive state of humans.

3.2.2. Characteristic Parameters

The original data were preprocessed and generated a vector of characteristic parameters as
listed in Table 1 as model input.
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Φ

Input space Feature space

Optimal hyperplane

Maximum margin

Figure 2: SVM algorithm [6].

Table 1: Characteristic parameters.

Feature number Features Meaning

1 VVM Mean vehicle velocity

2 VVD Standard deviation of vehicle velocity

3 VAM Mean vehicle acceleration

4 VAM Standard deviation of vehicle acceleration

5 SAM Mean steering wheel angle

6 SAD Standard deviation of steering wheel angle

7 SVM Mean steering wheel angular velocity

8 SVD Standard deviation of steering wheel angular velocity

9 TPM Mean throttle position

10 TPD Standard deviation of throttle position

11 YAM Mean yaw angle

12 YAD Standard deviation of yaw angle

13 YVM Mean yaw angular velocity

14 YVD Standard deviation of yaw angular velocity

3.2.3. Window Size

Window size denotes the period over which characteristic parameters were averaged. In
order to improve the real-time performance, the window size 1 s was chosen in this paper.
The characteristic parameters were summarized across the window size to form instances as
model input. For every participant there were 600 training instances to each distraction state
(NCD, LCD, and HCD).

3.2.4. Model Training

Cognitive distraction affects driver behavior in a subtle, inconsistent manner, which can be
easily washed out by individual differences associated with driving style [23]. Thus SVM
model was trained for each participant. We randomly selected 200 training instances to each
distraction state (NCD, LCD, and HCD) and used the remaining instances, which accounted
for at least two thirds of total instances for testing.

The “LIBSVM” Matlab toolbox [24] was used to train and test SVM models, and
LIBSVM is currently one of the most widely used SVM software. Linear, polynomial, radial
basis function (RBF), and sigmoid are the four basic kernels. The RBF can nonlinearly
map samples into a higher dimensional space, which can handle the case when the
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relation between class labels and attributes is nonlinear. At the same time, the RBF can
reduce numerical difficulties and tend to obtain more robust results than other kernels,
such as polynomial. Furthermore, compared to the polynomial kernel, the RBF has less
hyperparameters which influence the complexity of model selection [25]. Therefore the RBF
was chosen as the kernel function for the SVM models:

K
(
xi, xj

)
= e−γ |xi−xj |

2
, (3.1)

where xi and xj represent two data points and γ is a predefined positive parameter. There
are two parameters for the RBF kernel C (the penalty parameter) and γ , and it is not
known beforehand. In order to improve the model prediction performance, grid-search is
recommended to identify good (C, γ) using cross-validation (CV). LIBSVM provides a tool to
check a grid of parameters, and CV accuracy was obtained for each parameter setting. When
the highest CV accuracy returns, (C, γ) are selected to the model.

3.2.5. Model Performance Measures

Model performance was evaluated with three different measures: accuracy, sensitivity, and
specificity [26], which were calculated according to

Accuracy =
TU
TON

× 100,

Sensitivity =
TP

TP + FN
× 100,

Specificity =
TN

TN + FP
× 100.

(3.2)

The definition of sensitivity and specificity is shown in Table 2. where TU represents
the number of true prediction instances; TON represents the total number of instances; TP
represents true positive, which is defined as when the driver is distracted and the model
detect result is distracted; TN represents true negative, which is defined as when the driver is
not distracted and the model detect result is no distracted; FP represents false positive, which
is defined as when the driver is not distracted and the model detect result is distracted; FN
represents false negative, which is defined as when the driver is distracted and the model
detect result is not distracted.

4. Experimental Results

Different SVM models were developed by using the same training instances from two of
the three distraction states (NCD, LCD, and HCD) to compare the accuracy of this detection
system based on driving performance measures when the driver was in different cognitive
distraction states. NLModel, NHModel, LHModel, and NLHModel were developed, where
NLModel was developed to distinguish LCD from NCD, NHModel was developed to
distinguish HCD from NCD, and LHModel was developed to distinguish LCD from HCD.
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Table 2: Definition of sensitivity and specificity.

Driver actual state

Model detect result Distracted No distracted

Distracted TP (true positive) FP (false positive)

No distracted FN (false negative) TN (true negative)

The selection process for the best (C, γ) of a LHModel is shown in Figure 3. We
searched for C and γ in the growing sequences ranging from 2−8 to 28 according to (4.1).
At last the best C = 0.0625, γ = 0.32988 were selected when the CV accuracy was 95.75%:

Ci = 2−8+i,

γj = 2−8+j ,

subject to : 0 ≤ i ≤ 16, 0 ≤ j ≤ 16.

(4.1)

After all of the models developed, the mean detecting performance is shown in
Figure 4. The mean accuracy for all NLModels was 78% (std = 0.195), the mean sensitivity
was 56% (std = 0.39), and the mean specificity was 100% (std = 0). The mean accuracy for
all LHModels was 66.14% (std = 0.1616), the mean sensitivity was 84.86% (std = 0.2024),
and the mean specificity was 47.43% (std = 0.3748). The mean accuracy for all NHModels
was 76.87% (std = 0.1568), the mean sensitivity was 54.07% (std = 0.3145), and the mean
specificity was 99.75% (std = 0.0071).

The results thus far have demonstrated that driver cognitive distraction affects driving
performance obviously, and driving performance measures could be used alone to detect
driver state. The accuracy for LHModel is 66.14%. It shows that when driver workload
changes from LCD to HCD, the driver performance changes. However, the accuracy for
NLModel (78%) and NHModel (76.87%) is higher than LHModel (66.14%), which means the
change rate of driving performance between NCD and LCD (or NCD and HCD) is higher
than it is between LCD and HCD.

The sensitivity for NLModel (LHModel, NHModel) means that the accuracy rate of
it predicts NCD (LCD, NCD) test instances as NCD (LCD, NCD), and the specificity for
NLModel (LHModel, NHModel) means that the accuracy rate of it predicts LCD (HCD,
HCD) test instances as LCD (HCD, HCD). From the detecting performance, specificity for
NLModel is apparently higher than sensitivity, NLModel can predict NCD test instances
accurately as NCD, while it classifies some LCD test instances as NCD. It suggests that the
characteristics of NCD are more significant than that of LCD.

One lowNLModel prediction performance is shown in Figure 5, where NCD label is 1,
and LCD label is 2. It shows that NLModel can predict NCD class accurately (100%) and the
LCD class prediction accuracy is only 46%. Though NLModel classifies some LCD as NCD,
it can predict NCD accurately. False alarm rate for this system is low, which increases the
system acceptance.

It appears that low sensitivity of this system increases themissing alarm rate. However
cognitive distraction state (LCD or HCD) is defined as the driver performs a secondary task
in this paper, and the subject’s distraction state is distinguished by researcher’s subjective
judgment. At the same time, driving performance changes when the driver is in distraction
state, but which is not totally different from NCD at any moment during LCD or HCD
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Figure 4: The detecting performance for NLModel, LHModel, and NHModel.

period. Especially for experienced drivers, the characteristic change between NCD and LCD
(or HCD) is short and smooth. Thus part of the train and test instances from distraction state
(LCD orHCD) is basically similar with NCD, and the sensitivity is relatively low. Fortunately,
as long as driving performance is not affected by cognitive distraction, driver can control the
activities critical for safe driving effectively, a situation where the driver is safe. Therefore low
sensitivity is acceptable.

NLHModel is developed to classify NCD, LCD, and HCD, and NLHModel perfor-
mance shows in Figure 6. The mean accuracy was 73.86% (std = 0.1633), NCD prediction
accuracy was 97.86% (std = 0.0411), LCD prediction accuracy was 65% (std = 0.3718), HCD
prediction accuracy was 60.14% (std = 0.3457), sensitivity was 61.86% (std = 0.237), and
specificity was 97.86% (std = 0.0411). The sensitivity for NLHModel means the accuracy
rate of that it predicts NCD test instances as NCD, and the specificity for NLHModel means
the accuracy rate of it predicts LCD and HCD test instances as LCD and HCD. Thus,
NLHModel could be used to predict different cognitive state, and it has the similar conclusion
as NLModel and NHModel.

5. Discussions and Conclusion

Compared with driver physical measures, using driving performance measures to detect
driver cognitive distraction is more effective, simple, and of real time, so it is used to detect
driver state in this paper. NCD, LCD, and HCD were defined as three different cognitive
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distraction states using different secondary tasks. Twelve drivers were recruited to take
part in the experiment. For every participator, 7 original data about driving performance
were obtained from the driving simulator directly, and 14 characteristic parameters were
extracted as SVM models input. In order to improve real-time performance of the developed
models, window size used in this research was 1 s. At last, different SVM models (NLModel,
NHModel, LHModel, and NLHModel)were developed by using the same training instances
from two of the three distraction states (NCD, LCD, and HCD) to compare the accuracy of
this detection system when the driver was in different cognitive distraction states. The mean
accuracy of each SVM model is approximately 74%; thus driving performance can be used
alone to detect driver cognitive state. The specificity is up to 99%, and false alarm rate for this
system is low, which increases the system acceptance. The sensitivity of each SVM model is
low, which is acceptable, because in this situation the driver could control the car sufficiently.

At the same time, the participator’s cognitive state is distinguished by researcher’s
subjective judgment, which affects the model’s accuracy seriously. Therefore it could be
helpful to use driver biological measures as the standard for future research to select correct
and reasonable training instances as model’s input. Furthermore, SVM models were trained
for each participant, and it might be interesting to select characteristic parameters which
cannot be affected by individual differences driving style.
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The idea of the “garden city” was developed theoretically to offer solutions to serious city
development problems such as traffic congestion, population, and environmental pollution,
among which the transportation is considered the most important. The question is how to develop
balanced transportation in a garden city. Transportation is a complex system, particularly in a
garden city. Therefore, we establish a new approach named the transportation multiobjective
optimization system dynamics (SD-MOP) model, which firstly calculates the optimal proportion
of different transport means with an MOP approach and then applies them to the dynamic
transportation system to analyze the results and analyze the influence on the whole system using
different transportation means variation. In this paper, we take Chengdu as an example, one of the
few cities in the world declared as building a garden city, and then develop some recommendations
about world modern garden city transportation system development.

1. Introduction

It is generally recognized that cities are experiencing huge change in terms of their
development and mobility patterns, while transportation, and will continue to plays, a
critical role in city development [1–3]. Energy consumption is one of the most severe
transportation problems. IEA [4] argues that transport plays an important role in addressing
the challenges of climate change mitigation as it consumes nearly half of global oil and
contributes 25% of total fossil fuel combustion-related CO2 emissions of the world, and road
transport is responsible for about 75% of the emissions from the transport sector. Petri et al.
[5] compare the development of transport and energy use with a focus on CO2 emissions
and suggest a more sustainable passenger transport system. Dominic [6] examines recent
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temporal and spatial trends and forecasts in energy consumption, energy efficiency, and
energy costs in the transport sector across Europe. Meanwhile, land use, health effects,
employment, population growth, and transport alternatives are all considered as related to
the transportation problems. Frank [7] focused on land use, noting that, with different land
uses, traffic designs need to be different. Messenger and Ewing [8] think that employment,
the balance of living space, ownership, and the public transport service level affect people’s
transport choice. Martin [9] investigates the association between means of transportation
to work and overweight and obesity. In this paper, transportation structure is our main
concern to the research. Transportation structure is the proportion of traffic amount carried by
different transport means in extent of time and space. As the transportation structure directly
influences resource allocation, a reasonable urban transportation structure can contribute
to the rational use of resources and ensure a well-functioning system [10]. Although these
studies have contributed a lot to transportation, we feel that all of the studies had not
analyzed the transportation in a systematic and dynamic way. Thus, this paper seeks to
further research in solving transportation problem and differs from its predecessors and we
hope to introduce completely and accurately new viewpoints and models and research.

China is the largest developing country in the world. With rapid process of
industrialization and urbanization, China has maintained an extensive growth in economic
development while the deficiency of transportation began to emerge and became an urgent
problem for us to deal with. Traffic congestion exists widely in metropolitan [11] capacity
excess or overload caused by road passenger volume [12], which has already led to problems
such as environmental pollution, lack of rational planning [13], economic intervention, and
greenhouse gas emission excess [14]. Steps need to be taken to prevent the situation from
deteriorating, otherwise, in return, this may hinder the development of the world modern
garden city.

The “garden city” was first proposed by Howard [15] in the late 19th century, which
came into being with the overcrowded, pollution, and epidemic spreading problems. It
focuses on the coalition of city and countryside in essence and, later, makes some city
planning about city scale, layout and structure, population density, and green belt [16]. A
garden city is designed for health, life, and industry; it contains both rural and urban areas
and has a strictly controlled city scale. It is the farmlands and towns around the central
cities that control the expanding of urban land without limit. The garden city can ensure
every resident to be close to nature and surrounded by self-sufficient farmland; especially
in an ideal garden city, the land belongs to the public and under the responsibility of a
professional committee. Therefore, the world modern garden city has its own features that
differ from the ordinary city. Firstly, the form and pattern of garden city are multicenter,
networking, and clustered in development along with being humanized in urban spatial
structure. Secondly, harmonious nature and society: there are two kinds of harmony which
refer to the strengthening of ecology and environment, social welfare, and wellbeing.
Thirdly, the development path: the city aims to modern service industry and headquarters
economy as the core, for the direction of high-tech industry, based on the powerful modern
manufacturing industry and agriculture, all of which projects to be an internationally regional
hub and central city on the basis of to be western and national central city. Fourthly, land use
layout and transportation: it is the decentralized layout that is put into use in garden city,
while in ordinary city, the public buildings are always arranged in concentrated form.

To realize the construction of world modern garden city, transportation should play
its due role in it and act as a stimulus to promote it. As for the transportation in garden
city, we think it is the traffic arteries that connect the central city with peripheral group
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city, with the agricultural land scattered around it, which finally realize the garden city.
And the key way to build a world modern garden city is to promote the modernized and
intellectualized transportation, that is, to make the linking of the urban and rural areas
come true. In garden city, environmental and faster high-speed railway is the best choice
to create the traffic circle in connecting between cities. In order to construct garden city, the
transportation should match the development of garden city, and, in turn, the garden city will
surely promote the transportation construction. Therefore, a strategy is needed to balance
transportation system development and garden city construction, as transportation is an
essential element of its success. Since regional transportation system is constantly changing,
it is necessary to find a dynamic simulation method. System dynamics (SD) approaches
as a modeling tool to provide a flexible way of building simulation models from causal
loop or stock and flow diagrams. Therefore, to reflect the dynamic characteristics of garden
city transportation system, the SD approach is the main methodology used in this paper,
combined with multiobjective optimization (MOP) for its effectiveness.

The aim of this paper is to propose a system dynamics and multiobjective
programming integrated support model to predict and adjust transport structure for the
modern garden city in the world. The remainder of this paper is structured as follows.
Section 2 describes the general system and solution approach problem. Section 3 develops
a detailed garden city transportation system based on the SD-MOP model. In Section 4,
Chengdu in China is discussed as a case study. Finally, we present some conclusions and
proposals for the development of the transportation system in Chengdu and other garden
cities in the world.

2. Problem Description

In this Section, a description of the problem is discussed, then a general framework to address
the given problem is proposed. We give a basic background for our study.

2.1. System Description

It is of great significance to analyze logical urban transportation system in Chengdu, because
it can assist in the development and management of the transportation plan and has a
practical significance in helping relieving city traffic congestion [17]. Transport structure is
an important factor in the whole system; a reasonable logic transport structure is a part of
city planning and the adjustment of industrial structure, meanwhile, it guarantees minimum
time waste, costs, and environment pollution.

As has been mentioned, an urban transportation system is a complex system and
is especially important in the development of the garden city. With population, transport
means, transport congestion, transport demand, and vehicle travel time are emerging as
concerns in transportation system analysis. These elements are highly interrelated, but they
are not the only factors that affect the system, there is also social, economic, political,
environmental, and technical factors [17]. From previous research [18, 19], we assume that
the garden city transportation system consists of five subsystems: the economic subsystem,
the environmental subsystem, the traffic congestion subsystem, the policy management
subsystem, and the traffic mode subsystem. The whole system is constantly changing and
has an interrelationship with each other. Figure 1 shows the relationships between them. With
economic development, there are more travel demand and transport choices or modes, and if
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Figure 1: The subsystems of garden city transportation system.

not managed properly, they will lead to traffic congestion, which can result in environmental
pollution, and, in turn, impacts the economy. However, through manual intervention, policy
management can be used to control these effects when necessary.

2.2. Method Design

System dynamics (SD) is a simulation technology that studies complex systems based
on feedback control theory. It establishes synthetical models using system structures, the
relation of consequent to antecedent and feedback loops, and, further, to find the solution
to system performance using simulations. SD has been applied to a number of studies, not
only the social sciences field, but also the agricultural practices [20], environmental issues
[21], and economic controls [22] and has proven to be especially appropriate for modeling
problems. Meanwhile, a number of system dynamics (SD) approaches have been used to
do transportation modeling [23, 24], which give us successful examples for our research.
SD can be used to forecast the trends in the next ten years by using certain parameters,
but cannot be used to estimate exact levels reliably [25–27]. Therefore, while a system
dynamics method is used as the main approach, we introduce multiobjective programming
in the system dynamics model to develop an integrated model, which we call a system
dynamics multiobjective programming model (SD-MOP), for the solution. The SD-MOP
model not only provide better understanding of complex problems but also have considered
the multiple objectives and also involve expert opinions in the decision. A general framework
of the modeling process is shown in Figure 2. In a garden city transportation system decision
process, a thorough analysis of the decision problem is conducted. Then, using the system
dynamics (SD) approach, a causal loop diagram and detailed flow diagram are established.
We run a series of MOPs to get the optimum value of those sensitive variables, and place
these values into the SD model for simulation. Based on results of the SD-MOP integrated
approach, different policy experiments are compared to choose the best route. If we are not
satisfied with the result of the simulation, we can adjust the MOP models to yield better
results; otherwise, the decision process is ended.

2.3. Basic Assumption

The basic assumptions of a garden city transportation system are as follows.

(1) The main environmental pollution emissions we consider are CO2, excluding the
exhausted gas from motorcycles.
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Figure 2: The general framework of the modeling process.

(2) We consider private cars, buses, taxis, and rail as the four main transportation
means that directly influence transportation congestion and ignore others such as
bicycles, pedestrians, and others.

(3) The influence of employment is ignored in the whole system so the employment is
ignored.

(4) We use gross domestic product (GDP) to measure the economic development.

(5) The purpose of this study is to promote coordinated economic development,
environmental protection, policy management, and population through the
optimization of transportation construction and structure.

2.4. Index System

The transportation system is one of the most complex systems in modern city. Similarly,
the analysis of transportation has been a vital element in world modern garden city.
Factors analysis is an effective way to understand the structure and function of a system
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well. According to the subsystems of garden city transportation system (Figure 1) and the
characteristic of world modern garden city, we analyze the subdivision of each subsystem
by selecting variables and influential factors synthetically based on the relative theoretical
basis and the existing and our own research foundation, in principle of integrality, objectivity,
scientificity, nonlinearity, practicality, and availability. Here, we list the main variables
and influential factors of this model in Table 1 (variables and symbols in garden city
transportation system). In order to facilitate our research and establish a mathematical model,
we sort them according to the symbol of the name.

3. Modelling

Referring to the system description for garden city transportation structures, we construct a
corresponding model. Firstly, the system dynamics general model is constructed. Secondly, a
model is established, and the system dynamics model based on multiobjective optimization
(SD-MOP) is developed. Finally, the model simulation method is analyzed.

3.1. System Dynamics Model

This Section is divided into two parts for a particular description of the modeling; firstly, the
cause-effect relationship diagram, and, secondly, the stock and flow diagram, both of which
are the two main steps when using system dynamics.

3.1.1. Cause-Effect Relationship Diagram

The SD model for the present study is developed for a transportation system. There are
many variables in the subsystems occupying important positions in the system; thus, we
build the cause-effect relationship diagram (see Figure 3) by incorporating the various
features associated with the system. In this Figure, the arrows denote the cause-and-
effect relationships and the plus and minus signs denote the positive and negative effects,
respectively. The main feedback loops are given below:

(1) economic development +−→ total number of vehicles +−→ transportation congestion +−→
environmental pollution −−→ economic development;

(2) population +−→ trip demand +−→ total trips +−→ transportation congestion −−→ economic
development −−→ urban population;

(3) economic development +−→ infrastructure investment +−→ road investment +−→ road
capacity −−→ transportation congestion −−→ economic development;

(4) policy management +−→ economic development +−→ environmental pollution −−→ policy
intervention.

3.1.2. Stock and Flow Diagram

The causal relationship diagram emphasizes the feedback structure of the system, which,
however, can never be comprehensive. We need to convert the causal relationship diagram
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Table 1: Variables and symbols in garden city transportation system.

Sort The meaning of variables Variable units Symbol
1 Road passenger capacity Yuan LEVCR

2 Railway passenger capacity Yuan LEVCRW

3 Exhaust emission g LEVEE

4 Emission intensity g LEVEI

5 Environmental pollution L LEVEP

6 Fuel consumption volume L/100 km LEVFC

7 Gross domestic product Ten thousand LEVGDP

8 Investment of bus Yuan LEVI1

9 Investment of taxi Yuan LEVI2

10 Investment of railway Yuan LEVI3

11 Investment of infrastructure Yuan LEVII

12 Investment of public transportation Km LEVIPT

13 Investment of road Yuan LEVIR

14 Length of road Km LEVLR

15 Length of railway Km LEVLRW

16 Number of buses Ten thousand LEVN1

17 Number of taxies Ten thousand LEVN2

18 Number of railbus Ten thousand LEVN3

19 Number of private cars Ten thousand LEVN4

20 Private car increment Ten thousand LEVPC

21 Turnover of bus Person/km LEVT1

22 Turnover of taxi Person/km LEVT2

23 Turnover of railway Person/km LEVT3

24 Turnover of private car Person/km LEVT4

25 Traffic intensity Person LEVTI

26 Traffic load Person/yuan LEVTL

27 Total population Ten thousand LEVTP

28 Travel volume of bus Person/day LEVV1

29 Travel volume of taxi Person/day LEVV2

30 Travel volume of railway Person/day LEVV3

31 Travel volume of private car Person/day LEVV4

32 Travel volume of public transport Person/day LEVVPT

33 Travel volume of total trip Person/day LEVVT

34 Rate of average trip % RATA

35 Transformation coefficient of bus km/yuan RATC1

36 Transformation coefficient of taxi km/yuan RATC2

37 Transformation coefficient of railway km/yuan RATC3

38 Transformation coefficient of private car km/yuan RATC4

39 Coefficient of discharge g/L RATD

40 Coefficient of economic decrease Yuan/g RATED

41 Coefficient of emission factor g/person RATEF

42 Coefficient of environmental influence No dimension RATEI

43 GDP growth rate % RATGDP

44 Investment proportion of infrastructure % RATII

45 Investment proportion of public transportation % RATIPT

46 Investment proportion of road % RATIR
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Table 1: Continued.

Sort The meaning of variables Variable units Symbol
47 Public transportation share rate % RATSR1

48 Private car share rate % RATSR2

49 Trip frequency of total average Times RATTF

50 Net growth rate of population % RATTP

51 Peak hour flow of bus Person/times PHF1

52 Peak hour flow of taxi Person/times PHF2

53 Peak hour flow of railway Person/times PHF3

54 Peak hour flow of private car Person/times PHF4

55 Travel distance of bus km TD1

56 Travel distance of taxi km TD2

57 Travel distance of railway km TD3

58 Travel distance of private car km TD4

59 Trip frequency of bus Times TF1

60 Trip frequency of taxi Times TF2

61 Trip frequency of railway Times TF3

62 Trip frequency of private car Times TF4

63 Investment proportion of bus % x1

64 Investment proportion of taxi % x2

65 Investment proportion of railway % x3

66 Investment proportion of private car % x4
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Figure 3: The cause-effect relationship diagram of garden city transportation system.
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Figure 4: The stock and flow diagram of garden city transportation system.

into the stock and flow diagram that emphasizes the physical structure of the model, which
tends to be more detailed than the causal loop diagram [28], to force us to think more
specifically about the system structure. Figure 4 gives a detailed description, with the main
formula as follows.

Through system dynamics modeling, we can get the first-order differential equations.
The change rate of the turnover of bus, the d(LEVT1(t))/dt, is dependent on the stock of the
turnover of bus LEVT1(t), and there exists the basic stock OT1 , which is subject to factors of
transport planning, demand volume, and so on; besides, it would be effected by functioning
time OT , which regularly means one year:

d(LEVT1(t))
dt

=
LEVT1(t) −OT1

OT
. (3.1)

Similarly, the differential equations of the turnover of the taxi, railway, and private car are

d(LEVT2(t))
dt

=
LEVT2(t) −OT2

OT
,

d(LEVT3(t))
dt

=
LEVT3(t) −OT3

OT
,

d(LEVT4(t))
dt

=
LEVT4(t) −OT4

OT
.

(3.2)
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Through the previous analysis, we get the main part of the links in the garden city transport
system:

LEVGDP(t) = LEVGDP(t − 1) × RATGDP(t),

LEVII(t) = LEVGDP(t) × RATII(t),

LEVIPT(t) = LEVII(t) × RATIPT(t),

LEVI1(t) = x1 · LEVIPT(t),

LEVN1(t) = LEVI1(t) × RATC1(t),

LEVV1(t) = PHF1 × TF1 × LEVN1(t),

LEVT1(t) = TD1 × LEVV1(t).

(3.3)

Till now, we obtained the turnover of bus LEVT1 , similarly, the turnover of taxi, railway,
and private car can be also described as LEVT2 , LEVT3 , and LEVT4 , and the traffic intensity can
be formulated as the following:

LEVTI(t) = LEVT1(t) + LEVT2(t) + LEVT3(t) + LEVT4(t). (3.4)

Further,

LEVTL(t) =
LEVTI(t)
LEVCR(t)

,

LEVEE(t) = LEVTL(t) × RATEF,

LEVEP(t) = LEVEE(t) × RATEI,

−LEVGDP(t) = −LEVEP(t) × RATED,

(3.5)

where it can indicated that the irrational structure of transportation can increase the
environmental pollution and ultimately decrease the development of economy to a certain
extent. Meanwhile,

LEVTP(t) = LEVTP(t − 1) + LEVTP(t − 1) × RATTP(t),

LEVVT(t) = LEVTP(t) × RATTF,

RATSR1 =
LEVVPT(t)
LEVVT(t)

,

RATSR2 =
LEVV4(t)
LEVVT(t)

.

(3.6)
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Through this circulate series of formulation, each variable (the standard variable and rate
variable) is defined, thus, building the foundation of our model.

3.2. Multiobjective Programming Model

The purpose of multiobjective programming (MOP) is to maximize (or minimize) different
multiobjective functions under a set of constraints, which is suitable for decision making in
systems which have two or more goals [29]. According to the analysis of the system above,
the optimization of a garden city transportation structure needs to consider the economic,
social, and environmental subsystems and the transportation structure together to maximize
the final benefits. Therefore, a multiobjective method can be used to solve this problem. In this
Section, we will apply a multiobjective optimization model into the stock and flow diagram
to measure the most optimal transportation structure to invest.

3.2.1. Objective Function

As usual, the objective is to pursue the maximal economic and, social benefit with minimal
environmental pollution. Here we list our three main objective functions.

(1) Maximal Gross Domestic Product (GDP)

Economy is an important part involved in garden city transportation system, and, often, we
use GDP to measure the level of it, the higher the GDP we produce, the better we operate
our country and more investment on transportation be conducted and the system develops
better:

max f1 = LEVGDP −M1

4∑

i=1

LEVEPi · RATEDi , (3.7)

here, the LEVGDP represents the quantity of GDP, and LEVEPi ·RATEDi is the economy decrease
caused by environment pollution of each transportation means. Since LEVEPi represents the
environment pollution, while GDP is dimensional, we add an M1 to the balance to make
them under the same unit.

(2) Less Environment Pollution

As the economy develops, the public consciousness of environmental protection is aroused.
The automobile exhaust emission occupies most parts in air pollution, so the optimal the
transportation structure combination, the minimal air pollution and environmental damage.
To achieve this, we must guarantee the least exhaust emissions:

min f2 =
4∑

i=1

LEVEEi − δ1f1, (3.8)

where LEVEEi represents the level of exhaust emission, and δ1f1 represents the environment
pollution reduction resulting from economy growth investment.
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(3) More Social Benefits

Social benefit is also an important aspect. Because transportation system can make people’s
life more convenient; if the system is not operating well, there will not be sufficient supply for
people to travel. Therefore, it needs more turnover of each transport means to bear people’s
travel demand, which is a criterion to measure the transport capacity:

max f3 =
4∑

i=1

LEVTi −M2δ2f1 −M3δ3f2. (3.9)

LEVTi is the turnover of each means of transportation and δ2f1 and δ3f2 represents the
negative influence on turnover of transport means from the economy growth investment and
environment pollution respectively. M2 and M3 are an equivalent used to balance different
units.

3.2.2. Constraints

(1) Total Transportation Structure Proportion Constraint

We assumed that there are only four means of transportation in the system, thus making the
sum total 1:

4∑

i=1

xi = 1. (3.10)

(2) Investment Constraint

Because plans have been made in the government 5-year plans the transportation structures
and therefore expenditures have already been determined. Thus, for each means of transport
considered here there is a maximum and minimum ranges:

a11 ≤ x1 ≤ a12,

a21 ≤ x2 ≤ a22,

a31 ≤ x3 ≤ a32,

a41 ≤ x4 ≤ a42,

b1 ≤ x1 + x2 + x3 ≤ b2,

(3.11)

x1, x2, x3, x4 represent each means of transportation, here, a11, a21, a31, a41 represent the lower
limit of proportion, while the a12, a22, a32, a42, the upper limit. b1 is the lowest proportion of
public transport, while b2 is the upper limit.
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(3) Ratio Constraint

There are two kinds of share rate in this system, the public transportation share rate and
private car share rate, both of them are between 0 ∼ 1, and the sum of them is equal to 1:

0 <
LEVVPT

LEVVT
< 1,

0 <
LEVV4

LEVVT
< 1.

(3.12)

(4) Intensity Constraint

Usually, the emission intensity index decreases along with technological progress and
economic growth. The emission intensity of this year is expected to be smaller than that of
the last year. Therefore, the emission intensity has an upper limit and decreases every year:

∑4
i=1 LEVEEi

f1
≤

4∑

i=1

LEVEIi(1 − c1), (3.13)

where LEVEEi(t − 1) represent the exhaust emission and LEVEIi(t − 1) represents emission
intensity of last year, and c1 is the the average rate of decrease required.

Similarly, the intensity of road occupation to economy also decreases:

f3

f1
≤

4∑

i=1

LEVTIi(1 − c2), (3.14)

where LEVTIi(t − 1) represents road occupation intensity and c2 is the the average rate of
decrease required.

From this, we get (3.16) as follows:

max f1 = LEVGDP −M1

4∑

i=1

LEVEPi · RATEDi

min f2 =
4∑

i=1

LEVEEi − δ1f1

max f3 =
4∑

i=1

LEVTi −M2δ2f1 −M3δ3f2

(3.15)
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s.t.

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

4∑

i=1

xi = 1

a11 ≤ x1 ≤ a12

a21 ≤ x2 ≤ a22

a31 ≤ x3 ≤ a32

a41 ≤ x4 ≤ a42

b1 ≤ x1 + x2 + x3 ≤ b2

0 <
LEVVPT

LEVVT
< 1

0 <
LEVV4

LEVVT
< 1

∑4
i=1 LEVEEi

f1
≤

4∑

i=1

LEVEIi(1 − c1)

f3

f1
≤

4∑

i=1

LEVTIi(1 − c2)

e1 ≤ δi ≤ e2

0 ≤ a, b, c, e ≤ 1, i = 1, . . . , 4.

(3.16)

3.3. Solution Method

In this Section, we make use of the ideal point method proposed by Yingming et al. [30];
Rakowska et al. [31]; and William [32] to resolve the multiobjective problem (3.16) with
crisp parameters [33]. If the policy maker can firstly propose an estimated value Fi for each
objective function fi(x) such that

Fi ≥ max
x∈X

fi(x), i = 1, 2, 3, (3.17)

where X = {x | x ∈ X}, X is the collection range of constraints, and then Fi = (F1, F2, F3)
T is

called the ideal point, especially if Fi ≥ maxx∈Xfi(x) for all i, we call F the most ideal point.
The basic theory of the ideal point method is to take an especial norm in the objective

space Rm and obtain feasible solution x so that the objective value approaches the ideal point
F = (F1, F2, F3)

T under the norm distance, that is, to seek the feasible solution x satisfying

min
x∈X′

u
(
fi(x)

)
= min

x∈X′

∥∥∥fi(x) − F
∥∥∥. (3.18)

Next, we take the p-mode function to describe the procedure for solving the problem
(3.16).

Step 1. Find the ideal point. If the decision maker can give an ideal objective value satisfying
condition (3.17), the value will be considered the ideal point. However, decision makers do
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not know how to estimate the objective value, so we can get the ideal point by solving the
following programming problem:

max fi(x)

s.t. x ∈ X.
(3.19)

Then the ideal point F = (F1, F2, F3)
T can be fixed by Fi = fi(x∗), where x∗ is the

optimal solution of problem (3.19).

Step 2. Fix the weight. The method of selecting the weight is referred to in much research that
interested readers can consult these. We usually use the following function to fix the weight:

ωi =
Fi

∑3
i=1 Fi

. (3.20)

Step 3. Construct the minimal distance problem. Solve the following single-objective
programming problem to obtain an efficient solution to problem (3.16):

min

[
m∑

i=1

ωi

∣∣∣fi(x) − Fi
∣∣∣
t
]1/t

s.t. x ∈ X,
(3.21)

usually, we take t = 2 to compute it.

4. A Case Study

In this section, we choose Chengdu, first city that advocates to “being a world modern garden
city,” in China as our application to verify the approach in the previous section. we apply the
data and parameter values of Chengdu into the system dynamics model. A system simulation
was performed using the simulation software VENSIM and the data from 2010 as initial
conditions, time = 0. Our simulation spans 11 years, from 1 to 11, and results in data analysis
for the years 2010 to 2020 and we depict the main pattern in figures.

4.1. Regional Situation

As a general transportation hub for western China, Chengdu is an important nexus city
linking up China to mid-Asia, south Asia, west Asia, and Europe. Located in the middle
of Sichuan province in southwest China, Chengdu covers a total land area of 12121
square kilometers, with its central downtown area extending for approximately 350 square
kilometers. With its name and location kept unchanged for more than 2300 years, the
city’s history traces back far and the culture reaches wide. As the main hub for western
transportation and the most developed city in the southwest China, with the nature
advantages, the proposition of the objective of a “world modern garden city” is necessary
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and surely no accident. Chengdu is blessed with unsurpassed resources, and the nature,
humanity, and history of Chengdu make it well qualified for garden city construction. In late
2009, the city committee and government made the development of a “world modern garden
city” its historic positioning and long-term target based on in-depth research, sufficient
analysis, and extensive public participation in the notion. It presents an attempt to capitalize
on the historic opportunities generated by the prosperity of China to further the urban-
rural integration and push along the strategic transformation of growth models so that
the city can better contribute to the new round of opening-up and development activities
in western China and to the province’s strategic move to become the top driving force
in the development of western China. However, in the way of garden city construction,
the transport problems have become increasingly severe. We have to deal with the traffic
problems as an ordinary city and as a particular problem emerged in the construction of
world modern garden city, which is brand new for us.

4.2. Simulation Results and Analysis

We collect the parameter statistics by studying the garden city transportation system and
analyzing the flows of processing technique and show the results in Table 2. The settled
values for the substance transforming rates, and some settled parameters in the system
dynamic model, are mainly based on the administration annual report for the region: and
National Statistical Bureau [34, 35], Ministry of Transport and Communication [36], Chengdu
Bureau of Statistics and the planning reports: Chengdu Twelfth Five Years of planning [37],
and National Twelfth Five Years of planning [38] on correlative industries and the present
market situation. The settled values were obtained via equilibration, linearity regression,
index smoothness, and other related mathematical models based on the principles like
relativity, comparability, scientificity, and comprehensiveness. We define the parameters used
to describe and analyze the system, and the parameters of the transportation system are
presented in Table 2.

In order to achieve the government’s goal, a multiobjective optimization problem
incorporating the decision makers’ preferences is formulated. The multiobjective model is
based on Model (3.16). There are some parameters which are determined by the decision
maker of local government. In the current case, parameters such as a, b, c, d have to be
given according to the preferences of decision maker. The decision maker can provide
different values and decide which solutions are adopted by comparing the solutions. The
decision maker is encouraged to give probable numbers to express their preference. With
this method, we obtained three different solutions as shown in Table 3 (control variables) for
different weights considered for the objective functions, among which the current program
presents the current situation of transport proportion. In this table, the different proportions
of transport means show that from the current program to optimization program 3, the
proportion of public transport is increasing, especially the bus and railway, while the private
car decreases dramatically, and the number of taxi decreases slightly. Finally, these numbers
and cases will be used as control variables in transportation system dynamics modeling to
operate along with the initial data. We use the four groups of figures (Table 3) to predict the
coming 10 years, and, in turn, suggest actions to improve the present situation.

The results after the system dynamics modeling are shown from Figure 5 to Figure 10.
As the system is simulated, six variables are selected for observation which are classified
in three groups: the transport structure represented by the public transport share rate
and railway passenger capacity (Figures 5 and 6), the road use situation represented by
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Table 2: The value of parameters.

Symbol Value Units
RATA 82 %
RATC1 96.94 %
RATC2 94.40 %
RATC3 92.30 %
RATC4 90.50 %
RATD 3.9175 g/L
RATED −0.29 Yuan/g
RATEF 1.5 g/person
RATEI 0.6 No dimension
RATGDP 14.70 %
RATII 12 %
RATIPT 40 %
RATIR 60 %
PHF1 0.3242 Person/times
PHF2 0.2260 Person/times
PHF3 0.3065 Person/times
PHF4 0.4006 Person/times
TD1 10.545 km/time
TD2 9.413 km/time
TD3 12.413 km/time
TD4 10.517 km/time
TF1 11.37 Times
TF2 10.5 Times
TF3 12.28 Times
TF4 4.16 Times

Table 3: Control variables.

Current program Optimization program 1 Optimization program 2 Optimization program 3
x1 0.3830 0.3000 0.3600 0.1750
x2 0.1036 0.2000 0.1375 0.2096
x3 0.4080 0.2750 0.3400 0.2658
x4 0.1054 0.2250 0.1625 0.3496

the traffic intensity and public transport volume (Figures 7 and 8), and the environmental
circumstances represented by the exhaust emissions and environment pollution (Figures 9
and 10). From Figure 5, the public transport share rate is increasing, if no changes had taken
place, the public transport share rate will remain the same as the current situation. And we
can see that optimization 3 is the highest in the coming 10 years, and optimization 2 is higher
than optimization 1 in the first several years, and all the three optimizations show significant
improvement than continuing with the current situation. Figure 6 describes that the railway
passenger capacity will be greatly strengthened if optimization cases are adopted. In terms
of the road use situation, Figure 7, traffic intensity means the higher the intensity, the more
utilization of the road, and Figure 8 presents travel volume of public transport is always
increasing, and indicates the demand of transport. Both of them show that optimization 3
is the best choice. Lastly, in terms of the environmental circumstance, both Figures 9 and 10
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Figure 6: Railway passenger capacity.

are critical factor in assessing environment contamination. Most of the exhaust emission
contributes to the environment pollution, and there is a linear relationship between them.
Generally speaking, from analysis of these 6 graphs we observe that the most suitable case is
optimization 3, which in all cases offers better progress towards the goal of a garden city than
the current situation.

5. Proposals

From an analysis of the results and in consideration of local conditions, suggestions are
made to find a feasible solution to the transportation development in garden city. To
achieve a continual optimization of the transportation structure, low-carbon transportation
development needs to be promoted through the formulation of relevant policy by the local
government.
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Figure 7: Traffic intensity.
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Figure 8: Travel volume of public transport.

(1) Transportation Structure Optimization

The adjustment of the transportation structure is a long complicated process which cannot
be achieved through a single policy. A previous simulation confirms that if the government
ensures the preferential development of the public transport, the situation can get better.
Firstly, develop the loop line. The loop line and radiation transport route can associate
the central city with the countryside areas, which takes a great advantage of the plain
landscape, as well as, the standard model of garden city transportation. Secondly, the subway
construction. It is convinced that the railway transport is the context to open garden city
construction. With the 1st line of Chengdu Metro operating well and its notable benefit, new
subways should be constructed to spread further and ultimately to the whole city. Thirdly,
construct the bus rapid transit (BRT), which is an important part in mass rapid public transit.
Here, the mass rapid public transit is an resources saving and socially beneficial which
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Figure 10: Environment pollution.

includes BRT, subway, light railway, and others. The bus rapid transit (BRT) integrates the
bus technology, intelligent traffic system with rail transit operations management mode into
a relatively low-cost mass transit mode, which is regarded as a revolutionized solution of
public transport by International Energy Agency. Fourthly, restrict development of private
cars. As the private cars are at an absolute disadvantage in transport area possession, energy
consuming, and exhaust emissions, measures should be taken to restrict it such as purchase
limiting, levying a tax based on the emissions to the environment, and reducing the supply
of oil.

(2) Promoting the Land Use Mode

There is a close relationship between land use planning and transport construction. Land
use planning is crucial to the whole transportation system. As our simulation model shows,
land use influences the transport infrastructure such as road length, road capacity, and
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the investment proportion of road. According to the actual land situation of Chengdu, firstly,
emphasis on the mixed use of land and the various functional complement with each other
is applied in order to improve the overall efficiency of central district. Secondly, newly
developed areas should conduct preliminary transport planning before the land use plan.
Thirdly, the public transport guide land use mode needs to be developed to shorten the
travel distance between bus stops and increase the operating speed. Fourthly, controlling the
diversity of land use intensity along the road lines to maintain traveling speed and raise land
use intensity and efficiency. Fifthly, attention should be paid to the ecological construction
of land. The government should transfer the distant and relatively large land parcels to
farmland to develop urban agriculture which can improve the environmental quality, and
suppress the unlimited extension of city construction land use scale, for example, the Shahe,
Sansheng, and Shiling park. Lastly, free up the original lane space to provide for the new bus
station and parking place, at the same time, set up new bicycle squares in the city center.

(3) Strengthening the Low-Carbon Consciousness

Because there is a high value put on environmental protection in our model, it is necessary
to examine and weigh the optimization using environmental indexes. A green travel
consciousness needs to be developed which would focus on the sustainable development of
the urban inhabitable environment. Thus, both the walking and alternative means need to be
promoted along with the low-carbon, safe, comfortable, and low-pollution public transport. It
is an effective way to introduce the low-carbon consciousness into primary school classroom
education, which cannot only guide the students to establish the right consumption concept,
but also to foster their socially responsible manner and has a profound effect on low-
carbon transportation construction. This promotion of green transportation will lower the
dependence on motor vehicles and encourage people to use hybrid or clean fueled vehicles
which would also satisfy one of the measures proposed by the State Council for reducing
greenhouse gas emissions and conserving energy.

6. Conclusion

Great many cities are experiencing traffic problems in the process of city development,
including the garden city. Many researchers did not conclude all the factors in the transport
system when estimating it. Therefore, to address the problems, a methodology for the
analysis of the whole transportation system by adjustment of transport structure was
outlined. Particularly, we develop a system dynamics and multiobjective programming
integrated model (SD-MOP) to simulate different results with different proportions of
transport means. The system dynamics model describes the relationships between the
economy, environment, traffic mode traffic congestion, and the policy management. A
multiobjective programming model helps policy makers to make choices according to their
preferences. In the case study, a representative city, Chengdu, a world modern garden city
was chosen. Various scenarios and different optimization cases were simulated to show the
future trends of the transportation system. According to the simulation results, we propose
the reasonable pieces of advice on transportation structure and transportation development
mode in world modern garden city.

It is of great significance to study transportation system by system dynamics
integrated with multiobjective optimization model. There is much scope to expand this field
of research into the future. There may exist some omissions in this system, future research will
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focus on establishing a more complex transportation system which considers more factors
and deals with other optimizations.
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To solve the problem in pedestrian Mid-Block street crossing, the method of signal coordination
control between mid-block street crossing and intersection is researched in this paper. The paper
proposes to use “distance-flow rate-time” graph as the tool for building coordination control
system model which is for different situations of traffic control. Through alternating the linear
optimization model, the system outputs the distribution of signal timing and system operational
factors (delays in vehicles and mid-block street crossing). Finally, taking one section on the Taiping
North Road in Nanjing as an example, the signal coordination control is carried out. And the results
which are delays in the vehicles and mid-block street crossing are compared to those in the current
distribution of signal timing.

1. Introduction

There are two kinds of representation methods in studying discrete feature of vehicles flow
on the road, normal distribution function-Pacey method (1956) and geometric distribution
function-Robertson method (1969) [1]. A. F. Rumsey and M. G. Hartley carried out computer
simulations for comparison tests about these two distribution function methods proposed.
They found although arrival rates of vehicle flow in downstream crossing which are
calculated by those two different types of distribution functions are different, it is only a
little effect on signal timing design. At present, the empirical formula that D. I. Robertson
established based on the geometric distribution assumption is applied widely.

Studying pedestrian traffic characteristics, the American scholar JTFruit (1973) has
researched minutely on pedestrian walking speed, density, and traffic flow, pedestrian spatial
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characteristics, and their relationships in this doctoral thesis, Pedestrian Planning and Design.
He also proposed recommended value of the level of service of the sidewalk; Japanese
scholars, Hosoi et al. have conducted a study on pedestrians behaviour in the crowd [2].
Wang et al. have carried out simulation and analysis of driver’s deceleration and acceleration
behaviour under different driving situations after identified the key safety-related parameters
[3]. Wang et al. investigated driver’s car-following safety behaviour in more detail and then
developed an integrated safety approaching model and simulation procedures for devising
traffic accident solution and evaluating urban traffic at the microscopic level [4]. Data of
nearly 3,500 pedestrian crossing operations were collected at 27 crosswalks in the Greater
Amman Area. Statistical analyses were conducted to reveal which factors significantly
contribute to pedestrians’ speeds [5].

Many foreign scholars have conducted many successful researches and applications
on coordination control of traffic signal in urban major trunk roads. In early period, through
theoretical analysis, scholars did research on coordination control of traffic signal using the
time-distance diagram for timing-type liner control system [6].

With the application of computers, people could use a computer to get program of
control which might be difficult to be achieved manually. “Off-line” and “on-line” are the two
computer methods to be used to calculate coordinate liner control system. Off-line method is
prepared for computing software which is in the light of some kind of optimized principles.
Liner timing methods can be developed by computer. Then these control programs are set
to the signal control machine which makes the signal lamps be in operation in accordance
with the timing program set from time to time. With these methods, computing software
becomes the point which scholars focus on. Among these softwares, MAXBAND and PASSER
II are more representative [7]. In on-line method, the timing Programs of liner control system
are obtained by computing software, and input data computing software needed is directly
received from the vehicle detector through computer. Also the signal lights operate under
computer. It adopts two kinds of methods which are “Type of Timing programs Selection”
and “Type of Timing Programs Production.” Coordination control system is represented by
the SCOOT, SCAT, UTCS, and RT-TRANCS.

Sun et al. establish a model of motorist-pedestrian. The model uses a binary logit
approach; multiattribute regression analyses are performed to capture the decision making
process of the pedestrian [8]. Wolshon and Taylor analyze the differences in certain delay
parameters which would occur as a result of implementing SCATS signal control [9]. Trabia
et al. present the design and evaluation of a fuzzy logic traffic signal controller for an isolated
intersection [10]. In adaptive method, the phase, and green signal time of single intersection
were set by fuzzy controller. Then the average delay of vehicles was taken as objective
function, the green time of every single intersection was dynamically adjusted, and the phase
shift was optimized through genetic algorithm [11].

Domestic and foreign scholars have did some research and application on coordination
control between pedestrian mid-block street crossing and intersections, but not conducting
systemic and deep studies and not forming a complete research results. Foreign scholars
studied them from the perspective of speed discreteness. Domestic researches were different
from them. In the view of concentration, Canqi and Peikum (1996) proposed diffusion models
of traffic platoon, diffusion models of traffic head, and diffusion models of traffic rear [12].
Domestic scholars have studied various aspects of pedestrian walking characteristics. They
conduct some researches on pedestrians’ walking speed, stride, and occupying space of
walking, and so forth.
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In actual application, domestic liner control system usually uses foreign technology
and methods. Beijing has conducted liner control test which had good effect. Then it was
gradually applied in some typical road sections. Nanjing’s urban traffic control system was
completely and successfully developed by self-localization. It was fit for the compound traffic
conditions of our country, low-density road network, and special city road condition with
great disparity gap between two junctions. Equipping three kinds of modes that were real-
time adaptive control, fixed timing, and noncable coordination control, the system could set
seventy green-wave lines under exceptional circumstances.

In theoretical research, Sen-Fa et al. (1998), Southeast University, proposed hierarchical
structure of urban traffic liner control system. On the first level, the cycle and green ratio of
traffic signal of a single junction was determined by fuzzy logic controller. On the second
level, the phase offset between two adjacent junctions was obtained by fuzzy phase controller.
And between two levels there was a fuzzy switch to coordinate them. So as to achieve the
purpose of reducing vehicle delay, the author presented a specific implementation method
which could effectively reduce the queue length [13]. Yun-Tao et al., Tongji University (2003),
proposed a design method which used to optimize phase offset of coordination control
on urban main roads based on a genetic algorithm [14]. Chu et al. model the role of the
street environment in how people cross roads in urban settings. Respondents were placed
in real traffic conditions at the curbside of street blocks in the Tampa Bay area for a three-
minute observation of the street environment [15]. Ye et al. develop a method to separate the
impacts on pedestrian traffic among different factors. Focusing on an individual pedestrian
traffic indicator—walking speed—three important human factors, that is, gender, age, and
luggage-carrying, were selected to investigate their respective impacts on walking speed
[16].

2. Building the System Model

Large numbers of pedestrians crossing streets have become a significant feature of China’s
urban roads as travel increases. To solve this problem, many pedestrian mid-block crossings
are set between adjacent intersections for the convenience of pedestrians. While most of the
domestic pedestrian mid-block crossings lack reasonable and effective control, arterial traffic
subject to certain constraints and obstacles.

On a section between two intersections, if a pedestrian mid-block crossing is controlled
by one or more fixed-time and actuated signal controllers, coordination control of signal
timing between pedestrians and intersections can be taken into consideration, which could
reduce delays of vehicles on pedestrian mid-block crossings and improve safety of crossing
streets.

Building a traditional artery or network coordination control models needs a
“distance-time” graph [6], which is an intuitive and effective tool for coordination control
studies. However, the author considers that it is not enough to use a “distance-time” graph.
Traffic flow movement graph, also known as “flow rate-time” graph of traffic flow on
sections, reflects the signal coordination relationship of pedestrian mid-block crossings and
intersections as well. This paper will build a signal coordination control system model
of pedestrian mid-block street crossings and intersections under different traffic control
circumstances and take four pedestrian mid-block street crossings as an example which
are on sections of the Taiping North Road in Nanjing for proving the feasibility of this
model.
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2.1. Building the “Distance-Time-Flow Rate” Graph

Not only the “distance-time” graph but also the traffic flow movement graph which is “flow
rate-time” graph of traffic flow on sections reflect the signal coordination relationship of
pedestrian mid-block crossings and intersections. The changes of the traffic flow can be
observed directly from the flow graph.

The “vehicle arrival rate-time” relational graph of the stop line sections is a basis to
determine all the traffic flow movement parameters (queue length, delay time, stop rate).
For this reason, the traffic model which the signal coordination between the pedestrian mid-
block street crossing and intersection relies on must be established on the basis of prediction
of “vehicle arrival rate-time” graph.

If we added “flow rate-time” graph which reflects the flow rate changing to “distance-
time” graph, and building the “distance-time-flow rate” graph of traffic flow movements, this
would help a lot in finding the reasonable vehicle passing bandwidth and coordinating the
initiate program. Besides, it also reflects system process parameters such as stop rate directly.

The steps to build a “distance-time-flow rate” graph (see Figure 1) between two
sections are as follows.

(1) Define principal vertical axis as distance (line out the relative positions of stop lines
on sections), auxiliary vertical axis as flow rate, and horizontal axis as time, and
build a graphic formula.

(2) Draw a traffic flow rate-time graph of an initial traffic flow which comes from
upstream sections.

(3) Take a predicted drive-in vehicle flow rate-time graph on downstream sections on
the basis of certain functional relations.

(4) Design the distribution program of signal timing.

(5) Set the starting point of pedestrian cycle signal on mid-block street crossings
according to the designed green time offset.

(6) Draw the signal phase diagram of pedestrian mid-block street crossings according
to the signal timing distribution design and green time offset vehicle.

From Figure 1, all the traffic flows that arrive on the stop line are determined by
a discharging law of upstream intersections. This means that if the functional relation
between vehicle drive-out flow rate and time is known, we can calculate the functional
relation between vehicle arrival rate and time on the stop lines. Speed discreteness should
be considered when calculating the vehicle arrival flow rate-time graph on the stop line of
pedestrian mid-block crossings, which is on the basis of drive-out rate graph of departing
vehicles from upstream intersections. This paper uses geometric distribution function-
Robertson [2] method to calculate vehicle arrival rate in a time interval:

q∂(i + t) = Fq0(i) + (1 − F)q∂(i + t − 1) (2.1)

(see [17]). Revise (2.1),

q∂
(
j
)
=

j−t∑

i=1

q0(i)F(1 − F)j−t−i, (2.2)
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Figure 1: Distance-time-flow rate graph between two sections.

where j = t+ i. q∂(i+ t)—predicted vehicle arrival rate on a downstream section at (i+ t) time
interval; q0(i)—vehicle passing rate on the upstream stop line section at i time interval; t—0.8
times of vehicle average travel time which is between two sections above, using the quantity
of time intervals as a unit; F—a factor which describes the extent of speed dispersion of traffic
flow in the movement process, which is called traffic flow coefficient of dispersion, given by
an empirical formula [18] as follows:

F =
1

1 + 0.35t
. (2.3)

For a more convenient calculation, we divide a signal cycle into several smaller time
periods. In these small time periods, it is supposed that the flow rate-time relation of vehicles
arriving at intersections is of uniform distribution, which means to maintain the same value
of flow rate which could be obtained by investigation. We can get a flow rate-time graph
according to an average flow rate in a smaller period of time. And this could determine the
vehicle flow rate which is from upstream intersections into road section of entry at the i time
interval.

2.2. Calculate the Coordination Control of Pedestrian
Mid-Block Street Crossing

To define the signal timing program of pedestrian mid-block street crossing needs to
determine several controlling parameters, which are signal cycle length and green time of
pedestrian mid-block crossings and phase offsets.

The cycle length and signal stages of pedestrian mid-block street crossings could be
determined by “flow-rate-time” graph and constraint conditions of limit value of waiting
time which pedestrian could tolerate. And these things above are confirmed by the predicted
traffic flow that arrives at pedestrian mid-block street crossings.
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For arterial roads and secondary arterial roads studied here, the road section traffic
flow is of high volume and the vehicle speed is fast. As a result, the waiting time that
pedestrian can tolerate is 50–60 seconds.

The flow rate of vehicles that enter the intersection is related to the phase design of an
intersection signal cycle, so the predicted flow rate-time graph that arrives at the pedestrian
mid-block street crossings is related with the phase of the upstream signal cycle. There are
three trickles of vehicles entering the intersection from upstream road section, which are
straight flow (S), right-entering right-turn flow (R), and left-entering left-turn flow (L). After
merged, they are divided into five groups. Group 1 is (RSL) that 3 trickles of traffic flow are
in the same phase, group 2 is (R/S/L) that 3 trickles of traffic flow are in different phases,
group 3 is (RS/L) that R and S are in the same phase, group 4 is (SL/R) that S and L are in
the same phase, and group 5 is (RL/S) that R and L are in the same phase.

When it is RSL, usually the signal cycle length of an intersection is short. As a result,
the intersection cycle could be the pedestrian signal cycle CP . So, there is a “unimodal” in
the vehicle traffic flow rate in a cycle, which concludes that the green time of pedestrian mid-
block street crossings gp can be set by using the gap that is formed by “red together time” of
the upstream signal. See Figure 2.

Under such circumstance, the pedestrian signal is the intersection signal cycle, and
the green time of pedestrian mid-block street crossing is a function of cycle length. Hence,
determining phase offset is necessary for the pedestrian signal distribution. We build a unary
linear programming model to solve the optimal phase offset which is in (2.4). The planning
intention is to make total delay of vehicles Dr in pedestrian green time minimum. The limit
value of waiting time which pedestrians could tolerate is 60 seconds:

minDr =
(OFS+CP )/n∑

j=(OFS+CP−gp)/n
nqj

(
OFS + CP − nj

)
, (2.4)

t − CP

2
≤ OFS ≤ CP

2
+ t,

gP = f
(
Cp

)
,

0 ≤ Cp − gp ≤ 60,

(2.5)

gp =
Qpmax

epr × d +
l

νp
=

(
ap + αab + βah

) × Cp

epr × d +
l

νp
= f

(
Cp

)
, (2.6)

(see [6]), where Dr—delay of vehicles when it is green time for pedestrians and red time for
vehicles (s); OFS—phase offset (s); CP—cycle length of pedestrians, equaling the cycle length
of intersections (s); gp—green time of pedestrians (s); j—time interval in the green time;
qj—predicted flow rate of vehicles passing through stop lines of pedestrian mid-block street
crossings which j corresponds with; n—length of time intervals (s); t—average travel time
which is from upstream intersections into stop lines of pedestrian mid-block street crossings
on road sections, calculated by the average travel speed of road sections (s); Qpmax—number
of traffic entities which is in a larger demand direction in a signal cycle, converted into units
of persons (person); ap, ab, ah—arrival rate of pedestrians, bicycles and help-move-vehicles
separately in the large demanding direction (number of the arrivings/s); α, β—separate
coefficient of conversion of bicycles, help-move-vehicles, and pedestrians (α = 5.6, β = 5.6);
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Figure 2: The establishment of first system optimal model on the basis of vehicle flow-time of crosswalk
(signal single cycle of pedestrian).
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Figure 3: The establishment of first system optimal model on the basis of vehicle flow-time of crosswalk
(signal double cycles of pedestrian).

epr—actual serving capacity of pedestrian mid-block crossings (person/green hour·m); d—
width of pedestrian mid-block crossings (m); l—length of pedestrian mid-block crossings,
(m); νp—average speed of the pedestrian mid-block street crossing, taking it as 1.2 here
(m/s); when it is R/S/L, the signal cycle is longer. There are “two humps” in a signal cycle.
Besides, there is no gap that is formed by “red together time,” see Figures 3 and 4. In this
circumstance, two departing opportunities can be given in one cycle for pedestrians. To set
two green time of pedestrian mid-block street crossings g1, g2, we can use the peak valley
between “two humps.” This means to divide a cycle into two subcycles CP1, CP2, the sum
of which equals the length of the intersection signal cycle. There is a pedestrian departing
opportunity separately in each subcycle, and the length of each can be different.

On this occasion, the controls parameters are phase offset, length of subcycles and
green time of the pedestrian signal. We could solve these parameters by solving a ternary
linear programming model. Build the model like (2.7). This model is as a purpose of
minimizing the vehicle delay Dr in the green time of pedestrians, and the constraint
conditions are that the length of the intersection signal cycle is the sum of subcycles, and
the sum of two waiting time of pedestrians is no more than the limit value (here is 60 s).
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Figure 4: The establishment of first system optimal model on the basis of vehicle flow-time of crosswalk
(signal double cycles of pedestrian).

There are three unknown variables and three constraint conditions:

minDr =
(OFS+CP1)/n∑

j1=(OFS+CP1−gp1)/n

nqj1 × t1 +
(OFS+CP )/n∑

j2=(OFS+CP−gp2)/n

nqj2 × t2, (2.7)

OFS + Cp1 − nj1 = t1,

OFS + Cp − nj2 = t2,

Cp1 + CP2 = CP ,

gP1 = f(CP1),

gP2 = f(CP2),

0 ≤ CP1 − gP1 ≤ 60,

0 ≤ CP2 − gP2 ≤ 60,

t − Cp

2
≤ OFS ≤ Cp

2
+ t,

(2.8)

where the meanings of Dr , OFS, CP , n, t are the same; CP1, CP2—subcycle length, dimidiate
subcycle length (s); gp1, gp2—green time of pedestrians in subcycles and dimidiate subcycles
(s), expressed by (2.6); j1, j2—time intervals in green time of subcycles and dimidiate
subcycles; qj1 , qj2 —predicted traffic flow rate of stop lines through pedestrian mid-block street
crossings which j1 of j2 matches along with; the situations of RS/L, SL/R, RL/S are similar
to R/S/L situation. Therefore, we can solve the controls parameters in the same way.

An initial solution should be given when solving the linear programming model.
By using an iteration procedure, we can calculate the length of subcycles of the pedestrian
signal and the green ratio under minimum vehicle delay. And then the length of the green
time is obtained in a subcycle. If the value of the initial solution is rational, which means
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the solution direction is correct, the computing time could be cut down. Usually the initial
variable quantities are assigned as follows:

OFS =
S1

νd
, Cp1 = Cp2 =

1
2
Cp, (2.9)

where S1—distance from road sections to stop lines of pedestrian mid-block crossings that
comes from upstream intersections (m); νd—design speed on sections, taking the average
speed value which has the highest frequency appearances; green flash time should also be set
for warning the green time of pedestrians is going to finish. Usually it is 3–5 seconds.

3. Output of the System Model

3.1. Total Delay of Vehicles D

In the objective function of the system, Dr is the delay of vehicles when it is the pedestrian
red light. But, in the beginning period of green time, the total delay of vehicles also contains
Ds which is caused by the subsequent arriving vehicles blocked in a discharging red time.
Ds is calculated by the delay time of vehicles [19] on the basis of the number of cumulative
arriving of vehicles and the departing rate in green time. As a result, the total delay of vehicles
is D = Dr +Ds.

If a cycle has two subcycles, calculating the total delays of subcycles, then the total
vehicles’ delays in a cycle are the sum of the total delays of subcycles.

3.2. Average Delay of Vehicles

The computing formula is

D =
D

Q
, (3.1)

where D—average delay of vehicles (s/pcu); D—total delay of vehicles (s); Q—number of
vehicles passing the stop lines in a cycle (pcu).

3.3. Stop Rate of Vehicles

In a cycle of vehicles driving on a section, stop rate of vehicles is a ratio of the number of
vehicles which stop on the stop lines of the pedestrian mid-block crossings and the number of
all vehicles passing the pedestrian crossing lines. The stopping rate of vehicles on a pedestrian
crossing is calculated as follows:

E =
the number of vehicles stopping in a cycle
the number of vehicles passing in a cycle

. (3.2)



10 Discrete Dynamics in Nature and Society

3.4. Total Delay of Pedestrians

Delay of a single person involves waiting time and the reaction time of crossing green light.
When calculating the total delays of pedestrian, we only calculate the sum of waiting time
of pedestrians as the total delay of pedestrians Dp. According to the formula that calculates
the crossing green time, we take the product [20] of the actual service ability and the width
of pedestrian mid-block crossings as the dissipation rate, which is eprd/3600. The computing
formula of unidirectional pedestrian crossing delay in a cycle is

DPi =
eprdai

(
CP − gp

)2

2
(
eprd − 3600ai

) , (3.3)

where DPi—delay of unidirectional pedestrian mid-block crossings (s) (i = 1, 2); ai—arrival
rate of unidirectional pedestrians (person/s) (i = 1, 2).

For a pedestrian crossing, the total delays of pedestrian mid-block crossings are the
sum of t bidirectional pedestrians, where DP = DP1 +DP2.

3.5. Average Delay of Pedestrians

After calculating the total delay of pedestrians, we know the quantity of arrival pedestrians
in a cycle. The average delay of pedestrians can be calculated by using the following formula:

Dp =
DP

QP
=

DP1 +DP2

CP (a1 + a2)
, (3.4)

ai—arrival rate of unidirectional pedestrians, (person/s), (i = 1, 2).
When there are several pedestrian mid-block crossings, the total delay of vehicles, the

average delay of vehicles, the stop rate of vehicles, and the total delay of pedestrians all take
the sum of delays of the pedestrian mid-block street crossings while the average delays of
pedestrians are the geometry average value of all the average delays of pedestrian mid-block
street crossings.

4. Example Study

4.1. Investigation and Analysis of Taiping North Road

4.1.1. The Actuality of the Road Layout

Taiping Road is a main road of Nanjing. The road layout diagram of Taiping Road (Zhujiang-
Beijing East Road) actuality is shown in Figure 5. This section has three T-shaped intersections
which include an actuated pedestrian mid-block street crossing, a pedestrian overpass, and
an uncontrolled pedestrian midblock street crossing.



Discrete Dynamics in Nature and Society 11

Southeast University

Pedestrian mid-block
street crossing mid-block street crossing

Hong Hua T-shaped
intersection A

Street crossing

Beijing East Road Xue Fu Road

Unsignalized control

Unsignalized control

T-shaped intersection

Zhujiang Road
Wen Deli bridge T-shapedPedestrian mid-block

Push-button pedestrian

intersection B

Figure 5: The road layout diagram of Taiping Road (Zhujiang-Beijing East Road) actuality.
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Figure 6: Distribution diagram of signal timing of Taiping North Road-Beijing East Road intersection.

4.1.2. Distribution of Signal Timing and Road Information

The timing signal controlled intersections on the section are Taiping North Road-Zhujiang
Road intersection, Taiping North Road-Beijing East Road intersection, T-shaped intersection
A, and T-shaped intersection B. The distribution sketch maps of signal timing are shown in
Figures 6, 7, 8, and 9.

4.1.3. Traffic Characteristics of Vehicle

(1) Vehicle Speed of Road Section

Through the investigation of vehicle speed of Taiping North Road section, the highest
frequency of the speed value group is 42.5 km/h.
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Figure 7: Distribution diagram of signal timing of T-shaped intersection A.
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Figure 8: Distribution diagram of signal timing of Taiping North Road-Zhujiang Road intersection.

(2) Vehicle Delay of Road Section

Vehicle delay of road section is mainly produced in T-shaped intersection A and B and the
actuated crosswalk C. The point investigation method is adopted to investigate vehicle delay
at the peak time from the south to the north on the three intersections.

From the investigation and analysis of the three delays on Taiping Road section in the
early peak time, the total delays of vehicles from south to north are 29673 s, the average delay
is 24.79 s/pcu, and the stop rates before the stop line separately are 0.375, 0.34, and 0.45.

4.1.4. Traffic Characteristics of Mid-Block Street Crossing

(1) Arrival Characteristics of Mid-Block Street Crossing

Through surveys, the average traffic arrival rates of actuated crosswalk C and T-shaped
junctions A and B are shown in Table 1.

(2) Traffic Speed of Mid-Block Street Crossing

Through investigation, the average mid-block street crossing speeds of pedestrians, bicycles
and scooters are 1.2 m/s, 2.33 m/s, and 2.1 m/s on the road section.
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Figure 9: Distribution diagram of signal timing of T-shaped intersection B.

Table 1: The average traffic arrival rates of C, A, and B (person/s).

Direction Crosswalk
Crosswalk C T-shaped junction A T-shaped junction B

From east to west 0.87 0.27 0.21
From west to east 0.12 0.18 0.20

(3) Traffic Delay of Mid-Block Street Crossing

Pedestrian delays of T-shaped junctions A, B, and C at the early peak time are calculated in
Table 2.

4.2. Unidirectional Signal Coordination Control between Pedestrian and
Intersection in Taiping North Road

A unidirectional signal coordination control between B, A, and C, three pedestrian mid-block
street crossings, and the Taiping Road-Zhujiang Road intersection is realized on the road
from south to north. First, B and upstream intersection are coordinated, then A and B are
coordinated, finally A and the actuated crosswalk C are coordinated.

4.2.1. Signal Coordination Control of Wen Deli Crosswalk B and the Pacific North
Road-Zhujiang Road

The signals of the upstream intersection into road section are merged in Figure 10.
Through investigation, the vehicle flow rate of the upstream intersection into road

section is shown in calculation graph of section vehicle flow rate-time, taking 5 s as a time
unit. The arrival flow rate-time graph of B stop line is acquired by (2.2).

The length of signal cycle of upstream intersection is 148 s, and pedestrian signal
adopts the same signal cycle of the upstream intersection. Because the signal cycle time is
too long, the signal of the pedestrian mid-block street crossing adopts dual cycle. From the
data in Table 2 and the relationship of entering flow rate and time on B stop line and through
the controls parameter optimization model formula (2.4) and (2.6), we can obtain that

OFS is 16 s, Cp1 is 73 s, Cp2 is 75 s, minDr is 102 s/ cycle . (4.1)

Then gp1 is 16 s and gp2 is 16 s. The 5 s at the end of two green lights is designed into
green flash time.

If saturation flow rate of cross-section is taken as 0.84 pcu/s, then the total vehicle
delay D is 263 pcu·s/cycle, that is 6397 pcu·s/h. The average delay of vehicles at B is D =
D/Q = 4.90, and stopping rate is 0.17.
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Table 2: Pedestrian actuality delays of B, A, and C.

B A C
From east to

west
From west

to east
From east to

west
From west

to east
From east to

west
From west

to east
Average delay
(s/person·period) 24.5 24.4 25.3 24.5 20.4 33.6

Total delay (s/period) 416 395 553 357 1154 262
The total delay per
hour of road section (s)

35600 40444 78425

North straight

West left

East right

Incorporative signal

45 s
2 s 32 s 32 s 37 s

17 s 3 s

3 s

3 s

Figure 10: The merged signal of the upstream intersection into road section.

By (3.3) and (3.4), we can get that the average delay is 24.09 s/person from east to west,
25.2 s/person from west to east, and the total average delay is 24.6 s/person. Pedestrian total
delay per hour of crosswalk B is 36413 s.

4.2.2. Signal Coordination Control between Hua Hongyuan Crosswalk A and Wen Deli
Crosswalk B

Through investigation, the exiting flow rates of B intersection are shown in calculation graph
of section vehicle flow rate-time. Take 5 s as a time unit. The entering flow rate-time graph
on A stop line is gained via (2.2). From the data in Table 3, the entrancing flow rate-time
relation of A stop line, and the controls parameter optimization model formula (2.6) and
(2.7) iteration, we can get that OFS is 21 s, Cp1 is 73 s, Cp2 is 75 s, and minDr is 8 s/cycle. Then
gp1 is 16 s and gp1 is 16 s. The 5 s at the end of two green lights is designed into green flash
time.

If saturation flow rate is taken as 0.75 pcu/s, then the total vehicle delay D is 277 pcu·
s/cycle, that is 6757 pcu·s/h. The average delay of vehicles at A is D = D/Q = 5.17 s/pcu and
stop rate is 0.17.

By (3.3) and (3.4), we can get that the average delay is 24.7 s/person from east to west,
24.0 s/person from west to east, and the total average delay is 24.3 s/person. Pedestrian total
delay per hour of crosswalk A is 39624 s.

4.2.3. Signal Coordination Control Design of Southeast University Actuated Crosswalk C
and Hong Huayuan Crosswalk A

Through investigation, the exiting flow rates of A intersection are shown in calculation graph
of section vehicle flow rate-time. Take 5 s as a time unit. The entering flow rate-time graph of
C stop line is gained via (2.2). From the data in Table 3, the entering flow rate-time relation of
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Table 3: Traffic characteristic of B, A, and C intersections.

Crossing Parameter
l (m) d (m) vp (m/s) Average arrival rate (person/s)

B 18.6 6.5 1.2 0.21
A 18.6 5.6 1.2 0.27
C 18.6 5.6 1.2 0.87
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Figure 11: A comparison figure of vehicle delays from south to north of road actuality and scheme.

C stop line, and the controls parameter optimization model formula (2.6) and (2.7) iteration,
we can get that OFS is 35 s, Cp1 is 73 s, Cp2 is 75 s, and minDr is 24 s/cycle. Then tc1 is 16 s and
tc2 is 16 s. The 5 s at the end of two green lights is designed into green flash time.

Through the delay calculating method of actuated signal vehicles and taking
saturation flow rate as 0.75 pcu/s, the total vehicle delay D is 322 pcu·s/cycle, that is
7842 pcu·s/h. The average delay of vehicles at C is D = D/Q = 5.17 s/pcu and stopping
rate is 0.15.
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Figure 12: A comparison figure of pedestrian delays of road actuality and scheme.
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By (3.3) and (3.4), we can get that the average delay is 30.9 s/person from east to west,
23.5 s/person from west to east, and the total average delay is 27.2 s/person. Pedestrian total
delay per hour of crosswalk C is 107027 s.

4.2.4. Scheme Evaluation

According to the results of traffic actuality surveys and scheme output, a comparison table
of vehicle delays and pedestrian delays from south to north of road actuality and scheme is
gained and shown in Figures 11 and 12.

From Figures 11 and 12, it can be seen that vehicles’ time benefits evaluation indexes
which are vehicle delay and average delay of three crosswalks significantly decrease. And
pedestrian mid-block street crossing time benefits evaluation indexes which are the average
delay and total delay also decrease obviously after the scheme implemented. Time benefits of
the scheme are obviously better than the current situation of signal scheme.

The time-efficient evaluation results of the vehicle from south to north are acquired
only considering the vehicle unidirectional (from south to north) delay decreases. And the
time-efficient evaluation of vehicles from north to south can also be acquired by the same
method.

5. Conclusion

To coordinate the signal control between pedestrian mid-block street crossings and
intersections, this paper proposes to use “distance-flow rate-time” graph as a tool to establish
the system coordination model. The model for calculating delays of vehicles and passengers
is established by using the method of coordinating the signal control between pedestrian
mid-block street crossings and intersections.

Finally, taking one section on the Taiping North Road in Nanjing as an example,
this paper carries out the coordination control of two timing-type crosswalks, a push-
button (actuated) crosswalk, and the upstream intersection signal of Taiping Road and
Zhujiang Road from south to north. Using the most optimal control plan, the system running
parameters that are vehicles’ delays, stop rate, and passengers’ delays are obtained from the
model. And though compared to current vehicles’ delays at intersections from north to south,
we conclude that the coordination control plan this paper proposes is effective.
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A synergy evolutionary model of the collecting, distributing, and transporting system of railway
heavy haul transportation is built by introducing synergy-related concepts and applying synergy
evolutionary theory. Then spline interpolation method, numerical differential five-point formula,
and method of least squares are used to solve synergistic coefficient, while fourth-order Rugge-
kutta method and fourth-order Adams linear implicit formula method are used to solve
coevolutionary curve of the system. Finally, the heavy load transportation of Daqin Railway is an
example of the empirical analysis. The research result shows that the degree of order of the system
and its three subsystems—collecting, transporting, and distributing—increases as the synergetic
coefficient of the subsystems increases; otherwise, the degree of the order will decrease. It also
shows that this model can better analyze the coevolutionary process of the heavy load collecting,
distributing, and transporting system of Daqin Railway, with its rationality and applicability
verified.

1. Introduction

The collecting, distributing, and transporting system has served as a platform or bond
to connect multiple means of transportation. It is critical to organize integrated trans-
portation whose rapid and efficient implement requires orderly synergy between its
three subsystems—collecting, transporting, and distributing. Studying the coevolutionary
development of collecting, distributing, and transporting system helps to detect weaknesses
and take corresponding measures to improve the orderly synergy of the entire system; it also
helps to reveal laws concerning its evolution, making it more orderly and efficient.

Theory research of the coevolutionary development has hardly been done from the
system point of view. Collaborative development in the field of transportation is mostly
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about the synergy between the various modes of transportation. Studies are mainly focused
on the measures of collaborative development, while few studies have been done to reveal
the evolution law. Hook and Replogle [1], by taking the example of China, Japan and India,
studied the street space to configure and use from the aspect of motorization influencing
public policy. Adler et al. [2] explored the use of cooperative, distributed multiagent system
to improve dynamic routing and traffic management. Hackney and Marchal [3] considered
the influence of traveler transportation options which have optional range, mode and
orientation preference, coordination degree, and alternative tools and can mobilize resources
and other factors, using the simulation tool, the study of travelers’ self-organization of
transferring routing behaviors. Jeong et al. [4] discussed service chain which exists in
relatively centralized flow, and the radial network hub has been widely applied in European
freight railroad system, which provided reference to China’s bulk cargo fast collection and
distribution network. Konings [5] studied the integrated center with multimodal transport,
storage, integrated with cargo transport and distribution, and offering good reference for
railway transportation system. Fenling and Dan [6] constructed a cellular automata model
for Daqin Railway in China by combining the rail transit system and cellular automata mode
based on the four-aspect fixed block system, and Fenling and Feiran [7] set the incentive
goal for cargo distribution and transportation system and further built an incentive model
for the cargo distribution and transportation system that involves one principal and multiple
agents. Jun et al. [8] used the data envelopment analysis model to evaluate the synergetic
development of city tease based on the input-output matrix and the index of sustainable
development, providing an approach of evaluating the validity degree of “synergic” and
“development” within the city traffic system and among subsystems. Yan and Bei-Hua [9]
analyzed the structure and synergetic character of MMTS with systematic science method
and constructs the synergy equation for MMTS.

The coevolutionary development of collecting, distributing, and transporting subsys-
tems has mainly been strengthened in practice by taking certain measures. Huaihai [10]
used a three-dimensional modeling technology to analyze the system static structure, control
element, and function simulation of the collecting and distributing system. Considering
the system demand and the function of coupling system, he proposed a coupling system
functional structure optimization method. Then he summarized transfer modes and spatial
distribution modes among collecting and distributing subsystems in the passenger transport
hub.

The coevolution has been widely used in the resource, environment, economic, and
ecological systems. Norgaard [11] described the relationship between the economy and
the environment. Coevolution theory is the combination of ecology and complex scientific
synergy. Coevolution is not only the “synergy,” but also the “evolution.” It is the evolution
relationship of various mutual influenced factors. Costanza et al. [12] argued that the system
dynamics for the study of natural and man-made system relationship has important sense,
and a broad interdisciplinary system concept has been applied to a series of technology.
Holling [13] studied economic, environmental, and social relations. Aihua et al. [14] analyzed
the interaction among subsystems and factors of water resources, social economy, and
ecoenvironment and studied the evolving mechanism, mode, order parameter, controlling
parameter, and synergetic frame of the water resources—social economy-eco environment.
Yuming and Yan [15] analyzed the space-time distribution of the coordination degrees in
China’s 31 provinces in 1995, 2000, and 2005 empirically based on 18 indicators of economic
subsystem and environmental subsystem and through employing models of coordination
degrees of economic growth and environment and method of weighted entropy value.
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Shangyou et al. [16] expounded the water resources ecological economic complex system,
which is the objective reality of the practical and theoretical evolutionary processes of water
resources planning and management based on positive methodology and system theoretical
analysis. Xiangdong et al. [17] used the synergetics theory as a foundation to establish the
multiplexed system’s degree of order models and the multiplexed system’s coordination
evolution model through the system analysis of water resources restraint. Qingsong and
Wenxiu [18] constructed a kind of practical calculation of composite system coordination
degree model based on synergetics. Bak and Chen [19] described the concept of self-
organization and its characteristic. Bobrek and Sokovic [20] discussed the management of
modern enterprises for the implementation of total quality management and the synergistic
effect of the general system theory.

This paper will mainly discuss degree of order, using synergy evolutionary theory to
analyze the developing process of coevolution of the collecting, distributing, and transporting
system and reveal the synergy evolutionary laws between all subsystems and laws of the
entire system.

2. Synergy Evolutionary Model of the Collecting, Distributing, and
Transporting System of Railway Heavy Haul Transportation

Synergy evolutionary model of the collecting, distributing, and transporting system of heavy
haul transportation mainly builds its synergetic development model on the basis of the
degree of order of its three subsystems.

2.1. Analysis on the Degree of Order of the Collecting, Distributing, and
Transporting System of Railway Heavy Haul Transportation

Synergetics holds that synergy refers to the mutual coordination and synchronization
between components in the developing process of the system, the degree of which is also
called degree of order, and the synergetic effect determines the evolutionary trends and
approaches of the system when it moves from disorder to order.

Assume that ni(t) (i = 1, 2, 3) refers to the degree of order of collecting subsystem,
transporting subsystem, and distributing subsystem at the time of t, respectively, and all the
parameters in the developing process of the subsystems are xi = (xi1, xi2, . . . , xim), where
m ≥ 1, βij ≤ xij ≤ αij , j ∈ [1, m]. Here, αij , βij refer to the upper bound and lower bound
of parameter xij obtained from the stability critical point of the system. Without loss of
generality, assume the greater the value of xis+1, xis+2, . . . , xim, the lower the degree of order of
the subsystems ni, otherwise the higher the degree of order of the subsystems, ni. A common
method used to solve the degree of order of subsystem parameters is

ni
(
xij
)
=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

xij − βij
αij − βij j ∈ [1, s]

αij − xij
αij − βij j ∈ [s + 1, m]

i = 1, 2, 3, (2.1)

where both the maximum value and minimum value of the parameters are transformed into 1
and 0, or 0 and 1 in the solution process when some parameters have wide range of variation
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and some narrow range of variation. In such case, the relative role of parameters with narrow
range of variation is exaggerated in the calculation of synergetic degree. Therefore, this paper
adopts the following formula to solve the parameter’s degree of order:

ni
(
xij
)
=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

xij

2αij − βij j ∈ [1, s]

1 − xij

2αij − βij j ∈ [s + 1, m]
i = 1, 2, 3. (2.2)

From formula (2.2) we know that ni(xij) ∈ [0, 1], which is the degree of order of
parameter xi. The total contribution of parameter xi to the degree of order of the subsystems
can be realized through the integration of ni(xij). The overall performance of subsystems
depends not only on the numerical value of all parameters but also on their combining forms,
for the forms directly determine the law of “integration.” In practice, we often use geometric
average method and linear weighted summation method to solve the degree of order of the
subsystems. Thus we can obtain ni:

ni = m

√√√√
m∏

j=1

ni
(
xij
)

or nj =
m∑

j=1

ωjni
(
xij
) m∑

j=1

ωj = 1, (2.3)

where λj is the weight of the jth component of parameter xi. From formula (2.3) we know
that the degree of order ni ∈ [0, 1].

2.2. Synergy Evolutionary Model of the Collecting, Distributing, and
Transporting System of Railway Heavy Haul Transportation

In order to show the mutual synergetic effect between all the subsystems, synergistic
coefficient σid (i /=d, i, d = 1, 2, 3) is introduced to represent the synergetic effect imposed
by subsystem i on the degree of order of subsystem d. That is to say, the increase in the
degree of order of subsystem i will push a lift in the degree of order of subsystem d, with
0 < σid ≤ 1; parameter ξi represents the combined effect imposed by the other two subsystems
on subsystem i. In another word, it refers to the lift in the degree of order of subsystem i
brought about by the increase in the orderly synergetic degree of the other two subsystems,
with 0 < ξi ≤ 1. Thus we can obtain the synergy evolutionary equation of each subsystem:

dn1

dt
= n1

(
δ1 − λ1n1 + σ21n2 + σ31n3 + ξ1

min(n2, n3)
max(n2, n3)

)
,

dn2

dt
= n2

(
δ2 − λ2n2 + σ12n1 + σ32n3 + ξ2

min(n1, n3)
max(n1, n3)

)
,

dn3

dt
= n3

(
δ3 − λ3n3 + σ13n1 + σ23n2 + ξ3

min(n1, n2)
max(n1, n2)

)
,

(2.4)

where δi (i = 1, 2, 3) is freely development coefficient (free from the influence of other
subsystems and constrained by factors like its own environment), which represents
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the development degree of degree of order of the three subsystems in the condition that
they are free from the influence of other subsystems and only constrained by factors like
its own environment, with 0 < δi ≤ 1. With increase in the degree of order of the
subsystems and restriction imposed by external resources, it will be more difficult for it to lift.
Therefore, parameter λi refers to retardation in the degree of order inflicted by the subsystems
themselves, with 0 < λi ≤ 1; min(ni, nj)/max(ni, nj) refers to the synergetic degree between
two subsystems.

The degree of order of the collecting, distributing, and transporting system of heavy
haul transportation will be affected by that of its three subsystems. Set that the degree of
order of all subsystem parameters is nk−1

i , i = 1, 2, 3 at a given time tk−1. In terms of time tk
which is in the developing and evolving process of the entire system, if the degree of order of
all subsystem parameters is nk−1

i , i = 1, 2, 3, the synergy evolutionary equation of synergetic
degree of the system, N, will be

dN

dt
= θ 3

√√√√
∣∣∣∣∣

3∏

i=1

[
nki − nk−1

i

]∣∣∣∣∣,
(2.5)

where

θ =
mini

[
nki − nk−1

i

]

∣∣∣mini
[
nki − nk−1

i

]∣∣∣ + ε
(ε −→ 0+), i = 1, 2, 3, (2.6)

where mini[nki − nk−1
i ] may be 0. Therefore, an infinitesimal, ε, which is greater than 0, is

added to denominator to make it unequal to 0. The role of parameter θ is to make sure that
synergetic degree of the system will be positive if and only if nki − nk−1

i > 0, for all i ∈ [1, 3].
According to the analysis above, the synergy evolutionary model of the collecting,

distributing, and transporting system of heavy haul transportation can be,

ni
(
xij
)
=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

xij

2αij − βij , j ∈ [1, s]

1 − xij

2αij − βij , j ∈ [s + 1, m]
i = 1, 2, 3,

ni =
m∑

j=1

ωjni
(
xij
)
, ωj ≥ 0,

m∑

j=1

ωj = 1, i = 1, 2, 3,

dn1

n1dt
= δ1 − λ1n1 + σ21n2 + σ31n3 + ξ1

min(n2, n3)
max(n2, n3)

,

dn2

n2dt
= δ2 − λ2n2 + σ12n1 + σ32n3 + ξ2

min(n1, n3)
max(n1, n3)

,
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dn3

n3dt
= δ3 − λ3n3 + σ13n1 + σ23n2 + ξ3

min(n1, n2)
max(n1, n2)

,

0 < σid ≤ 1, 0 < ξi ≤ 1, i, d = 1, 2, 3, i /=d, 0 < δi ≤ 1, 0 < λi ≤ 1,

dN

dt
= θ 3

√√√√
∣∣∣∣∣

3∏

i=1

[
nki − nk−1

i

]∣∣∣∣∣,

θ =
mini

[
nki − nk−1

i

]

∣∣∣mini
[
nki − nk−1

i

]∣∣∣ + ε
, i = 1, 2, 3, ε −→ 0+.

(2.7)

3. Solution to the Synergy Evolutionary Model of
Collecting, Distributing, and Transporting System of Railway Heavy
Haul Transportation

3.1. Determining the Weight of Each Subsystem Parameter ωi
j

In the evolving and developing process of the railway freight system, the influence imposed
by different parameters on the system is different. So we need to determine the weights of all
parameters.

(1) Standardization

Since the measurement unit of each parameter is different, it will lead to great difference
in the measured value of each parameter. So standardization of the original data should be
carried out in the first place to make all parameters dimensionless.

Assume that yitj refers to the data of the jth parameter in the ith subsystem in the tth

year (i = 1, 2, 3, t = 1, 2, . . . , k, j = 1, 2, . . . , m). Set yij to be the sample average of the jth
parameter in the ith subsystem, then

yij =
1
k

k∑

t=1

yitj . (3.1)

Set Ri
j to be the sample variance of the jth parameter in the ith subsystem, then

Sij =

[
1

k − 1

k∑

t=1

(
yitj − yij

)2
]1/2

, (3.2)

thus the standardized data is

Y i
tj =

yitj − yij
Sij

. (3.3)
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(2) Determining the Correlation of Coefficient between All Parameters

Correlation of coefficient reflects the degree to which all parameters affect each other. The
greater the absolute value of the correlation of coefficient, the higher the degree that indicators
affect each other, otherwise the lower the degree that indicators affect each other. The higher
the total degree of correlation between a parameter and others, the greater the influence it
imposes on other parameters. So we should give it a relatively great weight; otherwise, a
relatively small weight will be given. Set rik1k2

to be the correlation of coefficient between
the k1th and k2th parameters in the ith subsystem, and then the coefficient matrix of each
parameter in the ith subsystem is Ri

Ri =

∣∣∣∣∣∣∣∣∣∣

ri11 ri12 . . . ri1m

ri21 ri12 . . . ri2m

. . . . . . . . . . . .
rim1 rim2 . . . rimm

∣∣∣∣∣∣∣∣∣∣

, (3.4)

where

rik1k2
=

∑m
j=1

(
Y i
jk1
− Y i

jk1

)(
Y i
jk2
− Y i

jk2

)

√
∑m

j=1

(
Y i
jk1
− Y i

jk1

)2
√
∑m

j=1

(
Y i
jk2
− Y i

jk2

)2
=

∑m
j=1 Y

i
jk1
Y i
jk2√

∑m
j=1

(
Y i
jk1

)2
√
∑m

j=1

(
Y i
jk2

)2
, (3.5)

when k1 = k2, ri
k1k2

= 1.

(3) Determining the Weight of Parameters

Set

Wi
k2

=
m∑

k1=1

∣∣∣rik1k2

∣∣∣ − 1, (3.6)

then Wi
k2

refers to the total degree of influence imposed by the k2th parameter in the ith
subsystem on the rest parameters. Those rest parameters are m− 1 in total. If Wi

k2
is relatively

great, it indicates that the degree of influence imposed by the k2th parameter in the ith
subsystem on the rest parameters is relatively great and we should give it a relatively great
weight; otherwise, a relatively small weight will be given. Therefore, we can obtain the weight
of parameter k2 by normalizing Wi

k2
:

ωi
k2

=
Wi

k2∑m
k2=1 W

i
k2

. (3.7)
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3.2. Determining Natural Growth Rate δi

The common method used to solve natural growth rate is first, solve the growth rate over
the previous years and then use average growth rate to approximate the natural growth rate.
But in the case that historical data are relative few, this method will fail to reflect the growth
trends in a desirable way. Since the integration of collecting, distributing, and transporting
system of heavy haul transportation in our country has started relatively late, our historical
data are relatively few and the average growth rate of degree of order falls short to reflect
its developing trends in a desirable way. Thus, this paper improves the average growth rate
method and adopts the five-point numerical differential formula to solve the natural growth
rate. First, we should deal with the original data by dividing a year’s time into ten equal parts
and using cubic spline interpolation (short for spline interpolation) to expand the data. Take
the time step as h = 0.1 year. Assume that the value at the initial point is x0, then the value of
the lth point, xl, can be expressed as

xl = x0 + lh. (3.8)

Next, we should use the numerical differential five-point formula to calculate the
derivative of every point (including the original point and differentiation point). Thus we
can obtain the general derivative formula of every point:

f ′(x0) =
−25f(x0) + 48f(x1) − 36f(x2) + 16f(x3) − 3f(x4)

12h
,

f ′(x1) =
−3f(x0) − 10f(x1) + 18f(x2) − 6f(x3) + f(x4)

12h
,

f ′(xl) =
f(xl−2) − 8f(xl−1) + 8f(xl+1) − f(xl+2)

12h
, l = 3, 4, . . . , n − 2,

f ′
(
xp−1
)
=
−f(xp−4

)
+ 6f

(
xp−3
) − 18f

(
xp−2
)
+ 10f

(
xp−1
)
+ 3f

(
xp
)

12h
,

f ′
(
xp
)
=

3f
(
xp−4
) − 16f

(
xp−3
)
+ 36f

(
xp−2
) − 48f

(
xp−1
)
+ 25f

(
xp
)

12h
.

(3.9)

f(xl) refers to the cubic spline interpolation of xi, f ′(xl) the derivative of xl, and p the number
of points after data expansion. The precision of numerical differential five-point formula is
O(h5), so in the collecting, distributing, and transporting subsystem we can obtain

dnil
nildt

=
dnil/dt

nil
=
f ′(nil)
nil

, i = 1, 2, 3, (3.10)

where n1l, n2l, n3l are the points of degree of order over the previous years in the collecting,
transporting and distributing subsystems obtained after using cubic spine interpolation, and
formula (3.10) is used to calculate the growth rate of every point to solve the average growth
rate and the natural growth rate of the three subsystems.
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3.3. Solutions of the Self-Retardation Coefficients λi of Each Subsystem and
the Synergistic Coefficients σid between These Subsystems

From formula (2.4) and formula (3.10), it comes to the following result:

f ′(n1l)
n1l

= δ1 − λ1n1l + σ21n2l + σ31n3l + ξ1
min(n2l, n3l)
max(n2l, n3l)

,

f ′(n2l)
n2l

= δ2 − λ2n2l + σ12n1l + σ32n3l + ξ2
min(n1l, n3l)
max(n1l, n3l)

,

f ′(n3l)
n3l

= δ3 − λ3n3l + σ13n1l + σ23n2l + ξ3
min(n1l, n2l)
max(n1l, n2l)

.

(3.11)

The left end of formula (3.11) is determined by formula (3.9). To solve the result, this
paper applies the Method of Least Squares, which works out the parameter by finding the
sum of squared errors between the minimized desired data and the real data. Therefore,
formula (3.11) should firstly be transformed into the following formula:

S1 =
p∑

l=0

[
f ′(n1l)
n1l

−
(
δ1 − λ1n1l + σ21n2l + σ31n3l + ξ1

min(n2l, n3l)
max(n2l, n3l)

)]2

,

S2 =
p∑

l=0

[
f ′(n2l)
n2l

−
(
δ2 − λ2n2l + σ12n1l + σ32n3l + ξ2

min(n1l, n3l)
max(n1l, n3l)

)]2

,

S3 =
p∑

i=0

[
f ′(n3l)
n3l

−
(
δ3 − λ3n3l + σ13n1l + σ23n2l + ξ3

min(n1l, n2l)
max(n1l, n2l)

)]2

,

(3.12)

where Si (i = 1, 2, 3) denotes the sum of squared errors of the No. i subsystem at p
interpolating point.

Then, according to the Method of Least Squares, formula (3.12) should be transformed
as follows:

min S(δ1, δ2, δ3, λ1, λ2, λ3, σ21, σ31, σ12, σ32, σ13, σ23, ξ1, ξ2, ξ3) =
3∑
i=1
Si

s.t.

0 < δi ≤ 1
0 < λi ≤ 1
0 < σid ≤ 1
0 < ξi ≤ 1
i = 1, 2, 3 d = 1, 2, 3 i /=d.

(3.13)

By solving formula (3.13) through nonlinear optimization function fmincon of
MATLAB, the synergistic coefficients of each subsystem can be figured out.
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3.4. Solutions of Synergy Evolution Equations: Collecting, Distributing,
and Transporting System of Railway Heavy Haul Transportation
and Its Subsystems

By plugging the synergistic coefficients of each subsystem into formula (2.4) and then solving
it with Rugge-kutta method, the synergy evolution curves of each subsystem’s ordering
degree can be worked out.

By putting the results of formula (2.4) into formula (2.5), the rate of change of the
synergistic degree of order can be worked out. Rugge-kutta method is applied to solve an
equation whose variable is related to time, that is, the variable’s derivative of time is a
function of the variable and time. Since the synergy evolution equation of each subsystem
is related to a function about degree of order and time, Rugge-kutta method can be applied
to solve it. However, the synergy evolution equation of the collecting, distributing, and
transporting system of heavy haul transportation is the rate of change of the annually
synergistic degree of order, which is a concrete number, so Rugge-kutta method cannot be
applied. Instead, this paper applies fourth-order Adams linear implicit formula method to
work out the result. The formula is as follows:

yj+1 = yj +
h

24
(
9fj+1 + 19fj − 5fj−1 + fj−2

)
. (3.14)

The truncation error of the fourth-order Adams linear implicit formula is

Rn+1 = − 19
720

h5y
(5)
n +O

(
h6
)
, (3.15)

where

(i) yj is the No. j year’s synergistic degree of order of the collecting, distributing, and
transporting system of heavy haul transportation,

(ii) fj is the No. j year’s rate of change of the synergistic ordering degree of the
collecting, distributing, and transporting system of heavy haul transportation,

(iii) h is the time step, here referring to one year.

4. Empirical Analysis

4.1. Overview of the Collecting, Distributing, and Transporting System of
Daqin (Datong to Qin Huangdao) Railway Heavy Haul Transportation

Daqin Railway heavy load transportation involves more than 100 coal mining enterprises, 4
nationwide big power grids, 10 big steel companies, more than 6000 industrial and mining
enterprises which are coal-consuming, and 3 coal ports. From the logistics perspective, the
processes of production, transportation, and marketing can be taken into a comprehensive
consideration. Therefore, Daqin heavy load transportation system is consisted of three
subsystems—collecting system, distributing system, and Daqin Railway. It is a large
equipment-interconnected, production-linked integrated system. Its subsystems and itself
have very obvious characteristics.
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By the optimization and integration of the supply of goods, most of the coal resources
from the three regions of Shaanxi province, Shanxi province, and the west of Inner Mongolia
are transported through Daqin Railway. The wagon flow of Daqin line consists of two
parts, namely, the one from the attracting area and the one from collecting and transporting
line. At the loading spot along Daqin Railway attracting area, there are 20,000-ton freight
train, 10,000-ton freight train, and ordinary freight train. Achieving point-to-point scheduled
transporting organization, the 20,000-ton and 10,000-ton freight trains directly run through
Hudong Station, alleviating the organizing pressure of Hudong Station. Ordinary freight
trains are combined into 10,000-ton freight train at technical station; 10,000-ton freight trains
of Dazhun line (Datong to Zhun Ger) and Dabao line (Datong to Baotou) are organized into
20.000-ton freight train at Hudong Station.

(1) The Collecting System of Daqin Railway

The collecting system of Daqin Railway is mainly composed of 19 coal enterprises, 100
loading spots, several collecting lines such as Beitongpu line (Datong to Taiyuan), Dazhun
line, Dabao line, Yungang line (Datong to the mining area of Gaoshan county), Kouquan line
(Datong to the mining area of Kouquan county), and many kinds of fixed equipments and
locomotive equipments.

The wagon flow north-running through Daxin Station along Beitongpu line is
organized into 10,000-ton freight train at Daxin Station, and 10,000-ton freight trains
organized at the loading spot go directly through Daxin Station. Along Daxin-Hanjialing
line, Bazhuang Station, Huairen Station, Jinshatan Station, and Beizhuozhuang Station are
capable of handling 20,000-ton freight trains, while the rest of the stations can handle 10,000-
ton freight trains. The wagon flow of Yungang branch, the hub of Datong, can be organized
into 20,000-ton train, so is the wagon flow of Hanjialing Station. The wagon flow of Kouquan
branch can be organized into 10,000-ton train. Dabao line and Dazhun line are capable of
10,000-ton freight train, which will be made into 20,000-ton freight train at Hudong Station.
Wagon flows from Yangyuan Station and Zhulu Station are also 10,000-ton freight train.

(2) The Distributing System of Daqin Railway

The distributing system of Daqin Railway mainly consists of three parts, including coal-
consuming companies, such as 5 nationwide power grids, 10 steel companies, more than
6000 industrial and mining enterprises, Panshan Power Plant, Zunhua Power Plant, 3 coal
ports of Qinhuangdao Port, Tianjin Port, Tangshan Port and 2 distributing lines of Jigang line
and Qiancao line.

The trains arriving at Niucunnan II, Caofeidian Port, and Jingtang Port are all 20,000-
ton freight trains. According to the request of unloading equipment, the 20,000-ton freight
train can be unloaded after being divided into two 10,000-ton freight trains or be directly
unloaded. The wagon flow running to Qinhuangdao Dong Station is 10,000-ton freight train.
After arriving at Xizhangzhuang Station (Houying Station), it will be divided into 5,000-ton
freight train. 10,000-ton freight trains running through Zuipingshan Station and Zunhuabei
Station will be divided into 5,000-ton train and then sent to power plant. The 10,000-ton
freight train to Tianjin Port will be divided into 5,000-ton freight train at Jixianxi Station
and then sent to the port. The 10,000-ton freight trains to Jingqin line and Beijing will be
divided into 5,000-ton freight train at Dashizhuang Station and Chawu Station and then go
on running.
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Table 1: The previous data of the collecting, distributing, and transporting system.
Ye

ar

Collecting system Transporting system Distributing system

M
ar

ke
ts

ha
re

of
D

aq
in

R
ai

lw
ay

’s
co

al
tr

an
sp

or
ta

ti
on

(%
)

L
oa

d
in

g
sp

ot
s

10
,0

00
-t

on
lo

ad
in

g
sp

ot
s

20
,0

00
-t

on
lo

ad
in

g
sp

ot
s

10
,0

00
-t

on
fr

ei
gh

tt
ra

in
pe

r
d

ay

20
,0

00
-t

on
fr

ei
gh

tt
ra

in
pe

r
d

ay

Tr
ai

n
d

en
si

ty

D
ai

ly
av

er
ag

e
vo

lu
m

e
(m

ill
io

n
to

n)

M
ax

.d
ai

ly
vo

lu
m

e
(m

ill
io

n
to

n)

U
nl

oa
d

in
g

sp
ot

s

U
se

ra
ti

o
of

po
rt
(%

)

U
se

ra
ti

o
of

un
lo

ad
in

g
st

at
io

n
(%

)

2006 92.10 91 34 11 69.4 6.4 72 69.5 79.1 3 78.70 48.87
2007 90.20 116 42 11 60.1 22.4 83.2 83.23 99.87 4 82.23 49.68
2008 90.10 118 42 12 55.6 29.8 85.8 93.2 105 4 94.07 60.35
2009 90.20 129 43 14 40.9 36.5 90 90.5 111.35 5 83.43 48.81
2010 90.67 147 44 16 34.8 48.7 88.3 110.97 122.03 5 97.96 70.21
2011 90.98 147 44 16 35.5 59.6 97 120.6 129.9 5 114.49 82.48

4.2. Synergy Evolutionary Analysis of the Collecting, Distributing, and
Transporting System of Daqin Railway Heavy Haul Transportation

From the beginning of 2006, the rail volume of Daqin Railway has basically kept a 50 million
annual growth and reached 440 million in 2011. Therefore, this paper tries to analyze the
synergy evolution process and tendency of the collecting, distributing, and transporting
system of Daqin Railway heavy haul transportation by applying the data starting from 2006.

4.2.1. Determining the Weight of Each Parameter

This paper selects the main parameters of the three subsystems, respectively, and the
parameters can be seen in Table 1. By plugging the data of each subsystem’s parameters into
(3.1)–(3.7), the weight of each subsystem’s parameter can be worked out, as can be seen in
Table 2.

4.2.2. Determining the Degree of Order of Each Subsystem

By plugging the data of Table 1 in (2.2), the degree of order for each subsystem can be worked
out, as seen in Table 3 and Figure 1.
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Table 2: Weight of each subsystem’s parameters.
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0.1728 0.2955 0.3081 0.2236 0.1956 0.2052 0.1956 0.1984 0.2052 0.2925 0.3396 0.3679

Table 3: The degree of order of each subsystem.

Year Collecting
subsystem

Transporting
subsystem

Distributing
subsystem

2006 0.6127 0.4277 0.4761

2007 0.6913 0.4967 0.5593

2008 0.7046 0.5233 0.5987

2009 0.7478 0.5186 0.6347

2010 0.8019 0.5624 0.6831

2011 0.8025 0.6176 0.7381

From Table 2 and Figure 1, we can see the overall degree of order of the three
subsystems presenting a rising trend. Collecting system has the highest degree of order
due to its fine integration of goods, and, with the construction of strategic loading spots,
its efficiency will be much higher. But influenced by Hudong Station, its degree of order
in 2011 changed a little. The degree of order of the distributing system ranks the second
place because of its stable flow direction of goods and its increasing distributing capability.
Consequently, its degree of order presents a relatively stable increase. The degree of order of
transporting system stands the last place. Though the innovation of transporting organization
has improved the volume of carriage, transporting system remains as the bottleneck for the
synergistic development of the collecting, distributing, and transporting system of Daqin
Railway heavy haul transportation.
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Figure 1: The change of degree of order of each subsystem.

4.2.3. Determining the Natural Growth Rate of Each Subsystem

By plugging the degree of order of the three subsystems into formulas (3.8)–(3.10), and
applying to cubic spline interpolation and numerical differential five-point formula method,
the natural growth rate of each subsystem can be figured out, respectively, as

δ1 = 0.0548, δ2 = 0.0746, δ3 = 0.0892. (4.1)

The biggest natural growth rate belongs to distributing subsystem, which means that
this subsystem enjoys the fastest development when only restricted by its own environment.
Transporting subsystem develops relatively slower and collecting subsystem the slowest.

4.2.4. Solving the Self-Retardation Coefficients of all Subsystems and the Synergistic
Coefficients between Them

By plugging the already solved natural rate of growth and the degree of order into formula
(3.13), the self-retardation coefficients λi and the synergistic coefficients σij and ξi can be
worked out.

In collecting subsystem, λ1 = 0.4401, σ21 = 0.0112, σ31 = 0.0121, and ξ1 = 0.3621.

In transporting subsystem, λ2 = 0.6801, σ12 = 0.4199, σ32 = 0.0110, and ξ2 = 0.0501.

In distributing subsystem, λ3 = 0.8999, σ13 = 0.5999, σ23 = 0.0601, and ξ3 = 0.1169.

In terms of self-retardation coefficient we have the following.

(1) The self-retardation coefficient of distributing subsystem is the biggest, which
means that its degree of order gains the best development. Under the restriction
of the available resource, it will be more and more difficult for its degree of order to
rise.
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(2) The self-retardation coefficient of the collecting subsystem is the smallest, which
indicates that there is still room for the improvement of its degree of order. With
the stable implementation of the strategic loading spots and the improvement of
loading equipments, its degree of order will rise.

(3) The transporting subsystem’s degree of order gains mild developmentcompared to
those of the other two subsystems’ and still has room to be increased.

In terms of synergistic coefficient we have the following.

(1) Due to the fact that collecting is the beginning part of the collecting, distributing,
and transporting system and that its degree of order has a relatively large
impact on the whole system, the collecting subsystem has the largest synergistic
effect on the distributing and transporting subsystems; the synergistic degree
between distributing and transporting, on the other hand, influences the degree
of order of the collecting subsystem to the largest extent. For the reason that the
collecting of goods and vehicles demands the cooperation between distributing and
transporting so that the delivery of goods can be achieved, the synergistic degree
between distributing and transporting subsystems has a relatively large impact on
the collecting subsystem.

(2) Distributing subsystem has the least synergistic effect on the other two in that
the unloading points and the ports of the distributing subsystem have a capacity
large enough to satisfy the demand of the collecting subsystem. Therefore, the
distributing subsystem has the least influence on the degree of order of the
other two, while the synergistic degree between “collecting” and transporting
subsystems has an intermediate effect on the degree of order of the distributing
subsystem.

(3) The influence of the transporting subsystem on the other two is intermediate in
that transporting connects collecting with distributing, and the self-retardation
coefficient of the transporting subsystem itself is intermediate. Therefore, the
transporting subsystem does not influence the other two on a large scale and the
synergistic degree between the other two has the least influence on the degree of
order of the transporting subsystem.

4.2.5. The Collecting, Distributing, and Transporting System of Daqin Railway Heavy
Haul Transportation and the Solution of Equation of the Synergy Evolution of the
Three Subsystems

The synergy evolution curves of the degree of order for the three subsystems can be drawn,
respectively, through plugging the coefficients computed into (2.4) and solving the equation
by the fourth-order Rugge-kutta method, to be seen in Figures 2, 3, and 4.

According to the synergistic theory, the cross-coupling of the input and the output,
together with the nonlinear interaction among the three subsystems will drive the whole
system to develop in a more organized and more efficient way until a relative stable balance
is achieved, at which point the synergistic degree among the three subsystems will reach a
maximum value. If there are no major events or special situations to interrupt, the stable state
will last for a relatively long time until another chaos state presents itself.

From Figures 2, 3, and 4, it can be seen that the time for the three subsystems to reach
a balance will be at about 2030 where the degrees of order for collecting, distributing, and
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Figure 2: The synergy evolution curve of the degree of order of the collecting subsystem.
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Figure 3: The synergy evolution curve of the degree of order of the transporting subsystem.

transporting will be 0.8870, 0.7481, and 0.8488, respectively, which, considering the resources
available for the three subsystems, are the values that can be achieved in the condition of the
largest degree of synergy. It can be seen, through matching the degrees of order of the three
subsystems in the past years with the theoretical evolution curves of the three, that the results
of the modeling are, in general, in line with the reality.

With 2011 as the base year, the absolute values for the growth of degree of order
of the collecting, distributing, and transporting are 0.0845, 0.1305, and 0.1107, respectively.
The rate of growth for the collecting subsystem is the smallest, for the order of degree
of it is the largest among those of the three, which has reached 0.8025 in 2011. At such
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Figure 4: The synergy evolution curve of the degree of order of the distributing subsystem.

a high level, the growth of the degree of order will face much difficulty, hence a low rate
of growth. The growth of the transporting subsystem is the largest due to two reasons:
the degree of order of it is the smallest among the three, which restricts the synergistic
development of the collecting, distributing, and transporting system of Daqin Railway
heavy haul transportation, but will also increase greatly with the implementation of a series
of transformation methods to expand capacity and the innovation of the transportation
organizations; collecting subsystem has a large impact on the synergistic coefficient of
the transporting subsystem, which means that once the order of degree of the collecting
subsystem increases by 0.1, that of the transporting subsystem will increase by 0.04199,
and, as a result of the synergistic promotion among the three, the degree of order of the
transporting subsystem has the largest increase. The increase of degree of order of the
distributing subsystem is intermediate but way above that of the collecting subsystem, for
the former was 0.7381 in 2011 and stood at the second place among the three and still had
room for growth. Besides, once the order of degree of the collecting subsystem increases by
0.1, that of the distributing will increase by 0.5999, and it will also increase if the synergistic
order of degree of the collecting and transporting subsystems increases by 0.1. However,
influenced by the self-retardation coefficient, its rate of increase is below that of the collecting
subsystem.

The synergy evolution curve of the collecting, distributing, and transporting system
of Daqin Railway heavy haul transportation can be drawn through plugging the degrees of
order of the three subsystems calculated in (2.4) into (2.5) and solving the equation by the
fourth-order Adams linear implicit formula method, to be seen in Figure 5.

It can be seen from Figure 5 that the development of the collecting, distributing, and
transporting system of Daqin Railway heavy haul transportation will achieve a balance in
2030, where the order of degree of the system will be 0.8120, which, considering the resources
and techniques available, indicates the largest degree of synergy that can be reached among
the three subsystems.
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Figure 5: The synergy evolution curve of the collecting, distributing, and transporting system of Daqin
Railway heavy haul transportation.
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Figure 6: The ordered synergistic coevolution of the collecting subsystem with different synergistic
coefficients.

4.2.6. The Analysis of the Synergy Evolutions of the Three Subsystems and the Collecting,
Distributing, and Transporting System of Daqin Railway Heavy Haul Transportation

Based on the actual ordered synergistic coevolutions of the collecting, distributing, and
transporting system of Daqin Railway heavy haul transportation and its subsystems, the
ordered synergistic coevolutions of the system and its subsystems are analyzed, respectively,
with a synergistic coefficient above and below the current value, to be seen in Figures 6, 7, 8,
and 9.
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Figure 7: The ordered synergistic coevolution of the transporting subsystem with different synergistic
coefficients.
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Figure 8: The ordered synergistic coevolution of the distributing subsystem with different synergistic
coefficients.
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Figure 9: The ordered synergistic coevolution of the collecting, distributing, and transporting system of
Daqin Railway heavy haul transportation with different synergistic coefficients.
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Figure 6 reveals the ordered synergistic coevolution of the collecting subsystem with
different synergistic coefficients, which when the synergistic coefficients the other two
subsystems have on it, the σ21 and σ31, are raised to 0.0172 and 0.0171, respectively, it will
reach a balance in about 2030 and the degree of order at balance will be raised to 0.9163,
while when the synergistic coefficients the other two subsystems have on it, the σ21 and σ31,
are lowered to 0.0122 and 0.0121, respectively, it will reach a balance in about 2030 and the
degree of order at balance will be lowered to 0.8694.

Figure 7 reveals the ordered synergistic coevolution of the transporting subsystem
with different synergistic coefficients, which when the synergistic coefficients the other two
subsystems have on it, the σ12 and σ32, are raised to 0.4249 and 0.0160, respectively, it will
reach a balance in about 2030 and the degree of order at balance will be raised to 0.7736,
while when the synergistic coefficients the other two subsystems have on it, the σ12 and σ32,
are lowered to 0.4149 and 0.0060, respectively, it will reach a balance in about 2030 and the
degree of order at balance will be lowered to 0.7172.

Figure 8 reveals the ordered synergistic coevolution of the distributing subsystem
with different synergistic coefficients, which when the synergistic coefficients the other two
subsystems have on it, the σ13 and σ23, are raised to 0.6049 and 0.0651, respectively, it will
reach a balance in about 2030 and the degree of order at balance will be raised to 0.8860,
while when the synergistic coefficients the other two subsystems have on it, the σ13 and σ23,
are lowered to 0.5949 and 0.0551, respectively, it will reach a balance in about 2030 and the
degree of order at balance will be lowered to 0.8249.

Figure 9 reveals the ordered synergistic coevolution of the collecting, distributing, and
transporting system of Daqin Railway heavy haul transportation with different synergistic
coefficients, which when the ordered synergistic degree among the three subsystems is raised,
it will reach a balance in about 2030 and the degree of order at balance will be raised to 0.8350,
while when the ordered synergistic degree among the three subsystems is lowered, it will
reach a balance in about 2030 and the degree of order at balance will be lowered to 0.7899.

It can be concluded from the above analyses that the ordered synergy within and
among the three subsystems contributes to the uprising of the degree of order of the whole
system and benefits the more organized and more efficient development of the collecting,
distributing, and transporting system of Daqin Railway heavy haul transportation. Since the
collecting, distributing, and transporting system of Daqin heavy haul transportation has only
existed for a relatively short time, the parameter data may fluctuate.

5. Conclusion

(1) The paper builds a synergistic evolution model for the collecting, distributing, and
transporting system of railway heavy haul transportation through the adoption of the
concepts relevant to the degree of synergy of complex system and the application of the
coevolution theory. The model is then transformed by spline interpolation method and five-
point numerical differentiation formula into a least squares problem with linear constraint
conditions, which is solved by the use of fourth-order Rugge-kutta method and fourth-order
Adams linear implicit formula method.

(2) The degrees of order of the collecting, distributing, and transporting system of
railway heavy haul transportation and its three subsystems increase when the synergistic
coefficient among the three subsystems increases and decrease when the latter decreases.
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(3) The model used in the empirical analysis of the Daqin Railway can preferably
analyze the ordered synergistic evolution of the collecting, distributing and transporting
system of Daqin Railway heavy haul transportation. The collecting, distributing, and
transporting system of Daqin Railway heavy haul transportation and the collecting,
distributing, and transporting subsystems will reach a balance about 2030, where the order
of degree of the system and the three subsystems will be 0.8120, 0.8879, 0.7481, and 0.8488,
respectively, which, considering the resources available at present, are the values that can be
achieved under the condition of the largest degree of synergy. Therefore, the model is proved
to be reasonable and feasible.
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The interactions between signal setting and traffic assignment can directly affect the urban road
network efficiency. In order to improve the coordination of signal setting with traffic assignment,
this paper created a traffic control algorithm considering traffic assignment; meanwhile, the link
impedance function and the route choice function were introduced into this paper to study the
user’s route choice and the road network flow distribution. Then based on the above research,
we created a system utility value model. Finally through the VISSIM software to simulate the test
network, we verified the superiority of the coordination algorithm and the model and gave the
optimal flow of the road network.

1. Introduction

In urban transportation systems, the equilibrium of the road network supply and demand
is an important problem, which can directly impact the road network efficiency. For a fixed
road structure and traffic flow, signal setting is the primary influencing factor to traffic supply,
and traffic assignment is the primary influencing factor to traffic demand [1, 2]. In order to
balance the traffic demand and supply of urban road network and maximize the efficiency
of transportation resources, experts and scholars from allover the world have done a lot of
research and made great progress in the coordination of signal setting with traffic assignment
aspects.

Firstly, Allsop [3] and Gartner [4] researched the relationship between signal setting
and traffic assignment, and held that signal setting strategy can directly affect user’s route
choice and traffic flow distribution. Then they proposed a solution program to traffic equilib-
rium problem by alternately updating green split signal settings for fixed flows. On these
bases, in order to achieve the global optimization, Tan et al. [5] and Smith [6, 7] converted
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the signal setting and traffic assignment into a hybrid optimization problem. Their research
showed that in some actual situation traffic setting even had deteriorated travel time by 30%;
thus, they proposed a new signal setting policy under the constraint of stable traffic supply
and traffic demand. Subsequently, Gartner et al. [8] and Fisk [9] proposed that we may take
the signal setting and traffic assignment as a game problem of Stackberg, which regards traffic
managers as superior decision-makers and travelers as subordinate decision-makers. Then,
Yang and Yagar [10] proposed a bilevel programming model based on the above method;
the model indicated that we can get queuing delay of saturated sections by the network
equilibrium parameters instead of conventional delay calculation formula.

Since some traffic control systems and algorithms often require the real-time traffic
flow distributed information to make traffic management strategy, Gartner et al. [11, 12]
presented a combined framework about the real-time signal setting and traffic assignment,
which can make appropriate dynamic control strategies and avoid traffic congestion accord-
ing to dynamic traffic assignment model. With the research continued, Lee and Machemehl
[13] studied the stochastic heuristic algorithms in coordination with signal setting and traffic
assignment and applied the genetic algorithms in it. Chen and Ben-Akiva [14] regarded
dynamic traffic control and traffic assignment as a noncooperation game problem; we could
get the optimal signal setting and traffic assignment by iteration.

In recent years, many new methods emerged on the study of signal setting and
traffic assignment relationship, for example, Chiou [15] introduced derivative information
of the signal control variables into the TRANSYT system and then estimated the average
vehicle delay in the road network based on sensitivity algorithm. Cipriani and Fusco [16]
discussed the global optimization problem of signal setting and traffic assignment based
on gradient projection method. Cascetta et al. [17] studied the optimization models and
algorithms for urban signal settings with a small-scale real network based on stochastic traffic
assignments. In the study of Gao et al. [18] and Chiou [19], the problem of signal setting and
traffic assignment relationship was formulated as a nonlinear mathematical program with
equilibrium constraints, in which the optimal signal settings were determined while trip rates
and network flow are in equilibrium.

By summarizing the above research experience, this paper proposed a synergetic
algorithm of dynamic signal setting and traffic assignment. In the algorithm, traffic control
parameters can be updated in real time with the change of traffic demand. The basic idea
of the algorithm is to change the road impedance by adjusting the split of the signal setting
scheme and then cause the traffic volume transfer to realize the aim of the road network
flow redistribution and the systems’ efficiency optimization. Therefore, in order to further
clarify the mechanism of signal setting and traffic assignment, this paper creates a simple
and practical integrated model by introducing the link impedance function and the route
choice function. Finally, a system utility value calculation method is given, by which we can
get the optimal flow and optimal path impedance and then compare the real flow and path
impedance with the optimal flow and optimal path impedance to determine whether the road
network is in equilibrium. We use the above discrimination method to optimize the efficiency
of the road network.

2. Problem Formulation

The coordination of signal setting and traffic assignment problem can be formulated as the
problem of finding out the relationship between traffic demand and traffic supply, which is
the problem of finding out the relationship between signal control parameters and user’s
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route choice. Firstly, we consider a traffic network G(P, L) consisting of a set of nodes P and
connected by a set of directed arcs L. Since traffic supply mainly includes traffic control and
basic road information, the initial traffic control program setup is based on historical flows
from road network, which adjusts the traffic flow of road network by signal parameters, such
as signal cycle and green time. Thus, we can describe the relationship between the above
items in the following equation:

U = f
(
Cj, gj

)
= fi

(
qk0, ck0

)
, (2.1)

where U is traffic signal control program; Cj is signal cycle of junction j; gj is green time of
junction j; qk0 is the initial traffic flow of link k; ck0 is traffic capacity of link k; i is the signal
phase of junction.

Meanwhile, the user’s route choice is usually affected by the signal control program,
which is an important factor in restricting the road network flow distribution; another
important restrictive factor is the origin-destination (O-D) Thus, we can describe the relation-
ship between signal control program, user’s route choice, and O-D in the following equation:

Fk = f
(
Prsk ,Ui, L

O,D
i

)
, (2.2)

where Fk is the actual traffic flow of link k; Prsk is the probability of path k being selected from
origin (r) to destination (s); LO,D

i are the origin location and the destination location of traffic
flow.

Since the effects of signal control program and traffic flow are reflected in traffic
participant’s travel time, we can analyze the traffic supply and traffic demand to determine
the optimal flow of road network and then compare the difference between the actual travel
time and the optimal travel time to discriminate whether the road network is in equilibri-
um.

On the basis of the above statement, two questions can be summed up from the above
representations. First, a coordination algorithm of traffic demand and traffic supply should be
established if you want to achieve the mutual feedback traffic control and flow distribution.
Second, we should create some appropriate model about traffic control and traffic assignment
to implement the algorithm.

3. Algorithm Establishments

The algorithm establishment consists of two parts in this paper: the first part of the algorithm
mainly analyzes the relationship between signal setting and flow distribution. Before we
establish the algorithm, a stable state of the road network flow is needed to realize the
objective of traffic flow equilibrium, which means that the difference between road network
inflow (qui) and road network outflow (qvi) should be less than a fixed value (ε), qui − qvi < ε,
where, qui is the total vehicles enter the fixed road network; qvi is the total vehicles leave
the fixed road network. Meanwhile, the similarity degree of the path impedance needs to be
known; we can describe it as follows: tr−sk /tr−sk+1 ≈ 1, where tr−sk is the impedance of path (k)
from origin (r) to destination (s). The relationship between signal setting and flow distribu-
tion is shown in Figure 1.
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Signal setting parameters
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Adjust the signal setting parameters

Whether the flow
is in equilibrium

End

Travelers’ route choice and traffic assignment once more

Figure 1: The relationship between signal setting and flow distribution.

The process of algorithm analysis is showed in Figure 1, which is summarized as
follows.

Step 1. Obtain the initial traffic flow information based on real-time detection.

Step 2. Determine a set of signal setting parameters based on the initial traffic flow.

Step 3. Adjust the impedance of each path in the road network by traffic control, thereby
affecting travelers’ route choice.

Step 4. Calculate the flow after superimposed according to the travelers’ route choice and the
initial traffic flow.

Step 5. Adjust the signal setting parameters and traffic assignment again.

Step 6. Through the system utility value, determine the equilibrium situation.

The second part of the algorithm is to decide the signal setting parameters in order to
balance the traffic flow under the influence of travelers’ route rechoice. The main idea of this
part is to determine the maximum green (gmax) time or the minimum green time (gmin) of
each signal phase and then to extend or shorten the signal cycle (C) and green time (g) to
ensure that the flow ratio (yi) and the split (λi) are approximately equal. The signal control
method under the impact of changing flow is shown in Figure 2.

The process of algorithm analysis is shown in Figure 2, which is summarized as
follows.
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Figure 2: Signal control method under the impact of changing flow.

Step 1. Obtain the initial traffic flow information based on real-time detection.

Step 2. Calculate the initial signal cycle C0 and the initial green time g0 according to the
following equation:

C0 =
1.5tL + 5

1 − Y ,

g0 = (C0 − tL) ·
yi
Y
,

(3.1)

where tL is the total lost time of intersection; Y is the flow ratio of intersection.

Step 3. Combined with the redistribution flow of road network to judge whether yi/λi is
approximate to 1, we can calculate the yi/λi according to the following equation [20]:

yi
λi

=
Vi
(
tri + gi

)

VSigi
, (3.2)

where Vi is the average flow of phase i in critical lane; tri is the time interval of phase i from
green time end to green time start; VSi is the saturation flow of phase i in critical lane.

Step 4. Determine the Cmax, Cmin, gmax, and gmin for Step 5 to determine the suitable C and g.
Generally, the cycle and the green time should not increase too much or too little; for this part
we determine the Cmax and Cmin based on the following equation:

Cmax =
4C0

3
=

6tL + 20
3(1 − Y ) ,

Cmin =
0.9tL

(0.9 − Y ) .
(3.3)
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Then we determine the gmax, gmin under the constraints of Cmax, Cmin; the specific
calculation method can be expressed as follows:

gimax = gi0 + gymax = Cmax − TL −
n∑

j=1

gir , (9)

where gir is the real green time of phase i; gymax is the maximum green time of phase i which
can be increased:

gimin = gir − gic =
(C0 − L)yir

Y
, (3.4)

where gic is the compression time of phase i; yir is the real green time of phase i.

Step 5. Increase or reduce the signal cycle and green time according to traffic demand under
the constrains of Cmax, Cmin.

Step 6. Feed back the determined signal cycle and green time to Step 2.

4. Algorithm Implementation

4.1. Supply and Demand Balance Analysis

The supply of the road network mainly refers to the maximum capacity that can be provide
under fixed road conditions, and the demand of road network refers to the number of users
in traffic network. The traffic supply and demand can be expressed as follows:

Qs = min
∑

i∈p,l∈L
δrsk λici,

Qd = Q0 +
∑

l∈L

∫ t

0
[rul(t) − rvl(t)]dt,

s.t. Q0 ≥ 0, ruk(t) ≥ 0, rvk(t) ≥ 0, t ∈ [0, T], 0 ≤ δrsk ≤ 1,

(4.1)

where Qs, Qd are traffic supply and traffic demand; δrsl is the intersection correlation coeffi-
cient of path k from r to s;Q0 is the initial traffic flow of road network; ruk(t), rvk(t) are inflow
and outflow rate of road network:

dd(t) =
Qd(t)
Qs(t)

, (4.2)

where dd(t) is equalization index.
When the relationship between supply and demand meets dd(t) < 0.95, traffic man-

agers should shorten part of the signal cycle length in order to reduce the delay time. When
the relationship between supply and demand meets 0.95 ≤ dd(t) < 1.05, we think that it
is equilibrium of supply and demand. When the relationship between supply and demand
meets dd(t) ≥ 1.05, traffic managers should adjust the signal setting parameters in order to
change the relationship between supply and demand [21].
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4.2. User’s Route Choice Model

For most users prefer the small impedance path to travel, based on this, we use user’s
route choice model. The conventional path impedance mainly includes link travel time and
intersection delay. This paper uses an empirical formula considering the mixed traffic running
characteristic based on BPR road impedance function to calculate link travel time and uses
a simplified formula, Webster’s delay function, to calculate intersection delay. The specific
calculation model can be expressed as follows:

tl = t0

[
1 + α1

(
V1

C1

)β1
][

1 + α2

(
V2

C2

)β2
]
,

tj =
c(1 − λ)2

2(1 − λX)
,

(4.3)

where tl is travel time between adjacent intersections; tj is the delay of intersection; t0 is travel
time under free speed between adjacent intersection; V1, V2 are the volumes of vehicle and
nonmotorized vehicle; C1,C2 are the capacities of vehicle and nonmotorized vehicle; c,λ are
the signal cycle and split of the intersection; X is intersection saturation.

Combined with (3.3), we can get path impedance as follows:

tr−ski = t0

[
1 + α1

(
V1

C1

)β1
][

1 + α2

(
V2

C2

)β2
]
+
c(1 − λ)2

2(1 − λX)
. (4.4)

After determining the calculation method of path impedance, we need to research the
relationship between the path impedance and the user’s route choice. Dial (1971) proposed
a route choice model which assumed that path impedance and route choice are independent
of each other and obey the Gumbel probability distribution, but other path impedances are
usually affected when one of path impedances changes. Thus, Wang Wei did some research
and proved the model. This paper calculates the user’s route choice based on the proved
model, which is expressed as follows:

prsk =
e−θ·t

rs
k
/trs

∑n
i=1 e

−θ·trsi /trs
∀k, r, s, (4.5)

where prsk is the probability of path k is chosen between origin (r) and destination (s); trsi is
the impedance of path k from origin (r) to destination (s); trsi is the average impedance of
path k from origin (r) to destination (s).

4.3. Utility Functions Establishment

We can find that speed decreases with increasing flow in unsaturated and flow and speed
decrease in saturated from speed-volume graph (Figure 3(a)); meanwhile, we also can find
the maximum product of flow and speed from speed-volume graph (Figure 3(b)).
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Figure 3: The speed-volume graph.

By analyzing Figure 3, for the realization of the maximum number of vehicles passing
per unit of time, we consider the product of the flow and speed as the system utility value
function, which can be expressed as follows:

trsk = trsk1 + t
rs
k2 + t

rs
k3 + · · · trskn =

n∑

m=1

trskm,

qrsk = quPrsk = qu
1

1 +
∑

i=1,i /= k e
−θ·(trsi /trs−trsk /trs)

,

qrsk =
∫ t

0
[ruk(t) − rvk(t)]dt,

max Jrs = max
∑(

qrsk0 + q
rs
k

)
ursk =

∑
q∗km

lk
trs
k
∗ ,

(4.6)

where Jrs is the system utility value from origin (r) to destination (s); qu is the inflow volume
of road network; qrs

k
is the difference between inflow and outflow; qrs

k0 is the initial traffic flow
of path k; lk is the length of path k from origin (r) to destination (s); q∗km is the optimal flow
of path k; trs

k
∗ is the optimal impedance of path k.

4.4. User’s Equilibrium Traffic Assignment Discriminant Model

Since we have already known the path impedance and the user’s route choice and have
established a utility function, we can summarize the above analysis results to discriminate
the user’s equilibrium degree of road network based on the following formulas:

dd(k) =
trs
k
∗

trs
k

,

dd(v) =
dd(k)

dd(k + i)
,

dd(v) =

{
1, if |dd(v)| ≤ τ,
0, otherwise,

(4.7)
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Figure 4: The number and the traffic flow of links.

Table 1: The links length.

Number 1 2 3 4 5 6 7 8 9 10 11 12

Length 532 1118 1244 478 593 616 1494 1566 1609 1428 336 314

where dd(k) is the equilibrium degree of path k; dd(v) is the equilibrium degree between
path k and (k + i); τ is a fixed value where 0 ≤ τ ≤ 1.

5. Numerical Example

The test network is a simplified region of road network from Changchun city which consists
of 12 links and 5 intersections. All links of the road network are bidirectional and of four
lanes, and the initial data is obtained by manual collection. The number of links in the road
network is shown in Figure 4(a), and the road link’ traffic flow is shown in Figure 4(b). The
links length is shown in Table 1.

We can find four pairs of O-D which, respectively, belong to link 1, link 4, link 11, and
link 12. This paper simulated a pair of O-D (from link 1 to link 4) to determine the equilibrium
degree of road network and to verify the superiority of the coordination algorithm. There are
seven paths from link 1 to link 4, that is, path A (1-2-3-4), path B (1-7-8-4), path C (1-7-6-3-4),
path D (1-10-9-4), path E (1-10-5-3-4), path F (1-2-5-9-4), and path G (1-2-6-8-4). We can find
that the shortest distance is the path 1-2-3-4, but there is a heavy traffic flow on link 2 and link
3.

In the simulation test process, we set the traffic signal based on Synchro Studio 7 which
is a traffic signal design software; we also have embedded the above algorithms into the
traffic signal design software. During the inflow increase from 1600 pcu/h to 4400 pcu/h, we
first get the path impedance based on VISSIM traffic simulation software which is shown in
Table 2.

Then we can get the optimal impedance, the optimal flow, and the optimal utility value
based on formula (4.2) as follows (the specific data is shown in Table 3 and the relationship
between utility value and flow is shown in Figure 5):

J1−4 = max
∑

q∗km
lk

t1−4
k

∗ = 116485. (5.1)
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Table 2: The path impedance based on simulation data.

Volume (pcu/h)
Number

Path impedance after application of algorithm(s)

A B C D E F G

1600 315 311 340 334 387 352 368

2000 324 333 368 359 422 378 401

2400 356 359 391 385 451 405 425

2800 395 402 436 425 489 443 461

3200 431 426 473 447 536 479 508

3600 488 458 525 486 593 562 547

4000 609 551 646 588 704 625 652

4400 637 654 716 654 729 724 718

Table 3: The optimal flow and speed.

A B C D E F G
q∗
km

(pcu/h) 581 538 493 526 507 497 486

u1−4
k

∗
(km/h) 26 31 35 29 37 35 33

t1−4
k

∗
(s) 467 472 449 503 416 446 470

We next verify the superiority of the algorithm by inputting the initial data into the
test network. During the simulation, we should mark all vehicles in order to record the
different paths’ impedance and then obtain the average impedance of each path. The average
impedance and the equilibrium degree are shown as follows.

As seen in Tables 4 and 5, the new algorithm achieved the equilibrium of road network
and that could save 21 seconds for each vehicle from point 1 to point 4 in the test network.
Although this test network demonstrates a better performance of the coordination algorithm,
more extensive tests need to be performed to validate the algorithm, for the above test only
simulated a pair of O-D and did not consider the impact of distance on the users’ route
choice.
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Table 4: Before application of algorithms.

A B C D E F G
Paths impedance 494 423 518 466 502 487 496
Equilibrium degree(s) 0.945126 1.117364 0.866541 1.07808 0.828577 0.914520 0.947947
Average impedance(s) 484

Table 5: After application of algorithms.

A B C D E F G
Paths impedance 483 474 438 506 433 454 456
Equilibrium degree(s) 0.966650 0.997141 1.024814 0.992858 0.960614 0.980994 1.031100
Average impedance(s) 463

6. Conclusions

In this paper, we presented a traffic control algorithm considering traffic assignment of road
network, which has been implemented successfully by introducing the link impedance func-
tion and the route choice function. In the process of optimizing the coordination algorithms,
we also get the optimal flow of path, the optimal impedance, the maximum system utility
value, and so forth. Finally, we verified the superiority of the coordination algorithm and the
model through a numerical example based on the VISSIM software.

For further issues, we should introduce traffic guidance information into the coordina-
tion algorithm of traffic control and traffic assignment and then verify it by the road network
with multiorigin and multidestination to be closer to the actual situation.
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The saturation flow rate is a fundamental parameter to measure the intersection capacity and time
the traffic signals. However, it is revealed that traditional methods which are mainly developed
using the average value of observed queue discharge headways to estimate the saturation
headway might lead to underestimate saturation flow rate. The goal of this paper is to study the
stochastic nature of queue discharge headways and to develop a more accurate estimate method
for saturation headway and saturation flow rate. Based on the surveyed data, the characteristics
of queue discharge headways and the estimation method of saturated flow rate are studied. It
is found that the average value of queue discharge headways is greater than the median value
and that the skewness of the headways is positive. Normal distribution tests were conducted
before and after a log transformation of the headways. The goodness-of-fit test showed that for
some surveyed sites, the queue discharge headways can be fitted by the normal distribution
and for other surveyed sites, the headways can be fitted by lognormal distribution. According
to the queue discharge headway characteristics, the median value of queue discharge headways
is suggested to estimate the saturation headway and a new method of estimation saturation flow
rates is developed.

1. Introduction

The saturation flow rate is a fundamental parameter to measure the intersection capacity
and time the traffic signals. Traditional saturation flow rate estimation methods were mostly
developed based on the assumption that the queue discharge headway is a fairly constant and
that the average headway estimated from the first 4-to-10 or 4-to-12 vehicles is representative
of the saturation headway (h) meaning every vehicle in a stable moving platoon consumes
h seconds [1, 2]. However, variability in queue discharge headways is addressed in more
recent studies [2–14] and it is found that traditional methods which simply use the average
of discharge headway to estimate the saturation headway might lead to underestimate
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saturation flow rate. Errors in saturation flow rates used to estimate vehicle delays carry
over onto delay predictions and level of service (LOS) predictions. Therefore, it is necessary
to study and to improve accuracy of the estimation of saturation flow rate. Due to the fact
that driver behavior is the main determinate of saturation flow rate, a good understanding of
the discharge headway of individual vehicles is essential in estimation of saturation headway
and saturation flow rate.

However, the distribution characteristic of headways and its effect on the estimation
of saturation flow rate have not been examined in literatures. The goal of this paper is to
investigate the stochastic nature of queue discharge headways, which may provide better
information, and, so, to develop a new saturation flow rate estimation method. To fulfill the
objective, a literature review, data collection and data analysis, and model development were
conducted.

2. Literature Review

Due to the importance of the queue discharge headways and the saturation flow rates
in intersection capacity estimation and traffic control, researches have made great efforts
to study the characteristics of discharge headways and saturation flow rates. Li and
Prevedouros [2] applied three methodologies to analyze the saturation headway based on the
field data. It was revealed that when long queues are present, the typical field measurement
of saturation flow rate based on the first 12 vehicles is an overestimate of saturation flow rate
for through vehicles and an underestimate of saturation flow rate for protected left-turning
vehicles. Lu and Pernı́a [3] analyzed the differences of driving behavior among different
driver age groups based on collected data at signalized intersections. And the variation in
capacities with an increasing percentage of older drivers in the traffic stream was modeled.
It was found that the presence of older drivers significantly reduced intersection capacity at
all study sites because of their higher lost times and lower saturation flow rates. Hung et al.
[4] performed one study on the discharge headways at 26 sites of signalized intersections
in Hong Kong. It is concluded that discharge headway at different queue position follows
the type I extreme value distribution. Mei and Bullen [5] analyzed the individual headways
distribution for drivers in a car-following state and it was indicated that the lognormal
distribution yielded a good fit for headways in busy traffic. Lin and Thomas [7] examined
the queue discharge characteristics at three intersections on Long Island, New York. It is
found that queue discharge rates often kept rising even after the 15th vehicle has entered
the intersection. Jin et al. [8] also found that the distributions of the departure headways
at each position in a queue approximately follow a certain log-normal distribution. Joseph
and Chang [10] illustrated the field measurements of saturation flow headways and start-
up lost times and found that they varies significantly ranging from 1.63 to 1.91 s. Long [11]
indicated that traditional estimates of saturation flow rates have been challenged by field
observations, and that large variations in saturation flow measurements have cast doubt on
the presumption that the base saturation flow rate is either stable or a constant value. Rahman
et al. [12] developed a new procedure for determining the saturation flow rates at signalized
intersections and they concluded that the procedure as discussed in the HCM [1] would
overestimate saturation flow rates for some approaches and underestimate them for the other
approaches based on the field data. Shao et al. [13] reported some findings on the saturation
flow rates at signalized intersections in China. It is shown that the average headway is
about 2.03 s and the standard error is from 0.40 s to 0.90 s. Sharma et al. [14] studied queue
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discharge characteristics at signalized intersections under heterogeneous traffic conditions
and the effect of a countdown timer on the headway distribution. The results indicated that
the accepted headway distribution is followed when there is no timer.

From the efforts of these researches, it can be concluded that the queue discharge
headway is not constant due to various factors and that the effect of headway variations
on the estimation of saturation flow rate should be considered.

3. Queue Discharge Headway and Saturation Flow Rate

Discharge headways at signalized intersections are defined as the time intervals between
two successive vehicles passing a stop line or any predetermined reference line at the
intersections. It can be expressed as the function of the driver response during queue
discharge [15], spacing between vehicle in queue and queue discharge speed:

hs = tr +
Lhj

vs
, (3.1)

where hs is the discharge headway(s); tr is the driver response time (s); Lhj is queue space
per vehicle (include vehicle length, m); vs is the queued vehicle speed (m/s). From (3.1), it
is easy to understand that the queue discharge headway hs is a random variable due to the
difference of driver behavior (response time tr and variation in the length of queue space Lhj
[2, 15]). In order to estimate the saturation headway, the average queue discharge headway
is calculated as follows:

hs =
1
n

n∑

i=1

hsi, (3.2)

where, hs is the average queue discharge headway(s) which can be taken as the estimation
of saturation headway h; hsi is the headway of vehicle i in the queue, i = 1, 2, . . . , n (n is the
sample size). And, consequently, the traditional saturation flow rate is determined by the
queue discharge headway:

S =
3600

hs
, (3.3)

where, S is the saturation flow rate (veh/h). According to the knowledge of statistics [16],
when the distribution of queue discharge headways is symmetrical, the average headway
calculated by (3.2) is unbiased estimation of h and (3.3) can be a good estimation of the
saturation flow rate. However, when the headway distribution is unsymmetrical, hs is not a
good estimation and (3.3) will overestimate or underestimate saturation flow rate. Therefore,
it is necessary to learn about the stochastic nature of queue discharge headway and to analyze
the effect of variation of headways on the estimation of saturation flow rate.
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Figure 1: Boxplot of queue discharge headways.

4. Methodology

4.1. Data Collection

Discharge headway data were collected at 11 signalized intersections in Beijing. Surveys
were conducted at the morning and evening peak periods (7:00 to 9:00 and 17:00 to 18:00)
at weekdays by video cameras and the data were manually collected form the videotapes.
Through the videotaping, the time for each vehicle rear bumper passing the stop line was
recorded and the time headway was calculated.

In order to eliminate the effect of start-up and acceleration on the saturation flow rate,
the first 5 headways in each signal cycle were removed from the data. Also, data which were
apparently anomalous because the drivers are in distracted attention that causes the headway
exceeded the normal ranges are eliminated. In addition, the signal cycle in which vehicles
were seriously disturbed by pedestrians or bicycles is not included. A total of 1023 vehicle
discharge headways were recorded.

4.2. Data Analysis

In order to investigate the queue discharge headway statistical characteristics, the surveyed
headways at 11 sites of signalized intersections are analyzed (Table 1 presented the results). It
is easily found that there are some differences in the queue discharge headways for different
surveyed sites (Figure 1). However, there are still some interesting characteristics which
should be noted. The average value of queue discharge headways is greater than the median
value (the difference range from 0.0 s to 0.30 s) which is consistent with the existing findings
[6, 12, 13]. Also, it is found that the skewness of headways is positive. These characteristics
indicate that the distribution of queue discharge headway is likely unsymmetrical and the
normal distribution function is not appropriate to fit the headway data.

The fact that average value of queue discharge headway hs is greater than the median
value shows that more than 50% drivers will keep smaller headway than hs. Therefore,
traditional saturation flow rate estimation method would underestimate the flow rates.
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Table 1: Statistical results for the queue discharge headways.

Code of Sample size Average Median Stand error Skewness Kurtosis
surveyed site
1 96 1.95 1.88 0.52 0.66 0.88
2 95 2.36 2.28 0.55 0.61 1.22
3 75 2.30 2.23 0.49 0.43 −0.10
4 89 2.22 2.14 0.37 0.88 1.09
5 93 2.19 2.03 0.43 0.97 1.21
6 94 2.08 1.98 0.47 0.43 −0.34
7 93 2.21 2.09 0.44 0.35 −0.39
8 91 2.04 2.00 0.43 0.81 1.11
9 100 2.31 2.30 0.45 0.02 −0.75
10 99 2.18 2.16 0.46 0.07 −0.73
11 98 2.11 2.07 0.42 0.02 −0.20

5. Discharge Headway Distribution

According to the statistical analysis result of the surveyed queue discharge headway data,
it is revealed that the sample average value is greater than median value and that queue
discharge headway distribution is likely unsymmetrical. Recent research [5, 8] showed that
the queue discharge headway could be fitted by lognormal distribution. So, in this paper, the
lognormal distribution is chosen to fit the queue discharge headway data (as comparison, the
normal tests for time headway data are also conducted). The lognormal distribution density
function is

fH(h) =
1√

2πσh
exp

(
− (lnh − u)

2

2σ2

)
, h ≥ 0. (5.1)

The means, median, and variance of lognormal distribution are the following:

E(H) = exp
(
μ + 0.5σ2

)
, (5.2)

Med(H) = exp(u), (5.3)

Var(H) = exp
(

2μ + σ2
)(
eσ

2 − 1
)
. (5.4)

It is known that when the random variable hs density function is lognormal, then
ln(hs) will follow the normal distribution. Applying this quality of lognormal distribution,
the hypothesis that discharge headway hs is lognormal distributed can be tested using
normal test method (in this study, the Shapiro-Wilk method is used [17]). Table 2 listed the
hypothesis test results. From Table 2, it is concluded that among the 11 surveyed sites, there
are 7 signalized intersections at which queue discharge headways do not pass the normal
distribution hypothesis test (with significant level P(W ≤ w) ≤ 0.05) while they pass the
lognormal distribution hypothesis test (with significant level P(W∗ ≤ w∗) > 0.05). On the
contrary, there are 3 signalized intersections at which queue discharge headways pass the
normal distribution hypothesis test (P(W ≤ w) > 0.05) but they do not pass the lognormal
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Table 2: Result of headway distribution test.

Code of surveyed site 1 2 3 4 5 6 7 8 9 10 11
w 0.952 0.953 0.968 0.952 0.941 0.955 0.969 0.947 0.968 0.965 0.974
P (W ≤ w) 0.005 0.007 0.100 0.006 0.0006 0.012 0.069 0.003 0.116 0.064 0.239
w∗ 0.981 0.972 0.976 0.982 0.979 0.971 0.978 0.976 0.911 0.955 0.960
P (W∗ ≤ w∗) 0.601 0.209 0.448 0.655 0.499 0.177 0.147 0.342 0.025 0.007 0.021
w and w∗ are Shapiro-Wilk statistics, w∗ is computed after log transformation.

distribution hypothesis test (P(W∗ ≤ w∗) < 0.05). There is only one site (code number is 3)
which significant level of headway distribution being normal is 0.10 and significant level of
being lognormal is 0.448.

Therefore, among the surveyed 11 signalized intersections, there are 8 signalized
intersections at which headway distribution is lognormal while the other 3 signalized
intersections at which headway distribution is normal.

6. New Estimation of Saturation Flow Rate

6.1. Estimation of Saturation Flow Rate Based on the Median Value of
Queue Discharge Headways

According to the analysis results of surveyed queue discharge headway data, the fact that
for some signalized intersections, the queue discharge headways can be fitted by lognormal
distribution means that the simple average of headway is not a good estimation and (3.3)
will underestimate the saturation flow rate. Hence, it is reasonable to use the median value
[16] to calculate the saturation flow rate and a new estimation is obtained:

S1 = 3600 × 1
hmed

, (6.1)

where S1 is a new estimation of saturation flow rate (veh/h); hmed is sample median value
of headways or estimation of median headways. For the lognormal distribution (5.1), the
likelihood estimations for parameters μ and σ2 are noted as μ̂ML and σ̂2

ML, respectively.
According to the statistical knowledge [16], μ̂ML and σ̂2

MLcan be expressed as

μ̂ML =
1
n

n∑

i=1

lnhsi, (6.2)

σ̂2
ML =

1
n

n∑

i=1

[
lnhsi − 1

n

n∑

i=1

lnhsi

]2

. (6.3)
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Let μ̂M and σ̂2
M denote the moment estimations for parameters μ and σ2. It is easily derived

that

μ̂M = ln

⎛
⎜⎝

hs√
1 + σ2

s/hs
2

⎞
⎟⎠, (6.4)

σ̂2
M = ln

(
1 +

σ2
s

hs
2

)
. (6.5)

From (5.3), (6.2), and (6.4), other two new estimations of saturation headway are
obtained:

M̂ed(hs)1 = exp(ûML) = exp

(
1
n

n∑

i=1

lnhsi

)
,

M̂ed(hs)2 = exp(ûM) =
hs√

1 + σ2
s/hs

2
.

(6.6)

Consequently, two new estimations of saturation flow rate are also suggested:

S2 = 3600 × exp

(
− 1
n

n∑

i=1

lnhsi

)
, (6.7)

S3 =
3600

hs
×
(

1 +
σ2
s

hs
2

)0.5

, (6.8)

where S2 and S3 are two new estimations of saturation flow rate (veh/h); σ2
s = [(1/n −

1)
∑n

i=1(hsi − hs)2] is the variance of sample headways.
Equation (6.7) is developed based on the likelihood estimation of median value and

it is consistent with (6.1). Equation (6.8) includes information from both the average value
of queue discharge headway hs and variance σ2

s . (Hence, the estimation takes into account
the effect of queue discharge headway spread on the estimation.) It can be taken as the
modification of (3.3).

6.2. Comparison of Saturation Flow Rate Estimations

Table 3 listed the saturation flow rates based on different estimation methods by using the
surveyed data at 11 signalized intersections. For the first 8 signalized intersections (their
queue discharge headways can be taken as being from lognormal distribution), the saturation
flow rates are computed, respectively, using these methods developed in this paper. It can be
found that the computed saturation flow rates based on median of queue discharge headways
(6.1), (6.7), and (6.8) are very close to each other and higher than the values estimated by
the traditional method (3.3) for each surveyed sites. For the other 3 signalized intersections



8 Discrete Dynamics in Nature and Society

Table 3: Comparison of computed saturations using different methods.

Code of
surveyed site

Headway
means (s)

Headway median (s) Saturation flow rates (veh/h)
Sample Equation Equation Equation Equation Equation
median (6.2) (3.3) (6.1) (6.7) (6.8)

1 1.95 1.88 1.88 1846 1914 1914 1911

2 2.36 2.28 2.25 1525 1578 1600 1656

3 2.30 2.23 2.18 1565 1614 1651 1600

4 2.22 2.14 2.11 1621 1682 1706 1644

5 2.19 2.03 2.06 1643 1773 1747 1675

6 2.08 1.98 1.99 1730 1818 1809 1774

7 2.21 2.09 2.12 1558 1723 1698 1660

8 2.04 2.00 2.00 1764 1800 1800 1803

9 2.31 2.30 2.27 1558 1565 — —

10 2.18 2.16 2.05 1651 1666 — —

11 2.11 2.07 2.06 1706 1739 — —

(their queue discharge headways can be taken as being from normal distribution), the
saturation flow rates estimated by the method (6.1), developed in this paper, is near the
value obtained by using the traditional method. Hence, these findings validated that when
the headway distribution is unsymmetrical (e.g., lognormal distribution is unsymmetrical),
the traditional method will underestimate the saturation flow rates. Otherwise, when the
distribution is symmetrical (normal distribution is symmetrical), the saturation flow rate
estimation method developed in this paper is consistent with the traditional method.

7. Conclusions

This paper reported results of the queue discharge headway distribution at 11 surveyed
signalized intersections and the following conclusions can be made

(1) The average value of queue discharge headways is greater than the median value,
and the skew of headways is positive.

(2) The goodness-of-fit test showed that for some surveyed sites, the headways follow
the normal distribution and that for other surveyed sites, the queue discharge
headways are lognormal distributed.

(3) The traditional estimation of saturation headway does not accurately reflect the
true value of h and would overestimate it. As a result, the traditional estimation of
saturation flow rate would underestimate saturation flow rate.

(4) The new estimations of saturation flow rate developed in this study are more
reasonable and they are suggested to be used in traffic control and measurement
of intersection capacity.

In addition, it is found that for different signalized intersections, the queue discharge
headway distribution can be not identical. Does it relate to the conditions or traffic
circumstance? This is a new problem and needs to be verified.
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[15] R. Akçelik and M. Besley, “Queue discharge flow and speed models for signalized intersections,”
in Proceedings of the 15th International Symposium on Transportation and Traffic Theory, pp. 99–118,
Pergamon, Elsevier Science, Oxford, UK, 2002.

[16] F. J. Wall, Statistical Data Analysis HandBook, Mcgraw-Hill, 1986.
[17] J. A. Rice, Mathematical Statistics and Data Analysis, Brooks/Cole, 2007.



Hindawi Publishing Corporation
Discrete Dynamics in Nature and Society
Volume 2012, Article ID 549374, 13 pages
doi:10.1155/2012/549374

Research Article
An Optimization to Schedule Train Operations with
Phase-Regular Framework for Intercity Rail Lines

Huimin Niu and Minghui Zhang

School of Traffic and Transportation, Lanzhou Jiaotong University, Lanzhou 730070, China

Correspondence should be addressed to Huimin Niu, hmniu@mail.lzjtu.cn

Received 7 September 2012; Accepted 15 October 2012

Academic Editor: Wuhong Wang

Copyright q 2012 H. Niu and M. Zhang. 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.

The most important operating problem for intercity rail lines, which are characterized with the
train operations at rapid speed and high frequency, is to design a service-oriented schedule
with the minimum cost. This paper proposes a phase-regular scheduling method which divides
a day equally into several time blocks and applies a regular train-departing interval and the
same train length for each period under the period-dependent demand conditions. A nonlinear
mixed zero-one programming model, which could accurately calculate the passenger waiting time
and the in-train crowded cost, is developed in this study. A hybrid genetic algorithm associated
with the layered crossover and mutation operation is carefully designed to solve the proposed
model. Finally, the effectiveness of the proposed model and algorithm is illustrated through the
application to Hefei-Wuhan intercity rail line in China.

1. Introduction

Intercity rail lines, as a rapid transport mode connecting two cities, have been paid much
attention by the governments all over the world. They have become one of the most important
engines for boosting regional economic development and accelerating the urbanization
process. In recent years, great importance has been attached to their construction in China.
The associated rail networks connecting many important cities have been built or are under
construction in several economically developed regions, such as Pearl River zone and Yangtze
River zone, and there is a current trend for them to expand to the rest of the country.

An intercity rail line, either in matters of passenger demands or operation scheduling,
is different from the general one. For intercity rail lines, the operations are characterized
with rapid speed and high frequency, and the process of passengers arriving at the stations
are time-dependent and stochastic. An even schedule with a constant headway between
consecutive trains may result in long passenger waiting times during oversaturated periods,
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1 2 3 KK − 1· · ·

Figure 1: The illustration of an intercity rail line.

or ineffective train capacity utilization during unsaturated periods due to the undercapacity.
A train schedule with inconstant headways, however, may lead to the frequent adjustment of
predetermined schedule and the complexity of operations management. There is also trouble
in determining the number of cars constituting a train, which should not be always steady or
frequently modified.

Various attempts have been made to obtain a train schedule for railroad transports
using optimization methods in the past decades. Ghoneim and Wirasinghe [1] defined the
total cost as the sum of the travel time and the relevant rail capital and operating cost and
designed a train scheduling plan with the minimum cost. Goossens et al. [2] introduced
several models for solving operational scheduling problems in which railway lines can have
different halting patterns. Liebchen [3] adapted a periodic event-scheduling approach and a
well-established graph model to optimize the Berlin subway timetable. Claessens et al. [4]
developed a mathematical programming model subjected to service and capacity constraints
to optimize train operations. Ghoseiri et al. [5] built a multiobjective optimization model
for the passenger train scheduling problem on a rail network which includes single and
multiple tracks, as well as multiple platforms with different train capacities. Khan and Zhou
[6] developed a stochastic optimization formulation for incorporating segment travel-time
uncertainty and dispatching policies into a medium-term train-timetabling process, which
is aimed to minimize the total trip time in a published timetable and reduce the expected
schedule delay. Zhou and Zhong [7] formulated train scheduling models which consider
segment and station headway capacities as limited resources, and developed algorithms to
minimize both the expected passenger waiting times and total train travel times. Nachtigall
and Voget [8] discussed the cost benefit between the investigation for reforming track states
and the quality of the resulting timetable measured by the remaining waiting times. Palma
and Lindsey [9] analyzed the schedule delay 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. Nguyen et al. [10] presented a graph theoretic framework for the
passenger assignment problem. Wong et al. [11] presented a mixed-integer-programming
model for the schedule synchronization to minimize passengers’ transfer times. Meng and
Zhou [12] established a robust single-track train dispatching model under a dynamic and
stochastic environment. Carey and Crawford [13] formulated a train scheduling model on a
network of busy complex stations and designed a series of heuristics for finding and resolving
train conflicts so as to satisfy various operational constraints and objectives. Caimi et al. [14]
constructed a resource-constrained multicommodity flow model for conflict-free train routing
and scheduling. Chang et al. [15] built a multiobjective programming model for the optimal
allocation of passenger train services on an intercity high-speed rail line without branches.

The above-mentioned studies provide useful methods for the optimization of train
schedule for railway networks during a particular time period. Nonetheless, research to date
has focused primarily on scheduling problem with even headways, and a unified framework
for scheduling methods that can consider uneven headways and time-dependent demand
patterns is critically limited. This paper focuses on an intercity rail line and proposes a
phase-regular scheduling method, which divides a day equally into several time blocks and
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applies the regular train-departing interval and the same train length during each period. An
optimization model is presented to analytically calculate the passenger waiting time and the
in-train crowded cost under a dynamic demand condition.

The remainder of this paper is organized as follows. An optimization model to the
train scheduling problem for an intercity rail line is given in Section 2. In Section 3, a genetic
algorithm procedure with two-layer framework is presented. In Section 4, there is a numerical
example provided to illustrate the application of the proposed model and algorithm. The last
section brings the paper to a conclusion and outlines the possibilities for future research in
related areas.

2. Formulation

2.1. Problem Statement

This study considers the train operations along one direction at an intercity rail line which
consists of K stations as shown in Figure 1. The stations along the direction are numbered
as 1, 2, . . . ,K, and i is used to index a station. Assume that all trains have the same speed
between two consecutive stations and Ri is used to denote the running time between station
i and i + 1.

The passengers traveling by intercity rail lines arrive at the stations randomly, and they
wait for the latest arriving train and then reach their destinations. The demands associated
with intercity rail lines are characterized as being dynamic and stochastic. In terms of
demand, the travel purposes of passengers are mainly for work and business, and the phase
aggregation is significant. Based on such considerations, this paper divides a day equally into
several time blocks (e.g., 1 hour as a period) and uses τ to denote a period and � to represent
the set of periods (τ ∈ �). At the same time, this study uses Di,i+s(τ) to denote the number of
passengers who arrive at station i during period τ travelling to station i + s.

Based on the characteristics of passenger demands and train operations about the
intercity rail systems, a phase-regular train schedule, which has an even headway and the
same train length during each period, is adopted in this study. According to the operation
practice of intercity rail systems, this paper also assumes that there are only two train
patterns, namely, the large pattern and the small pattern, in order to simplify the problem.
The large pattern has more cars (e.g., 6 cars) and the small pattern has fewer cars (e.g., 4 cars)
to form a train. To design a train schedule is actually to determine the number of departed
trains and the associated train pattern for each period. The decision variables are defined as
follows:

x(τ): number of scheduled trains during period τ ;

y(τ): binary variables indicating the train pattern during period τ , which equals to
1 if the large train pattern is adopted and 0 otherwise.

It is obvious that a train schedule for the intercity rail line can be transformed to
calculate a set Ω = {(x(τ), y(τ)) | τ ∈ �}. In order to formulate a model accurately, two
other hypotheses are presented as follows. At first, the travel passengers between two stations
arrive uniformly at their origin station during a given period. Secondly, the passengers during
a period are to be carried by the trains scheduled at the same period. The following notations
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and parameters are defined for constructing a train scheduling model for the intercity rail
line:

C1: train capacity with large pattern (e.g., 600 persons);

C0: train capacity with small pattern (e.g., 340 persons);

hmin: prespecified minimum interval between two consecutive trains at the same
station (e.g., 5 min);

hmax: prespecified maximum interval between two consecutive trains at the same
station (e.g., 30 min);

N1: number of provided train-units with large pattern at the origin station;

N0: number of provided train-units with small pattern at the origin station;

Qi
j(τ): number of in-train passengers while train j departs from station i during

period τ ;

Pi,i+s
j (τ): number of passengers boarded on train j who arrive at station i travelling

to station i + s during period τ .

2.2. Constraints

(1) Train Operation Constraint. The minimum interval between two consecutive trains should
be required to ensure the operation safety of trains, while the predetermined maximum
interval should not be broken for the passenger waiting times at the stations cannot be
too long. Considering that the number of trains x(τ) is scheduled during period τ , the
same headway between two consecutive trains during this period is thus denoted by
60/x(τ) (min). As a result, the train operation constraint can be expressed by the following
inequality:

hmin ≤ 60
x(τ)

≤ hmax. (2.1)

(2) Demand and Supply Constraint. According to the second hypothesis, the passenger
demands generated during a period should be fulfilled by the trains scheduled at the same
period. The demand and supply constraint is determined by the following:

x(τ)∑

j=1

Pi,i+s
j (τ) = Di,i+s(τ). (2.2)

(3) The In-Train Passengers. When train j departs from station i during period τ , the
number of in-train passengers contains two parts: one is the boarded passengers whose
destinations are farther than station i, and the other is the passengers boarding at station
i. Thus, the in-train passengers can be calculated as follows.

Qi
j(τ) =

i∑

i1=1

K∑

i2=i+1

Pi1,i2
j (τ). (2.3)
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(4) The Fleet-Size Constraint. For the intercity rail transit lines with high-frequency train
schedules, it is very important to have enough train units for dispatching at any moment. This
paper considers that the fleet size is the major resource constraint in our scheduling design
problem. Considering that the number of train units available at the origin station is known
in advance, the fleet size constraint can be expressed as follows:

∑

τ∈�
x(τ) · [k · y(τ) + (1 − k) · (1 − y(τ))] ≤ k ·Nk + (1 − k) ·N1−k (k = 1, 0). (2.4)

(5) The Number of Boarded Passengers. The number of boarded passengers traveling
from station i to station i + s for train j during period τ , Pi,i+s

j (τ), is actually to assign
the passengers to different trains. Considering that the passengers arrive uniformly at the
original station and the trains associated with a given period are scheduled with a constant
headway, the passenger demands should be evenly assigned to the trains during the period.
The following formula is thus achieved for calculating the number of boarded passengers:

Pi,i+s
j (τ) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

[
Di,i+s(τ)
x(τ)

]
if 1 ≤ j ≤ x(τ) − R

[
Di,i+s(τ)
x(τ)

]
+ 1 if x(τ) − R < j ≤ x(τ),

(2.5)

where [·] means rounding, Di,i+s(τ) = [Di,i+s(τ)/x(τ)] · x(τ) + R, 0 ≤ R ≤ x(τ) − 1.

2.3. Objective Function

The objective function is to minimize the total costs, which are composed of the waiting times
of passengers at stations and the in-train crowded costs.

A constant interval between two consecutive trains is 60/x(τ) during period τ for
there are x(τ) trains operating at this period. If the passengers arrive at station i with uniform
distribution, the average waiting time of each passenger during the period is 30/x(τ). The
number of passengers arriving at station i during the period is

∑K−i
s=1 Di,i+s(τ), and the total

waiting times of passengers at station i is (30/x(τ)) ·∑K−i
s=1 Di,i+s(τ). Thus, the total waiting

times of passengers during period τ can be expressed as follows:

W(τ) =
K−1∑

i=1

K−i∑

s=1

30
x(τ)

·Di.i+s(τ). (2.6)

This study introduces the in-train crowded cost to evaluate travel condition in the
trains. The cost is incurred while the number of onboard passengers exceeds the maximum
loading capacity of a train. As a result, the in-train crowded cost of train j running between
station i and station i + 1 during period τ is Qi

j(τ) · Ri if

Qi
j(τ) >

{
C1 if y(τ) = 1
C0 if y(τ) = 0

(2.7)
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and 0 otherwise. The total in-train crowded cost during period τ , F(τ), is thus presented as
follows:

F(τ) =
x(τ)∑

j=1

K−1∑

i=1

Qi
j(τ) · Ri · δ

[
Qi

j(τ) −
(
y(τ) · C1 +

(
1 − y(τ)) · C0

)]
, (2.8)

where δ(u) is the sign function which is equal to 1 if u > 0 and 0 otherwise.
According to the above discussions, the objective function for minimizing the waiting

times of passengers at stations and the in-train crowded costs can be expressed as follows:

minZ =
∑

τ∈�
[F(τ) +W(τ)]. (2.9)

3. Solution Algorithm

The proposed model is a nonlinear programming problem which associates the tightly related
zero-one and integer variables. It can hardly be solved with conventional gradient-based
methods or commercial optimization solvers. Based on the mechanics of natural selection and
natural genetics, genetic algorithm [16–18] is therefore adopted to solve the model developed
in this study. The appeal of genetic algorithm comes from its simplicity and elegance as robust
search algorithm as well as from its power to discover good solutions rapidly for difficult
high-dimensional problems. In practicular, a hybrid procedure with two-layer framework is
designed to solve the proposed model.

3.1. Encoding Approach

A special coding approach with two-layer structure, which includes two layers of decision
variables, namely, the number of trains and train pattern, is adopted to solve the model. A
day is divided equally into several short periods (e.g., one hour as a period in this study), and
the length of a chromosome is represented by the number of periods. An integer embedded
with the upper layer encoding indicates the number of trains scheduled during the given
period. A binary number embedded with the lower layer encoding means the train pattern,
where 1 indicates the large pattern and 0 indicates the small pattern.

In view of the headway constraint, the value of integers associated with the
upper layer encoding, and the number of scheduled trains, should be located within
[60/Imax, 60/Imin]. The number of scheduled trains x(τ) should range from 2 to 12, for
example, if Imin = 5 min and Imax = 30 min. Figure 2 illustrates a chromosome using two-
layer coding approach, where a day is divided into 10 periods, the number of scheduled
trains is 6, 11, 7, 6, 9, 5, 4, 2, 8, 5, and the train pattern is large, large, small, small, large, large,
small, small, large, small, respectively, during the concerned period. Following the above-
mentioned method, we can generate the initial chromosomes at random, then determine the
number of trains x(τ) and the train pattern y(τ) and, finally, calculate the relevant parameters
and the objective function.
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Figure 2: The illustration of a chromosome with two-layer coding approach.
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1 0 0 1 1 1 0 0 1 0
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1 0 0 1 1 1 0 0 1 0

Original chromosome New chromosome

Adjust
The number of

trains

Train pattern

Figure 3: The adjustment of an infeasible chromosome.

3.2. Feasibility Adjustment

It is necessary to pay special attention to the fleet size constraint in the proposed model,
because the number of trains departing from the original station during one day should not
exceed the provided train units, and the chromosomes are required to adjust the feasibility
as the execution process of the procedure. The total number of trains with large pattern is
calculated by checking the train pattern whose encoding is 1 at the lower layer. The number
of trains x(τ) associated with period τ should be reduced by 1 with descending order if the
total number of trains exceeds the available train units N1, until the condition is satisfied. The
total number of trains with small pattern is required to check its feasibility similarly. All other
chromosomes generated at the iterative process of genetic operation should be also adjusted
with the above-mentioned method. For example, a new chromosome as shown in Figure 3
can be obtained after the adjustment of the original one if the number of available train units
N1 and N0 are 25 and 30, respectively.

3.3. Fitness Function

By calculating the value of objective function, we can get the fitness of each chromosome. The
formulation can be expressed as follows:

fitness =
Zmax − Z

Zmax − Zmin
, (3.1)

where Z is the objective from (2.9), Zmax and Zmin denote, respectively, the maximum and
minimum values of the objectives associated with the current generation.

3.4. Crossover Operator

Considering that two-layer encoding approach is adopted in this paper, a layered crossover
operation with double probabilities is proposed. The procedure of the layered crossover
operation is presented as follows.

Algorithm 3.1. The layered crossover operation consists of the following steps.
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Crossover
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Crossover
point 2

Crossover

Initial chromosome New chromosome

Figure 4: The illustration of two-layer crossover operation.

Step 1. Two crossover probabilities P 1
c and P 2

c are set to decide the upper layer operation
and the lower layer operation, and a random number θ with uniform distribution at [0, 1]
is generated to indicate the judgment criterion.

Step 2. Two crossover points are selected randomly, then two gene strings between two
crossover points on the parent chromosomes are exchanged with each other.

Step 3. Two new offspring chromosomes are generated by exchanging the corresponding gene
strings of the parent chromosomes if θ ≤ min{P 1

c , P
2
c }, which means that two gene strings

associated with the upper layer and the lower layer are exchanged simultaneously between
parent 1 and parent 2. If P 2

c < θ ≤ P 1
c , only the gene strings associated with the upper layer

of two parents take the crossover operation, and the gene strings associated with the lower
layer remain the same. If P 1

c < θ ≤ P 2
c , only the gene strings associated with the lower layer

of two parents take the crossover operation, and the gene strings associated with the upper
layer remain the same.

Assume that the crossover probability θ ≤ min{P 1
c , P

2
c }, the layered crossover

operation can be demonstrated by Figure 4.

3.5. Mutation Operator

According to the characteristics of the problem, the large train pattern is suitable for the
period with larger number of trains, while the small train pattern is suitable for the period
with less number of trains. A layered mutation operation with a single point is then
proposed in the paper. Firstly, a gene associated with the upper layer encoding takes mutation
operation, and the corresponding gene with the lower layer is then operated by the result of
the upper layer. The procedure of the layered mutation operation is summarized as follows.

Algorithm 3.2. The layered mutation operation consists of the following steps.

Step 1. Two mutation probabilities P 1
m and P 2

m are set to decide the mutation operations
associated with the upper layer and the lower layer, respectively, denoting the judgment
criteria of the mutation operation with upper and lower layers, and a random number θ
with uniform distribution at [0, 1] is generated to indicate the judgment criterion.
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Figure 5: The illustration of the layered mutation operation.
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Figure 6: The illustration of Hefei-Wuhan intercity rail line.

Step 2. A mutation point is selected randomly, and then the genes associated with the upper
layer and lower layer are mutated.

Step 3. The selected gene at the upper layer of the parent chromosome is replaced with another
number which is located within the predetermined range if θ ≤ P 1

m. The mutation operation
with the lower layer will be determined by the result of the upper layer if θ ≤ P 2

m. If the
value of the gene at the upper layer encoding increases, the value of the corresponding gene
at the lower layer should be changed from 0 to 1. If the value of the gene at the upper layer
decreases, the value of the corresponding gene at the lower layer encoding should replace 1
with 0.

Assume, for example, that the mutation probability is θ ≤ P 1
m and θ ≤ P 2

m, the layered
mutation operation can be demonstrated by Figure 5.

4. Numerical Example

4.1. Line

Hefei-Wuhan intercity rail line, which has operated since April, 2009, is an important
passenger dedicated railway line between Hefei city and Wuhan city in China. The line has a
total length of 364 kilometers with the designed speed of 250 km/h. There are 5 stations along
the line, namely Wuhan station, Macheng North station, Jinzhai station, LiuAn station, and
Hefei station as shown in Figure 6.
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Figure 7: The period-dependent passenger demands counted in terms of one hour.

Table 1: The running time between two adjacent stations (min).

Adjacent stations Running time Adjacent stations Running time
Wuhan-Macheng North 52 Jinzhai-Liuan 22
Macheng North-Jinzhai 44 Liuan-Hefei 32

4.2. Demands

With a particular focus on a typical weekday, the example below considers the operation
from 6:00 AM to 21:00 PM at the origin station. The period-dependent passenger demands, as
shown in Figure 7, are illustrated by the total number of passengers arriving at the stations
during each one hour.

4.3. Results

The running times between two adjacent stations for Hefei-Wuhan intercity rail line are given
in Table 1. The capacities associated with two train patterns C1 and C0 are 600 and 340,
respectively, and the fleet sizes of available train units N1 and N0 at the origin station are
40 and 50, respectively. The prespecified minimum and maximum headways Imin and Imax

are 5 and 30 minutes, respectively.
The parameter values for the layered genetic algorithm are listed as follows. The

population size is 100 and the number of total iterations is 300. The crossover probabilities
P 1
c and P 2

c are 0.90 and 0.95, and the mutation probabilities P 1
m and P 2

m are 0.10 and 0.30,
respectively. After 252 iterations, a train schedule for Hefei-Wuhan intercity rail line from
6:00 AM to 21:00 PM is obtained by the developed procedure, which is shown in Table 2, and
the trend of objective value in processing the algorithm can be shown in Figure 8.

From Table 2, we can see that the total number of trains scheduled during the operation
period is 77, of which the number of trains with large pattern is 37, and the number of trains
with small pattern is 40. The average full-load rate of trains is 95.65%, which means the
optimized train schedule could both economize the operation cost for the railway department
and provide comfortable travel environment for the passengers. The number of scheduled
trains and the train pattern during each period are shown in Figure 9.

We can see from Figure 9 that the number of scheduled trains is generally proportional
to passenger demand, which means that the number of trains during high-peak periods is
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Figure 9: The number of scheduled trains and the train-pattern during each period.

Table 2: The number of trains and train pattern during each period.

Period Number of trains Train pattern Average load-rate (%)
6:00-7:00 5 0 96.00
7:00-8:00 6 1 85.14
8:00-9:00 5 1 95.50
9:00-10:00 6 0 99.71
10:00-11:00 5 0 99.24
11:00-12:00 4 0 99.88
12:00-13:00 6 1 83.64
13:00-14:00 6 0 90.69
14:00-15:00 5 1 99.57
15:00-16:00 5 0 97.53
16:00-17:00 4 0 94.71
17:00-18:00 6 1 70.58
18:00-19:00 5 1 89.57
19:00-20:00 4 1 90.21
20:00-21:00 5 0 97.53
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larger and vice versa. The train pattern is mainly with large pattern during the high-peak
periods, and during the low-peak periods the train pattern is mainly with small pattern.

5. Conclusion

This paper proposes a phase-regular scheduling method for an intercity rail line, which
divides an operational day evenly into several time blocks and applies a regular train-
departing interval and the same train length for each period. A nonlinear mixed zero-one
programming model, which could accurately calculate the passenger waiting time and the
in-train crowded cost, is established. A hybrid genetic algorithm with two-layer framework is
designed to solve the proposed model. Finally, the validation of the model and the algorithm
has been tested with the application of Hefei-Wuhan intercity rail line in China. The results
show that the proposed method can effectively solve the scheduling problem of intercity rail
lines. Considering the modeling details which are closer to reality, such as under a random or
fuzzy environment, is an important topic for further research. At the same time, there is the
necessity to explore the response of passengers to the optimized schedule and to extend the
method to a network case.
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An efficient public transport is more than ever a crucial factor when it comes to the quality of life
and competitiveness of many cities and regions in Asia. In recent years, the rail-based urban mass
transit has been regarded as one of the key means to overcoming the great challenges in Chinese
megacities. The purpose of this study is going to develop a coherent network optimizing for rail-
based urban mass transit to find the best alternatives for the user and to demonstrate how to meet
sustainable development needs and to match the enormous capacity requirements simultaneously.
This paper presents an introduction to the current situation of the important lines, and transfer
points in the metro system Shanghai. The insufficient aspects are analyzed and evaluated; while
the optimizing ideas and measurements are developed and concreted. A group of examples are
used to illustrate the approach. The whole study could be used for the latest reference for other
megacities which have to be confronted with the similar situations and processes with enormous
dynamic travel and transport demands.

1. Introduction

An efficient public transport is more than ever a crucial factor when it comes to the quality
of life and competitiveness of many cities and regions. Rail-based urban mass transit is the
backbone of modern transit systems [1], as their inherent characteristics such as exclusive
right-of-way, automated guidance, and electric propulsion allow them to carry large numbers
of passengers with speed, convenience, and safety.

Projects of rail-based urban mass transit are often a top contender to meet the rapidly
increasing travel demand, especially in many Asian cities [2]. As high population density
requires an efficient transport system to facilitate mobility and economic development of
the territory. On the other hand, this high density provides the essential condition for the
development of a mass transit type of public transport. Furthermore, this kind of transit
system is bound to grow. The world is constantly urbanizing, creating megacities that rely
more and more on public transportation.
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Indeed, the development of rail-based urban mass transit has been one of the key
objectives of the transport policies and strategies over the past few decades. As the population
size of Chinese city increases, the use of a rail-based system becomes more appealing. Since
2003, 28 cities have done their plans of this system network. 2700 km among the planned
lines have been constructed after that. This means, above 250 km line track per year have
been brought into operation, which is quite faster than the construction speed of in western
world in 70′s last century with 160 km per year.

Despite the recent remarkable achievements, the development of rail-based urban
mass transit system in China still faces a lot of problems [3]. Especially, this kind of
remarkable development causes insufficient aspects, such as deficiency and inconsistency.
Some plans have to be changed. The other must even go through fundamental revision.

Transit networks, although being structurally simpler than many other networks,
present some specific challenges. The network planning of rail-based urban mass transit
is influenced and restricted by a series of factors, such as nature environment, social
system, economic condition, and construction technique, so that its concepts are normally
multifarious with different emphasizes [4].

First of all, there are a number of surveys of the empirical literature on demand and
capacity of network. There is, therefore, no contribution to be made by providing an extensive
literature survey here.

Secondly is about the evaluation of network planning, which is difficult to measure,
and while there is no consensus within the literature on a single appropriate proxy variable,
three approaches could be defined that are most commonly used: (1) number of vehicles/
trains in operation and train kilometers operated [5] (as these figures increase per passenger
or per route length, service frequency also increases and there is less crowding), (2) some
measure of time or money [6] (for instance in vehicle time or waiting time through a value of
time factor), and (3) other quality factors that are not directly measurable in terms of time or
money [7] (such as service reliability, infrastructure quality, and ventilation).

Some approaches have also used simulation models that are constructed to describe
the relationship [8]. Normally the simulation model is a generic model that can be changed
to adapt the influencing factors, such as rate of carriage fullness or length of time periods [9].
By running the model, several what-if questions can be replied to make revisions.

Finally, the importance of intermodal connectivity at stations [10], which had been
argued and was also confirmed by many studies. Providing good feeder bus services in both
origin and destination stations at all time periods considerably enhanced ridership [11]. At
the same time, the walk ability for pedestrians in station proved to be important for increasing
ridership.

But analysis in a multimodal network is more complicated than the investigation of
pure vehicular or bus trips. It involves combinedmode trips in which travelers choose not
only the routes, but also the transport modes and the kinds and locations of transfers [12].
Some studies have demonstrated that combining this framework with sensitivity and game
theoretic approaches form a platform for analyzing the competition between operators as
well as for studying the case of regulation [13, 14]. Furthermore, considering high demand
for metro systems, a service disruption may lead to significant degradations in a city’s
public transportation system. That is why establishing alternative means of transportation
for passengers usually using buses is undertaken by transport authorities [15].

While traditional transit planning methods consider such characteristics as demand,
demography, geography, time, and others, none seem to address the network design in a
direct manner, which becomes increasingly important as systems grow. Till now, the most
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applied optimizing methods have been struggling to include too many influences and
variants. Lacking of an efficient and effect optimizing system for the network planning should
be the one of the main reasons of this dilemma situation. This paper could shed light on it.

2. Efficient and Effect Optimizing

According to the philosophy of planning, the character of process should be emphasized,
especially during the phase of planning revelation. As conventional assessment approach
normally focuses on picking out the best one among all candidate concepts at the last phase
of network layout, while an efficient and effect optimizing contrarily attends to value every
main elements of network during the whole planning step by step.

It is worthy to mention, the principle of this coherent network optimizing is to achieve
the biggest accumulated net contribution, which is equal to total profit mines total cost. Profit
results from ticket and increment of land value, while cost will be calculated not only with
construction investment, but also operation expense as well as passenger mobility time.

This optimizing consists of main three constituent parts; they are node and line as
well as combination of network (see Figure 1). As mentioned before, this process should
be infiltrated into every course of network planning, so that planner could benefit through
planning coupling to promote the quality of every concept and finally to achieve more
valuable and sustainable network plan in respects of different aspects of point, line, and
surface.

2.1. Optimizing of Main Node

It is crucial in convenience and possibility of transfer, as node plays an important roll to form
the whole network. It decides the level of accessibility and flexibility for whole network. At
the same time, it also influences the cost and construction tempo, especially when they are
directly located in the central city.

Because of the limited space and density buildings in these areas, potential space
is always limited. Besides the above necessity analyses, its layout and construction cost
should be good investigated in each concept which can be multiplied the sum of prognostic
passenger by its unit price of mobility time.

2.2. Optimizing of Line

It determines the form and difficulty level of network. The terrace of line affects mostly the
construction feasibility, so that it decides the correlative construction cost finally. The needs
of operation, such as park place of wagon maintenance place, and, should be also considered
by the choice of route.
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If the line needs to be taken by special construction measure, its cost will be raised
with several times. For this reason, it is worthy through quantitative analysis of the demand
about space, technique, and expense during the planning carefully.

2.3. Optimizing of Combination

Combination means the mechanics of network. It overlaps with the front two aspects and
covers the capacity and capability of the transit network. According to the transfer times and
its time cost, the final layout of different lines, either crossing or parallel, can be set up though
breaking, remarking, and interweaving.

Nevertheless, a group of operation index such as passenger flow, volume of circular
flow, and rate of flow in different directions can be regarded as criteria to arguer the efficiency
of network operation.

Capacity is a quite vital important for network planning, as it refers to the adaptability
of the present and future transport volumes. Absolutely it is the biggest challenge rising in
planning of rail-based urban mass transit in China, where the urbanization, modernization,
and motorization generate rapidly and enormously. These kinds of dramatic development
bring gigantic demand and stress of passenger flow to the rail-based urban mass transit, so
that they are definitively among the main reasons of deficiency and insufficiency of network
planning mentioned at the beginning of this paper.

3. Application of Coherent Optimizing and Measurement

In order to give prominence to these mentioned aspects, some examples and cases shall be
written in detail as follow.

As one of the Chinese megacities, public transport Shanghai has been challenged by
overload of passenger volume day after day. According the last population census at the end
of 2010, there are more than 2.3 million inhabitants in Shanghai. Obviously, it exceeds the
prediction sum of population 2020 stated in the master plan with the total amount of 1.6
million, which was however quoted as basic reference date for the plan of whole system.

So it is not difficult to understand, why the lines are quite overloaded and crowded
during peak hours, and why the network can still not meet the huge demand even after
rapid construction in last decade years.

By means of the elevated ring streets, the network of the rail-based urban mass transit
Shanghai can be divided into three parts (see Figure 2). Part one is the core area which covers
the city center with about a radius of 3 km. In this area, there are 64 km lines and 34 metro
stations. Secondly, part two is the area between core area and inner ring, which circular is the
rest part of the central city without above mentioned core area. Here are located altogether
208 km lines and 108 stations. Finally, part three is the third one of network, which is outside
of the inner ring street and stretches in the city periphery.

In this fall, the service radius of network is, respectively, 500 m in core area and 600 m
in central area, which is closer and longer than the normal recommended value in other world
cities. However, the service radius directly affected the mobility time and accessibility as well
as the efficiency of whole network.

So as a measurement is called, the density of node and lines inside both of the core area
and central area should be further completed. Especially near the present huge hubs, which
are often overloaded, could be through addition of stations to ease the satiation degree.
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Figure 2: Shanghai rail-based urban mass transit (in red) and inner- and outside ring streets (in grey) as
well as urban constructed area (in yellow).

Example 3.1 (transfer of node). In the station of People’s Square, where is the super center of
administration, culture, and business in Shanghai, there are 3 metro lines concentrated under
the ground, in addition with more than 40 bus lines above the ground (see Figure 3). The
station of People’s Square is in the mitten crossing of line 1, 2, 8. All of them combine the
biggest traffic hub for the urban and region. The volume of passenger and transfer passenger
altogether accounts for 900 thousand per day, which is quantitatively equal to the dimension
of population in a big city.

With the urbanization and development of real estate in suburb areas, more and more
people remove from central city to outskirts of the city. At the same time, the central city
has won more and more area to be redeveloped and reconstructed. Therefore, the connection
between central city and suburb has become more important than before.

During peak hour, most of this kind of connection has relied on rail transit system,
especially the radial pattern lines. Although, this phenomenon is accord with the classic
economic geography theory, but it is also confronted with typical Chinese feature, namely,
masses of passengers. One reason for that is over speeding sprawl of the city and excessive
development of real estate around rail lines.

Example 3.2 (radial pattern of line). Since 1995, the line 1 goes from south-west via center to
north as first operated line in Shanghai and binds new developing zone via developed city
center to the main railway station. With the development of rail-based urban mass transit
network, the average rate of growth of passenger volume in each year is about 16% from
2001 to 2011, after the other main lines have also been operated in business inside of city area.

But the growth rates for every station along line 1 are quite different. In south-west are
more than 50%, because of density development of new residential areas. These growth rates
with value higher than 20% are originated near the new shopping center or new business
center, which are located between city center and new residential area. Most stations have
experienced growth about 10%–20% rate. Few of them have been increased less than 5%.
And very few are even gone down (see Figure 3).



6 Discrete Dynamics in Nature and Society

2001
2011
Growth rate

X
in

zh
ua

ng

W
ai

hu
an

 R
d

L
ia

nh
ua

 R
d

Ji
nj

ia
ng

 p
ar

k

So
ut

h 
ra

ilw
ay

C
ao

ba
o 

R
d

In
d

oo
r 

st
ad

iu
m

X
uj

ia
hu

i

H
en

gs
ha

n 
R

d

C
ha

ng
sh

u 
R

d

So
ut

h 
sh

an
xi

 R
d

So
ut

h 
H

ua
ng

pi
 R

d

Pe
op

le
’s

 S
qu

ar
e

X
in

zh
a 

R
d

H
an

zh
on

g 
R

d

R
ai

lw
ay

 s
ta

ti
on

60
40
20
0
−200

1000
2000
3000
4000

Pa
ss

en
ge

r
(1

0 
th

ou
sa

nd
)

(%
)

Figure 3: Growth rate of passenger flow of line 1.
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Figure 4: Daily Passenger flow in two ride directions of line 8 in 2010.

For another example, line 8 is overloaded with rapid growth rate because of the
connection of large scale of residential communities in two ends. During peak hour at normal
day, some sections of this line have to withstand the full-load ratio 175% (see Figure 4).

Example 3.3 (seamless link between city and region). Another main reason goes to the
restriction of network density in outside of the city. There are only 8 lines among 18 radial
pattern lines, which extend to the distance longer than 30 km. The last stations of other 10
lines break down less than 20 km outward from the city center (see Figure 2).

Incidentally, the distance with 30 km is about the bound line by rail-based urban mass
transit system for commuter traffic. With the normal speed of 30–40 km per hour, rail-based
urban mass transit can be as the best suitable traffic modal to give passenger about 1 hour
trip within this region.

If the capacity of commuter traffic between city center and suburb could not keep the
same step with the increase demand, its advantages, such as express, reliable, and massive,
would not be exerted. Furthermore, it would result in more and more private motorized trip
and would bring worse unhealthy modal split.
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Tracing to the development of rail transit system in advanced world cities, the
measurement is strongly recommended to add long radial pattern lines with 30 km distance
at least to 20 lines. In that fall, it can achieve 2 lines in same direction for every periphery
area, and avoid the service problem rising from the interval space between two radial pattern
lines.

The third measurement to increase the capacity and capability can be realized by
establishment of regional express line. Regional express line distinguishes rail-based urban
mass transit with its relative longer interval distance between stations, faster speed and
bigger capacity. When it is introduced to the network, it can improve the long connection
between central city and periphery as passenger corridor.

At the same time, it can also reduce the almost to satiation volume pressure inside of
the central area. Moreover, it can promote the impact power of Shanghai in the Yangtze delta
area, so that it is quite reasonable to be built for not only for the reason of transport, but also
for the future of region development.

4. Conclusions

The coherent network optimizing is useful to promote the quality of network plan. The
analysis of four aspects, namely, node, route, formation, and capacity conduce to assess each
concept comprehensively and abjectly, especially when the principle of efficiency about net
contribution is in every course compared.

Last but not least, it is also, facility to be applied in comparison not only for the whole
of network, but also for some sectors. These examples in Shanghai have shown, that both
of central area and periphery area should be emphasized in network planning, especially
during the phase of urbanization.

And urbanization has been a worldwide phenomenon since last century. By 2050,
above 70% of the world population will live in urban areas, although the figure is right now
about the half of them. Shanghai is the typical example in China, which has made fast pace
of urbanization particularly and continually for the past three decades.

All of urban growth, urban sprawl, and increased motorization have brought signif-
icantly the demand of transport and require major adaptation of the urban infrastructures,
in particular public transport. In this context, an important goal has to be made to reach a
high modal share of public transport requires. This study offers an initial step toward that
direction.

It has been demonstrated, that rail-based urban mass transit can be as the backbone of
public transport to meet the actual mobility needs and to inform the choices ahead for future
urban mobility. The promotion of its network planning through coherent network optimizing
will be useful to capitalize on mutual benefits. So, it could be used as the latest reference for
other megacities which have to be confronted with the similar situations and processes with
enormous travel and transport demands.
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The passenger transport demands at a given junction station fluctuate obviously in different
time periods, which makes the rail departments unable to establish an even train operation
schedule. This paper considers an optimization problem for train operations at the junction station
in passenger dedicated lines. A satisfaction function of passengers is constructed by means of
analyzing the satisfaction characteristics and correlative influencing factors. Through discussing
the passengers’ travel choice behavior, we formulate an optimization model based on maximum
passenger satisfaction for the junction and then design a heuristic algorithm. Finally, a numerical
example is provided to demonstrate the application of the method proposed in this paper.

1. Introduction

In passenger dedicated lines, passenger trains feature high-speed, high-density, and small
train-unit, and the characteristics of passenger transport demands are similar to those of
city bus passenger demands. Therefore, train operations in passenger dedicated lines need
to be designed differently from the cases in other lines. In particular, train operations at
junction stations must be schemed based on the changing of passenger demands. Many
scholars had studied the train plan problem in passenger dedicated lines. Crisalli presented a
system of within-day dynamic railway service choice and assignment models, which were
used as a large decision support system for the operational planning of rail services [1].
Salido and Barber presented a set of heuristics for a constraint-based train scheduling tool to
formulate train scheduling as constraint optimization problems [2]. Freling et al. introduced
the problem of shunting passenger train units in a railway station. Shunting occurs whenever
train units are temporarily not necessary to operate a given timetable [3]. Some other scholars
noticed that passenger flows were much uneven in different time-periods in everyday, so they
studied the dynamic feature of passenger flows. Niu presented a matching problem between
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skip-stop operations and time-dependent demands in city headways, and formulated a
nonlinear programming model which minimized the overall waiting time and in-vehicle
crowding costs [4]. Jha et al. studied the alternative travel choices which were evaluated by a
disutility function of perceived travel time and perceived schedule delay, and formulated
a Bayesian updating model to optimize an alternative scheme [5]. He et al. presented a
fuzzy dispatching model to assist the coordination among multiobjective decisions in railway
dispatching plan [6]. Nie et al. considered the passenger choice behavior in rail, and proposed
a calculation method of network impedance which could reduce the influence of different
travel distance in passengers choice behavior [7]. Chang et al. developed a multiobjective
programming model for the optimal allocation of passenger train service on an intercity
high-speed rail line without branches. Minimizing the operator’s total operating cost and
the passenger’s total travel time loss is the two planning objectives of the model [8]. Shi et al.
established a multiobjective optimum model of passenger train plans for dedicated passenger
traffic lines by balancing benefits of both railway transportation corporations and passengers,
and proposed a method to solve the optimization problem [9]. Ghoseiri et al. developed a
multiobjective optimization model for the passenger train-scheduling problem on a railroad
network which included single and multiple tracks [10]. In this study, lowering the fuel
consumption cost was the measure of satisfaction of the railway company, and shortening
the total passenger-time was being regarded as the passenger satisfaction criterion.

In previous studies, operation plans of passenger trains were mainly studied on
optimizing transport organization in rail lines, including the train stop-schedule, service
frequency, fleet size, and so forth. However, research on optimizing transport organization
at a junction station is less concerned by other scholars. In general, the optimization objective
of train operations for rail departments is to utilize trains efficiently and to lower travel cost
for passengers. Therefore, the optimized train operations should be balanced between rail
departments’ operating cost and the travel cost of passengers. However, passenger demands
are uneven in different time-periods, and train-set quantity is limited at junction stations; the
train-set quantity probably cannot meet passenger demands at peak time-period. Passengers
will be unsatisfied when their travel cost is increased by longer waiting time or raised ticket
price. Thus, it is important to reasonably arrange the train’s quantity and degrees in different
time-periods. In this paper, we will focus on the matching of passenger train quantity with
passenger demands at junction stations in different time-periods in passenger dedicated lines.

This paper is organized as follows: Passenger demands and travel choices at peak
time-period are discussed in Section 2. An optimized model is built in Section 3, whose
objective is to get maximum total passengers’ satisfaction at the junction stations. In Section 4,
a heuristic algorithm is designed to meet the changing of passenger demands and satisfy the
constraint of train-set quantity. A numerical example is provided to illustrate the application
of the model and algorithm in Section 5. The last section highlights the conclusion, and
suggests future research directions.

2. Problem Statement

2.1. Passenger Demands and Travel Choices

As mentioned above, the passenger demands in passenger dedicated lines are heavily
different at different time-periods, thus train operations show irregularly in every time-
period at junction stations. Previous studies have discussed the departing interval of trains at
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junction stations based on the condition that passenger transport demands and capacities are
equal during the peak time-periods. In fact, the hypothesis is unreasonable when passenger
transport demands are larger than capacities during the peak time-periods. Therefore, the
railway departments can not arrange enough trains to meet the passenger demands in the
peak time-periods.

Passengers mainly consider the degree and departing time of trains when they choose
railway to travel. However, passenger demands are larger than transport ability during the
peak time-periods. In this case, this paper considers that passengers probably choose the
following suboptimal travel schemes for themselves: avoiding the peak time-periods and
taking a train of the same degree to travel in another time-period; choosing a train of another
degree to travel when its quantity is large enough in the same time-period.

2.2. Optimization Methods

The optimization objective for train operations at junction stations is to get maximum
passenger satisfaction. Passenger satisfaction for train operations, presented in this paper,
is an important indicator to evaluate the train operations. Here, the service time at junction
stations is divided into m time-periods, according to which passenger demands and train-set
quantity at junction stations are obtained, respectively. The time-periods in which passenger
demands are larger than transport abilities are defined as peak time-periods. Finally, train
operations in peak time-periods are organized according to the following two schemes.

2.2.1. Transferring Passenger Demands

The process that passengers choose the suboptimal schemes to travel is shown in Figure 1.
The parameters u and u′ represent some time-periods in the service time at the junctions,
respectively; a and c indicate the aboard process that passengers take r and r ′ degree trains,
respectively; b and d indicate the travelling process that passengers take r and r ′ degree trains,
respectively; e represents the fare loss of passengers who intend to take r ′ degree train but are
transferred to r degree train; f represents travelling time loss of the passenger who intends
to take r degree train but is transferred to r ′ degree train; g indicates the waiting time cost of
passengers who have to travel in time-period u′.

2.2.2. Adjusting Operation Section of Train-Set

Passenger demands generate at the junction stations, from which passenger trains are
dispatched to different terminal stations j1, j2, and j3 in passenger dedicated lines as shown
in Figure 2.

As mentioned above, the transport capacity is limited at a junction station because the
train-set quantity is affected by its operation mode. Stationary operation mode of train-set
is used in most of the passenger dedicated lines presently; train-sets are operated on fixed
railway sections as shown in Figure 3. s represents a train-set; tf represents the departure
interval of the same kind of train-sets at stations. In general, the value of tf is larger than that
of tz, which represents the train service time at stations as shown in Figure 3(a). However,
the value of tf must be minimized to just meet train servicing time at stations; the value of tf
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Figure 1: The process that passengers choose suboptimal schemes to travel.
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Figure 3: The operation mode of train-sets on fixed railway section.

is equal to that of tz in peak time-period as shown in Figure 3(b). Thus, the measure ensures
that the train-set operation will be optimized and the transport capacity will be raised.

Train-sets are not utilized completely in normal periods according to the above
analysis. The paper introduces a method to adjust some train-sets from one rail section to
another. For example, u is the peak time-period for rail section 1 but not for rail section 2.
Moreover, there are superfluous train-sets in rail section 2, then we can adjust some from
section 2 to section 1 in time-period u.

3. The Train Operation Model

3.1. Definitions and Notations

The following notations are used to describe the proposed model.
U is the set of time-periods, U = {1, 2, . . . , m}; u, u′ ∈ U, u/= u′.
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R is the set of train degrees, R = {1, 2}; r, r ′ ∈ R, r /= r ′.
J is the set of terminal stations, J = {j1, j2, j3}, j ∈ J .
mu,r
j is the demands of passengers who prepare to get rth degree trains to jth terminal

station in uth time-period.
eu,rj is the train-set quantity of rth degree trains which are dispatched to jth terminal

station in uth time-period.
kr is the maximum number of seats in rth degree trains.
δu,u

′

j is the passenger satisfaction when passenger’s departure time is changed from
uth to u′th time-period.

δr,r
′

j is the passenger satisfaction when passenger train is changed from rth to r ′th
degree.

ξu,rj is the weighted average satisfaction of total passengers who prepare to get to jth
terminal station by rth degree trains in uth time-period.

Three intermediate variables are defined as follows.
xu,rj is the passenger demands which can be contented in mu,r

j .

yu
′,r

j is the passenger demands which are adjusted to travel in u′th time-period.

zu,r
′

j is the passenger demands which are adjusted to travel by r ′th degree trains.
The decision variable is defined as follows.
nu,rj is the train operation quantity when rail department organizes rth degree trains

to jth terminal station in uth time-period.

3.2. Passenger Satisfaction Function

3.2.1. Passenger’s Sensitivity for Changing Their Travel Plan

For every passenger who prepares to travel by rth degree train in uth time-period, their
satisfactions are different. In this paper, the satisfaction value is set to 1 when the passenger’s
travel plan is contented; otherwise, the value is smaller than 1. Passenger satisfactions are on
account of passenger’s sensitivity for the changing of their departure time or train degree.
The passenger’s sensitivity for departure time is a tolerable degree for waiting time when
passengers have to change their departure time to travel. The passenger’s sensitivity for train
degree is a tolerable degree for ticket price rise when passengers have to change the train
degree to travel.

The function fj(u, u′) is defined to illustrate the passenger’s sensitivity when their
departure time is delayed. It is related with the waiting time and travel time as shown in
formula (3.1). The formula reflects a ratio relation between the waiting time at junction
stations and the travel time in lines. In this formula, numerator represents the passenger’s
waiting time at junction stations, and denominator shows the travel time on lines. The
passenger’s departure time is put off to the next time-period when |u − u′| = 1. Otherwise,
|u − u′| > 1. Consider

fj
(
u, u′

)
=
|u − u′| · tp

tj
, (3.1)

where tp is the average waiting time of every time-period. tj represents the travel time from
junction station to the jth terminal station.
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The function gj(r, r ′) is defined to illustrate the passenger’s sensitivity when their train
degree is changed. It is related with the rangeability of ticket price, as shown in (3.2). The
value of prj is larger than that of pr

′
j when the value of r is less than that of r ′. The passenger’s

satisfaction does not decrease with the reducing of ticket price in this case but will decrease
with the changing of their travel plan. Here, λ is introduced to present the descending of
passenger satisfaction:

gj
(
r, r ′
)
=

⎧
⎪⎪⎨

⎪⎪⎩

λ r < r ′,
pr
′
j − prj
prj

· λ r > r ′,
(3.2)

where, λ is the parameter when the train degree is changed, 0 ≤ λ ≤ 1. prj represents the ticket
price of rth degree train from the junction station to jth terminal station.

3.2.2. Passenger Satisfaction for Changing Travel Plan

The value of δu,u
′

j is correlative with the function fj(u, u′). The larger the value of fj(u, u′), the

smaller the value of δu,u
′

j . The passenger satisfaction function for changing train departure

time can be defined as (3.3). In the same way, δr,r
′

j has similar character, and the passenger
satisfaction function for changing train degree is defined as (3.4):

δu,u
′

j = exp
[−fj

(
u, u′

)]
, (3.3)

δr,r
′

j = exp
[−gj

(
r, r ′
)]
. (3.4)

3.2.3. Passenger Satisfaction Function

In this paper, passenger satisfaction is defined as formula (3.5) representing the weighted
average satisfaction of total passengers who prepare to get to the jth terminal station by the
rth degree train in the uth time-period:

ξu,rj =
xu,rj · 1 +

∑
u′∈U,u′ /=u y

u′,r
j · δu,u′j + zu,r

′

j · δr,r ′j

mu,r
j

. (3.5)

3.3. The Division Method of Time-Period

According to the above analysis, passenger satisfaction will decrease when passenger’s
waiting time is enlarged at junction station, as passenger’s waiting time will increase with
the prolonging of the time-period. Thus, time-periods are divided according to the minimum
passenger satisfaction τ . The time-period division is unreasonable when the value of δu,u

′

j is

less than τ . This paper computes the value of tp when the parameter δu,u
′

j is equal to τ , and
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uses the value of tp as the dividing standard of time-period, as shown in formula (3.6). The
number of time-periods is calculated by (3.7):

tp = −
tj

|u − u′| ln τ, (3.6)

m =
l

tp
, (3.7)

where m is the number of time-periods, and l denotes the length of service time in passenger
dedicated lines.

3.4. Modeling

3.4.1. Objective Function

Here, ξu,rj represents the weighted average satisfaction of total passengers who prepare to get
to jth terminal station by rth degree train in uth time-period, and the range of value ξu,rj is
from 0 to 1. In (3.8), the objective is to get maximum total passenger satisfaction:

maxQ =
∑

j∈J

∑

u∈U

∑

r∈R
ξu,rj , (3.8)

where,
∑

r∈R ξ
u,r
j represents the satisfaction of passengers who get to jth terminal station at

uth time-period.
∑

u∈U
∑

r∈R ξ
u,r
j is the satisfaction of all passengers who get to jth station.

3.4.2. Constraints

The constraint of even passenger flow is shown in (3.9). The value of mu,r
j can be divided into

xu,rj , yu
′,r

j , and zu,r
′

j when the passenger demands cannot be contented completely in peak-

periods.
∑

u′∈U,u′ /=u y
u′,r
j indicates the demand of passengers who prepare to travel in uth time-

period and probably to be assigned to other time-periods. Consider

xu,rj +
∑

u′∈U,u′ /=u
yu

′,r
j + zu,r

′

j = mu,r
j . (3.9)

The constraint of the train operation quantity balance is shown in (3.10). In this
formula, ε = {xu,rj ,

∑
u′∈U y

u′,r
j , zu,r

′

j }, “ mod ′′ is the symbol of modular division. The formula
“xu,rj mod kr + βε · 1′′ indicates that the train quantity should meet the passenger demands
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xu,rj . Similarly, the formula “
∑

u′∈U y
u′,r
j mod kr + βε · 1′′ and “zu,r

′

j mod kr + βε · 1′′ represent

the train quantity meeting the demands
∑

u′∈U,u′ /=u y
u′,r
j and zu,r

′

j , respectively:

nu,rj = xu,rj mod kr +
∑

u′∈U
yu

′,r
j mod kr + z

u,r ′

j mod kr +
∑

ε

βε · 1, (3.10)

βε =

{
1 ε mod kr /= 0,
0 ε mod kr = 0.

(3.11)

The constraint of the train-set quantity is shown in (3.12), which represents that train
quantity nu,rj is restricted by train-set quantity eu,rj :

nu,rj ≤ eu,rj . (3.12)

The constraint of minimum passenger satisfaction is shown in (3.13), in which δu,u
′

j

and δr,r
′

j should be larger than the empirical value of the passenger’s toleration for changing
travel plan. Consider

δu,u
′

j ≥ τ,

δr,r
′

j ≥ τ.
(3.13)

The nonnegative and integer constraint is shown in:

nu,rj ≥ 0, xu,rj ≥ 0, yu
′,r

j ≥ 0, zu,r
′

j ≥ 0 (3.14)

and are integer.

4. Algorithm Design

This paper designs a heuristic algorithm of train operation based on maximum passenger
satisfaction. The algorithm process is shown as follows.

Step 1 (initialization). Firstly, the smaller value between train-set and train demand quantity
is assigned to the train operation quantity, namely nu,rj = min{eu,rij , au,rij }. Secondly, the value
of demands mu,r

j is assigned to intermediate variable xu,rj , and 0 is assigned to intermediate

variable yu
′,r

j and zu,r
′

j , respectively. Thirdly, define the counter b and feasible scheme p.
Finally, the value of b and Q are set to 0.

Step 2 (examining the balance constraint of train-set capacity and demand). If the train
demand quantity au,rj is less than train operation quantity nu,rj in some time-periods, namely
mu,r
j mod kr + βε · 1 < nu,rj , go to Step 3. Otherwise, go to Step 4.



Discrete Dynamics in Nature and Society 9

Table 1: The train ticket price.

r, j 1, 1 1, 2 1, 3 2, 1 2, 2 2, 3
Pr
j 80 120 135 50 80 100

Table 2: Passenger demands (unit: person times).

u, r 1, 1 1, 2 2, 1 2, 2 3, 1 3, 2 4, 1 4, 2
mu,r
j1

1110 3600 5500 12200 11100 6100 2780 1220

mu,r
j2

8300 9100 13000 9150 10000 3650 2750 2440

mu,r
j3

5500 4880 11100 9150 5500 7300 1660 1800

Table 3: The value of eu,rj and au,rj (unit: train).

u, r 1, 1 1, 2 2, 1 2, 2 3, 1 3, 2 4, 1 4, 2
eu,rj1 , au,rj1 10, 2 8, 6 5, 10 10, 20 15, 20 15, 10 7, 5 5, 2

eu,rj2 , au,rj2 14, 15 13, 15 20, 25 25, 15 20, 18 10, 6 5, 5 2, 4

eu,rj3 , au,rj3 12, 10 10, 8 15, 20 20, 15 7, 10 10, 12 8, 3 8, 3

Step 3 (passenger satisfaction examination). Firstly, take the value of q meeting q =
min{δu,u′j , δr,r

′

j }. Secondly, passenger satisfaction is calculated when the value of q is larger
than that of τ , and output this scheme p. Otherwise, all passenger demands transformed
from other time-periods are adjusted to prior time-period u−1, and equal passenger demands
generated at time-period u − 1 are adjusted to uth time-period. Then go to Step 4. Secondly,
the counter p is refreshed with the equation of p = p + 1.

Step 4 (adjusting scheme). The value of bu,rj is assigned to the value of au,rj − nu,rj when the

value of au,rj is larger than nu,rj . Then, the value of bu,rj is assigned equally to yu
′,r

j and zu,r
′

j ,

according to formula yu
′,r

j = zu,r
′

j = 0.5krb
u,r
j . Finally, the value of train-set quantity nu,rj is

refreshed by formula nu,rj = (xu,rj + yu−1,r
j + zu,r

′

j ) mod kr + βε · 1, and go to Step 2.

5. Numerical Example

In some passenger dedicated lines, passenger trains are only operated from the junction
station to the terminal stations j1, j2, and j3. The travel time from the junction station to
terminal stations j1, j2, and j3 is 2, 3, and 5 hours, respectively, namely t1 = 2, t2 = 3, and
t3 = 5. There are two degree trains, r = 1, r ′ = 2. The trains’ ticket prices are shown in Table 1.
The service time of every day is 14 hours from 6:00 to 20:00. The length of the time-period tp
and the number of time-periods m are computed according to (3.6) and (3.7). The calculation
results: the value of tp is 3.3 hours, and the number of time-periodm is 4. The service time can
be divided into four time-periods, from which the passenger demands collected are shown
in Table 2.

The passenger demands can be transformed to train demands according to (3.10), and
the constraint of train-set is given in the numerical example as shown in Table 3, where the
notation eu,rj and au,rj represent maximum train-set quantity and train demands. Then the
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Table 4: Train operation quantity in every time-period nu,rj (unit: train).

u, r 1, 1 1, 2 2, 1 2, 2 3, 1 3, 2 4, 1 4, 2
j1 2 6 5 10 20 15 7 6
j2 13 11 20 23 20 6 5 2
j3 10 8 15 20 7 10 6 5

Table 5: Adjustment the scheme of passenger trains.

Terminal station Adjustment program [(u, r)→ (u′, r) or (u, r ′): the adjusted train quantity]
j1 (2, 1) → (3, 1): 4, (2, 2) → (3, 2): 6, (3, 1) → (4, 1): 5
j2 (1, 1) → (1, 2): 2, (2, 1) → (3, 1): 3, (1, 1) → (3, 1): 1, (4, 2) → (4, 1): 1
j3 (2, 1) → (3, 1): 5, (3, 1) → (4, 1): 2, (3, 2) → (4, 2): 2

Table 6: Passenger satisfactions.

u, r 1, 1 1, 2 2, 1 2, 2 3, 1 3, 2 4, 1 4, 2
j1 1 1 0.53 0.7 0.85 0.93 1 1
j2 0.87 0.73 0.8 0.93 0.89 0.8 1 0.5
j3 1 1 0.75 1 0.7 0.83 1 1

datum, in which eu,rj is less than au,rj , is adjusted to other time-periods or other degree trains
according to the above heuristic algorithm.

This paper optimizes the passenger operation at the junction station according to the
above model and algorithm in Table 4. The adjustment result of passenger demands is shown
in Table 5, and that of the passenger satisfaction is in Table 6.

6. Conclusion

In this paper, an optimization model based on maximum passenger satisfaction for the
junction station has been given. A heuristic algorithm is proposed to solve it. According to
the scheme results, all passenger satisfaction is calculated. Average satisfaction of passengers
who prepare to get to j1th, j2th, and j3th terminal stations are 0.87, 0.81, and 0.91, respectively.
Minimum satisfaction of passengers who prepare to get to j1th, j2th, and j3th terminal station
are 0.42, 0.45, and 0.4, respectively. The result shows that the method proposed in this paper
can effectively solve the problem, and is suitable for formulating passenger train operation
in passenger dedicated lines. Furthermore, it is an important topic for further research to
consider the train operation based on collaborative optimization among several junction
stations in passenger dedicated lines.
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This paper proposes a stochastic user equilibrium (SUE) assignment model for a schedule-based
transit network with capacity constraint. We consider a situation in which passengers do not
have the full knowledge about the condition of the network and select paths that minimize a
generalized cost function encompassing five components: (1) ride time, which is composed of in-
vehicle and waiting times, (2) overload delay, (3) fare, (4) transfer constraints, and (5) departure
time difference. We split passenger demands among connections which are the space-time paths
between OD pairs of the network. All transit vehicles have a fixed capacity and operate according
to some preset timetables. When the capacity constraint of the transit line segment is reached, we
show that the Lagrange multipliers of the mathematical programming problem are equivalent to
the equilibrium passenger overload delay in the congested transit network. The proposed model
can simultaneously predict how passengers choose their transit vehicles to minimize their travel
costs and estimate the associated costs in a schedule-based congested transit network. A numerical
example is used to illustrate the performance of the proposed model.

1. Introduction

Transit assignment is an approach used for predicting the way in which passengers choose
routes traveling from origins to destinations. Much progress has been made in the past three
decades [1], and the assignment model can be broadly divided into three types: transport
system-based, frequency-based, and schedule-based.

In a transport system-based network, the all-or-nothing assignment method in which
passengers choose the quickest route without considering headways of line routes as well as
timetables is adopted. The result provides an overview of the structure of travel demand
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for long-distance planning purposes. Generally, the transport system-based assignment
procedure does not require any line frequencies or timetables as input data. The early transit
assignment approaches such as Dial’s algorithm [2, 3] and the method by Fearnside and
Draper [4] are also based on the transport system in a way similar to road traffic assignment.

In a frequency-based network, each transit line is assumed to operate on a constant
headway. The assignment procedure encompasses three steps: route search, route choice,
and demand split. The first step searches for possible paths between all origin-destination
(OD) pairs. The second step compares the individual routes and eliminates the unreasonable
routes. Then the final step evaluates the remaining routes and assigns the trips of an OD
matrix to these routes.

During the route choice step, for at least some OD pairs, there are sections in a
path with more than one parallel service offered and passengers can choose the one they
perceive as the best, which leads to the common lines problem [5], often regarded as the most
complex problem for transit assignment. De Cea et al. [6] proposed an alternative method
of generating minimum cost routes, as well as the partial paths from different lines using a
common route section with a nonlinear programming method. Following the ideas of Chriqui
and Robillard [5], Spiess [7], Spiess and Florian [8] introduced a strategy for choosing an
attractive route set of lines at boarding stop points. This idea was further extended by Wu
et al. [9] who proposed the strategy-based asymmetric transit link cost function and the
hyperpath concept. These models assumed no capacity limit for links of a network. Gendreau
[10] was the first to formulate a general transit assignment with the capacity constraint,
and following by Lam et al. [11], Cominetti and Correa [12] and Kurauchi et al. [13].
Lam et al. advanced a stochastic user equilibrium assignment model for congested transit
networks with a solution algorithm that can simultaneously predict how passengers choose
their optimal routes and estimate the total passenger travel cost [11]. Cominetti and Correa
proposed a model based on the common lines paradigm, which was applied to general
networks using a dynamic programming approach, and congestion was treated by means
of a simplified bulk queue model [12]. Kurauchi et al. proposed a model in which passengers
unable to board due to the capacity constraint were then routed through spill-links [13].
These algorithms considered the congestion situation by introducing a volume-dependent
link cost function with the capacity constraint. Consequently the resulting equilibrium
models could be solved by standard algorithms for convex minimization. Another important
topic on frequency-based transit assignment is the common line problem based on the
hyperpath approach. Nguyen et al. [14] investigated the application of a nested logit model
to trip assignment on urban transit networks where every set of competitive transit lines is
described by a hyperpath. Schmöcker [15] also employed the hyperpath concept to the transit
assignment problem with the capacity constraint.

In general, the frequency-based transit assignment algorithm assumes that the pas-
senger demand is constant within the specified time period of interest. The transfer time is
not explicitly calculated but to be estimated based on the headway of the transit vehicle. This
means that the impact of timetable is not considered, and the waiting time is usually assumed
to be equal to the half of the headway.

On a schedule-based transit network, the assignment considers the exact timetable and
therefore the procedure needs to model the spatial and temporal structure of travel demand.
The resulting assignment would show explicitly the exact number of passengers apportioned
to each scheduled vehicle. Recently, this method becomes more and more popular, Florian
[16] firstly proposed a deterministic schedule-based transit assignment method and applied
it to the EMME/2 software package, in which the weight factors and non-time-based cost
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elements in determining the optimal path were used to evaluate the feasibility of a path and
its attractiveness, and the shortest path algorithm was employed to assign trips. Tong and
Wong [17, 18] formulated a dynamic transit assignment model. In their model, passengers
were assumed to travel on a path with minimum generalized costs. These algorithms could
be applied over a period in which both passenger demands and vehicle headways are
varying. Friedrich and Wekeck [19] constructed a transit path choice method using the branch
and bound technique, which reduced further the computation time. Friedrich [20] made
an extension of their algorithm from a single-day to a multiday situation, which allowed
considering changes in supply and demand within the course of a multiday time period.
Nielsen [21] developed a stochastic schedule-based transit assignment model considering
the utility of different passengers and optimized the stochastic assignment model based
on the method of successive averages (MSA) [22]. Nuzzolo also developed algorithms for
the transit assignment problem [23, 24]. Xu et al. proposed the K-shortest path searching
algorithm in a schedule-based transit network [25]. This algorithm could be used in the flow
assignment when the time-space path is taking part in the flow split between the OD pair. In
all those algorithms developed, the attractive connection in a schedule-based network is not
considered. Besides, the stochastic path choice behavior in the congested situation has not
been studied.

Previous studies involved in flow assignment methods in the schedule-based transit
network are extremely limited, let alone the consideration of capacity constraint in a
stochastic user equilibrium (SUE) transit assignment model. In this paper, a schedule-based
SUE transit assignment algorithm for a similar common line problem is presented. We
consider the schedule-based transit network described in Friedrich and Wekeck [19]. In
our work, however, we assume that passengers do not necessarily have full knowledge of
the schedule of transit service. A stochastic user equilibrium assignment method with the
congested situation is proposed, which is an extension of the work by Lam et al. [11]. The
latter considers the problem in the context of a frequency-based transit network. The purpose
of this paper is to formulate a model to determine exactly the load of vehicle on a transit line
at a given time period. Moreover, we examine whether the passenger volume on a transit line
exceeds the designed capacity.

This paper is organized as follows. In the next section, some useful concepts for a
transit network are briefly reviewed. Notations and basic assumptions of the mathematical
model are given. In Section 3, the attractive connection set is defined. In Section 4, a
generalized travel cost function is formulated to choose the best routes between OD pairs
on the schedule-based transit network firstly. Then a SUE assignment model is proposed, as
well as its solution algorithm. The numerical example of this model is presented in Section 5
to illustrate the validity of the algorithm. Conclusions are given in Section 6 as well as the
direction for future research.

2. Concepts, Notations, and Basic Assumptions

2.1. Concepts

We provide here an overview of terms used in this paper such as line, line section, and
line route before embarking on a discussion of the common lines problem and SUE transit
assignment. We adopt the definitions of these terms from the previous work: definitions of
the transit line, transit arc, and line segment from Lam et al. [11], definitions of route segment,
connection and connection segment from Friedrich and Wekeck [19].
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Figure 1: An example schedule-based transit network (Friedrich and Wekeck [19]).

Table 1: Connections of example schedule-based transit network.

Connection
ID

Passing
stations

Departure
time

Arrival
time

In-vehicle
time

Transfer
time

Total travel
time

Number of
transfers

c1 A-S-B-X 6:10 6:55 45 min 0 min 45 min 0
c2 A-S-B-X 6:55 7:40 45 min 0 min 45 min 0
c3 A-S-B-X 7:25 8:10 45 min 0 min 45 min 0
c4 A-S-X 6:10 6:41 28 min 3 min 31 min 1
c5 A-S-X 7:25 8:01 28 min 8 min 36 min 1

A connection is a line that a passenger chooses to travel from his/her origin node to
the destination node. In the schedule-based transit network, each connection is composed
of origin node, destination node, walking link, transfer nodes, departure time, arrival time,
in-vehicle time, transfer time, number of transfers, and the total travel time.

A connection segment is a portion of a connection which describes a part of a journey
and is also endowed with a departure and arrival time, and which is the building block of a
connection. In this paper, the connection segments using access and egress walk links would
not be considered.

The example network (shown in Figure 1) used by Friedrich and Wekeck [19] is
adopted here to explain the definition of line (segment), line route (segment) and connection
(segment). In this example, the given network consists of a bus line and a train line,
passengers traveling from origin A-Village to destination X-City may choose between direct
bus connections and faster bus-train connections.

Since a transit line is characterized by an initial stop node, a terminal stop node, length
and running time, the connection segments can be calculated from a set of line sections. For
the example network given in Figure 1, bus line 1 from node A-Village to station has three
connection segments, that is, boarding and departing at node A-Village at 6:10, arriving at
station at 6:22; or departing at 6:55, arriving at 7:07; or departing at 7:25 and arriving at 7:37.
A given transit line with n stations would include n(n − 1)/2 line sections and consequently
include a total of k × n(n − 1)/2 connection segments (where k is the total number of vehicle
runs). The connections of the example transit network of Figure 1 are shown in Table 1.
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From the above example, we can conclude that in a schedule-based transit network a
connection is a route path plus a series of time strategies, including the departure time, arrival
time and transfer time. When an incoming bus is operating at its capacity level, passengers
may choose not to board but opt to wait for the next one with successor connections. In this
situation, we can call this attractive connection problem for a schedule-based transit network
with capacity constraints. Namely, passengers choose their journey strategy at a station from
an attractive connection set.

2.2. Notations

W : Set of OD pairs

w: An element of set W

gw: Passenger demand between OD pair w

Cw: Set of attractive connections associated with OD pair w

c: Index of connection

S: Set of connection segments of the attractive connections

s: Index of connection segment

vc: Passenger flow on connection c

vs: Passenger flow on connection segment s

dc: Passenger overload delay, that is, the time that passengers spend on waiting for
vehicle of another connection segment when they cannot board the first coming
vehicle of the first connection segment because of insufficient vehicle capacity

ds: Passenger overload delay on connection segment s

ttc: Travel time on connection c

tts: Travel time on connection segment s

dtc: Departure time of connection c

dts: Departure time of connection segment s

dtE: Expected departure time of a trip

atc: Arrival time of connection c

ats: Arrival time of connection segment s

gcc: Generalized cost of connection c

gcs: Generalized cost of connection segment s

I: Analysis time span

twc : Waiting time on connection c

tws : Waiting time on connection segment s

tvc : In-vehicle time on connection c

tvs : In-vehicle time on connection segment s

tdc : Riding time on connection c

tds : Riding time on connection segment s
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tnc : Number of transfers of connection c

tns : Number of transfers of connection segment s

T
−(+)
B : The minimum (maximal) transfer wait time T−B
dc: Passenger overload delay on connection c

ds: Passenger overload delay on connection segment s

Yc: Monetary cost of connection c

Ys: Monetary cost of connection segment s

ξI
s(c): A nonnegative function of dist(dts(c), dtE), which represents the functions of

difference between the real departure time dts/c and the expected departure time
dtE

caplv−s: The vehicle capacity of transit line l

δwc : 0-1 variable, if connection c connects between OD pair w, it equals to 1 and
otherwise 0.

δws,c: 0-1 variable, it equals to 1 if connection c associating OD pair w consists of con-
nection segment s, and 0 otherwise.

2.3. Basic Assumptions

Assume that (a) the transit service considered has a schedule but passengers do not know
exactly the schedule. The service behaves as if it was frequency based, (b) the OD demand is
fixed, at any given time interval (e.g., the peak hour), and (c) all vehicles strictly operate
under the sequence defined by the timetable without overtaking each other. (d) Other
assumptions are drawn as Lam et al. [11].

3. The Attractive Connection Set

De Cea and Fernandez [26] indicated that in a congested transit network, there exists more
than one type of route segments between a given pair of nodes representing the set of
desirable lines. However, in a schedule-based network, there would also be more than one
type of connection segments which would result in an attractive connection set as described
above. Different from the determination of different classes of route types of uncongested
network by solving the hyperbolic common lines problem [26], an important process needs
to be emphasized to determine the most attractive connection set. This will be discussed as
follows.

According to the timetable, the frequency of a transit vehicle is fixed. Assume that the
preceding vehicle would not be overrun, the set of attractive connections based on some
specific rules could be determined. The algorithm used by Friedrich and Wekeck [19] is
employed to build a connection tree. Every connection segment s is described by departure
time dts and arrival time ats, travel time tts, cost costs, and number of transfer tns . If connection
c is made up of n connection segments, the number of its transfers is n − 1. As shown in
Figure 2 [19], let s be the current processed connection segment from station B to station C,
let c∗ be the new connection between the original station A and station C formed by adding
s to some connection c arriving at B, finally let CS−C be the set of all known connections to
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stop C. Connection segment s is inserted into the tree as an successor of c, if and only if the
following conditions hold.

(1) Temporal suitability: The connection segment s departs from node B only after
the arrival of connection c plus a minimum transfer wait time T−B , and before the
maximum transfer wait time T+

B has elapsed, namely.

dts − atc ∈
[
T−B , T

+
B

]
. (3.1)

(2) Dominance: there is no known connection c′ ∈ CS−C, such that

dtc′ ≥ dtc∗ , atc′ ≤ atc∗ , gcc′ ≤ gcc∗ , tnc′ ≤ tnc∗ . (3.2)

(3) Tolerance constraints: none of the following rules are violated:

gcc∗ ≤ b1 ×min
{
gcc′ , ∀c′ ∈ CS−C

}
+ b2, tnc∗ ≤ d1 ×min

{
tnc′ , ∀c′ ∈ CS−C

}
+ d2

ttc∗ ≤ ϕ1 ×min
{
ttc′ , ∀c′ ∈ CS−C

}
+ ϕ2, tnc∗ ≤N+,

(3.3)

where bi, di, ϕi are user-defined global tolerance parameters, and N+ is the user-defined
bound for the number of transfers within a connection.

Using this approach which is the same as the branch and bound algorithm, we can
determine all connections between any two nodes of the network. For a given OD pair (or any
two nodes), we can then determine the attractive connection set according to some attributes
of connection, for instance, the number of transfers or the departure time. As an example, we
can set the attractive connection setCS−C from nodeA to node C in Figure 2 as all connections
of which the departure times are earlier than 8:00, or, all the connections of which the number
of transfers do not exceed 3.

4. SUE Assignment Model for Schedule-Based Transit Network with
Capacity Constraints

4.1. Generalized Travel Time Cost Function of a Connection

Waiting at a transit station can be described as a process like this: at a given time interval I,
consider a passenger heading towards the destination, whose original node is r and terminal
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node t. To exit from r he/she can use the connection segment sto reach the next station j. The
decision faced at station r is determined via the generalized cost gcs(vs) corresponding to the
services operating on the connection segment s such that

gcs(vs) = αt
W
s + βtVs + ϕtns + γds + ρξ

I
s +	Ys = dt

d
s + ϕt

n
s + γds + ρξ

I
s +	Ys, (4.1)

where, parameters α = β = d and ϕ are user-defined factors. γ , ρ, 	 are the conversion factors
of time value.

The cost to reach at the destination using connection c can be determined as follows:

gcc =∞ if dtc, atc /∈ I
gcc =

∑
∀s∈S

δws,cgcs otherwise. ∀c ∈ Cw (4.2)

4.2. Flow Conservation in a Congested Network

Passenger flows on connections which satisfy the following constraints. For each OD pair w,
its trip demand gw can be split into all possible attractive connections as

gw =
∑

c∈Cw

vc. (4.3)

Each connection segment s should satisfy the flow conservation of each specific
connection c, that is

vs =
∑

w∈W

∑

c∈Cw

δws,cvc. (4.4)

Furthermore, connection flow should satisfy the capacity constraint so that there
would not be an overload in the transit vehicle to which connection segment s belongs

vs ≤ caplv−s. (4.5)

4.3. SUE Assignment Model Formulation

Definition 4.1. A SUE is achieved in a schedule-based transit network with capacity
constraints when the allocation of passengers between alternative connections conforms to
the following logit model:

−θ(gcc − gcc′
)
= ln

(
vc
vc′

)
∀c ∈ Cw, (4.6)

where c and c′ are the alternative connections associated with the same OD pair w, and θ > 0 is
a given parameter used to measure the degree of passengers’ knowledge about the travel cost
on a specific connection. In general, the corresponding θ value for schedule-based network
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would be smaller than the transportation system based or frequency-based transit system. As
θ → ∞, the result of SUE approximates that of user equilibrium (UE).

Based on (4.1) and (4.6), we have

ln
(
vc
vc′

)
= − θ(gcc − gcc′

)
= −θ

[
d
(
tdc − tdc′

)
+ ϕ

(
tnc − tnc′

)
+ γ(dc − dc′)

+ ρ
(
ξIc − ξIc′

)
+	(Yc − Yc′)

]
.

(4.7)

As the total demand increases, the proportionate distribution of passenger flow
between the two connections remains the same until one or more segments on either
connection are overloaded.

We formulate the SUE assignment problem as follows:

(NP1) minz =
∑

s∈S

∫vs

0
gcs(x)dx +

1
θ

∑

w∈W

∑

c∈Cw

vc lnvc, (4.8a)

S.t.

gw =
∑

c∈Cw

vc, (4.8b)

vs =
∑

w∈W

∑

c∈Cw

δws,cvc, (4.8c)

vs ≤ caplv−s, (4.8d)

vc ≥ 0, w ∈W, c ∈ Cw. (4.8e)

The Lagrangian function for NP1 can be formulated by

L =
∑

s∈S

∫vs

0
gcs(x)dx +

1
θ

∑

w∈W

∑

c∈Cw

vc lnvc + χw

(
gw −

∑

c∈Cw

vc

)
+ εs

(
vs − caplv−s

)
− μwc vc.

(4.9)

The Kuhn-Tucker conditions for problem NP1 can be formulated as follows:

1
θ
(lnvc + 1) +

∑

s∈S
δws,c · gcs(vs) − χw + εc − μwc = 0, (4.10)

−μwc vc = 0, (4.11)

where χw, εc and μwc are the corresponding Lagrangian multipliers to (4.8b)–(4.8d).
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We have that if vc > 0 then μwc = 0; gcc =
∑

s∈S δ
w
s,c · gcs(vs)for all c ∈ Cw, so that we

can easily formulate the following logit model for the connection flow split between OD pair
w:

vc = gw
exp

(−θ · gcc + εc
)

∑
k∈Cw

exp
(−θ · gck + εk

) (4.12)

For each connection segment, εs = −θγds is a condition for SUE transit assignment
with bottlenecks. If θ is very large, the second term of the objective function of problem NP1
will become insignificant and hence this is an approximation to the UE problem.

4.4. Solution Algorithm for SUE Assignment Problem

There are several solution algorithms for the standard SUE assignment problem, such as the
method of successive averages [27], the partial convex combination method [28], and the
iterative balancing and convex combination method [29]. The SUE assignment problem with
capacity constraints like NP1, however, cannot apply these approaches directly. Bell proposed
an advanced method of successive average to solve a SUE road traffic assignment problem
[30], which was adopted by Lam et al. [11] to solve the transit assignment problem like NP1
with bottlenecks. Based on the solution method of Lam et al. [11], we designed a method to
solve the SUE assignment problem for schedule-based transit network.

Rewrite (4.10) as

vc = exp
(
−θ

(
gcc + χw − εc +

1
θ

))
= exp

(−θ · gcc
)∏

s∈c
EsMw, (4.13)

where connection c connects OD pair w, Mw = exp(χw + 1/θ), while factor Es = exp(−εs), a
simple procedure is proposed to solve the SUE transit assignment problem NP1 with given
OD flows at time interval I.

Step 1. n = 1. Calculate an attractive connection set, and corresponding s ∈ S for all OD pairs
w ∈ W according to the algorithm mentioned in the previous Section. Set E(n)

s = 1 for each
s ∈ S, and M

(n)
w = 1 for w ∈W .

Step 2. n = 2. If the convergence condition is satisfied, then stop; otherwise, for each s ∈ S,
calculate

vc
(
E(n),M(n)

)
= exp

(−θ · gcc
)∏

s∈c
E
(n)
s M

(n)
w ,

β
(n)
s =

caplv−s
∑

w∈W
∑

c∈Cw
δws,cvc

(
E
(n)
s ,M

(n)
w

) ,

E
(n+1)
s = min

[
1, β(n)s E

(n)
s

]
.

(4.14)
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For each w ∈W , set

β
(n)
w =

gw∑
c∈Cw

δwc vc
(
E(n),M(n)

) , M
(n+1)
w = β(n)w M

(n)
w . (4.15)

Step 3. n = n + 1, back to Step 2.

Step 4. For each c ∈ Cw, calculate

v
(n)
c = v

(
E(n),M(n)

)
. (4.16)

For each s ∈ S, calculate v(n)
s =

∑
w∈W

∑
c∈Cw

δws,cv
(n)
c , ds = −(lnEs)/γθ.

For each c ∈ Cw, calculate dc =
∑

s∈c −(lnEs)/γθ.

Step 5. For all OD pairs, if the gap function G(n) =
∑

w∈W
∑

c∈Cw
δws,c|v(n+1)

c −v(n)
c |/

∑
w∈W gw <

ς, then stop. (where ς is an user-defined parameter).

5. Numerical Example

We test the NP1 problem with the example network shown in Figure 1. Let the capacity of
bus line 1 be 200 persons/vehicle and the capacity of the train line 600 persons/train. Let fare
of Bus 1 be 1.00 Rmb, and fare of Train be 3.00 Rmb. The OD demand between A-Village and
X-City is 450 persons. The parameters for calculating the generalized cost of connections:
d = 1.0; ϕ = 0.5; ρ = 1.0; 	 = 0.1; ξIc = (dtc − dtE)2/2; dtE = 6 : 10. Let the allowed
maximum waiting time be 15 min and the maximum total number of transfers N+ = 2 and
other parameters the same as [19] and all other user-defined parameters are set equal to 1.0
to calculate the attractive connection set between the OD pair from A-Village to X-City. The
convergence tolerance gap is set equal to 0.01.

The assignment was run on a PIIII/3.0 MHz, 1 GB Ram computer. The computation
time is approximately 1 min. Figure 3 illustrates that for θ = 1.0, the gap function converges
very rapidly in the beginning and shows small fluctuation after 10 iterations. The MSA
algorithm converges very rapidly. Moreover, the final gap function of the converged solution
is less than 0.1%, which indicates that the solution is sufficiently close to the equilibrium
solution. On the other hand, Figure 4 illustrates that the flows assigned to the five connections
have small fluctuations after 70 iterations, suggesting the good convergence property of this
MSA algorithm. Each connection has got an excellent flow solution for the overload delay.

The resultant connection flows and their overload delays with γ = 1.0 are shown in
Tables 2 and 3 for θ = 0.1, 1.0, 2.0, and 5.0.

It can be seen in Table 2 that, with capacity constraints, the total flow of c1 and c4 could
not exceed the vehicle capacity, 200 persons, because these two connections use the same
vehicle of bus line 1, which departs at 6:10, visits station at 6:22, and then arrives at X-city at
6:55. The same thing happens among c2 and Con5. The flow of c1 increases as θ increases. For
the uncongested connection, the flow for c5 decreases as θ increases because the passenger
perceived a reduced travel cost. For congested connections, in spite of the capacity deficiency,
their flows still increase, in other words, in the situation of vehicle capacity deficiency, people
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Table 2: The resultant connection flows for various θ in comparison with UE result, in persons.

θ
Connections

c1 c2 c3 c4 c5

0.1 94.57 93.10 89.30 89.35 83.68
1.0 124.47 127.24 83.88 70.62 43.79
2.0 147.82 163.93 71.24 47.59 19.42
5.0 176.17 190.13 50.00 23.83 9.87
UE 200.00 200.00 50.00 0.00 0.00

Table 3: The resultant connection overload delay for various θ, in minute.

θ
Connections

c1 c2 c3 c4 c5

0.1 0.00 0.00 0.00 0.00 0.00
1.0 24.15 0.00 0.00 9.15 0.00
2.0 32.32 2.21 0.00 17.32 0.00
5.0 33.43 5.32 0.00 26.06 0.00
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would still get on the congested vehicles even though they know the routes and the vehicle
schedule clearly. The reason might be, they know clearly that waiting for the successor
connection would not be able to reduce the total cost anyway. Consequently, they would
rather catch the first incoming vehicle until its capacity runs out. When θ = 5.0, the stochastic
connection flows are close to that of UE pattern.

It can be seen in Table 3 that the overload delay of congested connection (c1 ∼ c4)
would increase with the increase of θ. This is because passengers have more information
about the route and the vehicle schedule and are thus clear that there would be no way to find
another connection with smaller cost between origin and destination. As a result everyone
would get on the first arriving bus until it becomes full, which would result in an increase in
congestion delay.

For various θ, the passenger behaviour embodied in choosing the departure time, and
the connection is shown in Figure 5. We can clearly see that for θ = 0.1, passengers have
limited information about the network condition, so that they would choose their departure
time evenly. On the other hand, when they have more knowledge about the connections and
the schedule, they would choose the connection vehicle which would result in a smaller total
cost. For instance, less passengers would choose to board the vehicle of this connection (c5)
if they know more (increase of θ) about the schedule at time interval 7:25∼8:01.

6. Conclusions

In this paper, a SUE assignment model is proposed for schedule-based transit networks with
vehicle capacity constraints. A solution algorithm is developed. The stochastic effects of the
passenger’s behavior and vehicle timetable, vehicle capacity are incorporated in the model.

The attractive set problem which is conventionally considered only for frequency-
based transit networks is formulated for the schedule-based transit network. The generalized
cost model is set to determine the costs of connections between OD pairs. We also analyzed a
mathematical programming problem equivalent to the SUE assignment problem in schedule-
based transit networks with capacity constraints. When a connection segment reaches its
capacity level, it is proven that the Lagrange multipliers of the mathematical problem give
the equilibrium passenger overload delays in this transit network.
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Passenger overload delay is determined endogenously by the equilibrium charac-
teristics and vehicle capacity of the schedule-based transit network in addition to the cost
functions of each link used in the existing approaches. The overload delay varies with
passenger’s knowledge about the scheduled time and the transit lines.

The model proposed in this paper was applied to one special situation for congested
transit networks. We found that greater knowledge of the capacity overrun path would result
in more overload delay, but with little time to get to the destinations. For future research,
several extensions of this model are possible and have the potential to enrich the models
available for transit planning such as a SUE assignment with elastic transit demand, SUE
assignment for multiple classes of passengers, and dynamic SUE assignment for transit
systems.
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To investigate the relationship between cyclist violation and waiting duration, the red-light run-
ning behavior of nonmotorized vehicles is examined at signalized intersections. Violation waiting
duration is collected by video cameras and it is assigned as censored and uncensored data to
distinguish between normal crossing and red-light running. A proportional hazard-based duration
model is introduced, and variables revealing personal characteristics and traffic conditions are
used to describe the effects of internal and external factors. Empirical results show that the red-
light running behavior of cyclist is time dependent. Cyclist’s violating behavior represents positive
duration dependence, that the longer the waiting time elapsed, the more likely cyclists would end
the wait soon. About 32% of cyclists are at high risk of violation and low waiting time to cross
the intersections. About 15% of all the cyclists are generally nonrisk takers who can obey the
traffic rules after waiting for 95 seconds. The human factors and external environment play an
important role in cyclists’ violation behavior. Minimizing the effects of unfavorable condition in
traffic planning and designing may be an effective measure to enhance traffic safety.

1. Introduction

Urban traffic problem is widely recognized as one of the main maladies of life in large cities.
Many scholars have paid much attention to the traffic problem [1, 2]. A Mix of non-motorized
and motorized vehicles is an important traffic type in China. Some surveys show that the non-
motorized vehicle is one of the most widely used traffic tools in Chinese daily travel activity
[3]. At present, cycling still has heavy proportion among all travel modes in China, and in
Tianjin, as large as over 60% [4]. Even in the developed countries, bicycle travel is recognized
as a low-energy consumption and as being healthy to the users and it does not damage the
health of others. Meanwhile, the electric bike (e-bike) has emerged as a popular mode of
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transportation in many large cities during recent years. E-bike use has rapidly expanded
in China, in the process changing the mode split of many cities. Currently, China produces
over 20 million e-bikes yearly, up from a few thousands a decade ago [5]. E-bikes in China
are defined as electric two-wheelers with relatively low speeds and weights compared to
a motorcycle. Both bicycle-style e-bikes (with functioning pedals) and scooter-style e-bikes
(with many features of gasoline scooters) are classified as bicycles and are given access to
bicycle infrastructure.

However, the growing popularity of cycling traffic also entails safety concerns as
observed in accident statistics. Accident analysis reveals that over 60% of fatal crashes
involving cyclists result from violation of traffic rules [6]. One typical type of rule violation
behavior is violation behavior at red period. Because of the poor law enforcement and peo-
ples’ low safety awareness, violation behavior at red period is rather prevalent and represents
a substantial safety problem in Chinese urban intersections. Especially, electric bicycles with
relatively high speed are likely to increase the risk of traffic incident.

Previous research on drivers and pedestrians also points to several variables of interest
regarding violation behaviors. Keegan and O’Mahony gave reports about pedestrians’ street-
crossing behavior influenced by travel distance and waiting time [7]. Other researchers paid
much attention to the influences of personal features on the street-crossing behavior [8–10].
Some useful reviews of the existing research on pedestrian street-crossing behavior in urban
areas can be found in Ishaque and Noland [11] and Papadimitriou et al. [12].

Unfortunately, only a few studies have investigated the violation behavior of cyclists.
Johnson et al. identified three distinct types of violated cyclists that are exposed to different
levels of risk: racers, impatients, and runners [13]. Johnson et al. used video recordings to
analyze urban commuter cyclists’ violation behaviors in Melbourne, VIC, Australia [14]. The
field observation approach was also used by researchers studying the influence of cycle paths
on accident numbers [15].

In this paper, a hazard-based duration approach is adopted to describe the cyclist
violation behavior at signalized intersections. The hazard-based duration models have been
used extensively in biometrics and reliability engineering for decades [16]. Duration models
can be used to determine causality in duration data and they are also useful tools in the field
of transportation [17–21]. These models represent a type of analytical methods to describe
the duration of a certain state and how various factors have affected the duration. More
importantly, duration models can deal with not only uncensored data but censored data.
For example, the exact waiting duration reflecting cyclist endurance cannot be observed if
cyclists could wait until the permission of traffic rules. However, most statistical models
are unable to analyze these uncensored data. Accordingly, cyclists’ waiting times are
modeled by a proportional hazard-based duration model. The covariates relevant to traffic
conditions and personal features are investigated to capture the influenced factors of cyclist
behavior. The results give the time when cyclists are easy to violate traffic rules and the
significantly influential factors on waiting behavior. The findings will imply some effective
countermeasures for improving the road safety of urban intersections.

2. Method

2.1. Duration Model

The variable of interest in duration model is the survival time that elapsed from the beginning
of an event until its end. The waiting time of a cyclist at red light can be regarded as
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the waiting duration that starts when a cyclist arrives at the intersection at the red period
and ends when the cyclist begins to cross the intersection.

Let T be a nonnegative variable representing the waiting duration of a cyclist at
a signalized intersection. Let f(t) denote the probability density function of T and the
cumulative distribution be

F(t) = Pr(T ≤ t) =
∫ t

0
f(u)du. (2.1)

Let S(t) denote the probability that the waiting duration does not end prior to t

S(t) = 1 − F(t) = Pr(T > t) =
∫∞

t

f(u)du. (2.2)

S(t) is called survival function or survivor probability. The survival function is defined to be
the probability that the waiting time of a cyclist at a red light is longer than some specific
time, t.

In the survival analysis, T can be characterized by a hazard function, h(t). The hazard
function under study 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

Pr(t ≤ T < t + Δt | T ≥ t)
Δt

= lim
Δt→ 0

P(t ≤ T < t + Δt)
Δt × Pr(T ≥ t) =

f(t)
S(t)

=
−d lnS(t)

dt
. (2.3)

Note that the waiting time of a cyclist is influenced by various factors. The influential
factors can be defined as a vector of explanatory variables, x = (x1, x2, . . . , xp)

′. To
accommodate the effects of these influential factors is a main objective of this paper. Thus the
proportional hazard form is introduced, which specifies the effects of explanatory variables
to be multiplicative on a hazard function

h(t) = h0(t)g(x,β), (2.4)

where h0(t) is called the baseline hazard function and can be interpreted as the hazard
function when all covariates are ignored. g(·) is a known function to represent the effects
of explanatory variables, β = (β1, β2, . . . , βp) is a vector of estimable coefficients for x. In this
paper, a typical specification with g(x,β) = exp(βx), which was proposed by Cox [22], is
used. The specification is convenient since it guarantees the positivity of the hazard function
without placing constraints on the signs of the elements of β. The Cox proportional hazard
model is

h(t) = h0(t) exp(βx). (2.5)



4 Discrete Dynamics in Nature and Society

Combining (2.3) and (2.5), the survival function can be written as

S(t) = exp

[
−
∫ t

0
h(w)dw

]
=

{
exp

[
−
∫ t

0
h0(w)dw

]}exp(βx)

=
{

exp[−H0(t)]
}exp(βx)

, (2.6)

where H0(t) =
∫ t

0 h0(w)dw represents the baseline cumulative hazard function. Thus, the
covariates can be incorporated into the survival function.

2.2. Model Estimation

The main interest of this paper is to identify from the p covariates a subset of variables
that affects the hazard more significantly, and consequently, the waiting duration time at a
signalized intersection. We are concerned with the regression coefficients. If βi is zero, the
corresponding covariate is not related to the waiting time. If βi is not zero, it represents
the magnitude of the effect of xi on hazard when the other covariates are considered
simultaneously.

To estimate the coefficients, β1, β2, . . . , βp, a partial likelihood method is adopted.
Suppose that k of the duration times from n cyclists is observed and distinct. Let t(1) <
t(2) < · · · < t(k) be the ordered k distinct duration times with corresponding covariates
x(1), x(2), . . . , x(k). Let R(t(i)) be the risk set at time t(i). R(t(i)) consists of all cyclists whose
duration times are at least t(i). For the particular duration time t(i), conditionally on the risk
set R(t(i)), the probability is

exp
(∑p

j=1 bjxj(i)
)

∑
l∈R(t(i)) exp

(∑p

j=1 bjxjl
) =

exp
(
βx(i)

)
∑

l∈R(t(i)) exp(βxl)
. (2.7)

Each distinct duration time contributes a factor and hence the partial likelihood function is

L(β) =
k∏

i=1

exp
(∑p

j=1 bjxj(i)
)

∑
l∈R(t(i)) exp

(∑p

j=1 bjxjl
) =

k∏

i=1

exp
(
βx(i)

)
∑

l∈R(t(i)) exp(βxl)
(2.8)

and the log-partial likelihood is

l(β) = logL(β) =
k∑

i=1

⎧
⎨

⎩βx(i) − log

⎡

⎣
∑

l∈R(t(i))
exp(βxl)

⎤

⎦

⎫
⎬

⎭. (2.9)

The overall goodness of fit of the model estimation is determined by the likelihood
ratio (LR) statistics, which is specified as

XL = −2
[
l
(
β0

) − l
(
β̂
)]
, (2.10)
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Table 1: Covariates selection and explanation.

Covariate Type Explanation

AG (age group) Binary indicator 1 if old (≥50), 0 otherwise
GEN (gender) Binary indicator 1 if male, 0 female
NT (nonmotor vehicle type) Binary indicator 1 if electric bike, 0 human-powered bike

WN (waiting number) Continuous variable The number of other cyclists that are waiting for a
green light when arrives

CN (crossing number) Continuous variable The number of other cyclists that are crossing
agiainst the red light when arrives

TC (twice crossing) Binary indicator 1 if twice crossing behavior, 0 otherwise

MV (motor vehicle volume) Continuous variable Average motor vehicle volume per lane per min on
red-light phase when the cyclist arrives

TT (travel time) Binary indicator 1 if a cyclist travels in peak hour, 0 otherwise

where l(β0) is the log-partial likelihood for null model with all the regression coefficients are
set as zero and l(β̂) is the log-partial likelihood at convergence with p regression coefficients.
The Cox proportional hazard model has been widely cited in the literature. For the estimation
of H0(t) and other detailed discussion of this model see, Lee and Wang [16] and Bhat [17].

2.3. Covariate Selection

The covariate selection takes into account the previous research [13, 14] and arguments
regarding the effects of the exogenous variables on cyclist crossing behavior. The practical
effects on waiting behavior and the feasibility of data acquisition are considered in the
covariate selection. Two broad sets of variables are considered as covariates: personal
characteristics and traffic conditions. Personal characteristics involve age and gender. The
selected covariates of traffic conditions can determine the effects on the waiting time and
traffic volume. The following covariates, as shown in Table 1, are adopted to construct the
duration model.

3. Survey and Data

3.1. Site Survey Design

To record cyclists’ waiting durations, the whole red-light period of a signal cycle was
observed as a data collection unit. Only the cyclists who arrived in the red-light period
were defined as a valid sample. The waiting duration was from the time a cyclist arrived
at the crossing location to the time he/she began to cross. It can be classified into two kinds:
uncensored data and censored data. The uncensored data was defined as the waiting duration
which ended within the red-light period (violating crossing). Otherwise, the waiting duration
was called as the censored data as long as it ended within the green-light period (normal
crossing). For the censored data, it is unknown about the exact waiting duration which can
reflect the endurance of waiting time for cyclists.

The site survey was conducted at three selected signalized intersections near Jiaotong
University in Beijing, China. Data collections were done by placing video cameras at each
location. The survey periods included peak hour (7:30 a.m.–9:30 a.m.) and offpeak hour
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Table 2: Estimation in waiting duration model.

Variable Coefficient (β) Standard error Wald statistic Exp (β) P value
AG −0.673 0.395 2.905 0.510 0.088
GEN 0.325 0.227 2.053 1.383 0.152
NT 0.471 0.193 5.953 1.601 0.015
WN −0.129 0.031 17.106 0.879 <0.001
CN 0.342 0.071 23.418 1.408 <0.001
TC 0.853 0.217 15.453 2.346 <0.001
MV −0.170 0.065 6.876 0.844 0.009
TT 0.365 0.124 8.595 1.440 0.003

(10:00 a.m.–4:00 p.m.). The survey area covered the zebra crossing and a part of traffic lanes so
that the cyclist crossing behavior and the corresponding traffic conditions can be monitored
clearly. Some additional explanations are needed for the site survey.

(a) The signals were old traditional person heads so that the influence of type of signals
could be neglected [7]. The selected sites had similar characteristics involved
geometric, and traffic conditions, traffic control.

(b) The survey was conducted in good weather and the absence of pointsmen. Cyclists
were unobtrusively observed.

3.2. Descriptive Statistics

Of the 459 valid observations, 295 (64.27%) cyclists violated the traffic regulations. The
average waiting time of all samples was 25.16 seconds, with a standard deviation of 27.13
seconds. The average waiting time of the violating crossing was 15.71 seconds while the
average waiting time of the normal crossing is 43.14 seconds. The maximum waiting duration
was 116 seconds while the minimum was 0 second. The latter means people cross the street
without any wait. 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.

4. Empirical Results

The results are discussed in two sections. The overall results are presented in the first section
including model fit statistics and survival probability estimation. The second subsection
presents the effects of covariates.

4.1. Overall Results

(1) Model fit statistics: the LR statistic of the estimated model clearly indicates the overall
goodness of fit (the LR statistic is 3201.0, which is greater than the chi-squared statistic
with 8 degrees of freedom at any reasonable level of significance). The significant level
corresponding to each covariate is given by P value in Table 2. From the results, most of
the included covariates are statistically significant at the 0.10 level of significance. It means
that these covariates are significantly related to violation behavior. Only gender has relative
low significant level. It is partly because that the female rate (24.2%) in the sample is relative
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Figure 1: Survival probabilities versus waiting duration.

low. The significance level of each covariate suggests that the importance of covariate should
be interpreted carefully.

(2) Survival probability: Figure 1 gives the survival probability calculated by the
duration model, which represents the probability of complying with the traffic rules while
waiting at the signalized intersections. The survival probability for estimated model presents
a general decline trend with elapsed waiting duration. The survival probability can be
divided into three parts according to the gradient. Firstly, a sharp decline for the short
duration indicates that there are a number of cyclists would violate to cross without any delay.
Especially, about 32 percent of cyclists can be defined as risk takers since they show high
violation inclination and very low waiting endurance (<3 seconds). Then, the probability
decreases smoothly from 3 seconds to 95 seconds. This steady reduction reflects that the
number of cyclist violations is increasing continuously. The declining trend of the survival
probability indicates that the red-light running behavior of most cyclists is time dependent.
It means that cyclists are easy to end waiting duration and violate the traffic rules with the
elapsed duration. Note that about half of the observed cyclists cannot endure 29 seconds
or longer. Finally, there are 15 percent of cyclists who wait and wait longer, and they are
generally non-risk takers.

(3) Figure 1 also gives the comparison between the estimated survival probability
and the observed survival probability. Here, the estimated results are calculated by the Cox
proportional hazard model; while the observed results are calculated by the nonparametric
approach in which the covariate effects are not considered. The detailed discussion of the
non-parametric approach can refer to the work of Lee and Wang [16]. The results show that
there are some differences between them though the general shape is the same between the
two results. Specifically, compared to the estimated results, the observed survival probability
is smaller until about 24.0 s, larger thereafter. This difference is expected to be the covariate
effects, at least partly. The observed results indicate the waiting time under the specific
condition for individual sample, while the estimated results indicate the waiting time under
the average condition for all the samples. The estimated survival probability reflects the
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characteristics of the waiting time which has an average value for every variable. Any change
of the variables could influence the estimated results. The effects of variables are discussed in
the next subsection.

4.2. Analysis of Covariate Effects

According to (2.5), the effects of the explanatory variables can be interpreted by the signs of
the coefficients in a rather straightforward fashion. If the coefficient is negative, it implies that
an increase in the corresponding variable decreases the hazard rate, or equivalently, increases
the waiting duration. With regard to the magnitude of the variable effects, when a variable
changes by one unit, the hazard would change by [exp(β) − 1] × 100%.

To assess the effects of the explanatory variables on the duration time, a function of
hazard ratio (HR) can be obtained by dividing both sides of (2.5) by h0(t), yield

log
hi(t)
h0(t)

= βxi = β1x1i + β2x2i + · · · + βpxpi, (4.1)

where the x’s are covariates for the ith cyclist; β = (β1, β2, . . . , βp) is a vector of the coefficients
which has been estimated by using the Cox proportional hazard model. The left side of (4.1)
is a function of hazard ratio (HR) and the right side is a linear function of the covariates and
their respective coefficients. The HR can represent the multiple relations between the hazard
under the covariate effects and the hazard when all variables are ignored.

If the covariates are standardized about the mean and the model used is

log
hi(t)
h0(t)

= β(xi − x) = β1(x1i − x1) + β2(x2i − x2) + · · · + βp
(
xpi − xp

)
, (4.2)

where x = (x1, x2, . . . , xp)
′ and xj is the average of the jth covariate for all cyclists, the left side

of (4.2) is the logarithm of the relative hazard ratio (RHR). RHR represents the hazard ratio
for a cyclist with a given set of values to that for a cyclist which has an average value for
every covariate. If RHR is more than one, it means that the covariate effects can increase the
hazard and so the variables are favorable. That is to say, the waiting time in such a favorable
condition is less than the average level of the survey sample. On the contrary, the unfavorable
variable corresponds to a low hazard. Therefore, a cyclist in the unfavorable condition would
have longer waiting time than that in the favorable condition.

In order to make a quantitative analysis on the effects of covariates, the relative hazard
for each variable is calculated by considering favorable or unfavorable values of that variable,
assuming that other variables are at their average value. The favorable or unfavorable values
of that variable are given on the basis of the hazard with the value of the variable. The value
of the variable with the low hazard is regarded as the favorable condition. Take the age as
an example, old people are defined as the favorable condition since old people have lower
violation risk than young people. The assumed conditions and corresponding RHRs and HRs
are shown in Table 3. The RHRs for three continuous covariates are shown in Figure 2.

The effect of age (AG) indicates that older cyclists have longer waiting time. This is
partly because older cyclists have stronger risk consciousness of traffic violations. In addition,
older cyclists’ trip purposes are seldom related to work or school so they are not in a hurry.
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Table 3: Estimation of RHRs and HRs for assumed covariates.

Variable Mean Variables value Relative hazard ratio
Hazard ratioFavorable Unfavorable Low hazard High hazard

AG 0.758 1 0 0.85 1.67 1.96
GEN 0.075 0 1 0.98 1.35 1.38
NT 0.535 0 1 0.78 1.24 1.60
WN 1.913 8 0 0.35 1.28 2.81
CN 0.235 0 4 0.92 3.62 3.93
TC 0.059 0 1 0.95 2.23 2.35
MV 6.610 8 1 0.79 2.60 3.29
TT 0.501 0 1 0.83 1.20 1.44

Note that this conclusion is a statistical result; traffic violations involved older cyclists are
also common sometimes.

The effect of gender (GEN) indicates that male cyclists have shorter waiting time and
higher tendency to disobey the traffic rules. They are 1.38 times more likely than females to
have shorter waiting times. Hamed reported that male pedestrians are 2.61 times more likely
than females to have shorter waiting times [23], and other qualitatively similar results were
obtained by Tiwari et al. [24].

The effect of covariate nonmotor vehicle type (NT) indicates that cyclists of electric
bike have shorter waiting time and higher tendency to disobey the traffic rules. They are 1.60
times more likely than human-powered bicyclists to have shorter waiting times.

The waiting time of cyclists would increase with the bigger number of other cyclists
that are waiting for a green, (WN) when arrives (see Figure 2(a)). Otherwise, the waiting
time decreases with the bigger number of other cyclists that are crossing against the red
light (CN) when arrives (see Figure 2(b)). This is caused by two reasons. First, many people
may consider that the more people cross together, the safer they would be. They take it for
granted that drivers must yield to a group of people more often than one person. Second, the
conformity psychology would work well in dense cyclist environments.

The effect of covariate TC (twice crossing) shows that the cyclists of twice crossing
have higher hazard and shorter waiting time. Cyclists who are apt to twice crossing behavior
have little or no patience to wait at a red light. They are 2.35 times more likely than one-time
crossing cyclists to have shorter waiting times.

The effect of covariate MV (motor vehicle volume) indicates that heavy traffic can
increase waiting time or decrease the risk of cyclist violations (see Figure 2(c)).This is because
that the larger motor vehicle volume is, the smaller the average time gap between successive
cars is.

The characteristics of travel time also have impacts on cyclists’ red-light running
behavior. It indicates that cyclists are at high risk level of traffic violation in peak hour. The
cyclists who travel in peak hour are 1.44 times more than those who travel in offpeak hour to
end waiting duration and cross illegally. In peak hour period, both cyclists and drivers are in
a hurry to the destination related to work or school, so the heavy mixed traffic with impatient
cyclists and drivers would cause traffic accidents easily.

5. Conclusions

This paper applies a proportional hazard-based duration model to study the cyclist crossing
behavior at signalized intersections by using data acquired in Beijing, China. The crossing
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Figure 2: Relative hazard ratios for three continuous variables.

behavior is examined by modeling the duration between the arrival at survey area and the
start to cross the intersection. If cyclists violate the traffic rules to cross the intersection,
their waiting times are recorded as uncensored data, while the waiting durations of normal
crossing are recorded as censored data.

The paper provides several important insights into the determinants of the regularity
and frequency of cyclist crossing behavior, especially the relation between violation behavior
and waiting duration. First, the results indicate that the crossing behavior of cyclists is time
dependent, as well as the risk of traffic violation. Cyclists’ crossing behavior presents positive
duration dependence, which also implies a “snowballing” effect. It means the longer the
time has elapsed since the start of the waiting duration, the more likely cyclists will end
the wait soon. Such positive duration dependence also indicates that longer waiting time
would increase the risk of cyclist violation. Second, some crucial time points deserve our
concern: 3 seconds and 95 seconds. The 3 seconds indicate cyclists who are at high risk of
violating crossing the street and low waiting time, and they account for 32% of the sample in
the study. The duration of 95 seconds reflects the cyclists’ endurance. About 15 percent of all
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the cyclists can obey the traffic rules after waiting for 95 seconds. These people are generally
non-risk takers. Third, the human factors and the external environment play an important
role in red-light running behavior. Various factors in the unfavorable condition could increase
the risk of traffic violation, as well as traffic accidents. The effects of covariates can help
to modify cyclists’ crossing behavior. Specifically, rational traffic planning and designing
should fully consider cyclist behavioral characteristics. More importantly, minimizing the
effects of unfavorable condition involved human factors may be an effective measure to
obtain conscious cooperation and behavioral changes of cyclists. Finally, it is noted that, for
different cities, the model should be estimated by using the specified field data. Additionally,
the explanatory variables can be chosen flexibly according to the research aim and the traffic
reality.

In terms of the future work, more parameters under different situations should be
taken into account. Next, some engineering solutions should be proposed to improve the safe
crossing behavior of cyclists in urban traffic environment. In addition, from the viewpoint
of cyclist prevention, the interaction between cyclists and motor vehicles could be analyzed
based on such crossing behavior. Findings from this paper may partly supplement previous
research which helps us in inspiration. It is also hoped that these findings may give better
understanding of cyclist behavioral characteristics at signalized intersections and help to plan
and design proper facilities for non-motorized vehicles.
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The first objective of this study is to analyze a successive-stage speed limit model developed for
vehicles along the exit upstream ramp of direct-type freeway in China. This paper (1) explains the
necessity to implement speed limit to the exit ramp upstream, (2) analyzes whether speed limit
is related to the length of the deceleration lane, vehicle type, saturation, and turning ratio and (3)
proposes a speed prediction model and calibrates speed-limit sign validity model and establishes
successive-stage speed limit model. The results. Δν85 ≥ 10 illustrates the necessity of the using
speed limit on the exit ramp. Speed-deceleration lane length curve presents two trends bounded
by 200 m, so the speed limit should be in accordance with the deceleration length. Speed-small
vehicle curve closing to speed-large vehicle curve presents that the vehicle type is not the factor
of the speed limit. After curve fitting and polynomial regression, saturation is considered to be
the most influential factor of speed. Speed-saturation prediction model and calibrated speed-limit
sign validity model are built through linearization. According to the above results, successive-
stage speed limit model is established. An exit ramp was implemented to verify the feasibility and
validity of the model.

1. Introduction

Ramps provide the connections between freeway and roads and influence traffic efficiency
and safety of the freeway and ground roads. In USA, 20% to 30% of freeway truck accidents
occur at or near ramps (excluding an additional 10% to 15% that occur at weaving section and
surface streets), despite the fact that weaving section account for less than 5% of all freeway
lane-miles [1]. Kloeden et al. have provided direct evidence that speeds just 5 km/h above the
average in urban (60 km/h) areas, and 10 km/h above average in rural areas, are sufficient
to double the risk of a casualty crash [2]. It can be seen that the speed of vehicles, even with
minor changes, will have a significant influence on freeway safety. World Prevent Road Traffic
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Injuries Report [3] pointed out that speed is the first risky influence of collisions. Therefore,
controlling vehicle speed and reducing speed dispersion is the key to reduce accident rates
on the freeway.

2. Literature Review

According to speed limit determinant factors, speed limit control methods are divided into
four categories:

(1) Road grade and geographic feature: The United States [4] use a legal speed limit
method for certain types of road infrastructure. The value of the speed limit is
mainly determined according to highway classification and alignment elements.
Meanwhile, design speed, operating speed, historical accident records and law
enforcement experience, and other factors are considered.

(2) Δv85: Research on the speed limit on the exit ramp of the freeway has focused
on one single limit for a long time. U.S. Institute of Transportation Engineers
[5] recommended the speed limit to be 5 mph higher than v85 (the 85% speed) and
accident rates is recommended for making speed limits. Milliken [6] proposed a
speed limit model using Δv85 (the 85% speed difference) on free flow modified
by accident rates. A study in the US [7] mentioned that the speed limit should be
obtained by Δv85 on the freeway main line and the small vehicle and large vehicle
should use different speed limit on the freeway main line. The Poisson specification
was applied to characterize the relationship between traffic speeds and crash rates
under free-flow conditions in two different areas. The results suggested that the
proportion of heavy vehicles is inversely associated with the crash rate, and mean
speed contributes to crash rates [8]. Park [9] established the speed limit value
model by road alignment, traffic flow, and surrounding environment collected
under low accident rate and free traffic flow.

(3) Driver physiological characteristics: National cooperative highway research program
[10] studied the relationship between the speed limit, accident rate, and vehicle
speed. Data was collected from a questionnaire and traffic accident record. Georgia
Department of Driver Services [11] evaluated driver’s feeling of vehicle speed limit
and safety using drivers’ tolerance degrees to exceed speeds.

(4) The comprehensive influential factors: In Australia, ARRB [12]developed a road
safety software—XLIMITES with a complex decision-supporting method. The
method determines speed limits by speed limit already in use, land type, road
characteristics, and historical accidents.

The disadvantages in above mentioned methods are:

(1) Application scope of legal speed limit method is limited: In some sections, the
actual situation on the freeway does not match the range of the legal limit speed
and, therefore, legal speed limit method cannot be used under some situation.

(2) Single speed limit is not related with the speed of change and accident data is
not easy to obtain. Solomon [13] found that the number of accidents has a U-
curve shape related with Vspeed—V using data of 970 kilometers roads and 1000
drivers. Accident rate is low when vehicles are traveling at a speed within one
standard deviation around the average speed. When speed reaches 10 km/h more
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than the average speed (V85), accident rate reaches minimum. U-curve is suitable
for steady flow and it is the theoretical basis of Δv85 limit method. However, a single
speed limit is not accorded with the normal speed trend. In addition, accident data
requires long-term accumulation. It means that accident data is not easy to obtain.

(3) Driving behavior is complex: When driver approaches the exit ramp from the main
line, they need to finish a series of complex driving behaviors, such as looking
for acceptance gap, slowing down, and change lanes in the slow lane. Driver’s
driving habits and reflections are different in the different area or on different
roads [14]. Since different researchers developed different models, it is necessary
to know whether the value of the speed limit designed for a particular freeway can
be applied to another freeway in the same area and whether the value of the speed
limit determined for one specific road in specific areas could imply in another road
in another area.

(4) Consider geometry parameters only: The comprehensive influential factors method
only considers geometric parameters, such as the slope and curve radius. McLean
[15] studied the level of the expected speed and radius regression curve according
to the data from Australia and New Zealand. The conclusion shows that when the
curve radius is greater than 1000 m, 85% of the expectation speed is not affected by
geometry parameters. In China, JTG/T B05-20049 (Guidelines for Safety project on
Highway) [16]proposed that the sections whose curve radius is less than 1000 m
and the absolute value of slope is less than 3% can be considered as a straight-line.
Above studies illustrated that in some sections, geometry parameters should not be
the only parameter in consideration.

3. Research Goal

In this paper, the primary goal is to develop a successive-stage speed limit model for vehicle
speed along the exit upstream ramp of direct-type freeway in China. The specific tasks of this
paper can be summarized as follows:

(1) State the necessity of operating successive-stage speed limit control on the exit ramp
upstream.

(2) Analyze the relationship between operation speed and deceleration lane length on
the exit ramp upstream, and prove that the speed limit should be in accordance
with the deceleration lane length.

(3) Determine whether the speed limit needs to be set for the small vehicle and large
vehicles separately on the exit ramp upstream.

(4) Analyze the main factor of the speed limit from saturation, turning ratio, and
vehicle type using double-factors curve fitting and polynomial regression.

(5) Build speed-prediction model according to the result of factor analysis.

(6) Calibrate speed-limit sign validity model by linearization

(7) Establish successive-stage speed-limit model based on a speed-prediction model
and a speed-limit sign validity model.

(8) Verify the validity of the successive-stage speed-limit model by a case study.
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4. Hypothesis and Research Objective

4.1. Hypothesis

The research is based on three hypotheses.

(1) The speed limit for the exit ramp nose is reasonable. This research focuses on
developing a successive-stage speed limit model on the exit ramp upstream. The
value of the speed limit of the exit ramp nose is not studied in this paper; therefore
assume that the speed limit on the exit ramp nose is reasonable.

(2) 90% of right-turn drivers have finished lane change at 2/3 location of deceleration
lane in China [17]. To simplify driver behavior, all vehicles are assumed to have
finished lane change.

(3) Except mountainous freeway, geometric line of freeway meets freeway design
standard. Combining with the actual situation, as well as the result of McLean [15]
study, and JTG/T B05-2004 [16], the line of the exit ramp upstream recognized as
the line.

4.2. Research Objective

The type of an exit ramp has influences on the traffic flow of the exit ramp, speed distribution
and driver behavior. So the exit ramp type should be determined firstly. 428 exit ramps from
11 provinces in China were observed by Google Earth. Statistically, 93.5% of the ramps fell
into the above 4 categories by the change of lanes number in the main line of upstream and
downstream, the setting of the deceleration lane, the number of ramp lane, and the separation
situation of ramp. 55.8% of them were direct-type exit ramp. Hence, direct-type exit ramp is
the research objective in this study. Characteristics of direct-type exit ramp are as follows:

(1) The number of lanes in the main line of upstream and downstream is constant.

(2) The area of ramp upstream is broadened properly and has a deceleration lane.

(3) The number of lane on the ramp is 1.

(4) The exit ramp lanes are not separated.

5. Data Collection and Process

5.1. Site Selection

Sites are selected as follows:

(1) Safeguard facilities at the road side are in normal condition.

(2) Has a good visual space.

(3) Service level is A or B (to ensure that speed is not significantly affected by other
vehicles in the flow).

(4) The freeways selected in this study should include two lanes, three lanes, and four
lanes in one direction in the main line.

(5) The range of deceleration lane length is 150–250 m.
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Figure 1: Speed profile of the exiting flow.

(6) The values of the speed limit on the main line are 100 km/h and 120 km/h; the
values of the speed limit on exit ramp are 40 km/h and 60 km/h, respectively.

(7) No congested traffic phenomenon.

As a result, seven exit ramps in Nanjing, China were chosen as candidate sites.

5.2. Investigation Segments

The exit ramp impact area is within 500 meters upstream of nose, according to HCM, as length
500 m from the nose [18]. So the research area is from the location of the advance notice sign to
nose and is divided into six segments according to deceleration trend. As shown in Figure 1,
Segment 1 is the location of the advance notice sign; segment 4 is the start of the transition
section; segment 5 is the middle section of the deceleration lane; Segment 6 is cross-sectional
on the nose. Data collection area is the upstream of main road lanes. The curve shows the
speed-change trend in this section in Figure 1.

5.3. Data Collection

Data in this study includes geometric parameters, traffic-flow parameters and traffic-control
parameters.

Geometric parameters include alignment elements and lane number in the main lanes
and deceleration lane length. It is known that the alignment is not considered in above
studies. Therefore, geometric parameters refer to the lanes number in the main lanes and
deceleration lane length. The main traffic control parameter is main lane speed limit and exit
ramp speed limit. Deceleration behavior on the main line mainly happens on the outside lane.
Traffic-flow parameter includes traffic volume and point speed of the outside lane.

Traffic flow parameters are collected during the peak hour from 8 to 11 a.m or 2 to 5
p.m on a clear, well visibility, and regular-temperature day.
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The procedures of data collection are designed as follows:

(1) Preparation: Train 8 investigators; prepare 2 radar guns (LaiSai Bushnell), 1
MetroCount 5600 and 1 camera (Sony Handcam). Investigators should be familiar
with the investigation plan, the survey locations, and can use the guns, MetroCount
5600, and camera. Radar gun and MC5600 are applied to collect point speed and
camera is applied to collect traffic volume.

(2) Arrangement equipments: Put 4 radar guns, MC5600, and Sony Handcam camera at
the location of Sections 1 to 6 respectively, as shown in Figure 1.

(3) Observer assignment: Assign two observers at each location of Sections 1, 2, 3, and 4,
respectively. One is the radar-gun holder and the other one is the recorder.

The radar-gun holder is in charge of shooting speed, reading the last three digits of the
plate number, and informing the recorder of the information.

Observers are hidden from traffic to minimize the effect of their presence on passing
vehicles.

5.4. Data Process

The data collected from the camera were sorted into small-vehicle and large-vehicle
categories. The small vehicle has less than 20 seats for passenger vehicles or less than 2 tons
in weights for freight vehicles.

It was found that Δv85 is a major parameter used by traffic engineers and transport
planners from literature. Point speed will be transformed to Δv85.

Discard nonnormal data that does not conform to normal distribution using statistic
software SPSS [19].

6. Data Analysis

6.1. Δv85 Characteristics Analysis

Fitzpatrick [20] divided Δv85 into 3 groups: Δv85 � 10 km/h, 10 km/h <Δv85< 20 km/h, and
Δv85 � 20 km/h.

(1) Δv85 � 10 km/h means that operation speed is well and accident rate is low.

(2) 10 km/h <Δv85< 20 km/h means that the coordinated of operation speed becomes
bad, and the accident rate has increased.

(3) Δv85 � 20 km/h, means that the coordinated operation speed becomes worse, and
the accident rate is high.

It is worth noticing that the accident rate of observations with Δv85 � 20 km/h is
6 times more than that of Δv85 � 10 km/h. We can see that the higher the Δv85 is, the
more the accident rate is. Hence, Δv85 should be lower than 10 km/h. If Δv85 � 10 km/h,
successive-stage speed limit should be applied. Figure 2 shows the Δv85 curves of the exit
ramp upstream.

In Figure 2, the Δv85 of all sites are less than 10 km/h in segments 1–4. It reveals that
the trend of speed is gentle and the accident rate is low in segments 1–4. In segments 4–6,
the Δv85 of Sites 1, 2, 3, and 7 are more than 10 km/h. Especially, the Δv85 of Site 2 is close
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Figure 2: Δv85 curve on the exit ramp upstream.
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to 20 km/h. It shows that the accident rate has increased in segments 4–6. Δv85 of Sites 4, 5,
and 6 are higher than 20 km/h as in segments 5-6. In this scope, the accident rate increases
significantly. Δv85 of Sites 1, 2, 3, and 7 increase from 5 km/h to 15 km/h approximately from
segments 3-4, then decreases from 15 km/h to 10 km/h approximately. For Sites 4, 5, and 6,
Δv85 dramatically increases from 5 km/h to 20 km/h approximately from segments 4–6.

Through the above analysis, we can conclude that it is necessary to operate successive-
stage-speed limit control on the exit ramp upstream.

6.2. The Speed of Vehicle Type Characteristics Analysis

The v85 curves of small, large and comprehensive vehicles are shown in Figure 3.
There are three-speed curves in Figure 3. The above curve is small vehicles; the middle

curve is comprehensive vehicles; and the below curve is large vehicles. Comprehensive
vehicle represents the speed level for the small vehicle and the large vehicle. In Figure 3,
curves of small vehicles and large vehicles have a similar trend. Specific performance is that
they all decrease slowly in segments 1–4 and a rapid decline in segments 4–6. Meanwhile,
difference of v85 does not exceed 10 km/h in segments 1–4 and 5 km/h in segments 4–
6. The curve of the comprehensive vehicle is between the small vehicle curve and large
vehicle curve. In segments 4–6, v85 curves of the small vehicle and large vehicle approach v85
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Figure 4: v85 speed-deceleration-lane-length curve.

curves of comprehensive vehicle simultaneously. Finally, three curves intersect on 65 km/h
at segments 7. Hence, speed limits of small vehicles and large vehicles are same.

It is not needed to design different speed limits for small vehicles and large vehicles,
respectively, on the exit ramp upstream, as the speed limit control pattern on the main line.

6.3. The Deceleration Lane Length Characteristics Analysis

According to hypothesis 3, the only difference of the seven sites in terms of geometric aspect
is the deceleration lane length. Speed-deceleration-lane-length curve is used to judge whether
the speed limit needs to be determined according to deceleration lane length.

The range of deceleration lane length used in this paper is 150–250 m. The range
almost covers all deceleration-lane-length of freeway in China. If there are different trends
in speed-deceleration lane length curves in Sites 1, 2, 3, 4, 5, 6, and 7, the speed limit should
be determined due to the differences of the deceleration lane length.

Figure 4 is the speed-deceleration-lane-length curve.
In segments 1–4, curves of all 7 sites are nearly flat. In segments 4–6, however, there

are two opposite trends. The curves of Sites 1, 2, 3, and 7 rise in segments 4-5, and then drop
in segments 5-6. The trends of the curve 4, 5, 6 are opposite. The common characteristics of
1, 2, 3, and 7 is that their deceleration lane length are more than 200 m. The lengths of the
deceleration lane of 4, 5, and 6 are less than 200 m.

Hence, deceleration lane length is related to v85 and the speed limit should be different
according to the deceleration lane length.

6.4. The Speed of Lanes Number of Main Line Characteristics Analysis

In order to analyze whether the number of lanes of main line affect speed, speed-lane number
curve is displayed in this section. The numbers of lanes in the main line for one direction are
2, 3, 4 in this study.

Speed-lane number curves are shown in Figure 5.
In segment 1 to segment 4, the curves are similar to each other. The difference of the

curve is manifested in 4–6. The highest speed level appears in four lanes, and then in three
lanes and two lanes. The trend of the curve is similar with the curve in Figure 4. It can be
explained that the difference of speed-lane number curve is caused by different deceleration
lane lengths.
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We can deduce that the lane number in the main line does not relate to speed, and lane
number in the main line has not been considered when we determine the speed limit.

Δv85 ≥ 10 illustrates the necessity of speed limit on the exit ramp. Speed-deceleration-
lane-length curve presents two trends bounded by 200 m, so the speed limit should be in
accordance with the deceleration length.

7. Successive-Stage Speed Limit Model

7.1. The Frequency of the Speed Limit

Many drivers become irritated by frequency of slow speed. Considering the maneuverability
of the speed limit sign, the number of successive-stage speed limit should not be more than
two stages.

7.2. Model Choice

The speed limit has a certain impact on operational speed, but not all vehicles travel under
the speed limit. In 1986, Anders and Arne [21] analyzed the relationship between initial
speed under different speed limits and drivers’ behavior. A speed limit influential model
is developed under free flow circumstance and shown as follows:

VT =
V0

1 + c · dz2 ,

z =
Vg

V0
,

(7.1)

where VT is the operational speed limit area (km/h), V0 is the operational speed in the
upstream of the speed limit area (km/h), Vg is the speed limit (km/h), c, d, are influential
coefficients.

Equation (7.2) is the linearization of (7.1)

V0

VT
− 1 = c × dz2

,

ln
(
V0

VT
− 1

)
= ln c + z2 lnd.

(7.2)
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Set Y = ln(V0/VT − 1), a = ln c, b = lnd, X = z2, it can be obtained that

Y = a + bX. (7.3)

It is can be found that R Square (goodness of fit) is 0.839, Adjusted R Square
(Coefficient of Determination) is 0.838, and Sig. (significant indicators) are less than 0.05.
The results meet the statistical requirements. So that can be obtained that

Y = 0.903 − 3.657X,

VT =
V0

1 + 2.467 × 0.026z2 .
(7.4)

V0 can be obtained by field investigation. For new freeway, V0 can only be obtained through
speed prediction model. The building process of speed-prediction model is studied in the
next section.

7.3. Speed Prediction Model

7.3.1. Influence Factors Analysis

It is widely believed that influence factors of speed include geometric parameters, traffic-flow
parameters, and traffic control parameters. Traffic-flow parameters include traffic volume,
speed, density, average time headway, average space headway, turning ratio and vehicle type,
and so forth. Traffic flow parameters comprise density, average time headway, and average
space headway. Therefore, traffic volume, turning ratio and vehicle type are chosen in this
paper. To increase the universality of the model, traffic volume is converted to saturation.

7.3.2. Speed Prediction Model

Double-factor curve fitting is used to analyze the correlation between various factors and
speed by SPSS. From test results, the R2 value and P value of the quadratic curve and cubic
curve based on saturation and large vehicles rate meet statistical requirement and these are
used as independent variables. But models of turning ratio and operational speed do not
meet statistical requirement, so turning ratio is removed. The form of the quadratic curve is
simple, so quadratic curve is selected as the basic model in this paper.

A two-factor multinomial model is developed to compare how saturation and
percentage of large vehicles affects operational speed. Independent variables are selected by
the stepwise regression method. Every variable selected by the stepwise regression method
is tested. Percentage of large vehicles is eliminated in SPSS.

Saturation is selected as the main factor affecting operational speed. Step length needs
to be decreased to increase model fit. The Adjusted region of saturation is p [0.3, 0.7] with a
step length of 0.5 and 9 levels. Stepwise regression is analyzed in SPSS. Variation of saturation
is eliminated in regression, and the calibrated model is as follows:

V = 104.788 − 13.465S2, (7.5)

where S is saturation.
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Table 1: Average deceleration in each section.

Deceleration lane length (m) at (m/s2) a02 (m/s2) a01 (m/s2)

<200 m 0.15 1.30 0.73

>200 m 0.31 1.09

Lane 3

Lane 2

Lane 1Location of advance notice sign Diversion point Diversion nose
Segment 1 Segment 2 Segment 3

Segment 4

Segment 5 Segment 6

Middle section of deceleration lane
200 m 150 m 150 m

Distance (km)

Start of transition section

1.6
1.4
1.2
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Figure 6: Segments of research scope divided by deceleration.

Hypothesis tests are carried out in SPSS. Outputs are R square is 0.844, Sig. is
0.000, these manifest that the goodness-of-fit and coefficients test is statically satisfied. The
residuals and dependent variable are distributed as normal distribution approximately. All
of the results prove that the speed-prediction model proposed in this paper is statistically
significant.

7.4. Deceleration Value

It can be concluded that the variation of deceleration is more significant than speed difference
and speed. The research scope is divided into three sections according to the variation of
the deceleration. The entire exiting process is divided into three sections below, as shown
in Figure 6. The curve shows the deceleration change trend in this section in the following
Figure 6.

In Figure 6, speed difference in L1 section is low and barely changes. Suppose that
vehicles in L1 travel by the average deceleration are denoted as at from Sections 1 to 4.
Decelerations on L2 and L3 are denoted as a01 and a02 which are average field decelerations.
Average deceleration in each section is illustrated in Table 1.

7.5. The Speed Limit Value

Denote V ′t as the reasonable speed of the middle section of the deceleration lane and Vgo as
the speed limit at the exit ramp painted nose. During constant deceleration (a01), the speed of
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vehicles changes from Vgo to V ′t in L3. V ′t can be derived according to the kinematics principle,
and the expression is

V ′t = 3.6

√

a01d +
(
Vgo

3.6

)2

, (7.6)

where V ′t is the reasonable speed at the middle section of deceleration lane (km/h); Vgo is the
speed limit at the exit ramp painted nose (km/h); a01 is the average deceleration at L3 in the
exit ramp area (m/s2).

In L2, it is known that vehicles move with a constant acceleration of a02. Define Vt as a
reasonable speed of the start of the transition section. It can be expressed as

Vt = 3.6 ×

√√√√a02d +

(
V ′t
3.6

)2

, (7.7)

where Vt is the reasonable speed of the start of transition section (km/h); a02 is average
deceleration at L2 in the exit ramp area (m/s2).

Combine (7.6) and (7.7), Vt can be calculated using a01 and a02.

Vt = 3.6 ×
√

(a01 + a02)d +
(
Vgo

3.6

)2

. (7.8)

At L1, vehicles move with a constant acceleration of at. Define VT as reasonable speed at
the start of the outside lane of deceleration. During constant deceleration a01, the speed of
vehicles changes from VT to Vt. VT can be expressed as

VT = 3.6

√

2atL1 +
(
Vt
3.6

)2

= 3.6

√

2atL1 + (a01 + a02)d +
(
Vgo

3.6

)2

, (7.9)

where, VT is reasonable speed at the start of the outside lane of the deceleration (km/h); at
is average deceleration at L1 in the exit ramp area (m/s2); L1 is the length of the exit ramp
upstream section (500 m).

Define V ′g as the successive-stage speed limit at the outside lane in the main line. The
successive-stage speed limit was deduced based on V0 of a field investigation or of the speed-
saturation prediction model and VT of speed-limit sign validity model.

V ′g = V0

√
0.903 − ln(Vo/Vt − 1)

3.650
, (7.10)

where, successive-stage speed limit at the outside lane of main line (km/h);V0 is operational
speed at the outside lane in the exit ramp upstream gained though a field investigation or
speed-saturation prediction model.



Discrete Dynamics in Nature and Society 13

7.6. The Placement of Speed-Limit Sign

At present, the placement of the speed-limit sign is determined by the basis of the psychical
process of drivers perceiving and reacting to signs. The determinant of the perception-
reaction process is the placement of the danger point. Thus, the paper is focused on a danger
point to confirm the placement of successive-stage speed limit in this section.

By analyzing deceleration characteristics curves, we found drivers began to slow
down in segment 1. Between segment 1 and segment 2, curves decreased smoothly and
steadily. A significant change in deceleration happened in segment 2–4. According to
Investigation segments section, we can find that advance notice sign is located at segment 1. It
can explain the trend of deceleration in segment 1–4 commendably. So the location of segment
1 is identified as a danger point.

The placement and clear height of successive-stage speed limit sign are determined
according to Traffic Engineering Manual [22].

8. Case Study

Yang Dongfang exit ramp along Nanjing Round Freeway is chosen to verify the feasibility and
validity of the successive-stage speed limit model.

After investigation, we got the information about Yang Dongfang exit ramp. The length
of the deceleration lane is 170 m. From Table 1, this paper takes the values of a01, a02 and
at to be 0.73 m/s2, 1.3 m/s2, and 0.15 m/s2, respectively. Vehicles speed in the main line is
controlled below 120 km/h and exit line is controlled under 40 km/h. So, Vg0 = 40 km/h.
Operational speed in the outside lane on the exit ramp upstream is 98 km/h. So, V0 =
98 km/h.

Using successive-stage speed limit model, the value of successive-stage speed limit
can be gained.

V ′t = 3.6 ×
√

a01d +
(
Vgo

3.6

)
= 3.6 ×

√

0.73 × 170 +
(

40
3.6

)2

= 56.6 km/h,

Vt = 3.6 ×

√√√√a02d +

(
V ′t
3.6

)2

= 3.6 ×
√

1.3 × 170 +
(

56.6
3.6

)2

= 77.9 km/h,

VT = 3.6 ×
√

2atL1 +
(
Vt
3.6

)2

= 3.6 ×
√

2 × 0.15 × 500 +
(

77.9
3.6

)2

= 89.5 km/h,

V ′g = V0

√
0.903 − ln(V0/VT − 1)

3.650
= 98 ×

√
0.903 − ln(98/89.5 − 1)

3.650
= 92.6 km/h.

(8.1)

Combined with engineering experience, get the value of successive-stage speed limit is
90 km/h. This result suggests that successive-stage speed limit is not determined for the small
vehicle and large vehicle, respectively, on the exit ramp upstream.
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9. Discussion and Conclusions

v85 is a major parameter used by traffic engineers and transport planners. Generally, speed
limits are set at or below the Δv85 [23]. A bill to raise Texas highway speed limit to 85 mph
could have motorists getting there faster but shelling out much more money at the gas pump
[24]. The paper uses the “85th percentile speed” to determine the successive-stage speed
limit.

The previous studies show when the curve radius is greater than 1000 m, 85%
of the desired speed is not affected by horizontal alignment. JTG/T B05-2004 [16]
proposed that the sections which the curve radius are less than 1000 m and slope of
absolute value small than 3% may be handled as a straight-line section. Except the
mountainous freeway, geometric alignments of most freeways meet freeway design standard.
Above studies illustrated that geometry parameters should not be the only parameter in
consideration.

In segments 4–6, the Δv85s of Sites 1, 2, 3, and 7 are more than 10 km/h. Especially,
the Δv85 of Site 2 is close to 20 km/h. Δv85s of Sites 4, 5, and 6 is more than 20 km/h in
segments 5-6. These show that accident rate has increased in segments 4–6. Through the
above analysis, it is necessary to set successive-stage speed limit control on the exit ramp
upstream.

Curves of the small vehicle and large vehicle have a similar trend. Meanwhile,
difference of v85 does not exceed 10 km/h in segments 1–4 and 5 km/h in segments 4–6.
The curve of the comprehensive vehicle is between curves of the small vehicle and the large
vehicle. In segments 4–6, v85 curves of the small vehicle and large vehicle approach the
curve of comprehensive vehicle simultaneously. Finally, three curves intersect on 65 km/h
at segment 7. Hence, speed limits of the small vehicle and large vehicle are same. Case study
also tests this conclusion. So, successive-stage speed limit is needed to be developed for the
small vehicle and large vehicle, respectively, on the exit ramp upstream.

In segments 4–6, deceleration curves show two opposite trends. The curve of Sites 1,
2, 3, and 7 rise in segments 4-5, and then drop in segments 5-6. The trend of the curve of
4, 5, and 6 is opposite. The common characteristic of 1, 2, 3, and 7 is that their deceleration
lane length is more than 200 m. The length of the deceleration lane about 4, 5, and 6 is less
than 200 m. Hence, deceleration lane length is related with v85 and the speed limit should
be in accordance with the deceleration lane length. This means deceleration lane length is an
important factor for successive-stage speed limit.

Speed-lane number curves in the main line are similar with deceleration curves. The
similarity suggests that the difference of speed-lane number curves is caused by different
deceleration lane length. We can deduce that lane number in the main line does not relate
with speed and the lane number of the main line has not been considered when determine
the speed limit.

Double-factor curve fitting is used to analyze the correlation between saturation,
turning ratio, and large vehicles rate and speed. Based on test results of models, saturation is
selected as the main factor of operational speed. As a result, the paper built speed-saturation
prediction model.

The research scope is divided into three sections according to the variation of the
deceleration. Based on field investigation speed or speed-saturation prediction model and
the speed-limit sign validity model, the value of successive-stage speed limit is deduced
according to kinematic principles.
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The conclusions are summarized as follows:

(1) It is necessary to set successive-stage speed limit control on the exit ramp upstream.
The successive-stage speed limit is not needed to be developed for small vehicles
and large vehicles, respectively, on the exit ramp upstream.

(2) Geometry parameters are not considered in building successive-stage speed limit
model.

(3) Deceleration lane length is related to v85, and the speed limit should be in
accordance with the deceleration lane length.

(4) Lane number in the main line does not relate to speed and cannot be considered
when determining the speed limit.

(5) Saturation is the main factor affecting speed, and the paper built a speed-saturation
prediction model.
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This paper presents an approach for solving the bus crew scheduling problem which considers
early, day, and late duty modes with time shift and work intensity constraints. Furthermore, the
constraint with the least crew number of a certain duty (e.g., day duty) has also been considered.
An optimization model is formulated as a 0-1 integer programming problem to improve the effi-
ciency of crew scheduling at the minimum expense of total idle time of crew for a circle bus line.
Correspondingly, a heuristic algorithm utilizing the tabu search algorithm has been proposed to
solve the model. Finally, the proposed model and algorithm are successfully tested by a case study.

1. Introduction

The urban bus crew scheduling problem is a fundamental and crucial problem arising in the
field of transit scheduling, because there are the main resources necessary to service passen-
gers. Given the timetable of an urban transit line during one day, the scheduling problem
of a bus crew is to complete the operating arrangement of all crews with different duty types.
The duty types of crew can be divided into three types: early, day, and late modes. With the
influence of working hours, place of residence, living habits, and other factors, there are
different requirements to the crew. For example, the crew can only choose trips with day duty
when living farther away from the bus depot, the crew can select trips with early or late duty
when they have temporary activities at noon, the crew can choose trips with early or day duty
when they need to take care of family members at night, and some crews can be allocated to
trips with any kind of duty type. Therefore, how to arrange the crew scheduling so as to uti-
lize the manpower resources effectively and satisfy a set of constraints laid down by the labor
regulations, has an important theoretical and practical significance.

The urban bus crew scheduling has received much attention in the last decade, and
there have been many models and solution methods. According to the objective of model,
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it can usually be divided into set covering, set partitioning, and multiobjective program.
Smith and Wren [1] introduced a crew scheduling problem formulation based on set covering
problem, solved by using integer linear programming. The elements covered were duty
pieces, and the covering process used slack and surplus variables. Darby-Dowmanand Mitra
[2] presented a natural generalization called the extended set partitioning model which
formed the basis of a computer assisted bus crew scheduling system. An integrated vehicle
and crew scheduling problem proposed by Mesquita and Paias [3] were described by an
integer linear programming formulation combining a multicommodity network flow model
with a set partitioning/covering model. Beasley and Cao [4] developed a new lower bound
for the crew scheduling problem based on dynamic programming. Lourenco et al. [5] brought
a mutiobjective crew scheduling model, which was tackled using a tabu search technique,
metaheuristics, and genetic algorithms. Huisman et al. [6] presented an integrated approach
to solve a vehicle scheduling problem and a crew scheduling problem on a single bus
route.

As for the solution method of bus crew scheduling, it can be divided into mathematical
programming methods including integer linear programming, column generation, branch
and bound method, and heuristic methods including genetic algorithm, tabu search algo-
rithm, colony algorithm, and so forthm.

Mitra and Darby-Dowman [7] established a computer-based bus crew scheduling
model using integer programming. The approach presented by Desrochers and Soumis [8]
used column generation solution procedure. Clement and Wren [9] introduced a solution for
the crew scheduling problem using a genetic algorithm, and several greedy algorithms were
used for assigning duties to pieces of work. Beasley and Cao [10] established a 0-1 integer
programming model, and a tree-search algorithm was used to obtain the final optimum.
Ceder [11] used deficit function properties to construct vehicle chains, splitted and recom-
bined vehicle blocks into legal duties, and used a shortest-path and matching algorithm for
solving the problem. Shen and Ni [12] established a crew scheduling model with minimizing
the number and cost of duty and designed the multineighbourhood structure. The crew
scheduling model was abstracted by Yang et al. [13] as an optimization problem for the min-
imum of a nonlinear constraint function, and a genetic algorithm was used to solve the prob-
lem. Niu [14] focused on how to determine the skip-stop scheduling for a congested urban
transit line during the morning rush hours and formulated a nonlinear programming model
with the objective of minimizing the overall waiting times and the in-vehicle crowded costs,
and a bilevel genetic algorithm was proposed to solve the problem. Srdjan et al. [15] proposed
architecture for a new scheduling mechanism that dynamically executes a scheduling algo-
rithm using feedback about the current status grid nodes, and two artificial neural networks
were created in order to solve the scheduling problem. A tabu search algorithm was proposed
by Atli [16] to provide good solutions to resource-constrained, deterministic activity duration
project scheduling problems.

For an overview on these papers, although a lot of attention has been paid to the factors
associated with the required crew number, total work hours, layover and rest time, impar-
tiality, and so forth in bus crew scheduling, only a few papers consider the duty type con-
straint, which should be well considered in process of urban transit operation.

The remainder of paper is organized as follows. In Section 2, we describe the urban
bus crew scheduling problem and establish an optimization model with minimizing the total
crew idle time. A tabu search algorithm is then designed in Section 3. In Section 4, a numerical
example is provided to illustrate the application of the model and algorithm. Finally, we
present the conclusions and some comments on topics requiring future research.
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2. Urban Bus Crew Scheduling Model

2.1. Problem Description

Given a set of trips within a fixed planning horizon, the crew scheduling problem consists of
generating a feasible set of crew schedule which includes sign-on and sign-off time, crew duty
types, and a serial of trips which covers the bus schedule and satisfies a range of constraints
laid down by work rules. The trips that are assigned to the same crew member define a crew
duty. Together the duties constitute a crew schedule. The criteria for crew scheduling are
based on an efficient use of manpower resources while maintaining the integrity of any work
rule agreements. The usual crew scheduling problem uses one or more of these objectives:
minimum sum of crew costs, minimum number of crew required, and maximum the effi-
ciency of crew usage.

The crew scheduling problem in this study is to arrange the work plan for crew in a
single bus line. The kind of urban bus line is a circle one, which means that the starting station
and terminal are the same bus station. Each trip has fixed departure and arrival times and
can be assigned to a crew member from a determined depot. All trips have been numbered in
ascending departure time order. Each crew should be restricted to work in the same vehicle
during the bus operating time.

In particular, each crew duty must satisfy several complicating constraints correspond-
ing to work rule regulation. Typical examples of such constraints are maximum working time
without a break, minimum break duration, maximum total working time, and maximum
duration. In this paper, the considered work rules mainly involve time shift, work intensity,
and duty type compatibility constraints. The time shift constraint means that the difference
between departure time of latter trip and arrival time of former trip at the same station should
not be less than the minimum layover time, as for the two adjacent trips carried by the same
crew. The work intensity constraint can be defined that the total work time of each crew does
not exceed the maximum number of work hours corresponding to the duty type of crew.

According to the different peak hours, crew duty can be divided into three types,
namely, early, day, and late mode. The early duty covers morning peak hours and the range of
working time is generally from 6:00 to 13:00, while the late duty covers evening peak hours,
and the range of working time is generally from 15:00 to 22:00. Due to the evening peak hours
forward and morning peak hours backward in weekend, the day duty covers two peak hours,
and the range of working time is from 9:00 to 18:00. In this paper, we consider the three duty
types mentioned before, and the sign-on and sign-off time can be chosen flexibly with work
plan. The duty type compatibility constraint means that the departure time of trip should be
later than the earliest sign-on time and earlier than the latest sign-off time corresponding to
crew duty type.

With the different working time of duty types, crew members have special require-
ments. For example, the total crew number with day duty should be larger than a fixed value,
which should be considered fully in the crew scheduling model. Furthermore, the crew
number provided by bus company is limit, thus, the total crew number with all duty types
must be no more than the crew number available.

The optimization objective of bus crew scheduling in this paper is to maximize the
utilization of all crews, and consequently lower the operating cost. In order to make the crew
more efficient, the objective function can be expressed by minimizing the total idle time of
crew. The calculation of crew idle time can be shown in Figure 1. There are four trips assigned
to a crew and the idle time section is three. The first idle time section begins with the arrival
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Figure 1: The crew idle time with four trips.

time of trip 1 (7:02) and ends with the departure time of trip 2 (7:08), and the value of first idle
time is 6 minutes. Similarly, the second and third idle time is 10 and 15 minutes, respectively.
Therefore, the total idle time of the crew is 31 minutes. The least idle time can be gained by
arranging different trips with the same crew.

2.2. Definitions and Notations

The following definitions and notations are used throughout this paper.

N: number of trips provided by timetables in a day

G: number of duty types of crew

η: number of crew available in a day

θ: the least number of crew required with day duty

i: index of the trips, i = 1, 2, . . . ,N

k: index of the crew, k = 1, 2, . . . , η

g: index of duty types, g = 1, represents early duty; g = 2, represents day duty;
g = 3, represents late duty

zg : number of crew with duty g

di: departure time of trip i at the starting station

ai: arrival time of trip i at the terminal

T0: the least layover time at the starting station for each crew

Tg : the maximum value of work hours for each crew with duty g

Bg : the earliest sign-on time of crew with duty g

Eg : the latest sign-off time of crew with duty g

xi
g·k: decision variables to indicate whether trip i is carried out by crew k with duty

g, xi
g·k takes two values: xi

g·k = 1, if trip i is carried out by crew k with duty g;

xi
g·k = 0, otherwise
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y
ij

g,k: a binary 0-1 variable which indicates the status of trip i and trip j carried out

by crew k with duty g. yij
g,k

takes two values: yij
g,k

= 1, if trip j is the next trip after

trip i carried out by crew k with duty g; yij
g,k

= 0, otherwise.

2.3. Bus Crew Scheduling Model

As defined above, the crew scheduling problem can be formulated as follows:

min
G∑

g=1

zg∑

k=1

N∑

i=1

N∑

j=1

y
ij

g,k ·
(
dj − ai

)
, (2.1)

x
j

g,k · dj − xig,k · ai ≥ T0, ∀g, k, (2.2)

N∑

i=1

xig,k · (ai − di) ≤ Tg , ∀g, k, (2.3)

Bg ≤ xig,k · di ≤ Eg , ∀g, k, (2.4)

z2 ≥ θ, (2.5)

G∑

g=1

zg ≤ η, (2.6)

G∑

g=1

zg∑

k=1

xig,k = 1, ∀i, (2.7)

y
ij

g,k = xig,k · x
j

g,k, ∀g, k. (2.8)

The objective is to minimize the total idle time of crew. As to crew k with duty g, the
idle time between two adjacent trips i and j can be calculated by y

ij

g,k
· (dj − ai). Inequality

(2.2) guarantees that the time shift constraint should be satisfied by each of two adjacent trips
carried out by the same crew. Inequalities (2.3) and (2.4) represent the constraints of work
intensity and duty type compatibility, respectively. Inequality (2.5) is the number of day duty
constraint, which denotes that the number of crew with day duty should be more than or
equal to the constant θ. Inequality (2.6) is the crew number constraint, which means that the
total number of crew required should be no more than the value η. Constraint (2.7) assures
that each trip will be carried out by exactly one crew. Constraint (2.8) shows the relationship
between variable yijg,k and decision variable xig·k.

3. Algorithm Design

Tabu search algorithm uses a neighborhood search procedure to iteratively move from one
potential solution to an improved solution, until some stopping criterion has been satis-
fied. The tabu search is a metaheuristic local search algorithm that can be used for solving
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combinatorial optimization problems. Because the major advantages of this algorithm are its
simplicity, speed, and flexibility, and the urban bus crew scheduling model in the paper is a
complex zero-one programming problem, we can use tabu search algorithm easily. The main
parameters of algorithm are designed as follows.

3.1. Expression of Solution

The two-dimensional integer array encoding method can be used for the solution of crew
scheduling problem, in which rows are the crews, the first column is the duty type of crew
and other columns are the trips. The trips are numbered in ascending departure time order.
Assume that there are fifteen trips carried out by five crews. The trip chains of each crew can
be expressed as follows: crew 1: 1-1-5-7-10, crew 2: 1-2-4-9, crew 3: 2-3-6-14, crew 4: 2-8-11-13,
and crew 5: 3-12-15; the expression of solution can be shown in Figure 2.

Based on the value of two-dimensional array, the decoding process is the inverse of
encoding process. Take the data of Figure 2, as an example, there are three duty types of crew,
and the crew number with early duty (duty 1) is two. The number of trips carried out by crew
1 with early duty is 1, 5, 7, and 10, thus, the variables are x1

1,1 = 1, x5
1,1 = 1, x7

1,1 = 1, and x10
1,1 = 1.

The number of trips carried out by crew 2 with early duty is 2, 4, and 9, thus, the variables
are x2

1,2 = 1, x4
1,2 = 1, x9

1,2 = 1. The decoding methods of other crews are similar to the former
method. The decoding results are shown in Figure 3.
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3.2. Generation of Initial Solution

The initial solution is the starting point of algorithmic search. A superior quality of the initial
solution will enable the algorithm to quickly converge to the optimal solution. In the process
of generating the initial solution, the constraints with time shift, work intensity, and duty type
compatibility should be satisfied. The procedure of the algorithm can be taken as follows:

Step 1 (Initialization). The trips set carried out by crew k with duty g is set to an empty set,
namely, λg,k = ∅, for all g, k. The optional duty type set for trip i can be defined as follows:
Qi = {g | Bg ≤ di ≤ Eg, g ∈ {1, 2, . . . , G}}, for all i. Let i = 1, zg = 0.

Step 2. Determine the duty type g of crew carrying out trip i with the following equation:
g = min{s | s ∈ Qi}.

Step 3. Calculate the crew number k and the largest trip number i′ corresponding to duty g.
If zg > 0, k = {l′ | αl′ = min{αl | l ∈ {1, 2, . . . , zg}}, where αl = max{s | s ∈ λg,l}}, i′ = αk, go to

Step 4; otherwise, go to Step 6.

Step 4. Verify time shift constraint. If di − ai′ ≥ T0, go to Step 5; otherwise, go to Step 6.

Step 5. Verify work intensity constraint. Calculate the total work time of crew k with duty g,
Hg,k =

∑
s x

s
g,k · (as − ds) + ai − di. If Hg,k ≤ Tg , go to Step 7; otherwise, go to Step 6.

Step 6. Let zg ← zg + 1, k ← zg , go to Step 7.

Step 7. Let λg,k = λg,k ∪ {i}, i← i + 1, go to Step 8.

Step 8. If i > n, stop and output the results; otherwise, go to Step 2.

3.3. Neighborhood Structure

The neighborhood structure uses trips exchange and inserts a strategy between different
crews. Trips exchange strategy can be described as follows: a single exchange point on both
two parents’ trip chains is selected. The trip number of that point is swapped between the
two parent organisms. The resulting organisms are the children. For example, trip 5 of crew
1 (1-1-5-7-10) is exchanged with trip 4 of crew 2 (1-2-4-9), and new solutions can be gained.
The trips chain of crew 1 has become 1-1-4-7-10, and the trips chain of crew 2 has become
1-2-5-9, shown in Figure 4.

Trips inserting a strategy can be described as follows: one trip from crew 1 will be
inserted into the trips chain of crew 2. The insert point depends on the ascending departure
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time order of the trips chain of crew 2, and two new trips chains of crew will reincarnation. For
example, trip 5 of crew 1 (1-1-5-7-10) is inserted into the trips chain of crew 2 (1-2-4-9); new
solutions can be gained. The trips chain of crew 1 has become 1-1-7-10, and the trips chain of
crew 2 has become 1-2-4-5-9, shown in Figure 5. The trips exchange or insert operation cannot
be carried out, if the trips chain of any crew cannot satisfy time shift, work intensity, or duty
type compatibility constraints with any of the operations.

3.4. Evaluation of Solution

In order to search for better solutions in the algorithmic iterative process, it is necessary to
evaluate the solution. It should calculate the value of objective function and considere the
constraints at the same time. Because the initial solution has satisfied time shift, work
intensity, and duty type compatibility constraints, and the new solution generated in neigh-
borhood search also satisfies the former three constraints, the number of day duty and total
crew constraints are the only factors which need to be considered. As for the solution which
cannot satisfy the number of day duty and total crew constraints, it should be punished. Here
we can take two parameters α and β as the punish factors, and both of the values take large
positive numbers. If the solution can satisfy the number of day duty and total crew con-
straints, the value of fitness function and objective function will be equal; otherwise the value
of fitness function will be much larger than the objective function, which means that the set
of values for decision variables cannot create the feasible solution. The fitness function can be
formulated as follows:

f = Z + α ·max{θ − z2, 0} + β ·max

⎧
⎨

⎩

G∑

g=1

zg − η, 0
⎫
⎬

⎭, (3.1)

where Z =
∑G

g=1
∑zg

k=1

∑N
i=1
∑N

j=1 y
ij

g,k
· (dj − ai) represents the value of objective function.

3.5. Other Parameters

The record of tabu table is the transform (exchange or insert) node, and tabu length takes
fixed length. Select the regulation based on the value of evaluation as aspiration criterion, that
is, the solution of the objective can be free, if it is better than any of the currently known best
candidate solution. The stopping criterion is based on the value of fitness function. If the best
value does not change after a given number of iterations, the algorithm will stop the cal-
culation.
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Table 1: Departure time of trips.

TN DT TN DT TN DT TN DT TN DT TN DT
01 6:30 29 9:22 57 11:51 85 14:29 113 17:07 141 19:13
02 6:45 30 9:26 58 11:56 86 14:34 114 17:14 142 19:17
03 6:58 31 9:30 59 12:02 87 14:39 115 17:20 143 19:21
04 7:10 32 9:34 60 12:06 88 14:43 116 17:25 144 19:25
05 7:20 33 9:38 61 12:11 89 14:50 117 17:30 145 19:29
06 7:25 34 9:41 62 12:16 90 14:56 118 17:35 146 19:35
07 7:31 35 9:48 63 12:21 91 15:01 119 17:39 147 19:39
08 7:38 36 9:53 64 12:27 92 15:08 120 17:43 148 19:44
09 7:44 37 10:00 65 12:33 93 15:15 121 17:48 149 19:48
10 7:48 38 10:07 66 12:38 94 15:21 122 17:51 150 19:53
11 7:53 39 10:13 67 12:42 95 15:27 123 17:56 151 20:00
12 7:58 40 10:18 68 12:46 96 15:32 124 18:00 152 20:05
13 8:03 41 10:23 69 12:51 97 15:38 125 18:05 153 20:11
14 8:08 42 10:29 70 12:56 98 15:42 126 18:09 154 20:17
15 8:12 43 10:34 71 13:02 99 15:49 127 18:13 155 20:23
16 8:17 44 10:40 72 13:08 100 15:53 128 18:17 156 20:30
17 8:22 45 10:44 73 13:13 101 15:59 129 18:21 157 20:37
18 8:26 46 10:49 74 13:19 102 16:05 130 18:25 158 20:43
19 8:30 47 10:53 75 13:26 103 16:10 131 18:29 159 20:50
20 8:34 48 10:58 76 13:33 104 16:16 132 18:34 160 20:57
21 8:39 49 11:03 77 13:40 105 16:21 133 18:39 161 21:05
22 8:45 50 11:09 78 13:48 106 16:27 134 18:43 162 21:13
23 8:51 51 11:15 79 13:55 107 16:32 135 18:47 163 21:20
24 8:57 52 11:22 80 14:02 108 16:38 136 18:51 164 21:27
25 9:03 53 11:29 81 14:08 109 16:42 137 18:55 165 21:35
26 9:09 54 11:35 82 14:13 110 16:48 138 19:00 166 21:43
27 9:14 55 11:41 83 14:18 111 16:53 139 19:04 167 21:50
28 9:18 56 11:46 84 14:23 112 16:59 140 19:08 168 22:00

TN: trip number; DT: departure time.

4. Numerical Example

In a certain urban bus line, there are 168 trips in a day. The departure time of each trip can be
obtained from Table 1. The running time from the starting station to the terminal is 30 min-
utes. The least layover time at starting station for each crew is 3 minutes. The maximum num-
ber of crew provided by bus company is 26, and the least crew number with day duty is 9.

The parameters of tabu search algorithm are taken as follows: the tabu length is 6, both
the punish factors α and β are 10000, and the given number of iterations without improving
the solution is 100. The other parameter is given in Table 2. The optimal solution can be
calculated using VC++ program, shown in Table 3. The objective value of optimal solution
is 1198 minutes.

Table 3 shows that the total number of crew is 26, where the crew number with early,
day, and late duty is 8, 10, and 8, respectively. The earliest and latest departure times of each
crew satisfy duty type compatibility constraint. Due to the same running time of trips, the
crew with longest working time is the one who carries out with the largest number of trips,
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Table 2: Parameter of different duty types.

Duty types Earliest sign-on time Latest sign-off time Maximum working time (min)
Early 6:00 13:00 300
Day 9:00 18:00 300
Late 15:00 22:00 300

Table 3: The optimal results of crew scheduling.

Crew number Duty type Trips Earliest departure
time

Latest departure
time

01 Early 1-4-9-16-24-31 6:30 9:30
02 Early 2-5-11-18-26-35-47-53-59 6:45 12:02
03 Early 3-7-14-22-30-39-46 6:58 10:49
04 Early 6-12-20-28-36 7:25 9:53
05 Early 8-15-23-32-40-48-54 7:38 11:35
06 Early 10-17-27-37-44 7:48 10:40
07 Early 13-21-29-38-45 8:03 10:44
08 Early 19-25-33-42-51-60-67 8:30 12:42
09 Day 34-41-52-61-68-74 9:41 13:19
10 Day 43-50-56-63-70 10:34 12:56
11 Day 49-55-62-69-75-80 11:03 14:02
12 Day 57-64-71-77-83-91-97-104-111 11:51 16:53
13 Day 58-65-72-78-84-90 11:56 14:56
14 Day 66-73-79-85-92-99-106 12:38 16:27
15 Day 76-81-88-95-102-109 13:33 16:42
16 Day 82-89-96-103-110 14:13 16:48
17 Day 86-93-100-108-114-121 14:34 17:48
18 Day 87-94-101-107-113 14:39 17:07
19 Late 98-105-112-118-127-135-143-151-157 15:42 20:37
20 Late 115-123-131-139-147-155-162-167 17:20 21:50
21 Late 116-124-132-140-148-156-164-168 17:25 22:00
22 Late 117-125-133-141-149 17:30 19:48
23 Late 119-129-137-145-153-161-166 17:39 21:43
24 Late 120-128-136-144-152-160-165 17:43 21:35
25 Late 122-130-138-146-154-159 17:51 20:50
26 Late 126-134-142-150-158-163 18:09 21:20

namely, the numbers 2, 12, and 19. The actual working time of the former three crews has the
same value of 270 minutes, which is smaller than the maximum working time. The average
crew working time with day duty is relatively small with the influence of time shift and the
number of day duty constraints.

5. Conclusions

In this paper, a 0-1 integer programming model with the objective of minimizing the total idle
time of crew for a circle bus line in consideration of mainly various working rules and duties
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of different crews is developed. The considered working rules mainly involve time shift, work
intensity, and duty type compatibility constraints, and the duties of crew include early, day,
and late modes. A tabu search algorithm is then proposed to solve the model, and a numerical
example has been given to show the effectiveness of the obtained results. The result shows
that the model can effectively solve the scheduling problem with multiple duty types, and
this method can thus serve as a useful tool for urban transit management department with
more reasonable and pertinent assistant decision support. Furthermore, considering the crew
scheduling problem with multiple transit lines and multiple depot constraints is an important
topic for further research.
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To the problem of being lack of transit network hierarchy theory, a research on public transit
network hierarchy optimization based on residential transit trip distance is conducted. Firstly, the
hierarchy standard of transit network is given, in addition, both simulating electron cloud model
and Rayleigh distribution model are used to fit the residential transit trip distance. Secondly, from
the view of balance between supply and demand, the hierarchy step of transit network based
on residential transit trip distance is proposed. Then, models of transit’s supply turnover and
demand turnover are developed. Finally, the method and models are applied into transit network
optimization of Baoding, Hebei, China.

1. Introduction

Giving priority to the development of public transportation system plays a pivotal role
in alleviating urban traffic congestion. Recently, with the fast expansion of the city size,
the public transit lines get much larger and higher density. Many researchers attended to
ensure each transit lines’ function by hierarchical public transit network, and then a public
transportation service system with clear hierarchy can be established, which can guide
residence’s travel behavior scientifically.

The notion of multilevel transit network planning has been widely acknowledged
and adopted. Carrese and Gori [1] considered three-route hierarchies; the other studies
focus on specific linkages such as feeder routes for a rail network; Bagloee and Ceder [2]
divided the transit network into three degrees: mass route, feeder route and local route,
and the method to determine hierarchy of a route is studied; Van Goeverden and van Nes
[3] describes how the public transport system consists of different network levels; van Nes
[4] proposed multilevel network optimization for public transport networks and he [5] also
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conducted research on multiclass urban transit network design; Salzborn [6] and Knoppers
and Muller [7] also optimized the transit network based on hierarchy concept. Jian and
Gang [8], Wei et al. [9] proposed the multilevel transit network planning concept during
planning the public transit network; Fangqiang [10] conducted transit network optimization
based on transit network hierarchy from the view of coupling residential trip with transit
network; Kuah and Perl [11] presented a mathematical model for feeder-bus network-design
problem. They solved this model by a heuristic method called savings heuristic. Shrivastava
and O’Mahony [12] designed feeders for one of heavy rail suburban service stations and
coordinated schedules with the aid of genetic algorithm. Guillot [13] and Higgins [14] also
conducted research on the bus network of a city was coordinated with the rail network. Chien
et al. [15] applied genetic algorithm to design the feeders of a real network and its delay at
intersections. Mohaymany and Gholami [16] used multiple modes with various capacities
and performances in the feeder network design based on the minimization of user, operator,
and social costs. Verma and Dhingra [17, 18] designed feeders of rail transit and presented a
synchronized scheduling for rail and its feeders. Shrivastav and Dhingra [19] applied their
heuristic feeder route generation algorithm to make a feeder network.

Although many researchers have conducted study related to hierarchy of public transit
network, most of them did not propose any quantitative methods to calculate reasonable
length for each hierarchical public transit network. In addition, travel behavior is widely
studied and many transportation problems are solved based on it [20], so this paper attempts
to put forward a hierarchy of public transit network which is applicable to certain urban
development patterns and suitable for urban residents who travel by public transit in view
of the fact that, at the moment, there is no such hierarchy based on the different demands of
ridership and trip distance (resulting in the lack of arteries and local route lines).

2. Analysis on Transit Trip Distance Distribution

2.1. Method of Determining Hierarchy of the Transit Network

A rational public transit network should include different hierarchy types which operate with
different standards. This paper categorizes public transit lines into 3 types: (1) mass route,
which is the skeleton of the network; (2) feeder route, which operates inside of the district;
(3) Local route, which serves as support facility to the mass route.

Hierarchy of a route and station spacing has been considered as the criteria of
determining the network: (1) All the rail transit lines are regarded as mass routes, (2) public
transit lines might qualify as mass routes when they are located along the express way or
arterial road and the bus-stop spacing is longer than 800 m, (3) feeder route is the transit
line that is located along the arterial road or subarterial road and the bus-stop spacing is
between 500 m and 800 m, and (4) the remaining unclassified lines are all counted as local
routes. There are still certain points of disagreements on the above criteria. Herein, we set up
following provisions to pave the ways for later modeling.

(1) One public transit line alone may cover different hierarchy types of route, as shown
in Figure 1. In such case, if the trip covers different types, the transfer time is 0.

(2) Lines passing the same section of the road are well considered to make sure that
they all belong to the same hierarchy type.
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Local route
Feeder route
Mass route

Figure 1: Sketch of transit network hierarchy types.

Table 1: Parameters and coefficients of determination in simulating electron cloud model and Rayleigh
distribution model.

Cities Electron cloud model Rayleigh distribution model
a0 R2 λ R2

Shenyang 4.9 0.969 0.0312 0.962
Suzhou 7.7 0.977 0.0130 0.982
Qinhuangdao 6.2 0.974 0.0196 0.979
Bengbu 5.7 0.965 0.0233 0.965
Yinchuan 6.9 0.960 0.0160 0.953
Wujiang 5.1 0.977 0.0283 0.970
Changshu 4.6 0.963 0.0343 0.958
Suzhou 4.7 0.982 0.0341 0.979
Huaibei 4.5 0.980 0.0366 0.978
Changde 5.4 0.980 0.0258 0.977
Chaozhou 5.2 0.990 0.0275 0.985
Weifang 5.2 0.989 0.0270 0.983

R2 Mean value= 0.976 Mean value= 0.973
Standard deviation= 0.009 Standard deviation= 0.010

2.2. Analysis on Transit Trip Distance Distribution

The simulation of electron cloud model and Rayleigh distribution model are both widely
used in the research of trip distance [16–18]. The applicability of these two models in the
study of transit trip distance has been explored in this paper. Please refer to [17, 18] for
more detailed introduction of these two models. Data from twelve different cities (Shenyang,
Suzhou, Qinhuangdao, Bengbu, Yinchuan, Wujiang, Changshu, Suzhou, Huaibei, Changde,
Chaozhou, and Weifang) have been used to compare the above models.

Cumulative probability distribution function of the electron cloud model and Rayleigh
distribution model are: F(s) = 1 − (2(s/a0)

2 + 2(s/a0) + 1)e−2(s/a0) and F(s)1 − e(−0.5λs2)

respectively. Table 1 shows the values of parameters involved. The comparative analysis has
been conducted in terms of precision in simulating and ability in interpreting:

(1) Precision in simulating: values of fitting function R2 indicate that both models have
very high fitting precision. However, after analyzing the mean values and standard
deviations of R2, the electron cloud model turned out to be a better approach.

(2) Ability in interpreting: λ derived from the Rayleigh distribution model has no
actual meaning, whereas α0 derived from electron cloud model means the average
trip distance. Consequently, the latter performs better.

Given those two aspects, electron cloud model is more feasible for the theory stated
here.
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Figure 2: The relationship between transit trip distance and trip time.

3. Hierarchy of Transit Network Based on Balance between
Supply and Demand

3.1. Concepts of Transit Hierarchy Planning

The optimized allocation of transit network is to study the balance between supply and
demand of the public transit system at the macroscopic level. The typical quantitative
indicators are the transit’s supply turnover and demand turnover. Attempts have been made
to balance the supply and demand through rational categorizing the network.

3.2. Analysis on Demand Turnover of Different Hierarchy Types

3.2.1. Optimal Trip Distance of Public Transit Lines in Different Types of Route

Different public transit lines have varies missions and desired length of passengers’ trips (see
Figure 2). When the trip distance is less than S1, local routes are more favorable. When it is
between S1 and S2, feeder routes are better options. If the distance is longer than S2, mass
routes have obvious superiority. The problem of how to figure out preferential trip distance
can thus be converted to the calculation of critical values S1 and S2, which can easily be
obtained by equations: Tlocal = Tfeeder, Tfeeder = Tmass (T stands for the minimum trip time).
Hence, the following model mainly focused on the trip time.

(I) Explanation and Hypothesis of the Model

(1) Here, we assume that the layout of the system is rational, and typical square grid
with proportional spacing was used, as shown in Figure 3.

(2) The transfer of passengers follows a strict order: local route to feeder to mass, or the
other way around.
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(3) Layout of every type of route is arranged in order of hierarchy (from mass to local),
one encompasses another, that is, r3 > r2 > r1, r3, r2, and r1 are spaces between mass
routes (including express way and arterial road), feeders, and local routes.

(4) Average transfer time equals waiting time, exclusive of time spent on walking to the
transfer station. Tαβ transfer represents the average transfer time. (α, β = 1, 2, 3 which
stands for local, feeder, and mass, resp.).

(II) Modeling Procedure

Definition of the parameters involved are as follow:

i = 1, 2, 3—local, feeder, mass;

Ti = Ti− on foot + Ti−by bus + Ti−waiting—trip time using i as the highest type of route;

Ti− on foot —total walking time from starting point to the station and from the station
to destination;

Von foot—walking velocity;

Ti−by bus—time spent on the vehicle;

Ti−waiting—transfer time at transfer station;

A—area of the city;

Lk—length of each type of route; k = 1, 2, 3—local, feeder, mass;

ρk = Lk/A—road network density;

rk—space between routes of the same hierarchy type;

1/rk = ρk/2, rk = 2A/Lk;

it is assumed that dk equals rk/2;

ηi−n—coefficient of determination on transfer;

n—number of transfers;

if there is no transfer during the trip, ηi−n = 0, otherwise, ηi−n = Tαβ transfer;

ni—average transfer time;

Vi—velocity of the vehicle on type of route i;

Ptrip—trip distance.

(1) Minimum Trip Time Using Local Routes as the Highest Type of Route. Figures 4 and 5
demonstrate the shortest path by this means. Span of travelling on foot is (0, 2d1] (see
Figure 3), to simplify the model, mean value of d1 is used.

The minimum trip time is

T1 = T1− on foot + T1−by bus + T1−waiting

T1− on foot =
d1

Von foot

T1−by bus =

(
Ptrip − d1

)

V1
,

T1−waiting = η1 1 + η1 2 + · · · + η1n = η1.

(3.1)



6 Discrete Dynamics in Nature and Society

(2) Minimum Trip Time Using Feeder as the Highest Type of Route. Figures 6 and 7 show
the shortest path by this means. We assume that in this case, local routes only play a
supplementary role, accordingly, the mean value of d1 is still used as the travelling on foot,
because the span of travelling by local routes is (0, 2d2] (see Figure 3). To simplify the model,
mean value of d2 is used.

The minimum trip time is

T2 = T2− on foot + T2−by bus + T2−waiting

T2− on foot =
d1

Von foot
,

T2−by bus = T1−out + T2− on the way + T1−back =
d2

V1
+

(
Ptrip − d1 − d2

)

V2

T2−waiting = η2 1 + η2 2 + · · · + η2n = η2,

(3.2)

where T1−out is the time spent from starting point to feeder via local route. T2− on the way is time
spent on the feeder. T1−back is time spent from feeder to destination via local route. T1−out =
T1−back.

(3) Minimum Trip Time Using Mass Routes as the Highest Type of Route. Figures 8 and 9 show
the shortest path by this means. Assume that mass route is the major route taken, feeder and
local route act as the supplement, can be obtained in the same way, the mean value of d1 and
d2 are still used as the travelling on foot and traveling by local route, respectively. The span
of travelling by feeder route is (0, 2d3−2d1] (see Figure 3). To simplify the model, mean value
of d3 − d1 is used.

The minimum trip time is

T3 = T3− on foot + T3−by bus + T3−waiting

T3− on foot =
d1

Von foot
,

T3−by bus = T1−out + T2−out + T3− on the way + T2−back + T1−back

=
d2

V1
+
(d3 − d1)

V2
+

[
Ptrip − (d2 + d3)

]

V3
,

T3−waiting = η3 1 + η3 2 + · · · + η3n = η3,

(3.3)

where T1−out is the time spent from starting point to feeder via local route, T2−out is the time
spent from local route to mass route via feeder. T3− on the way is the time spent on the mass
route. T2−back is the time spent from mass route to local route via feeder. T1−back is time spent
from feeder to destination via local route. T1−out = T1−back, T2−out = T2−back.
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Mass route
Feeder route
Local route

d1

d2

d3

Figure 3: Sketch of transit network.

Local 
route

Transfer
Station of 
local routeOrigin Station of 

local route Destination

Figure 4: The shortest path using local routes as the highest type of route.

(4) Calculation of Optimal Distance on Every Type of Route. Set T1 is equal to T2, T2, equal to T3,
Then:

S1 = (d1 + d2) +
V2 · V1

V2 − V1
· (η2 − η1

)
,

S2 = (d2 + d3) +
V3 · V2

V3 − V2
· (η3 − η2

)
.

(3.4)

3.2.2. Analysis on Demand Turnover of Different Types of Route

(I) Proportion of Passengers on Each Highest Type of Route

The proportion of passengers who take local route, feeder, and mass route as their highest
type of route is as follow.

Local Route: w1 =
∫s1

0 f(s)ds; Feeder Route: w2 =
∫s2

s1
f(s)ds; Mass Route: w3 =∫+∞

s2
f(s)ds.
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d1

d2

d3

Origin/destination
Travel route

Figure 5: The sketch map of shortest path using local routes as the highest type of route.

Station of 
local route

Local 
route

Station of 
local route

Transfer

Feeder 
route

Local 
route

DestinationOrigin

Figure 6: The shortest path using feeder as the highest type of route.

d2

d1

d3

Origin/destination
Travel route

Figure 7: The sketch map of shortest path using feeder as the highest type of route.



Discrete Dynamics in Nature and Society 9

Local 
route

Station of 
local route

Feeder 
route

Mass 
route

Feeder 
route

Local 
route

Transfer

DestinationStation of 
local routeOrigin

Figure 8: The shortest path using mass route as the highest type of route.

1d

2d

3d

Origin/destination
Travel route

Figure 9: The sketch map of shortest path using mass route as the highest type of route.

(II) Average Trip Distance of Passengers on Each Highest Type of Route

The average trip distance of passengers who take local route, feeder, and mass route as their
highest type of route is as follow.

Local Route: S1 =
∫s1

0 f(s)sds/
∫s1

0 f(s)ds; Feeder Route: S2 =
∫s2

s1
f(s)sds/

∫s2

s1
f(s)ds;

Mass Route: S3 =
∫+∞
s2

f(s)sds/
∫+∞
s2

f(s)ds.

(III) Demand Turnover on Each Type of Route

Referring to previous studies [21, 22] on this issue, calculation method of demand turnover
on each type of route is proposed as follows.

(1) Zi is defined as the turnover completed by unit passenger using i as the highest
type of route, zij the component of Zi completed on route type j(j ≤ i). Thus, Zi =∑i

j=1 zij .

(2) zij is affected by the choice unit passenger make on each trip, which makes the
solution complicated and time-consuming. Therefore, certain simplification has
been made. We assume that the turnover on route type inferior to i can be seen
as the product between the number of passengers who take i as the highest type of
route and average trip distance made by passengers who take i − 1 as the highest



10 Discrete Dynamics in Nature and Society

type. In this case, zij approximately is equal to Zi minus the product. The rest such
as turnover completed on route type inferior to i−1 can be done in the same manner.

Hence, demand turnover on each type of route can be calculated as follows.

(1) Turnover completed on the local routes only

Z1 = z11 =W ·w1 ·
∫s1

0
f(s)sds, (3.5)

where, W is the total number of trip time.

(2) Turnover completed on the feeder routes only

Z2 =W ·w2 ·
∫s2

s1

f(s)sds = z21 + z22

z21 = S1 ·W ·w2,

z22 = Z2 − z21 =W ·w2 ·
(∫s2

s1

f(s)sds − S1

)
.

(3.6)

(3) Turnover completed on the mass routes only

Z3 =W ·w3 ·
∫+∞

s2

f(s)sds = z31 + z32 + z33

z31 = S1 ·W ·w3,

z31 + z32 = S2 ·W ·w3 =⇒ z32 =W ·w3 ·
(
S2 − S1

)
,

z33 = Z3 − (z31 + z32) =W ·w3 ·
(∫+∞

s2

f(s)sds − S2

)
.

(3.7)

(4) Demand turnover on each type of route: demand turnover on local route,
feeder; and mass route is represented asZZ1,ZZ2, andZZ3 and total turnover
Ztotal. The relationships between Ztotal, ZZi, Z1, and zij are shown in Table 2.

3.3. Analysis on Supply Turnover of Different Hierarchy Types

Supply capacity of each type of route demands departure frequency, operating hours, type of
vehicle, and load factor. Assume that supply turnover is GZi.

Departure Frequency: the average frequency on each type of route fi = 60/μi is used, where μi
is the average departure interval (min).
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Table 2: The relationship among different classes (types) of turnover.

Hierarchy type Local route Feeder route Mass route
∑

Local route Z11 — — Z1

Feeder route Z21 Z22 — Z2

Mass route Z31 Z32 Z33 Z3∑
ZZ1 ZZ2 ZZ3 Ztotal

Type of Vehicle: passenger flow varies on different types of route. Therefore, different types of
vehicle are equipped accordingly. It is assumed that rated passenger load of vehicles on each
type of route is Ei.

Load Factor: load factor φi is an important factor to indicate the comfort of the vehicle.
Then, supply turnover of each type of route is

GZi = Ei · Tirun · fi · ϕi ·GLi, (3.8)

where Ti run is the operating hours in one day, GLi is the length of each type or route.

3.4. Analysis on Balance between Demand and Supply on Each Type of Route

Based on the analysis in Sections 3.2 and 3.3, here, we assume that supply turnover equal
demand turnover, then, GZi = ZZI (see Table 2), the desired length of each type of route is.

GLi =
1

Ei · ϕi · Ti run
· ZZi. (3.9)

4. A Case Study: Baoding

Located in Heibei Province, Baoding has 100 km2 lands for construction and the population
had reached 1.06 million by 2009. The length of express way, mass route, feeder, and local
route are 82.6 km, 116.3 km, 74.1 km, and 222.7 km, respectively. The total length is 495.7 km.
The application’s process and results are as follows.

(1) Values of Parameters Involved

Based on analysis of the public transit survey of Baoding, the values of parameters involved
(the detail explanation of the parameters can be found in Section 3.3) are calculated and the
results are as follows:

(1) E = [E1, E2, E3] = [72, 98, 98];

(2) μ = μ1, μ2, μ3 = [10, 8, 6];

(3) η = [η1, η2, η3] = [5, 9, 12];

(4) V = [V1, V2, V3] = [15, 20, 25];
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Table 3: Road length of each transit hierarchy in baoding.

Different situations Types of route
Total length (km)

local (km) feeder (km) mass (km)
ε = 0.9 1493 1229 347 3069
ε = 0.95 1576 1297 366 3239
ε = 1.05 1741 1434 405 3580
ε = 1.10 1824 1502 424 3751
Actual supply 399 645 690 1734

(5) ϕ1 = ϕ2 = ϕ3 = 0.9;

(6) T1 run = T2 run = T3 run = 16h.

(2) Important Outcomes

Trip distance is simulated with electron cloud model; the probability density function is
f(s) = (4s2/(5.4)3)e−2s/5.4, with R2 = 0.995. The model’s precision in simulating is high
enough to be applied.

There exists a dynamic balance between supply of the transit network and demand of
passengers. Dynamic balance coefficient is assumed as ε(εi = GZi/ZZi). If ε ≤ 0.9, supply is
inadequate, if 0.9 < ε ≤ 0.95 or 1.05 < ε ≤ 1.10, supply just matches demand, if 0.95 < ε ≤ 1.05,
supply matches demand perfectly, if ε > 1.10, supply is sufficient.

Table 3 shows the demand (obtained by calculation) and supply (actual data)
undervaries situations. Comparative analysis indicates that the public transit network in
Baoding has the following problems.

(1) Total length is relatively short. Currently, the actual supply length of Baoding’s
transit line is 1734 km, in order to reach the level ε = 0.9 (the supply length
should be 3069 km), nearly 1300 km length of transit line should be added. The
main reason why the total length is so short is because the lack of local routes
whose main function is to expand service range of the transit network and to make
walking distance as short as possible. The actual supply length of local route is only
399 km, which is far from the demand of level (supply length of local route should
be 1493 km), therefore, local routes should be relatively longer and have higher
densities.

(2) The length of mass routes is relatively long. Currently, the actual supply length
of mass routes is 690 km, which is much longer (nearly 340 km longer) than
the requirement of level ε = 0.9 (the supply length can be 347 km). Large-scale
distribution centers and functional areas are connected by mass routes which
require high-speed transport. However, currently the size of Baoding city is at
moderate level, and trip distance of residents is generally short, the length of
existing mass routes seems a bit redundant.

To solve these problems, the idea of hierarchy planning is proposed as follows.

(1) Construction of local routes should be strengthened in order to shorten the distance
between bus station and origin or destination, consequently shorten the walking
distance which facilitates bus travel.
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(2) Increase or decrease the grade of the transit routes to achieve rational route
configuration. For example, alter mass route to feeder route or feeder to local route.

(3) According to the above two ideas, a specific measure is put out as an example to
meet the demand of level ε = 0.9: (a) decrease the some mass routes’ grade, thus,
there will 350 km mass route will be changed into feeder routes, the length of feeder
routes will be about 1000 km; (b) add another 1000 km of local routes. By the above
two ways, the hierarch of Baoding’s public transit will be much reasonable and
level ε = 0.9 can be reached.

5. Conclusion

A hierarchy planning toward public transit network is developed based on the distribution
of passengers’ trip distance. Main achievements are concluded as follows. (1) Trip distance is
simulated with electron cloud model and Rayleigh distribution model, comparative analysis
shows that the former has better precision in simulating and ability in interpreting. (2)
A model for optimal trip distance of each hierarchy type of routes is proposed based on
features of passengers in the public transit system; (3) A method of macroscopic calculation
on hierarchy planning is developed, which is based on turnover balance between supply
and demand. The above achievements have enriched the theory of hierarchy configuration
of public transit network, and provide a feasible approach to transit network planning.
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It has been approved that the scale-free feature exists in various complex networks, such as
the internet, the cell or the biological networks. In order to analyze the influence of the self-
growth phenomenon during the growth on the structure of traffic and transportation network,
we formulated an evolving model. Based on the evolving model, we prove in mathematics that,
even that the self-growth situation happened, the traffic and transportation network owns the
scale-free feature due to that the node degree follows a power-law distribution. A real traffic and
transportation network, China domestic airline network is tested to consolidate our conclusions.
We find that the airline network has a node degree distribution equivalent to the power-law of
which the estimated scaling parameter is about 3.0. Moreover the standard error of the estimated
scaling parameter changes according to the self-growth probability. Our findings could provide
useful information for determining the optimal structure or status of the traffic and transportation
network.

1. Introduction

The study of the coevolution of the dynamics and the topology of transportation networks is a
promising research topic, especially for the potential implications in infrastructures planning.
Triggered by two invaluable papers [1, 2], relevant problems of the complex network have
attracted a great deal of attention in the latest decade. Commonly cited examples cover
various types of networks such as the information network [3], the social network [4], the
communication network [5] and the traffic and transportation network [6–8]. Within the
framework of the reference of [1], the scale-free network follows the power-law degree
distribution. Several researchers discussed the scale-free characteristic of the traffic and
transportation network, including the urban street network [3], the logistics network [9],
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the transit network [10], and the airline network [6]. Using the static model, it was reported
that the load distribution over traffic and transportation follows a power law [11, 12].
However, the previous works have done lots of assumptions and simplifications on the
structure of traffic and transportation networks, such that there should be only one link
between two nodes on the network [1, 13]. As it is known to all, the situation not only
does exist, but also can be seen commonly that two nodes are connected by more than one
link on the traffic and transportation network. For the street network of a city, we could
easily imagine that there are many links connecting between one pair of nodes. If we use
the adjacent matrix [6] to demonstrate the connecting degree between the two cities, the
cell number in the matrix would apparently larger than one. However, these situations were
not permitted in the previous researches of the complex network theory for the traffic and
transportation network [1, 4, 13]. Furthermore, the evolution of the traffic and transportation
network always has the “self-growth” characteristic. For example, the growth of the airline
network always undergoes two ways. One way is to connect the exiting airport to the
new constructed airport (the new added node) with new airlines. The other one is to open
new airlines between the existing airports without any new airport constructed. The latter
way of the evolution of the air network expresses the “self-growth” feature. Generally, the
relevant decision makers of the traffic and the transportation departments frequently face the
problems of opening new lines to service the exiting stations (or the airport, depots and, etc.)
or constructing a new station or intersection when the network is expanded. The self-growth
characteristic of the traffic and transportation network has not been elaborately described or
dealt with in the existing literatures about the scale-free network.

It is true that the dynamics in the network adapts to the topology, but, on the other
side, topology of the network just grows independently of the dynamics. It would be quite
important to adding an adaptive mechanism for the growth of the network, where, for
instance, new links are constructed to support congested routes. The idea of having each pair
of nodes connected by more than one link is not just equivalent to having just one link with
a higher capacity (this has been studied in many publications). The reason is that add more
than one link between each pair of nodes could enrich the chance of route choice between
a given origin-destination (OD) pair. Moreover, adding the link to connect two nodes could
increase the structure complexity of the traffic and transportation network, which means the
degree distribution of network, should be different from that of the networks of the previous
researches.

In this paper, a network evolving model for the traffic and transportation network
is designed. In this evolving model, we consider the self-growth phenomenon during the
evolving of the network. Based on the new network evolving mechanism, the node degree
distribution of the generated network is deduced. From the power-law fitting results of the
cumulative distribution functions (CDF) of the node degree distribution, we conclude that
the traffic and transportation network owns the scale-free feature. However, the scale-free
characteristic depends much on the parameters of self-growth during the evolution of the
network.

2. Evolving Model for the Traffic and Transportation Network

Absenting from the classical random network models [1], two mechanisms are responsible
for the emergence of the scaling in the exiting literatures: (1) the network evolves by adding
a new node with m(m ≤ m0) edges which links the new node to m different nodes in
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the primary small network (with m0 numbers of nodes); (2) the preferential attachment
which specifies the probability that a new node will be connected to node i depends on the
degree of node i, that is, πi(ki) = ki/

∑
j kj . As has been stated in the first section, for the

traffic and transportation network, they are commonly exited more than one link between
two nodes. Furthermore, the evolution of traffic and transportation network always has the
“self-growth” characteristic. Consequently, we design a new evolving model adaptive to the
traffic and transportation network as follows.

Starting with a small number (m0) of nodes, at each time step t = 1, 2, . . . , T , repeat the
following operations m(≤ m0) times.

(1) Randomly select a node in the current network as the ending point of the new link,
and whether node i is selected as the ending point of the new link depends on its
degree ki with the preferential probability πi(ki) = ki/(

∑
j kj).

(2) Generate a random number r(0 ≤ r ≤ 1), if r ≤ ρ (ρ denotes the self-growth probability
for the evolution of the network), select randomly a node j(j /= i) in the system as
the starting point of the new added link (j, i); otherwise if r > ρ: check if a new node
k has been added into the system, if not, add a new node k to the system as the
starting point and connect the ending point i to the new link (k, i), if yes, connect
the new node k to the ending point i to add the new link (k, i).

Apparently, at each time step t,m new links can be added to the system regardless of
that whether a new node is added. In order to demonstrate the growth mechanism for the
traffic and transportation network, we use Figure 1 as illustration.

The primary network is shown in Figure 1(a), in which the number of links m0 = 4
and the degree of each node in the system is respectively 1, 4, 2 and 1. Assume m = 4 and
ρ = 0.5, at time t = 1, we should run m(m = 4) times of the following operations to add four
links into the system.

Step 1. Based on preferential probability πi = ki/
∑

j kj , select randomly a node (assume node
#2) as the ending point of new link.

Generate a random number r (assume r = 0.2). Since r(= 0.2) ≤ ρ(= 0.5), select
randomly a node (assume node #3) in the system as the starting point to add the new link
(3, 2).

Step 2. Like Step 1, select randomly a node (assume node #2) as the ending point of new link.
Generate a random number r (assume r = 0.7). Since r(= 0.7) > ρ(= 0.5), and there

has not been a new node added into the system, add a new node (node 5) to the system and
connect it to the ending point (node 2) to add a new link (5, 2).

Step 3. Select randomly a node (assume node 4) as the ending point of new link. Generate a
random number r(assume r = 0.6). Since r(= 0.6) > ρ(= 0.5), and there has been a new node
(number 5) in the system, connect node 5 and node 4 to add the new link (5, 4).

Step 4. Select randomly a node (assume node #2) as the ending point of new link. Generate
a random number r (assume r = 0.65). Since r(= 0.65) > ρ(= 0.5), and there has been a new
node (number 5) in the system, connect node 5 and node 2 to add the new link (5, 2).

As illustrated in Figure 1(b), we are clear about that during the evolving of the traffic
and transportation network, the network could grow by adding new links between the
existing nodes or adding a new node and connect it to the existing nodes. Furthermore, each
pair of nodes could be connected with more than one link. Given the time period t = 1, . . . , T ,
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Figure 1: An illustration of the network evolving mechanism for the traffic and transportation network:
Assume m0 = 4, m = 4, and ρ = 0.5.

as well as the self-growth probability ρ, we could generate the traffic and transportation
network which owns the self-growth feature.

3. Degree Distribution Model of the Traffic and
Transportation Network

According to the continuum theory, we assume that the degree of node i changes
continuously versus the time step t, denoted by ki(t). Let N(t) represent the total number
of nodes and let L(t) be the total number of links in the system at time t. Start with
t = 0,N(t = 0) = m0 nodes, and L(t = 0) = l0 links. ki(t) satisfies the following dynamical
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equation:

∂ki
∂t

=
(
1 − ρm)mπi(ki) + ρmm

[
πi(ki) + (1 − πi(ki)) 1

N(t) − 1

]

= mπi(ki) + ρmm
[
(1 − πi(ki)) 1

N(t) − 1

]

= m
ki∑
j kj

+ ρmm

[(
1 − ki∑

j kj

)
1

N(t) − 1

]
.

(3.1)

In (3.1), the first term mki/(
∑

j kj)represents the probability that node i is selected as
the ending point of the new added link at time step t in the standard BA model [1, 4]. As
stated in the above section, at each time step of the evolving of traffic and transportation
network, we would run m times of judging whether a new node would be added into the
system. The probability that no node is added into the existing system is ρm (ρ denoted as
self-growth probability). So, the event that at least one node is added into the system happens
with a probability of (1−ρm), which multipliesmki/(

∑
j kj) to obtain the probability that node

i is selected as the ending point and linked to a new added node at time t. Similarly, the second
term ρmm[(1 − ki/(

∑
j kj))(1/(N(t) − 1))] represents the probability that node i is selected as

the starting point of the new added link in case that no node is added into the system (that
is, the network undergoes a self-growth process).

According to [4], the sum of the degrees of all nodes is
∑

j kj = 2mt. Accordingly,
expected total number of the nodes in the system depends on the self-growth probability ρ,
that is N(t) = m0 + (1 − ρm)mt. Consequently, (3.1) could be written as

∂ki
∂t

=
ki
2t

+ ρmm

[(
1 − ki

2mt

)
1

m0 +
(
1 − ρm)mt − 1

]

≈ ki
2t

+ ρmm

[(
1 − ki

2mt

)
1

(
1 − ρm)mt

]
, for large t,

(3.2)

∂ki
∂t

=
ki
2t

+
ρm(2mt − ki)
2
(
1 − ρm)mt2 (3.3)

=
ki
2t

+
ρm

(
1 − ρm)t +

ρmki

2
(
1 − ρm)mt2

∂ki
∂t
≈ ki

2t
+

ρm
(
1 − ρm)t , for large t.

(3.4)

The solution of (3.4), with the initial condition that node i was added to the system
at time ti with the degree ki(ti) = m(1 − ρm) (on the condition that no self-growth event has
happened), is

ki(t) = A
(
t

ti

)1/2

− 2ρm
(
1 − ρm) , with A =

(
m − 2mρm + 2ρm +mρ2m)

1 − ρm . (3.5)
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Using (3.5), the probability that a node at equal time has a degree ki smaller than k,
P(ki(t) < k), could be expressed as:

P(ki(t) < k) = P(ti > c(k)t) (3.6)

Based on (3.5) and (3.6), we have

c(k) =

(
A
(
1 − ρm)

k
(
1 − ρm) + 2ρm

)2

. (3.7)

Simply, ti follows a constant probability density as:

P(ti) =
1

m0 + ti
(3.8)

Substituting this into (3.6), we could obtain

P(ti > c(k)t) = 1 − c(k)t
m0 + t

= 1 − t

m0 + t

(
A
(
1 − ρm)

k
(
1 − ρm) + 2ρm

)2

. (3.9)

P(k) could be obtained using:

∂P(ki(t) < k)
∂k

=
∂P(ti > c(k)t)

∂k
=

2t
m0 + t

(
A2(1 − ρm)3

(
k
(
1 − ρm) + 2ρm

)3

)
(3.10)

So that, we have:

P(k) =
∂P(ki(t) < k)

∂k
∼
[(
m − 2mρm + 2ρm +mρ2m)

1 − ρm
]2

2
(
1 − ρm)3

[(
1 − ρm)k + 2ρm

]3
, t → ∞

=
2
(
1 − ρm)(m − 2mρm + 2ρm +mρ2m)2

[(
1 − ρm)k + 2ρm

]3
.

(3.11)

From (3.11), we know that the degree distribution of the traffic and transportation
network depends on the self-growth probability ρ. Clearly, (3.11) demonstrates that P(k)
follows a power-law distribution with scaling parameter (exponent gamma) near 3. Consider
the following two cases:

(1) in case that ρ → 0, we have P(k) → 2m2k−3. The evolving model is equivalent to
the standard BA model [13], which has the scale-free feature according to [1, 2].

(2) in case that ρ → 1, P(k) → 0, which implies that the network is not growing in the
way of adding new nodes at all. However, even in this case using the static model
in [12], one can still yield scale-free P(k).
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4. Simulation Results

To provide numerical support for the degree distribution function of (3.11), we generate
different networks of N = 104 nodes with initial configurations shown in Figure 1(a). We set
m= 4 versus different self-growth probabilities ρ= 0.0, 0.1, 0.3, 0.5, 0.7, and 0.9, respectively.
After performing the network evolving model in Section 2 (set T =N = 104), the node degree
distribution result of each network is shown in Figure 2.

In Figure 2, we plot the histograms of event frequency versus size, event rank versus
size, and event rank versus frequency of the node degree of the generated networks in
panel (a) to (c) to panel (c). We also examine the log-normal behavior of the node degree
distribution using the method in [11, 14], and. The result is shown in panel (d).

We could see that these curves on panel (a) to panel (c) display the situations of “long
tails,” which is the reprehensive nature of power-law distributing data set. On the other hand,
as shown in panel (d) of Figure 2, it could observed that the node degree data sets own
lognormal distribution behaviors in the fact that distance from means of log degree values
versus square roots of logs of counts of binned values have leaner relationships according to
the regression (the method used for the leaner regression could be referred in [4, 11, 14]).
Accordingly, we could say again that our data set of node degree does have power-law
distribution nature.

5. Applications to Real-World Data

To consolidate our result, we investigate the evolving characteristics of real traffic and trans-
portation networks. We investigate the evolution of China domestic airline network (CDAN)
from the year 1950 to 2010 and 2000 to 2010 for detailed network topology information. The
node degree datasets of the networks were collected in May, 2010 from the database of the
Civil Aviation Bureau of China [15].

We summarized average node degrees, number of airlines and airports (nodes) of
these networks of CDAN from 1950 to 2010, which are shown in Figure 3. As described in
Figure 3, we found that the average degree of networks of CDAN increased drastically from
year 1950 to 2000. However, the increase of the average node degree is relatively stationary
from 2000 to 2010. The change trend of the number of airports in the network was the same
as that of the average node degree. However, there was somewhat difference in change trend
of the number airline of CDAN.

As shown from the green diamond line in Figure 3, we can see that the increase rate of
the number of airlines is more sharply than those of the rest two items from the year 2000 to
2010. With this evidence, we could conclude that the evolution of CDAN from 2000 to 2010
obviously undergo the process of self-growth. Indeed, the number of connections between
any two cities of China with the airline has increased more than 50 lines per year since 2000.
On the other hand, there were only 42 new airports opened in the recent decade [15].

For a better and more complete picture of the self-growth evolution of CDAN, we plot
the cumulative distribution function (CDF) of the node degree of the network of 2000, 2005,
and 2010 in Figure 4. In Figure 4, we also display straight line of the fitting of power-laws
of the CDF of each the node degree datasets using the MLE using in [11]. Apparently, in
the three panels, the node degree data set fit the logarithmic power-law line so close that
we also could know that CDAN owns the scale-free feature. From Figure 4, it could be
clearly recognized that the data sequence of node degree of the network does not arrange on
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Figure 2: Histograms of event frequency versus size, event rank versus size, event rank versus frequency
and the log-normal behavior test of the node degree of networks generated with the proposed evolving
model with m = 4 versus different self-probabilities.

a straight line as the discrete power-law distributing data (which is as shown in [11]). This
situation tells that the previous reports (which reported the node degree follows the pure
power-law distribution, e.g., [16]) could not perfectly unfold the scaling-free feature of the
airline network. As evident in Figure 4, it could be seen that, for CDAN the number of nodes
with a degree more than 10 is larger and larger from year 2000 to 2010. This situation implies
that the network has evolved mainly in the way of connecting the existing airports with the
newly opened airlines from year 2000 to 2010, rather than opening the new airport.

Since the data node degrees of CDAN from 2000 to 2010 has been approved following
the power-law distribution. For measuring the qualities of these distributions, we test
the power-law hypothesis using the methods described in [11]. The relevant results are
summarized in Table 1, in which: α̂ denotes the estimated value of the scaling parameters
of power-law distribution; σα̂ is the standard error on α̂; 〈k〉 is the average node degree as
mentioned before; kmin is the smallest node degree.

As shown in Table 1, we could see in the second column that the estimated scaling
parameters α̂ of power-law distribution of the node degree of CDAN decreases gradually



Discrete Dynamics in Nature and Society 9

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0

1

2

3

4

5

6

7

8

9

19
50

19
55

19
60

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

N
um

be
r 

of
 a

ir
po

rt
s 

an
d

 a
ir

lin
es

 

Year

Average node degree
Number of airports (nodes)
Number of airlines

A
ve

ra
ge

 n
od

e 
d

eg
re

e
(k

)

Figure 3: Average node degree and the number of airports/airlines of the China domestic airline network
from year 1950 to 2010.

Table 1: Basic parameters of power-law distribution tests of China domestic airline networks, from year
2000 to 2010.

Year 〈k〉 α̂ σα̂ kmin

2000 7.26 3.09 3.12 1.00
2001 7.32 3.15 4.45 1.00
2002 7.76 3.21 6.51 1.00
2003 7.81 2.45 6.75 1.00
2004 7.84 2.35 7.18 1.00
2005 7.84 2.46 8.52 1.00
2006 7.86 2.33 8.19 1.00
2007 7.88 2.22 9.62 1.00
2008 8.02 2.11 11.25 1.00
2009 8.09 2.15 17.01 1.00
2010 8.26 2.12 19.15 1.00

from 2000 to 2010. Instead, the standard error on α̂ increases bit by bit from 2000 to 2010. This
phenomenon could be explained by the self-growth nature of the airline network. From year
2000 to 2010, the self-growth probability of the network might be relevantly small initially.
Consequently, the estimated scaling parameter of the power-law distribution is closed to 3.0
with a small standard error. However, as the self-growth probability increases, the estimated
scaling parameter of power-law distribution as well as its standard error is heavily influenced
by the self-growth situation. This situation could also be interpreted using (3.11). If the self-
growth probability ρ is large enough and closed to 1.0, the node degree distribution of the
network might not follow the pure power-law distribution. That is the estimated scaling
parameter of power-law distribution would be smaller than 3.0 and have the larger standard
error.

Comparing with the published works, it was reported in [10, 17, 18] that traffic and
transportation networks followed power-law distributions and hold a scaling parameter
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Figure 4: The cumulative distribution function Pr(K) and their straight line power-law fits of the node
degree of China Domestic airline network at year 2000, 2005, 2010.

range from 1.0 to 2.4. Here, we approve that CDAN is scale-free but follows a power-law
distribution with a scaling parameter between 3.0 with the varied standard error, which is
constrained by the self-growth parameters during the evolution of the airline network.

6. Conclusions

The study of the structure of the traffic the transportation network from the perspective of
complex network has drawn considerable researching attention. Unfortunately, the opinions
of the previous researchers are identical that they take account of the evolution of the
traffic and transportation network without considering the situation of self-growth. In this
paper we proposed an evolving model which is relevantly adaptive for the traffic and
transportation network. According to the analytic results for node degree distributions of the
tested networks generated via the proposed model, we find that the networks are scale-free
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due to that their node degree distributions follow the power-law distributions. We also test
the distribution of the node degree of the real traffic and transportation network and conclude
that our evolving model is more appropriate to explain the scale-free feature as well as the
self-growth situation of the traffic and transportation network.

We hope that the methods given in this paper could provide useful evidences for
determining the optimal structure of the traffic and transportation network, which also
is crucial to our future research. Geographic or spatial networks, such as an urban street
network or railway network, have strong constraints during their growth due to the fact that
their nodes and edges are embedded in time and space. This fact should also be explicitly
investigated in the future research.
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[16] L. A. N. Amaral, A. Scala, M. Barthélémy, and H. E. Stanley, “Classes of small-world networks,” Pro-
ceedings of the National Academy of Sciences of the United States of America, vol. 97, no. 21, pp. 11149–
11152, 2000.

[17] R. V. Donner, J. Heitzig, J. F. Donges, Y. Zou, N. Marwan, and J. Kurths, “Geometric detection of
coupling directions by means of inter-system recurrence networks,” Physics Letters A, vol. 373, no. 46,
pp. 4246–4254, 2009.

[18] H. Jeong, “Complex scale-free networks,” Physica A, vol. 321, no. 1-2, pp. 226–237, 2003.



Hindawi Publishing Corporation
Discrete Dynamics in Nature and Society
Volume 2012, Article ID 350360, 16 pages
doi:10.1155/2012/350360

Research Article
Handling Stability of Tractor Semitrailer
Based on Handling Diagram

Ren Yuan-yuan,1, 2 Zheng Xue-lian,2 and Li Xian-sheng2

1 College of Computer Science and Technology, Jilin University, No. 2699 Qianjin Street,
Changchun 130012, China

2 Traffic College, Jilin University, No. 5988 Renmin Street, Changchun 130022, China

Correspondence should be addressed to Li Xian-sheng, lixiansheng123@yahoo.com.cn

Received 9 May 2012; Revised 9 July 2012; Accepted 18 July 2012

Academic Editor: Wuhong Wang

Copyright q 2012 Ren Yuan-yuan 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.

Handling instability is a serious threat to driving safety. In order to analyze the handling stability
of a tractor semitrailer, a handling diagram can be used. In our research, considering the impact of
multiple nonsteering rear axles and nonlinear characteristics of tires on vehicle handling stability,
the handling equations are developed for description of stability of tractor semi-trailer. Then we
obtain handling diagrams so as to study the influence of driving speed, loaded mass, and fifth
wheel lead on vehicle handling stability. The analysis results show that the handling stability of
a tractor semi-trailer when the tractor has two nonsteering rear axles is better than that when
the tractor has only one nonsteering rear axle. While the stability in the former case is slightly
influenced by driving speed and loaded mass, the latter is strongly influenced by both. The fifth
wheel lead is found to only slightly influence handling stability for both tractor semi-trailers.
Therefore, to ensure the driving safety of tractor semi-trailers when the tractor has only one
nonsteering rear axle, much stricter restraints should be imposed on driving speed, and the loaded
mass must not exceed the rated load of the trailer.

1. Introduction

Tractor semitrailers make up a large proportion of road transport vehicles due to their high
transportation efficiency and economy. In 2010, the number of lorries in China reached 17
million, of which 8.7% were tractor semitrailers, and the number is growing at a rate of 20%
per year.

At the same time, the number of traffic accidents involving tractor semitrailers remains
high, and these accidents often cause serious personal injuries and property damage. Chinese
statistics show that more than 1 in 3 tractors caused an accident on the highway in 2010,
leaving 10,881 people dead.
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Steering instability is one of the main contributors to traffic accidents involving tractor
semitrailers. But, until now, little attention has been paid to it, and there are relatively few
works on the topic [1–3]. This makes such a study essential.

Two different approaches are generally used to analyze vehicle handling stability:
open and closed loop measurements. Unlike the former, the latter does not reflect the vehicle’s
inherent stability because driver behavior is taken into consideration [4–6]. As a result, most
scholars prefer to use open loop analysis.

There are many methods of analyzing the open loop handling stability of vehicles,
including (among others) dynamic theory [4–10] and graphical representations [11–13]. One
of the most useful methods is the handling diagram invented by Pacejka [14–16], which has
been used extensively due to its intuitive approach and convenience [11, 12, 17–22]. In [11, 12,
17, 18], handling diagrams were used to describe a general vehicle’s handling stability based
on linear or nonlinear models of vehicle dynamics. In [19–21], the handling stability of special
vehicles, such as heavy trucks and multiwheel combat vehicles, was analyzed using handling
diagrams. As a result, compared to dynamic theory, handling diagrams are easy to obtain
and comprehensively describe handling stability for most vehicles. However, for vehicles
with a locked differential or tandem rear axle, handling diagrams may be inadequate as the
longitudinal forces on the two sides of the vehicle are not equal; see [22]. The new concept
of the handling surface has been created to describe vehicle handling stability in these cases
[23, 24].

To date, there has been too much focus on the handling stability of trucks and passen-
ger cars, but few studies have attempted to characterize that of tractor semitrailers. Therefore,
in this paper, the handling stability of tractor semitrailers is studied using handling diagrams,
and the impact of vehicle design parameters and motion variables on the vehicle handling
stability is analyzed. The research results have great importance for the development of
active/passive safety control systems and for ensuring driving safety.

Given the importance of the number of nonsteering rear axles (on the tractor) on the
handling stability of a tractor semitrailer and given that most tractors have one or two, tractor
semitrailer when the tractor has two nonsteering rear axles and that when the tractor has one
nonsteering rear axle are the two cases discussed in this paper. For simplicity, we refer to
them as tractor semitrailers with two rear axles/one rear axle.

2. Handling Stability Analysis of the Tractor Semitrailer

First, we establish the handling equation to be used in plotting the handling diagram.

2.1. Review of Handling Equation for Simple Vehicles

In [14], Pacejka supposed that the steer angle is small, and the vehicle can be simplified to a
bicycle model, and the handling equation for a simple vehicle can be expressed as

δ − l

R
= αf − αr = ay

(
Fzf

cαf
− Fzr
cαr

)
, (2.1)

where δ is the steering angle, l is the vehicle’s wheelbase, and R is the turning radius. αf and
αr are the side-slip angles of the front and rear tires, respectively. cαf and cαr are the cornering
stiffness of the front and rear tires, respectively. Fzf and Fzr are the vertical loads of the front
and rear tires, respectively. ay is lateral acceleration.
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The compliance factor K and the lateral acceleration are defined as follows:

K =
Fzf

cαf
− Fzr
cαr

, (2.2)

ay =
V 2

gR
, (2.3)

where V is driving speed.

2.2. Handling Equations for Tractor Semitrailers

Based on the handling equation for simple vehicles, Winkler [19] produced different handling
equations for complex vehicles, which may be presented in any of the following forms:

δ − l

R
= αf − αr = f1

(
ay, V

)
, (2.4)

δ − l

R
= αf − αr = f2

(
ay,

1
R

)
, (2.5)

δ − l

R
= αf − αr = f3

(
V,

1
R

)
. (2.6)

Different from (2.1), except for being a function of lateral acceleration, the tire-side
slip angle of complex vehicles may be related to the turning radius (when considering
multiple nonsteering rear axles) or the driving speed (when considering the hysteresis effect
of the tires). Equation (2.6), which is just a complement to (2.4), and (2.5), cannot be used
individually.

It can be seen from (2.1), (2.4), and (2.5) that the vehicle handling stability is
determined by the difference between the side-slip angles of the front and rear tires. Unlike
a single-unit vehicle, a tractor semitrailer is composed of two vehicle units—a tractor and a
trailer. The latter is attached to the former at an articulated point, using a fifth wheel coupling.
Therefore, handling stability analysis of a tractor semitrailer is more complex as it must take
the handling stabilities of each vehicle unit into account. For simplicity, we suppose that the
tire-ground adhesion coefficient is big enough, and the trailer will not experience side-slip.
Then, the tractor semitrailer’s handling stability will be determined by the difference between
the side-slip angles of the tractor’s front and rear tires.

According to market surveys, most tractors have one or two nonsteering rear axles,
those with two being most popular. Considering the impact of multiple nonsteering axles on
vehicle handling stability, the following handling equation introduced by Winkler [19] can
be used as the handling equation for a tractor semitrailer with two rear axles:

δ − l

R
=

(1/lR)
(
1 + cαr/cαf

)∑n
i=1 Δi

2

n + ay
(
Fzf/cαf − Fzr/cαr

) , (2.7)

where Δi is the longitudinal distance from the compound rear axle of the tractor to the ith
rear axle and the compound rear axle is located at the longitudinal position about which the
vertical loads carried by all rear tires produce a net pitch moment of zero.
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To simplify our analysis of the handling stability, we define the following quantity:

T =
1
2

2∑

i=1

Δi2. (2.8)

The nonlinear characteristics of tires on heavy vehicles mainly reflect the relationship
between the tires’ vertical loads and cornering stiffness, which is commonly described by the
following equation introduced by Frendo et al. [24]:

cα = c + c1Fz + c2F
2
z, (2.9)

where c, c1, c2 are constants.
Heavy vehicle tires have more stiffness, which makes the tire side-slip angle smaller

and keeps the relation between the cornering force and the cornering stiffness fairly linear.
This fact can be expressed by

Fy = αcα, (2.10)

where Fy is the tires’ cornering force.
Now we define the following quantities:

C
(
ay

)
=
cαr
cαf

,

K
(
ay

)
=
Fzf

cαf
− Fzr
cαr

.

(2.11)

According to (2.7)–(2.11), the handling equation for a tractor semitrailer with two rear
axles can be written as follows:

δ − l

R
=
T

lR

(
1 + C

(
ay

))
+ ayK

(
ay

)
. (2.12)

The total differentials of δ − l/R and ay can be solved to analyze the change in vehicle
handling stability with respect to lateral acceleration:

d

(
δ − l

R

)
=
∂δ

∂V
dV +

(
∂δ

∂(l/R)
− 1

)
d

(
l

R

)
, (2.13)

day =
2V
gR

dV +
V 2

g
d

(
l

R

)
. (2.14)

According to (2.12), the partial differentials of δ with respect to V and l/R are as
follows:

∂δ

∂V
=

2V
gR

[
K
(
ay

)
+ ay

dK
(
ay

)

day
+
dC

(
ay

)

day

]
, (2.15)

∂δ

∂(l/R)
− 1 =

T

l2
(
1 + C

(
ay

))
+
V 2

gl

[
K
(
ay

)
+ ay

dK
(
ay

)

day
+
dC

(
ay

)

day

]
. (2.16)
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Supposing that the turning radius remains constant, we can substitute (2.15) and (2.14)
into (2.13) to give

d(δ − l/R)
day

∣∣∣∣∣
R=Rc

= K
(
ay

)
+
dC

(
ay

)

day
+ ay

dK
(
ay

)

day
. (2.17)

Now, supposing that the driving speed remains constant, we can substitute (2.16) and
(2.14) into (2.13) to give

d(δ − l/R)
day

∣∣∣∣∣
V=Vc

=
Tg

lV 2

(
1 + C

(
ay

))
+

[
K
(
ay

)
+ ay

dK
(
ay

)

day
+
dC

(
ay

)

day

]
. (2.18)

Equations (2.17) and (2.18) give the changes in vehicle handling stability with respect
to lateral acceleration holding the turning radius and driving speed constant, respectively.

The handling diagram that is obtained by holding the turning radius constant is
called the R-handling diagram, and the corresponding handling curves are called R-handling
curves. Similarly the V -handling diagram and V -handling curves refer to the case where the
driving speed is held constant.

For a tractor semitrailer with one rear axle, the handling equation and partial differen-
tial with respect to ay are as follows:

δ − l

R
= ayK

(
ay

)
,

d(δ − l/R)
day

∣∣∣∣∣
V=Vc

=
d(δ − l/R)

day

∣∣∣∣∣
R=Rc

= K
(
ay

)
+ ay

dK
(
ay

)

day
.

(2.19)

3. Solution of the Tractor Tires’ Vertical Load

From Section 2.2, we know that the handling stability of a tractor semitrailer is actually
determined by the vertical load distribution over the tractor’s front and rear tires.

For analytical clearness, the tractor and its trailer are separated at the articulated point,
and corresponding forces are applied to both vehicle units, as shown in Figure 1.

Under steady-state turning, the articulated angle θ between the tractor and trailer
always remains small. Thus, we can say

cos θ ≈ 1, sin θ ≈ 0. (3.1)

The semitrailer is partly supported by the tractor once the two are connected. The load
that comes from the trailer and is carried by the tractor can be expressed by

F =
b′

l′
(ms2 +mc)g, (3.2)
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Figure 1: Representation of tractor semitrailer: main dimensions and lateral forces.

where b′ is the distance from the center of the trailer’s sprung mass to the compound rear
axle, l′ is the distance from the center of the kingpin to the compound rear axle, ms2 is the
trailer’s sprung mass, and mc is the loaded mass.

The fifth wheel is installed on the rear of the tractor, which moves the center of gravity
(CG) of the tractor’s sprung mass backwards when it is towing a trailer. The distance the CG
moves can be expressed by

Δl =
(b − lc)b′(ms2 +mc)

l′
(
msf1 +msr1

)
+ b′(ms2 +mc)

, (3.3)

where b is the distance from the CG of the tractor’s sprung mass to its compound rear axle, lc
is the fifth wheel lead, which is the distance from the center of the fifth wheel’s jaw to the CG
of the tractor’s sprung mass, and msf1 and msr1 are the sprung masses of the tractor’s front
and rear axles, respectively.

According to (3.2) and (3.3), the vertical loads of the tractor’s front and rear axles when
the tractor is towing a trailer can be presented as follows:

Fzf =
[(
msf1 +muf1

)
+
lc
l

b′

l′
(ms2 +mc)

]
g,

Fzr =
a

l
(msr1 +mur1)g +

l − lc
l

b′

l′
(ms2 +mc)g,

(3.4)

where muf1 and mur1 are the unsprung masses of the tractor’s front and rear axles,
respectively, and a is the distance from the CG of the tractor’s sprung mass to the front axle.

Side-to-side lateral load transfer is generated when a lateral force acts on the vehicles.
As seen from Figure 2, the lateral load transfers of the tractor’s front and rear tires can be
expressed by

ΔFzf =
aymsg

df

[
hs

1 + kr/kf −msghs/kf
+
b −Δl
l

hf

]
,

ΔFzr =
aymsg

dr

[
hs

1 + kf/kr −msghs/kr
+
a + Δl
l

hr

]
,

(3.5)
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Figure 2: Roll plane model of tractor.

where ms is the tractor’s sprung mass, and the load coming from the trailer is included. df
and dr are the tractor’s front and rear treads, respectively. hf and hr are the distances from
the ground to the tractor’s front and rear roll centers, respectively. hs is the distance from the
CG of the tractor’s sprung mass to the tractor’s roll axis.

From (3.4)-(3.5), we can obtain the vertical loads of the tires on both sides of the front
and rear axles.

4. Simulation and Discussion

First, we introduce the characteristics of the handling diagram before looking at the handling
stability simulation for a tractor semitrailer.

4.1. Introduction to Handling Diagrams

A handling diagram for a passenger car under different driving conditions, obtained using
(2.1)–(2.3), is presented in Figure 3. In a handling diagram, an upward slope to the left
indicates understeer, a vertical slope indicates neutral steer, and an upward slope to the right
indicates oversteer. The smaller is the slope, the more likely the vehicle is to understeer or
oversteer (see in [15]). In Figure 3, the distance between points A and B is the steering angle
needed under the specified driving conditions.

Based on the characteristics of the handling diagram shown, equivalent definitions for
understeer, neutral steer, and oversteer for complex vehicles are given in Table 1 (see in [19]).

4.2. Vehicle Description

The vehicle characteristics that were used in our numerical simulation of the handling
stability of a tractor semitrailer with two rear axles are listed in Table 2 (see in [25]). The
tractor is a three-axle vehicle unit with single tires on the front axle and dual tires on the two
rear axles. The trailer’s rated load is 30,000 kg.

For the tractor semitrailer with one rear axle, the characteristics are the same as for
the two rear axle case, except for the tractor’s wheelbase, which is 3.5 m, and the number of
tractor tires, which is 8.
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Table 1: Equivalent definitions for understeer, neutral steer, and oversteer of a complex vehicle.

At a constant radius
Oversteer d(δ − l/R)/day |R=Rc < 0 ∂δ/∂V < 0

Neutral steer d(δ − l/R)/day |R=Rc = 0 ∂δ/∂V = 0

Understeer d(δ − l/R)/day |R=Rc > 0 ∂δ/∂V > 0

At a constant velocity
Oversteer d(δ − l/R)/day |V=Vc

< 0 ∂δ/∂(l/R) < 0

Neutral steer d(δ − l/R)/day |V=Vc
= 0 ∂δ/∂(l/R) = 0

Understeer d(δ − l/R)/day |V=Vc
> 0 ∂δ/∂(l/R) > 0

The load distribution across the tractor’s front and rear axles when it is towing a trailer
is determined by the fifth wheel lead, which can be adjusted within a certain range to allow
the fifth wheel to engage with the kingpin. The fifth wheel for the tractor with two rear axles
is arranged between the two rear axles, and the fifth wheel lead is about 0.3 m. According to
collected statistics, the distance between the two rear axles is generally 1.45 m, 1.4 m, 1.37 m,
1.35 m, 1.3 m, and so forth, and 1.35 m is the most common distance. Therefore, the adjustment
range for the fifth wheel lead for a tractor with two rear axles is somewhere between 0 and
0.675 m.

To analyze the influence of the fifth wheel lead on the handling stability of a tractor
semitrailer with one rear axle, we assume that the adjustment range is the same as for the
tractor with two rear axles.

All rear tires are assumed to be the same and to support equal loads. Taking lateral
load transfer into consideration, tire cornering stiffness can be calculated as the average of
the right and left tires’ cornering stiffness, and the vertical load can also be assumed to be the
average of the right and left loads.

The constants in (2.9) are assumed to take the following values (see in [25]):

c = 5000 N/rad,

c1 = 10.1/rad,

c2 = −11.1/(N · rad).

(4.1)
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Table 2: Characteristics of the tractor semi-trailer with two rear axles.

Parameter Value Parameter Value
msf1 5069 kg msr1 2431 kg
muf1 790 kg mur1 1590 kg
a 1.288 m b 2.687 m
kf 140000 N/rad lc 0.3 m
kr 202000 N/rad df 2.2 m
dr 1.8 m hf 0.5 m
hr 0.5 m hs 0.242 m
ms2 6000 kg a′ 4.77 m
b′ 3.34 m l 3.975 m
l′ 8.11 m T 0.36 m
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Figure 4: Tire cornering stiffness as a function of vertical load.

Based on the vehicle characteristics presented in Table 2 and the tire property param-
eters, we can calculate curves showing tire cornering stiffness and the ratio of rear tires’ to
front tires’ cornering stiffness. These are presented in Figures 4 and 5.

4.3. Influence of Vehicle Parameters on Handling Stability

We use Matlab to simulate the influence of different vehicle parameters on the handling
stability of the tractor semitrailer with one or two rear axles.

4.3.1. Tractor Semitrailer with Two Rear Axles

We use (2.12) to simulate the vehicle handling stability of a tractor semitrailer with two rear
axles under either a constant driving speed or turning radius. The simulation results are
presented in Figures 6 and 7.



10 Discrete Dynamics in Nature and Society

0 0.2 0.4 0.6 0.8 1
1.25

1.3

1.35

1.4

1.45

1.5

1.55

1.6 

1.65

1.7

1.75

ay (g)

Cargo = 1e + 4 kg
Cargo = 0 kg Cargo = 2e + 4 kg

Cargo = 3e + 4 kg

1
+
c α

r
/
c α

f

Figure 5: Ratio of rear tire’s to front tire’s cornering stiffness.

Cargo = 1e + 4 kg
Cargo = 0 kg Cargo = 2e + 4 kg

Cargo = 3e + 4 kg

ay (g)

0.06 0.04 0.02 0 0.02 0.04 0.06

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

30 m/s

25 m/s

20 m/s
15 m/s

l/R −→←− δ − l/R

Figure 6: V -handling diagram for tractor semitrailer with two rear axles.

As can be seen in Figures 6 and 7, the V -handling curves and R-handling curves for a
tractor semitrailer with two rear axles are quite similar to one another as the other parameters
vary. Figure 5 shows that the range of 1 + cαr/cαf is 1.3–1.75. As T/lR is quite small for most
tractors, T/lR(1 + C(ay)), the multiple nonsteering rear axles term in (2.12) has quite a small
impact on the vehicle handling stability. However, a slight influence can still be seen in the
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R-handling diagram, as the starting points of the R-handling curves are not at the origin but
at a positive value in the direction of the δ − l/R axis. The same explanation can also be
obtained from (2.17) and (2.18).

The most important finding that can be drawn from Figures 6 and 7 is that a tractor
semitrailer with two rear axles has great handling stability within the trailer’s rated load
range. The tractor has four times as many rear tires as front tires, making both the vertical
load and the load transfer of a single rear tire smaller than those of a single front tire. In
addition to the rear tire’s strong stiffness, K(ay) in (2.12) is positive, and the vehicle has great
handling stability. However, there is a fall in the value of dC(ay)/day in (2.17) due to the
increase in loaded mass, and this becomes negative when the loaded mass reaches a certain
value. As the minimum value dC(ay)/day can reach is −0.06, which in absolute value terms
is larger than K(ay) (0.028–0.0525), the vehicle handling stability becomes poor under an
increase in the loaded mass.

Therefore, the excellent handling stability of a tractor semitrailer with two rear axles
owes more to its rear tires than to its multiple nonsteering rear axles. Unlike the conclusions
drawn in [19], we find that multiple nonsteering rear axles do not strengthen the vehicle’s
handling stability but weaken it.

A handling diagram for a tractor semitrailer with two rear axles and varying fifth
wheel leads is presented in Figure 8. The influence of the fifth wheel lead on vehicle handling
stability is quite small. However, the larger the fifth wheel lead is, the better handling stability
the vehicle has.

4.3.2. Tractor Semitrailer with One Rear Axle

For a tractor semitrailer with one rear axle, the V -handling and R-handling curves coincide.
However, for analytical convenience, we present the two diagrams separately, in Figures 9
and 10.
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As Figures 9 and 10 show, vehicle handling stability quickly becomes poor as the
loaded mass increases. In a fully loaded situation, the vehicle handling stability presents
an understeering characteristic in a narrow lateral acceleration range and then turns into a
neutral steer or oversteering situation.
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Figure 9 shows that the driving speed has a large impact on the vehicle handling
stability when the loaded mass is large. When the loaded mass is 30,000 kg and driving
speeds are 20 m/s, 25 m/s and 30 m/s, respectively, the critical lateral acceleration values
at which instability may occur are at points A (0.8446 g), B (0.7031 g), and C (0.5203 g). An
increase in driving speed will further weaken the vehicle handling stability and eventually
result in instability. Considering heavy vehicles’ rollover thresholds, such vehicles are prone
to rollover accidents at low speeds and handling instability accidents at high speeds, even if
the turning radius is quite large (R = 177 m at point C).

Figure 10 shows that, when the loaded mass is 30,000 kg and the turning radii are
100 m, 200 m, and 300 m, respectively, the intersection points between the l/R lines and the
R-handling curve occur at points C, B, and A. The physical meaning of these intersection
points is that the vehicle loses steering capacity (δ = 0) and rotates on its axis. The
corresponding driving speeds for points A, B, and C are 39 m/s, 35.67 m/s, and 29.6 m/s,
respectively, which are obtained from (2.3). Taking into account the strong impact of driving
speed on vehicle handling stability, even if the turning radius is large and there is no apparent
road curvature, the vehicle will still lose its original stability in these conditions.

Based on the previous analysis, a vehicle handling stability threshold defined by
driving speed is more appropriate than one defined by lateral acceleration. This implies that
it is important to set limits on the driving speeds of heavy vehicles on highways.

The handling diagram for a tractor semitrailer with one rear axle and varying fifth
wheel leads is presented in Figure 11. The same conclusions can be drawn as in the case of
two rear axles. Due to the poor handling stability of the tractor with one rear axle, the fifth
wheel lead should be as large as possible when the loaded mass is large.

4.4. Conclusions

In this paper, we analyze the handling stability of tractor semitrailers with one or two rear
axles, based on handling diagrams. The following conclusions are obtained.
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Figure 11: Handling diagram for a tractor semitrailer with one rear axle and varying fifth wheel leads.

(1) Tractor semitrailers with two rear axles have better handling stability than those
with just one. Within the rated load range, the former always show good steering
performance. This result is due to the larger number of rear tires on the two-rear-
axle vehicle.

(2) For a tractor with one rear axle, towing a trailer with a suitable total mass and
driving at a low speed are quite important. This tractor semitrailer will lose
handling stability when overloaded or if driven at high speeds. The vehicle may
even lose steering capacity at high speeds.

(3) Driving speed has much more influence on vehicle handling stability than the
turning radius. Even on a gentle curve, these vehicles should not be driven at
speeds above a certain level.

(4) Fifth wheel lead has a slight influence on the handling stability of tractor
semitrailers with one and with two rear axles. However, for tractors with one rear
axle, it is especially important that the fifth wheel lead should be as large as possible
in order to improve vehicle handling stability.

Since we make the assumption in deriving the handling equations that the tire-ground
adhesion coefficient is sufficiently large, the handling equations are limited to analyzing
handling stability for vehicles driven under certain road and driving conditions only. Thus,
handling stability analysis for tractor semitrailers driven on slippery roads will be conducted
in a future study.
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