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Theoretical investigation and empirical work trigger the
industry development and vice versa. In transportation engi-
neering, a proliferation of researches related to each essential
element of transportation systems prompt the evolutions
at different levels of transportation science and technique.
Researchers have been pursuing a safe, intelligent, green
transportation system and solving the current problems
worldwide. All actions are based on a continuous analysis
of revealing a variety of static and dynamic transportation
phenomena.

Modeling and simulation are well-established meth-
ods for understanding, characterizing, and predicting the
aforesaid phenomena (microscopic, mesoscopic, and macro-
scopic). Modeling addresses how something behaves in an
abstractive way. And simulation is an alternative represen-
tation as well as a tool set in experimental testing, training,
and decision making.This research field has been involved in
mathematical, physical, and psychological science andmoves
forward to an interdisciplinary combination. Nowadays,
the studies on mathematical modeling and computational
simulation in transportation engineering have significant
contributions to the development of green intelligent trans-
portation and safety.

Considering the interaction between traffic user activities
and the traffic environment, more efforts need to be made by
balancing the human factor and nature ecology. Meanwhile,
with the booming travel demand in metropolitan areas,
reduction of the traffic congestion should be highly empha-
sized. Transportation modeling and simulation application

integratedwith new technologies can be regarded as the foun-
dation work for seeking the solutions to a better sustainable
mobility.

The special issue gives an overview of the sophisticated
traffic models and discusses an in-depth study of innovative
methodologies in modeling and simulation of transportation
operations. The proposed novel models and simulators in
traffic flow, road user behavior, vehicle safety performance,
public transit analysis, transportation policy, and construct
measures can be widely applied in transportation planning,
design, optimization, operation, and management.

You will be able to find out the advances in modeling
and simulation of transportation system. Herewith the main
topics of the special issue include the following: intelligent
transportation system (ITS), logistics and transportation
management, transit and rail systems operation, traffic flow
and transportation model, mathematical optimization in
traffic engineering, traffic safety and emergence response,
renewable energy sources in transportation, transport plan-
ning and road traffic, vehicle active safety and intelligent
vehicle, and driving behavior and driver assistance system.

Wuhong Wang
Geert Wets

Heiner Bubb
Huimin Niu
Hong Chen
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http://dx.doi.org/10.1155/2015/495670

http://dx.doi.org/10.1155/2015/495670


Research Article
Engineering Solutions to Enhance Traffic Safety Performance on
Two-Lane Highways

Lina Wu,1,2 Jiangwei Chu,1 Yusheng Ci,3 Shumin Feng,3 and Xingwang Liu4

1College of Traffic, Northeast Forestry University, Harbin 150080, China
2College of Automobile and Traffic Engineering, Heilongjiang Institute of Technology, Harbin 150050, China
3School of Transportation Science and Engineering, Harbin Institute of Technology, Harbin 150090, China
4Research Institute of Highway, Ministry of Transport, Beijing 100088, China

Correspondence should be addressed to Yusheng Ci; ciyusheng1999@126.com

Received 28 July 2014; Revised 2 November 2014; Accepted 10 November 2014

Academic Editor: Huimin Niu

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

Improving two-lane highway traffic safety conditions is of practical importance to the traffic system, which has attracted significant
research attention within the last decade. Many cost-effective and proactive solutions such as low-cost treatments and roadway
safety monitoring programs have been developed to enhance traffic safety performance under prevailing conditions. This study
presents research perspectives achieved from the Highway Safety Enhancement Project (HSEP) that assessed safety performance
on two-lane highways in Beijing, China. Potential causal factors are identified based on proposed evaluation criteria, and primary
countermeasures are developed against inferior driving conditions such as sharp curves, heavy gradients, continuous downgrades,
poor sight distance, and poor clear zones. Six cost-effective engineering solutions were specifically implemented to improve two-
lane highway safety conditions, including (1) traffic sign replacement, (2) repainting pavement markings, (3) roadside barrier
installation, (4) intersection channelization, (5) drainage optimization, and (6) sight distance improvement. The effectiveness
of these solutions was examined and evaluated based on Empirical Bayes (EB) models. The results indicate that the proposed
engineering solutions effectively improved traffic safety performance by significantly reducing crash occurrence risks and crash
severities.

1. Introduction

Improving two-lane highway traffic safety conditions is of
practical importance and has attracted significant research
attention within the last decade. Many cost-effective and
proactive solutions such as low-cost treatments and roadway
safety monitoring programs have been developed to enhance
traffic safety performance under prevailing conditions. A
two-lane Highway Safety Enhancement Project (HSEP) was
implemented on the major highway network in Beijing from
2004 to 2006 by the Ministry of Transport of the People’s
Republic of China. A series of engineering solutions was
proposed and integrated to improve traffic safety perfor-
mance network-wide. More than 170,000 hazardous sections
of national or provincial highways were improved over
50,000 kilometers, which included improper curves, heavy
gradients, insufficient sight distances, and vague clear zones.

Cost-effective countermeasures against severe injuries and
fatal crashes also included adding or replacing traffic signs,
painting markings on pavement, installing different barriers
on roadsides, and channelizing intersections.

Substantial work has been conducted on engineering-
based countermeasure development for improvement of
safety performance. Bagdade et al. [1] introduced specific traf-
fic engineering improvements targeted at improving safety
for seniors, which were developed to popularize the use of a
number of engineering countermeasures throughout Michi-
gan. Labi [2] investigated the efficacy of roadway improve-
ments in terms of crash reduction at various subclasses of
rural two-lane highways using the empirical analysis method
of the negative binomial modeling technique. However, most
of these previous studies focused on only a single improve-
ment, that is, widening shoulders, adding passing lanes, or
installing center left-turn lanes. Schneider et al. [3] and Bauer
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and Harwood [4] presented safety prediction models and
conducted evaluations of safety effects of horizontal curves
on rural two-lane highways. Their findings showed that the
radius and length of each horizontal curve significantly influ-
enced the frequency of crashes. Gross et al. [5, 6] and Schrock
et al. [7] explored the use of observational data to estimate
safety effectiveness for changes in lane and shoulder width
and found that adding passing lanes was an economical and
effective safety improvement for rural two-lane highways.
These findings can be used to help determine cost-benefit
ratios to compare competing alternatives. Park et al. [8]
examined the safety effect of wider edge lines by analyzing
crash frequency data for road segments with and without
wider edge lines based on different statistical approaches.
Their results showed positive safety effects of wider edge lines
installed on rural, two-lane highways. Lyon et al. [9, 10] and
Moreno et al. [11] incorporated the Empirical Bayes method
to determine the safety effectiveness of installing left-turn
lanes and obtained operational effectiveness of passing zones
from passing frequency. Their results indicated that these
were cost-effective treatments for two-lane rural highways.
Yuan et al. [12], Yuan and Lu [13], andMontella andMauriello
[14] used the Empirical Bayesian method and Safety Indexes
to evaluate safety benefits and suggest relevant improve-
ments for highway intersections. Cruzado and Donnell [15]
evaluated the effectiveness of dynamic speed display signs
in transition zones of two-lane, rural highways, and the
results indicated that signs were effective in reducing free-
flowpassenger car operating speeds.There aremanymethods
of evaluating the effectiveness of special improvements.
The Bayes methods are widely used and effective. Li and
Washburn [16] presented an improvedmethodology for two-
lane highway facility analysis and a new version of CORSIM
with the capability of modeling two-lane highways. Zhu
et al. [17] discussed the relationship among drivers’ heart
rates, variability of the vehicle in the running process,
design speed consistency, operating speed coordination,
speed reduction coefficients, and speed gradients in two-lane
highways. Persaud et al. [18], Mujalli and De Oña [19], and
Vlahogianni and Golias [20] used the Empirical Bayes and
Bayesian Network method to estimate the safety of specific
sites and analyze the injury severity of traffic accidents. Wu
et al. [21] developed two Mixed Logit models based on
crash data collected in New Mexico to analyze driver injury
severities in SV andMV crashes on rural two-lane highways.

In this study, the HSEP research findings are presented
to evaluate the engineering solutions and their effectiveness
in reducing traffic crash severities on Highway G109 in
Beijing, China. The potential causal factors were identified
based on the proposed evaluation criteria, and primary
countermeasures were developed against inferior driving
conditions. Six cost-effective engineering solutions were
specifically implemented to improve two-lane highway safety
conditions: (1) traffic sign replacement, (2) repainting of
pavement markings, (3) installation of roadside barriers, (4)
intersection channelization, (5) drainage optimization, and
(6) sight distance improvement. An Empirical Bayes (EB)
model-based before-after study was conducted. The results
indicate that the proposed engineering solutions effectively

improved traffic safety performance by significantly reducing
crash occurrence risks and crash severities.

2. Data Collection

G109 highway is a major corridor connecting the city of
Beijing and the province of Hebei with a length of 119.2 kilo-
meters. The two-lane highway system is comprised mostly of
Class 2, Class 3, and Class 4 highway segments. The terrain
conditions are mainly mountainous with some plains and
hills along the highway. All traffic engineering solutions for
G109 were designed and finished in 2004.

Detailed crash data for G109 were collected from the
traffic accident database of the Beijing Traffic Management
Bureau (2000–2008), and part of the minor accident data
was gathered from the Beijing Municipal Roadway Admin-
istration Bureau. Traffic volume data and geometric data
were obtained from the Annual National Highways Traffic
Volume Statistical Handbook (2000–2008) and the Design
Documents of G109 managed by the Transport Planning
and Research Institute of the Ministry of Transport, China,
respectively. Accident and traffic volume data for similar
segments were obtained from the Traffic Police Corps of
Guangxi Department of Public Security (2004-2005).

3. Engineering Treatments Implemented

3.1. Criteria for Development of Crash Hotspot Identification.
HSEP mainly uses traffic engineering treatments to improve
or eliminate potential crash hotspots to enhance traffic safety
on highways. This is different from highway reconstruction
and extension projects and aims to rehabilitate and improve
traffic facilities. The objectives of HSEP are to decrease traffic
accident fatality rates, especially in serious accidents and to
supply a better highway traffic and safety environment with
safer facilities. HSEP targets to maximize safety benefits with
the lowest cost, least amount of engineering, and least time.

Assessments were first conducted due to limited con-
struction funds. Five aspects of geometric features and road-
way characteristics were chosen, including the horizontal
curve radius and longitudinal gradient. Detailed assessment
criteria information is shown in Table 4.

3.2. Engineering Treatments Implemented. Based on the
design documents of G109, all latent dangerous entities were
identified following the above judgment criteria and accident
data. A total of 612 traffic signs were installed or replaced;
27,000m2 of pavement markings were painted; 15,137m of
barriers were built or replaced; 8 intersections were channel-
ized. The average cost to implement these changes was only
100,713 RMB per kilometer.

3.2.1. Traffic Signs. The problems with the traffic sign system
before treatment were discontinuous signs, lack of warning
signs, mistakes on locations and content of signs, occlusion
problems, and too many characters on a tourism sign.

Based on the existing problems and characteristics of
the highway curvatures and gradients, new traffic signs were
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designed and installed systematically to avoid redundant
information. Furthermore, locations of different signs were
established according to the operation speed of traffic flow
and sight distance.

In total, 612 new traffic signs were installed, including
19 solar energy signs. Several oversized warning signs and
indication signs with high visibility were fixed as reminders
to reduce speed and drive carefully before segments of curves
and slopes. Relevant solar horizontal induction signs and
flat top tubular delineators and chevron signs were set up at
borders of the roadside along curves with the combination
of median delineators. In addition, more easily recognized
guide signs and tourist spot signs replaced older signs along
the entire highway. Finally, stop and yield signs were installed
on minor road approaches.

3.2.2. Pavement Markings. More than 27,000m2 of pavement
markings were painted, including 1,400m2 of special pave-
ment markings.

Night performance pavement markings such as yellow
lane-lines and white edge-lines were painted at general
segments. Channelizing lines, word markings, crosswalks,
and symbol markings were introduced at the intersections.
Thin red lines were painted in the vertical direction of
sharp curves or accident prone locations. Optical illusion
decelerationmarkings were painted at lane borders to remind
drivers of special geometric conditions and at lane mediums
for pedestrians.

3.2.3. Roadside Barriers. Almost 20% of accidents were Run-
off-road (ROR) crashes along the highway. Thus, 15,137m of
barriers were built or replaced according to the degree of
roadside hazard, accident frequency, operation speed, traffic
volume and composition, and landscape demand in several
special segments along the highway. The forgiveness design
principle was one of the most critical methods we followed.
However, because of terrain conditions, barrier equipment
was essential in certain circumstances.

A total of 2,850m of high strength concrete barriers were
cemented beside cliff edges at segments of small, continuous
horizontal curves and areas with a high frequency of side
collision accidents. Serrated concrete barriers with a light
appearance for guidance were built at sharp horizontal curve
segments with fewer crashes.

A total of 5,158m of corrugated beam barriers or steel
guardrails were installed at cliff segments, winrows, and high
retaining walls without enough earth pressure outside of
the shoulder. A-level corrugated beam barriers were chosen
for downgraded sections with higher operation speeds and
serious consequences of rollover accidents. B-level barriers
were prepared for upgraded sections with a lower possibility
of crashes.

A total of 7,129m of cable barriers were placed at sections
of landscape with enough clearance and earth pressure out-
side of the shoulder. Yellow reflectors were pasted on barriers
to enhance their visibility. A-level protection barriers were
implemented at sections with rollover accident records or
higher risk coefficients, and B-level cable barriers were used
to protect areas without crash records or roadside shallows.

Figure 1: Warning signs and pavement markings.

3.2.4. Intersection Channelization. There weremany 3-legged
and 4-legged intersections along the highway.Therewere pre-
viously no channelization pavement markings, and vehicles
operated without rules. Many of these intersections had poor
visibility, so the frequency of frontal and side collisions was
much higher in these areas than in others (Figure 2).

Therefore, (1) channelization pavement markings were
painted to split different direction flows and standardize
traffic order; (2) stop signs and/or yield signs were placed at
minor-legged roads according to highway classes and traffic
volumes for clearer priority and fewer conflicts; (3) a left-turn
pocket lane was created within the confines of an existing
roadway; (4) several solar yellow flashing lights were added to
enhance night safety for vehicles, pedestrians and cyclists. As
a result, 8 main intersections were channelized and the others
were modified with stop or yield signs.

3.2.5. DrainageOptimization. Thehighway side ditch inG109
was in the shape of a rectangle with a wide cross section and
deep depth of 40 to 50 centimeters.This type of side ditch was
a latent conflict and had the potential to aggravate the severity
of ROR crashes.

According to the real terrain conditions and roadside
qualifications, the side ditch was transformed into a flat
butterfly side ditch at several special segments to reduce the
severity of ROR crashes.

3.2.6. Sight Distance Improvement. Poor visibility problems
were serious on G109, especially at segments of intersections,
switch-backs, and sharp curves. Slope flattening is an effective
way to improve road visibility. Therefore, buildings, struc-
tures, mounds, trees, or wire poles were removed at sight
triangles of intersections or at the inner sides of horizontal
curves in some circumstances. This increased the visibility
of convex mirrors, warning signs, and pavement markings
(Figure 1).

3.2.7. Other Implementations. In addition to the treatments
described, there were other significant implementations. For
instance, roadside improvement, scenic view platform treat-
ment, and tunnelmanagementwere extensively implemented
along G109.
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Table 1: Statistics of accidents and traffic volumes of G109, Beijing.

Durations Total accidents Minor accidents General accidents Major accidents Deaths Injuries Traffic volumes
2000.5–2001.4 103 33 63 7 8 61 2,708
2001.5–2002.4 160 109 42 9 10 70 2,358
2002.5–2003.4 173 126 32 15 15 61 2,090
2003.5–2004.4 289 239 46 4 4 110 2,222
2004.5–2005.4 431 417 13 1 1 27 2,830
2007.5–2008.4 519 503 10 6 6 175 3,420

Figure 2: Intersection channelization.

4. Safety Effects of Treatments

4.1. Empirical Bayes Analysis. Few resources have been
devoted to evaluation in the literature. In this study, the safety
effects of the treatments were evaluated by the Empirical
Bayes (EB) before-after analysis based on the severity of traffic
accidents. In the EB estimate, the joint use of two clues is
implemented by a weighted average, that is,

𝑚 = 𝑤 ⋅ 𝑥 + (1 − 𝑤) ⋅ 𝑃,

𝜎 (𝑚) = √(1 − 𝑤) ⋅ 𝑚,

(1)

where𝑚 is an estimate of expected accidents; 𝑥 is the number
of accidents expected on similar segments;𝑃 is the number of
accidents on G109; 𝑤 is the weight and 𝜎(𝑚) is the standard
deviation of𝑚. Consider

𝑥 = 𝜇𝑙,

𝑤 =

1

1 + (𝜇 ⋅ 𝑌) /𝜑

,

(2)

where 𝜇 is the safety performance function, the average
number of accidents/(km-year); 𝑙 is the length of the segment,
km;𝑌 is the number of years during which the accident count
materialized; 𝜑 is the overdispersion parameter.

Here, the Safety Performance Function (SPF) was an
equation of the Average Daily Traffic (ADT) and length of the
segment. Consider

𝜇 = 𝑎 × ADT𝑏, (3)

where 𝑎, 𝑏 are regression parameters.

After regression analysis with general and major accident
data and the ADT data in Tables 1 and 3, two regression
parameters were obtained, 𝑎 = 0.0073 and 𝑏 = 0.5146.
Then, 𝜇 = 0.436 for 2004 to 2005 and 𝜇 = 0.481 for 2007
to 2008 were computed. The resulting weights were 0.82 and
0.81, meaning that 52.13 and 57.46 accidents were expected on
similar segments, respectively. Finally, the average estimates
of expected accidents were 45.27 ± 2.85 and 49.58 ± 3.07
accidents. There were only 14 and 16 accidents that occurred
on G109 in Beijing, showing a significant improvement in
safety after implementation of the engineering treatments.

4.2. Accident Severity Analysis after Treatment Implemen-
tation. The number of minor accidents increased quickly.
Possible reasons for this may be increased traffic volume, a
better traffic environment causing relaxed driver vigilance,
and a gradually improved accident record system. Figure 5
shows the variations of accident count versus traffic volume
before and after the engineering treatments.

Accident severity analysis was evaluated in detail to
find the safety effect evidence of engineering treatment
effectiveness after implementation. Detailed information is
listed in Table 5.

Six fatal accidents and 8 major accidents were caused
by driver factors, totaling 100 percent of such accidents. All
fatal accidents and one half of the major accidents occurred
during the daytime. All fatal accidents and 5 major accidents
occurred during clear weather conditions. This suggests that
highway factors, such as sight distance, pavement condition,
and geometric features were not the main causes of these
types of accident. This indirectly proves the effectiveness of
the treatments (Table 2).

ROR accidents occupied 32.18% of the total number of
accidents, with 1 fatal and 1 major accident occurring. This
indicates that most vehicles involved in ROR accidents were
protected by treatments such as drainage optimization, shoul-
der improvements, and clear zone improvements (Figures 3
and 4).

Truck and tractors had higher crash incidence rates. The
majority of accidents included one or two vehicles and were
frontal or side collisions. No fatal ormajor accidents occurred
at intersection areas. Drivers over the age of 54 and female
drivers were safer. Driver violations, carelessness, and false
estimation of motor performance were the main causes of
driver error.

These results suggest that the engineering treatments
played a role in protecting lives from serious crashes and
reduced crash severity.
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Table 2: Geometric features of G109, Beijing.

Design indexes Units Class 2 Class 3
Lane — 2 2
Section — Origin to K28 + 560 K28 + 560 to destination
Design speed km/h 60 30
Paving width m 12.0 8.5
Shoulder width m 0.5 0.5
Length km 119.15
The minimum horizontal curve radius m 10 (<60m, 209 segments)
The maximum longitudinal gradient % 9.49 (>5%, 87 segments)

Table 3: Statistics of accident data and ADT in similar segments.

Highway segments Length/km ADT General and major accidents
2004 2005 2004 2005

G207 331.171 3,906 4,618 164 246
G209 520.258 3,058 3,236 245 303
G210 250.377 4,356 4,593 126 175
G321 375.709 3,308 3,190 122 141
G322 554.348 5,716 6,330 354 452
G323 712.332 5,804 6,779 289 310
G324 714.561 10,116 11,930 705 788
G325 244.731 2,928 3,217 90 109

Figure 3: Drainage optimization.

5. Conclusions

HSEP is a cost-effective traffic safety improvement project
initialized by the Ministry of Transport, China. Various
engineering treatments were implemented. Safety effects
were evaluated using EB-based before-after studies, and crash
severity was analyzed using the data collected from the G109
highway in Beijing. The major contributions of this study to
the state of the practice include the following.

(1) Traffic crash data and traffic dynamic data were
collected to support EB-based before-after studies
and crash severity analyses.

(2) All potential crash hotspots were identified according
to the proposed assessment criteria, which included

Figure 4: Roadside shoulder improvements.
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Figure 5: Traffic accidents versus traffic volume of G109, Beijing.
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Table 4: Assessment criteria for potential crash hotspots on G109, Beijing.

Categories Indexes Units Class 2 Class 3
Sharp curve The horizontal curve radius m 𝑅 ≤ 125 𝑅 ≤ 60
Heavy gradient The longitudinal gradient % 𝐼 ≥ 6.0 𝐼 ≥ 7.0
Continuous downgrade The longitudinal gradient % 𝐼 ≥ 4.5 (≥3 km) 𝐼 ≥ 5 (≥3 km)
Bad sight distance Decision sight distance m 𝐿 ≤ 150 𝐿 ≤ 80

Bad clear zone The height of slope m 𝐻 ≥ 4.0
The distance to shoulder border 𝑊 ≤ 3.0 (Lakes, rivers, swamps, ditches)

Table 5: Variables, values, and actual classification by severity (2007-2008).

Variables Categories Coding/values Total Fatality Major injury Minor injury Property damage
519 (100%) 6 (1.16%) 8 (1.54%) 98 (18.88%) 407 (78.42%)

1 Driver’s gender Man = 1 498 (95.95%) 6 (1.20%) 7 (1.41%) 95 (19.08%) 390 (78.31%)
Woman = 2 21 (4.05%) 0 (0.00%) 1 (4.76%) 3 (14.29%) 17 (80.95%)

2 Driver’s age

<25 = 1 38 (7.32%) 1 (2.63%) 1 (2.63%) 7 (18.42%) 29 (76.32%)
25∼34 = 2 154 (29.67%) 3 (1.95%) 3 (1.95%) 38 (24.68%) 110 (71.42%)
35∼44 = 3 125 (24.08%) 1 (0.80%) 2 (1.60%) 32 (25.60%) 90 (72.00%)
45∼54 = 4 61 (11.76%) 1 (1.64%) 1 (1.64%) 17 (27.87%) 42 (68.85%)
>54 = 5 141 (27.17%) 0 (0.00%) 1 (0.71%) 4 (2.84%) 136 (96.45%)

3 Type of vehicle

Passenger car = 1 220 (42.38%) 1 (0.45%) 2 (0.91%) 39 (17.73%) 178 (80.91%)
Bus = 2 4 (0.77%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 4 (100.00%)

Light truck = 3 18 (3.47%) 0 (0.00%) 0 (0.00%) 2 (11.11%) 16 (88.89%)
Truck = 4 231 (44.52%) 4 (1.73%) 1 (0.43%) 45 (19.48%) 181 (78.36%)

Tractor trailer = 5 6 (1.16%) 0 (0.00%) 2 (33.33%) 2 (33.33%) 2 (33.33%)
Tractor = 6 36 (6.94%) 1 (2.78%) 2 (5.56%) 10 (27.78%) 23 (63.88%)
Cycles = 7 4 (0.77%) 0 (0.00%) 1 (25.00%) 0 (0.00%) 3 (75.00%)

4 Vehicle involved
1 = 1 162 (31.21%) 2 (1.23%) 1 (0.62%) 26 (16.05%) 133 (82.10%)
2 = 2 340 (65.51%) 3 (0.88%) 6 (1.76%) 69 (20.29%) 262 (77.07%)
>2 = 3 17 (3.28%) 1 (5.88%) 1 (5.88%) 3 (17.65%) 12 (70.59%)

5 Weather condition

Clear = 1 377 (72.63%) 6 (1.59%) 5 (1.33%) 73 (19.36%) 293 (77.72%)
Cloudy = 2 78 (15.03%) 0 (0.00%) 1 (1.28%) 13 (16.67%) 64 (82.05%)
Rainy = 3 58 (11.18%) 0 (0.00%) 2 (3.45%) 11 (18.97%) 45 (77.58%)
Snowy = 4 6 (1.16%) 0 (0.00%) 0 (0.00%) 1 (16.67%) 5 (83.33%)

6 Month

Spring = 1 63 (12.14%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 63 (100.00%)
Summer = 2 144 (27.75%) 1 (0.69%) 3 (2.08%) 30 (20.83%) 110 (76.40%)
Autumn = 3 154 (29.67%) 2 (1.30%) 2 (1.30%) 30 (19.48%) 120 (77.92%)
Winter = 4 158 (30.44%) 3 (1.90%) 3 (1.90%) 38 (24.05%) 114 (72.15%)

7 Crash time

0∼5 = 1 51 (9.83%) 0 (0.00%) 2 (3.92%) 9 (17.65%) 40 (78.43%)
6∼11 = 2 189 (36.42%) 3 (1.59%) 1 (0.53%) 37 (19.58%) 148 (78.30%)
12∼17 = 3 187 (36.02%) 3 (1.60%) 3 (1.60%) 38 (20.33%) 143 (76.47%)
18∼23 = 4 92 (17.73%) 0 (0.00%) 2 (2.17%) 14 (15.22%) 76 (82.61%)

8 Crash type

Frontal collision = 1 139 (26.78%) 3 (2.16%) 2 (1.44%) 38 (27.34%) 96 (69.06%)
Side collision = 2 37 (7.13%) 0 (0.00%) 4 (10.81%) 4 (10.81%) 29 (78.38%)

Rear-end collision = 3 74 (14.26%) 1 (1.35%) 0 (0.00%) 9 (12.16%) 64 (86.49%)
Scape = 4 102 (19.65%) 1 (0.98%) 1 (0.98%) 21 (20.59%) 79 (77.45%)

Run-off-road = 5 167 (32.18%) 1 (0.60%) 1 (0.60%) 26 (15.57%) 139 (83.23%)

9 Cause
Driver factors = 1 480 (92.48%) 6 (1.25%) 8 (1.67%) 89 (18.54%) 377 (78.54%)
Vehicle factors = 2 10 (1.93%) 0 (0.00%) 0 (0.00%) 1 (10.00%) 9 (90.00%)

Environment factors = 3 29 (5.59%) 0 (0.00%) 0 (0.00%) 8 (27.59%) 21 (72.41%)
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sharp curves, heavy gradients, continuous down-
grades, insufficient sight distance, and vague clear
zones.

(3) Seven categories of engineering improvements for
enhanced safety were implemented: traffic signs,
pavement markings, roadside barriers, intersection
channelization, drainage optimization, sight distance
improvement, and other treatments.

(4) An evaluation of the safety effects of completed
treatments was conducted.The EB-based before-after
method and the crash severity analysis indicated that
the proposed engineering treatments had significant
effects on enhancing safety.
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Train service network is a network form of train service plan. The controllability of the train service plan determines the recovery
possibility of the train service plan in emergencies. We first build the small-world model for train service network and analyze
the scale-free character of it. Then based on the linear network controllability theory, we discuss the LB model adaptability in
train service network controllability analysis. The LB model is improved and we construct the train service network and define the
connotation of the driver nodes based on the immune propagation and cascading failure in the train service network. An algorithm
to search for the driver nodes, turning the train service network into a bipartite graph, is proposed and applied in the train service
network. We analyze the controllability of the train service network of China with the method and the results of the computing
case prove the feasibility of it.

1. Introduction

With the increasing trend of the emergencies, line planning
in emergencies is becoming a more and more important
topic. Line plan is a relative stable operating technical file
which does not need revising in a year or an even longer
period of time. But when serious emergencies occur, the
railway will suffer greatly from the emergencies and the
line plan must be adjusted. The line plan can be turned
into train service network and the service network can be
studied with the emerging theories.The characteristics of the
train service network, such as the brittleness, robustness, and
controllability, must be studied before designing the line plan
with the network theories.

Railway network began to attract attention of the
researchers from the study on the complex characteristics of
the railway geographical network and the service network,
such as the fractal dimension, the average network distance,
and the average clustering coefficient. Benguigui and Daoud
studied the fractal characteristics of the railway network
structure and discussed the relation between the railway
fractal dimension and the development of the city size [1].
Sen et al. studied the structural properties of the Indian

railway network in the light of recent investigations of the
scaling properties of different complex networks. They did
rigorous analysis of the existing data and found that the
Indian railway displayed small-world properties, with 2.16
average path length and 0.69 average clustering coefficient
[2]. Latora and Marchiori proposed a more refined kind of
analysis on the subway network and gave precious insights
on the general characteristics of real transportation networks,
eventually providing a picture where the small-world comes
back as underlying construction principle [3]. Seaton and
Hackett calculated the clustering coefficient, path length,
and average vertex degree of two urban train line networks.
The results were compared with theoretical predictions for
appropriate random bipartite graphs [4]. Zhao et al. proved
the train service network of China to be a small-world
network with 3.27 average path length and 0.83 average
clustering coefficient [5]. Liu and Song built a topology
model for Guangzhou subway network and calculated the
complex indices. They concluded that the network displayed
the stochastic characteristics and analyzed its reliability [6].
We proved that the nodes degrees of China railway network
had the characteristic of power law distribution and analyzed
the dynamic characteristics of the train service network [7]
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and improved the networked timetable stability with bilevel
programming [8] and evaluated timetable stability with
information entropy theory [9]. Wang et al. analyzed the
characteristics of train service plan and constructed a two-
layer optimization model to design the line plan of the trains
[10].Wang et al. presented the definition of the invulnerability
of the railway network and constructed an evaluation model
with two indices: network accessibility and local accessibility.
They analyzed the effect of snow disaster on railway network
[11]. We built a capacity-load model to simulate the evolution
process of the railway service network in case of deliberate
attack and random failure, respectively, and analyzed the
brittleness of the train service network [12].

All the references are about some characteristics of the
railway geographical network or the train service network.
But they did not mention the controllability of the train ser-
vice network. But as we all know, the control technology can
optimize the complex network and improve its performance.
For example, it can improve the robustness and the stability
of the train service network.

Generally, the goal to control the complex network is
to make the network reach the expected status by imputing
signals into the selected control nodes. There are two basic
problems: the feasibility and the availability of complex
control [13]. The feasibility refers to the possibility to control
the complex network. The availability is to reduce the cost
for controlling. It is generally believed that the research
achievements on control theories should be introduced on
the controlling of complex network.

Liu et al. built the theoretical model for the control of
complex network [14], which is called LB model. We can find
the minimal set of driving set for any linear time invariant
complex network. Some conclusions have been drawn, which
are as follows: (a) the size of the minimal set of driving set
depends greatly on the degree distribution; (b) there is a trend
that the driver nodes are usually not the hubs, called hubs.
And the second conclusion is irreconcilable with common
sense [15], for it is taken for granted that the highly influential
nodes should be the hubs. Kitsak et al. pointed out that the
hub nodes are not the most highly influential nodes in the
network dissemination [16].

LB model is designed for the controllability study on the
time invariant complex network, which is too brief on the
assumption of the signals transmission. It is taken for granted
that the signals received by any nodes must be transferred
to the connected nodes. However, there are many nodes that
block the signals transmission in the actual network, such as
the nodes in the disease spreading network [17], the disabled
nodes in the power grid, and the nodes in the behavior
communication network [18]. Such nodes are called immune
nodes (short for IND). So we can see that the immune nodes
are the nodes that can block the control and other signals or
information in the network.

Lü et al. refined the complex network controlmodel based
on propagation immunization. They adopted four methods
which belong to random immunization strategy and targeted
immunization strategy to determine the immune nodes and
analyzed the controllability of 14 real networks [19].

This paper constructs the train service network and
studies the controllability. We define the controllability of
the train service network and propose several indices to
measure the controllability. A controllability control model
for train service network is built based on the immune
nodes constructed. Then the data from Beijing-Shanghai are
listed and we analyze the controllability of the train service
network.

2. Train Service Network

The network of train flow in China is a complex network, in
which the stations are the nodes. And we can draw an arc
between two stations if the same train passes through the two
stations. We introduce the weights of the arcs between the
station nodes, which denote the times that the two stations
are connected according to the relative trains.

In [5], the authors pointed out that the train flow network
has shorter average route and the bigger cluster coefficient.
And the relationship between average distance of the network
and the number of the nodes is ⟨𝑑⟩ ∝ ln(𝑛). It proves that the
train flow network is a small-world network with the scale-
free characteristic. It does not do work on the robustness and
vulnerability of the train flow network.

2.1. Small-World Model for Train Service Network. There are
three basic statistical characteristics of the complex network
according to the complex network theory. They are average
length of the network (𝐿), cluster coefficient (𝐶), degree, and
degree distribution 𝑘 ∼ 𝑃(𝑘). The distance 𝑑

𝑖𝑗
between two

nodes 𝑖 and 𝑗 is defined as the number of the arcs on the
shortest path between two nodes. The average path length of
the network 𝐿 is defined as follows:

𝐿 =

1

(1/2)𝑁 (𝑁 − 1)

∑𝑑
𝑖𝑗
. (1)

Many networks have the clustering influence that reflects the
clustering degree of the nodes in the network. Set a node 𝑖
that is connected with 𝑘

𝑖
arcs. The 𝑘

𝑖
nodes are called node

𝑖’s neighbor. And there are at most 𝑘
𝑖
(𝑘
𝑖
− 1)/2 arcs between

the 𝑘
𝑖
nodes. 𝐸

𝑖
is the real number of the arcs between the 𝑘

𝑖

nodes. And the ratio of 𝐸
𝑖
to 𝑘
𝑖
(𝑘
𝑖
− 1)/2 is called the cluster

coefficient 𝐶
𝑖
. That is as follows:

𝐶
𝑖
=

2𝐸
𝑖

𝑘
𝑖
(𝑘
𝑖
− 1)

. (2)

And the cluster coefficient of thewhole network is the average
cluster coefficient of each node in the network. That is as
follows.

2.2. Scale-Free Character of Train Service Network. According
to the timetable brought out by Ministry of Railways in July
2009, there are 3361 stations which can carry out passenger
service.The number of all the trains is 2334.There are 330273
in the train flow network. It has been proved that the train
flow network is a scale-free one. The degree distribution of
the stations is 𝑃(𝑘) ∝ 𝑘

−𝑟. The mean degree is 196.



Mathematical Problems in Engineering 3

0 500 1000 1500 2000 2500 3000 3500 4000 4500
0

10

20

30

40

50

60

70

80

(deg)

N
um

be
r o

f s
ta

tio
ns

 w
ith

 re
lat

iv
e d

eg
re

e

Figure 1: Distribution of the station degree of China railway. Note:
the number on lateral axis is degrees of the stations. The number
on the vertical axis is the number of the stations that have relative
degree.
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Figure 2: Distribution of the station with the load over L of China
railway.

We can see that the relation between node degrees and
nodes number shows the power law distribution characteris-
tic; see Figure 1.The train service network inChina is a typical
scale-free network.

In China railway network, 90% nodes have the load of
more than 10. The nodes which are loaded more than 106are
less than one 106th. The nodes which are loaded more than
107 are rare; see Figure 2. It implies that the train service
network in China can meet the requirements of most of all
the passengers.Themajority of the passengers can reachmore
than 10 stations without any transfer. In addition, there are
a certain number of large stations with heavy load, which
means that the passengers can reach many stations without
transfer from these stations. And they have many trains to
select when travelling to a station from these stations. It is the
base to study the controllability of the train service network.

3. Linear Network Controllability

If we control network to develop toward a certain status,
we must control all the nodes’ status of the network. It
is necessary to input the control signals to some nodes.
The signals inputs are the control signal. And the nodes
needing inputting signals are the driver nodes. And the set
which contains the minimal number of the driver nodes to
control the network is theminimal driver nodes set (MDNS).
And if we get the MDNS, we have already solved the most
important problem in network control: the feasibility and the
accessibility. Liu et al. proposed themethod to find theMDNS
[14], based on the structure controllability theorem [20] and
the minimum inputs theorem [14].

Liu et al. had proved that the controllability problem
can be solved by searching the directed graph maximum
match problem [14]. We transform a directed graph 𝐺(𝐴)

into a bipartite graph 𝐻(𝐴) = (𝑉
+

𝐴
, 𝑉
−

𝐴
, Γ), where 𝑉

+

𝐴
=

{𝑥
+

1
, 𝑥
+

2
, . . . , 𝑥

+

𝑁
} and 𝑉−

𝐴
= {𝑥
−

1
, 𝑥
−

2
, . . . , 𝑥

−

𝑁
}. They denote the

node sets from line and column, respectively. Γ = {(𝑥
−

𝑗
, 𝑥
−

𝑖
) |

𝑎
𝑖𝑗

̸= 0} is the set of the arcs.Thenwe search for themaximum
matched set of this bipartite graph. The nodes which are
pointed at by the maximum arc in𝑉−

𝐴
are the matched nodes.

The left nodes are the unmatched nodes. If the number of
the unmatched nodes is not 0, then the driver nodes are the
unmatched nodes, or else a driving node can be any node in
the network. Then the number of the driving node is 1.

4. Train Service Network
Controllability Models

4.1. LB Model Adaptability in Train Service Network Con-
trollability Analysis. LB model is the most valuable model
to analyze the controllability of the complex network. Some
conclusions help us to understand the control of the complex
network, such as the driver nodes that do not tend to be
the hubs. It is necessary to study LB model further to apply
it to the controllability of the real complex network, for
the real complex networks have their special characteristics
[18]. So the model must be revised when using it to analyze
the controllability of a specific complex network. And LB
model is designed towards the linear time invariant complex
network, while the real network is usually nonlinear and time
variant complex network. The train service network is a time
variant complex network, which cannot be analyzed with
LB model. So the LB model is improved in this paper to be
adaptive with the train service network.

4.2. A Simple Computing Example Based on the LB Model.
The stations on the railway network are taken as the nodes of
the train service network. Then we give the definition of the
edges of the network. If a train passes through two stations,
there should be an edge between the two station nodes. Thus
the train service network can be built.

To show the construction of the train service network, we
select three trains, G1, G15, and G113, from Beijing-Shanghai
high speed railway. The stops are shown as follows:

(i) G1: Beijingnan-Nanjingnan-Shanghaihongqiao;
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Figure 3: Train service network generating with train G1.
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Figure 4: Train service network generating with trains G1 and G15.

(ii) G15: Beijingnan-Jinanxi-Nanjingnan-Shanghaihong
qiao;

(iii) G113: Beijingnan-Dezhoudong-Xuzhoudong-Shang-
haihongqiao.

The nodes of the train service network are the stations
of Beijingnan, Dezhoudong, Jinanxi, Xuzhoudong, Nanjing-
nan, and Shanghaihongqiao. According to the constructing
method, train G1 causes three arcs to be added on the train
service network. The arcs are:

(i) Beijingnan-Nanjingnan,
(ii) Beijingnan-Shanghaihongqiao,
(iii) Nanjingnan-Shanghaihongqiao.

Then the train service network is shown in Figure 3.
In the same way, we add six arcs on the train service

network according to train G15. The arcs are

(i) Beijingnan-Nanjingnan,
(ii) Beijingnan-Shanghaihongqiao,
(iii) Nanjingnan-Shanghaihongqiao,
(iv) Jinanxi-Nanjingnan,
(v) Jinanxi-Shanghaihongqiao,
(vi) Nanjingnan-Shanghaihongqiao.

Then the train service network turns to be a more
complicated one, shown in Figure 4.

Then the arcs generating based on G113 are added on the
train service network:

(i) Beijingnan-Dezhoudong,
(ii) Beijingnan-Xuzhoudong,
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Figure 5: Train service network generating with trains G1, G15, and
G113.
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Figure 6: The bipartite graph of the sample train service network.
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Figure 7:Themaximummatch of the bipartite graph for the sample
train service network.

(iii) Beijingnan-Shanghaihongqiao,
(iv) Dezhoudong-Xuzhoudong,
(v) Dezhoudong-Shanghaihongqiao,
(vi) Xuzhoudong-Shanghaihongqiao.

The train service network is shown in Figure 5.
So the train service network controllability problem can

be transformed to a problem of searching the matched nodes
and unmatched nodes. That is to say, the key is to search the
maximummatched nodes sets in the bipartite graph which is
changed from the train service network.

The train service network in Figure 5 is turned into a
bipartite graph; see Figure 6. V+

1
and V−
1
are for Beijingnan, V+

2

and V−
2
denote Dezhoudong, V+

3
and V−
3
stand for Jinanxi, V+

4

and V−
4
are for Xuzhoudong, V+

5
and V−

5
denote Nanjingnan,

and V+
6
and V−
6
represent Shanghaihongqiao.

The set of the red edges in Figure 7 is amaximummatch of
the bipartite graph for a sample train service network.We can
see that V

2
, V
4
, V
5
, and V

6
are thematched nodes of the network

in this case. So the driver nodes of the sample train service
network are V

1
and V
3
. Another maximum math is shown in

Figure 8. And it is obvious that V
1
and V
3
are the unmatched

nodes, which are the driver nodes in the same time.
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4.3. Improved LB Model for Train Service Network
Controllability Analysis

4.3.1. Definition of Immune Nodes. To adjust the LB model to
analyze the train service network controllability, we improve
the LB model.

Wewill take somemeasures in emergencies to control the
train service network, trying to keep the edges in the service
network.That is to say, we try to keep the edges in the service
network, for they imply that the passengers can reach the
directed station without any transfer. For example, we will
try to keep the edge from Xuzhoudong to Shanghaihongqiao
when an emergency occurs and Xuzhoudong station or on
the railway section from Xuzhoudong to Shanghaihongqiao;
see Figure 6. We take technical measure to make the train
finish the journey as planned. But there is the possibility
that the train is taken off on station Xuzhoudong. So there
is a blocking-up phenomenon in the train service network.
Xuzhoudong station is called an immune node.

Although the blocking-up phenomena are very universal
in the train service network, it is very difficult to tell which
are the immune nodes in the network, for we cannot forecast
where the emergencies will occur and which stations and
sections they will affect. A popular measure to describe the
possibility of the occurring of the emergencies is to set an
occurring probability. Then the typical LB model cannot
describe the train service network controllability, because
there is uncertainty in the maintenance of the edges. Set 𝑃 to
be the probability that the edge node 𝑖 to node 𝑗 is remained.

4.3.2. Cascading Failure. Emergencies may reduce the capac-
ities of the stations and sections in the railway network.
The load on the nodes must be distributed on the other
nodes to meet the passengers’ requirements. Cascade failure
may occur when the loads are redistributed. The method to
measure the quality of the network is to calculate the average
efficiency of the train service network.

Definition.The signals which can disable the nodes when they
are input into the nodes are called the disabling signals. They
are marked as 𝑢−(𝑡) = (𝑢

−

1
(𝑡), 𝑢
−

2
(𝑡), . . . , 𝑢

−

𝑀
(𝑡))
𝑇. A disabled

node is sure to affect the connected edges and the connected
nodes. Some of the nodes are possibly disabled because of
the transferred load from the already disabled nodes. The
disabling process may spread in the network, causing the
cascading failure. When the load of each node is below its
capacity, the network reaches the stable status.

When a node is disabled, it will be unreachable and it
cannot transfer the control signals any further. It is necessary
to input control signals into the disabled nodes.

To keep the controllability of the whole network, 𝑆 nodes
need to be input control signals, including 𝑃 nonfailure
nodes and 𝑄 disabled nodes. The control signals are 𝑢+(𝑡) =
(𝑢
+

1,1
(𝑡), 𝑢
+

1,2
(𝑡), . . . , 𝑢

+

1,𝑃
(𝑡), 𝑢
+

0,1
(𝑡), 𝑢
+

0,2
(𝑡), . . . , 𝑢

+

0,𝑆
(𝑡))
𝑇, where

𝑢
+

1,1
(𝑡) denotes the signal put on the first nonfailure node and

𝑢
+

0,1
(𝑡) stands for the signal pressed on the first disabled node.
Set 𝑒
𝑖𝑗
to be the weight of edge from node 𝑖 to node 𝑗

and 𝑒
𝑖𝑗
∈ [0, 1]. The bigger the 𝑒

𝑖𝑗
is, the higher the transfer

efficiency of the control signals will be. The matrix {𝑒
𝑖𝑗
}, a

𝑁×𝑁matrix, is the efficiency valuematrix.The original value
of everymatrix element is 1. Set𝐿

𝑖
(𝑡) to be the load of node 𝑖 at

time 𝑡. It is the number of the efficiency optimal paths through
the node at time 𝑡. Efficiency path is a path which has the
largest 𝑒∗ = ∑(1/𝑒

𝑘
)
−1 among all the paths which run from

node 𝑖 to node 𝑗. The load allowance is 𝐶
𝑖
= 𝛼𝐿
𝑖
(0) (𝛼 ≥ 1),

where 𝛼 is an allowance parameter. To simulate the dynamic
evolution process of the train service network and analyze the
controllability, the evolution equation is defined as follows:

𝑒
𝑖𝑗
(𝑡 + 1) =

{

{

{

𝑒
𝑖𝑗
(0) ⋅

𝐶
𝑖

𝐿
𝑖
(𝑡)

, 𝐿
𝑖
(𝑡) > 𝐶

𝑖
,

𝑒
𝑖𝑗
(0) , 𝐿

𝑖
(𝑡) ≤ 𝐶

𝑖
.

(3)

When a node is deleted from a network, the load of the node
will be distributed to the other nodes of the network. Then
it may cause the other nodes to be overloaded and disabled.
Another round of load re-distributing process will be carried
out. The cascading failure occurs. The damage degree can be
measured by the following equation:

𝐸 (𝐺) =

1

𝑁 (𝑁 − 1)

∑

𝑖 ̸=𝑗

𝑒
𝑖𝑗
. (4)

5. The Computing Case of Train Service
Network Controllability Model

We can see that the key to analyze the controllability of the
train service network is to determine which nodes should
be affected to control the train service network. For the
emergencies that occur randomly, we simulate the effect on
the nodes and determine the immune nodes with random-
ized policy. The relation between the nodes importance and
the controllability of train service network is studied. The
importance of the nodes is measured with the three indices of
complex network, the degree, the betweenness, and closeness.

(i) Closeness is the index to measure the accessibility of
reaching a node from another road in the network.
Its value is the reciprocal of the summary distance
from one node to all the other nodes. The larger the
compactness is, the smaller the summary distance is
which means that the nodes are closely connected in
the network.

(ii) Betweenness is the quotient of the number of the
shortest paths passing through the node and the
total number of the shortest paths in the network.
Betweenness described the influence of a node in
the network. The larger the betweenness is, the more
important the node is. Betweenness reflects the posi-
tion of a person in the social relation network, which
is most valuable to find and protect the key human
resources.

We take the railway system of China as a computing case.
There are 3361 stations which offer passenger transportation
service in China railway system. And there are 2469 passen-
ger trains operating on the railway network in 2014.
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Figure 8: Another maximum match of the bipartite graph for the
sample train service network.

1 2 3 4 5 6 7 8 9 10
0

10

20

30

40

50

Experiment order

Ra
tio

 o
f d

riv
er

 n
od

es
 in

cr
ea

se
m

en
t (

%
)

Intentionally deleting
Randomly deleting

Figure 9:Driver nodes increasement under intentional and random
cases.

We did the experiments with two strategies. One is to
simulate the reconstruction of the train service network by
deleting nodes from the network intentionally.The other is to
delete the nodes of the train service network randomly.When
deleting nodes from the network intentionally, we select 5%
nodes as the immune nodes and check the increase of the
driver nodes in the network.We did the experiments 10 times
and calculated the average value. When deleting the nodes
from the network, we identify the driver nodes according
to the closeness and betweenness value. Figure 9 shows the
increase of the driver nodes in the two conditions.

We can see that the driver nodes increase more rapidly
when the nodes are deleted intentionally than when they
are deleted randomly. The increasement ratio of the diver
nodes ranges from 18% to 23% when the nodes are deleted
intentionally. And the range is from 13% to 16% when the
nodes are deleted from the train service network randomly.

According to the improved LB model, the number of
driver nodes in the train service network is 235, which is
6.99% of all the nodes; see Figure 10. And among them there
are 197 stations that have the degrees which are lower than the
meandegree, with the ratio 83.83%; see Figure 11. In thewhole
train service network, the ratio of the nodes which have the
degrees lower than average is 81.91%; see Figure 12.We can see

Ratio of driving nodes
Ratio of nondriving nodes

Figure 10: Ratios of the driver nodes and the nondriver nodes in the
train service network.

Ratio of driving nodes with degrees higher than average
Ratio of driving nodes with degrees lower than average

Figure 11: Ratios of driver nodes with different degrees.

Ratio of nodes with degrees higher than average of the whole network
Ratio of nodes with degrees lower than average of the whole network

Figure 12: Ratios of nodes with different degrees.

that the driver nodes tend to be the nodes with lower degrees;
see Figure 13.

When the node (station) with the largest degree is
deleted from the network, some other nodes will be disabled.
The whole performance of the network 𝐸(𝐺) will decrease,
compared to the performance in normal status with 𝐸(𝐺

0
) =

0.041.The smaller the𝛼 is, themore seriously the𝐸(𝐺)will be
reduced. If 𝛼 is not too small, random deletion of the nodes
will not affect the efficiency of the train service network,
which means that the controllability is stable; see Figure 14.
When 𝛼 reaches 1.6, there is almost no change with 𝐸(𝐺).

6. Conclusion

We identify the immune nodes with the degree number,
betweenness, and closeness and observe the effect on the
control availability of the train service network. Compared
to the random immune, the immune nodes identified by the
three indices (the hubs evaluating level with the three indices
are taken as immune nodes) will improve the difficulty
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Figure 13: Comparison of ratios of the nodes and driver nodes.
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Figure 14: Relation between train flow network efficiency and
overload coefficient under the condition of randomly deleting and
intentionally deleting the station nodes.

of controlling the train service network. And the driver
nodes tend to be the nodes that have lower degree. Another
conclusion is that high betweenness and closeness can affect
the controllability of the train service network by blocking
the transmission signals, which agrees with the findings on
other kinds of complex networks. This study on the train
service network controllability enlarges the application in
engineering field of complex network control theory. And it
can afford valuable supporting information when designing
the train service plan, especially in emergencies. Future
research work will focus on the control and optimization
methods for the train service network.
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This paper aims at the traffic flow agglomeration effect characteristics and rapid evacuation requirement in sudden disaster;
operation time of intraregional boundaries traffic signal coordination was presented firstly. Then intraregional boundaries
intersection group dynamic subdivision and consolidation method based on relative similarity degree and similarity coefficient
of adjacent intersections was put forward. As to make the traffic control strategy adapt to traffic condition of different intraregional
boundaries intersection groups, this paper proposes an intraregional boundaries traffic signal coordination and optimization
technology based on organic computing theory. Finally, this paper usesDelphi 7.0,MapX, andOracle developing a software package,
combined with Paramics V6 Simulator to validate themethods of this paper.The result shows that it can obviously improve disaster
affected regional traffic signal control efficiency which reduces average traffic delay by 30–35%, decreases vehicle queue by more
than 20% and reduces evacuation time more than 13.06%.

1. Introduction

In urban traffic signal control system, any kind of traffic
signal control strategy is established in given road geometry
conditions and traffic flow characteristics. Only when the
traffic network road geometry and its traffic flow character-
istics meet or are close to application conditions of traffic
signal control strategy, traffic signal control system operation
efficiency and effect can be in the best status. Therefore,
in accordance with different traffic flow characteristics and
performing the suitable traffic signal control strategy, expe-
rienced traffic engineer uses the method of dynamical sub-
division intersection form intersection groups or consolidate
intersection to intersection groups based on traffic flow
spatial-temporal distribution characteristics and traffic flow
platoon dispersion characteristics.

For the past few years, as the urban traffic congestion is
increasing seriously, the requirement of enhancing traffic
signal control efficiency and effect is becoming the first and
foremost.Themethod to dynamically subdivide and consoli-
date intersection groups plays an important role in improving

traffic signal control efficiency and adapting to the changing
traffic flow in urban network. Moreover, it has become a
hot topic which is widely researched in the last years around
the world. Lin and Tsao [1] studied the intersection group
dynamical subdivision and consolidation in regional traffic
signal control system based on searching algorithm in
order to conform to the different traffic demands of time of
day. Moore and Jovanis [2] using traffic signal cycle, traffic
flow, and length of adjacent intersection as the division
and consolidation principle, with the data provided by traffic
flow guidance system, proposed a dynamical subdivision
method for regional traffic signal control system. Wong [3]
presented an approach using the parameters of cycle ratio,
offset ratio, and split ratio to decide whether to divide from
intersection group or consolidate to intersection group. Pran-
evicius and Kraujalis [4], using fuzzy control theory, put
forward an intersection group fuzzy and dynamical sub-
division and consolidation method based on coordinated
coefficients. Based on the traffic network hypergraph division
model, Chandler [5] raised a high-speed intersection group
subdivision and consolidation method for traffic control
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network to solve the large-scale traffic signal control system.
Wang and Bie [6] put forward an intersection group sub-
division model for coordination of traffic signal control
system using correlation degree of adjacent intersections.
Hsu and Peeta [7], according to the correlation of adjacent
intersections on the basis of spectral analysis, proposed three
adaptive subdivision and consolidation methods for regional
traffic signal control system. Lee et al. [8], using the genetic
algorithm and dimension reduction processing to optimize
the traffic signal control strategy for intersection group in
regional traffic signal control system, presented a set of
subdivision and consolidation methods for intersection
group to traffic signal control and coordination.

However, the methods of intersection group subdivision
and consolidation are mainly focused on the interior of
regional traffic signal control system. And according to the
traffic flow status in adjacent intersections, these papers deci-
ding whether to subdivide from the intersection group or
consolidate to intersection group are under the normal traffic
network and traffic flow conditions. Furthermore, current
traffic signal control systems with the regional or intersection
group as its units operate independently; they are unable
to subdivide or consolidate between regional boundaries
intersections to form an individual intersection group and
lack signal coordination between regional boundaries inter-
sections. Therefore, traffic blocking often occurs in the road
sections of intraregional boundaries, which can quickly lead
to traffic congestion at interregional boundaries, even more
to the all traffic signal control network. In sudden disaster
especially, a large number of people and logistics in disaster
affected area need imminent evacuation to nearby emergency
evacuation point in the adjacent region. But with the current
regional traffic signal control mode, the adjacent regional
traffic signal control system unable to foresee the large num-
ber of traffic flows is coming at the entrance road section in
the intraregional boundaries and is unable to adjust the traffic
signal control strategy real-time to let the traffic flow pass
through the boundaries intersection quickly. So traffic con-
gestion is likely to occur in the intraregional boundaries,
which may directly affect the emergency rescue work.

As to solve the problem mentioned above, this paper
aims at the traffic flow agglomeration effect characteristics
and rapid evacuation requirement in sudden disaster and
attempts to use intraregional boundaries intersection group
subdivision and consolidation, intraregional boundaries int-
ersection group traffic signal control strategy optimization,
and intraregional boundaries intersection groups coordina-
tion to divert and rapidly dissipate the traffic flow in intrare-
gional boundaries, preventing traffic congestion occurring at
the intraregional boundaries, in order to let emergency rescue
work be implemented faster and smoother in sudden disaster.

2. Deciding the Operation
Time of Coordination

The objective of deciding the operation time of traffic signal
coordination between intraregional boundaries intersection
groups is to make the intraregional boundaries intersection

group running with suitable traffic signal control strategy
under different traffic flow conditions so that it can improve
the traffic capacity of intraregional boundaries intersection
group. In this paper, we use the interconnected index of adj-
acent intersections in intraregional boundaries as the deci-
sion and evaluation index of operation time of traffic signal
coordination for intraregional boundaries [9]:

𝐼 = 0.5 ⋅

((𝜒 ⋅ 𝑞/𝑄) − 1)

(1 + 𝑇)

, (1)

where 𝐼 is interconnected index; 𝑇 is average travel time
between adjacent intersections in intraregional boundaries;
𝜒 is the lane numbers that traffic flow can enter into down-
stream intersection; 𝑞 is the traffic volume of straight lanes
in upstream intersection; 𝑄 is the total traffic volume from
upstream intersection. Consider

𝑇 =

𝐿

𝑉

,

𝑄 = 𝑞 + 𝑘𝑞 = (1 + 𝑘) 𝑞,

(2)

where 𝐿 is length of adjacent intersection in intraregional
boundaries; 𝑉 is average travel speed; and 𝑘 is the sum of left
turn ratio and right turn ratio.

Put (2) into (1):

𝐼 = 0.5 ⋅

((𝜒/ (1 + 𝑘)) − 1)

(1 + 𝐿/𝑉)

. (3)

When 𝐼 > 𝛿
1
or 𝐼 < 𝛿

2
, it is the time to subdivide intersection

from intersection group or consolidate intersection to inter-
section group and formulate different traffic signal control
intersection group in intraregional boundaries, where 𝛿

1
is

the threshold limit value of subdivision and𝛿
2
is the threshold

limit value of consolidation.

3. Intersection Group Dynamical
Subdivision or Consolidation

3.1. Impact Factor Analysis. Traffic signal control system is
made up of signalized intersections in traffic network. Each
signalized intersection has its status variables and control
variables. Status variables describe intersection’s geometric
design and traffic flow at each inbound link. Control variables
describe traffic control parameters, consisting of cycle, offset,
and split and the capacity at specified performance levels.
These variables are interrelated and interacting. At the same
time, traffic flow in adjacent intersections has the potential
incidence relation of similarity and coupling. With the
passage of time and the transition of space, relationships
between adjacent intersections are changing continuously. In
sudden disaster, besides the changing relationships between
adjacent intersections, the layout and the function of the traf-
fic network are also changing by road damage, road closure,
separation by traffic management, and so on. Therefore, in
sudden disaster, it needs more functions to make the traffic
signal control strategy to suit for the changing traffic flow and
traffic network and let each intersection group in regional
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traffic signal control system have its own control objectives
based on its traffic flow characteristics. The intersection
group subdivision and consolidation are considered to be
the best way to achieve the goal as mentioned above. It can
improve the practicability, reliability, and instantaneity of
traffic signal controlmodels and algorithms in regional traffic
signal control system.

According to the traffic flow characteristics and traffic
network geometric topology information, the data attributes
of signalized intersection can be described in different forms.
From the perspective of time factors, status variables and
control variables can be classified as dynamic variables and
static variables. From the perspective of space factors, status
variables and control variables can be classified as link
variables and node variables. In this paper, 𝑋 stands for the
state of the signalized intersection. Consider

𝑋
𝑖

𝑗
= 𝑒

node
𝑖,𝑗

+ 𝑒
link
𝑖,𝑗
,

𝑒
node
𝑖,𝑗

= [𝐴
node,static
𝑖,𝑗

, 𝐴
node,dynamic
𝑖,𝑗

] ,

𝑒
link
𝑖,𝑗

= [𝐴
link,static
𝑖,𝑗

, 𝐴
link,dynamic
𝑖,𝑗

] ,

(4)

where 𝑋𝑖
𝑗
is the state of 𝑗th intersection in 𝑖th intersection

group. 𝑒node
𝑖,𝑗

is the nodematrix of 𝑗th intersection in 𝑖th inter-
section group. 𝑒link

𝑖,𝑗
is the link matrix of 𝑗th intersection in

𝑖th subzone intersection group. Node and link matrices both
include static and dynamic vectors that describe node or link’s
status variable and control variable. 𝐴node,static

𝑖,𝑗
= [𝑇
𝑖,𝑗
, 𝐾
𝑖,𝑗
,

𝑃
𝑖,𝑗
], 𝑇, 𝐾, 𝑃 mean intersection geometric type, critical

intersection or not, and signal phase number, respectively.
𝐴

node,dynamic
𝑖,𝑗

= [Ct
𝑖,𝑗
, Sat
𝑖,𝑗
,Ca
𝑖,𝑗
], Ct, Sat, Ca mean signal

cycle, saturation, and capacity of the intersection, respec-
tively. 𝐴link,static

𝑖,𝑗
= [Lk

𝑖,𝑗
, Id
𝑖,𝑗
, Lg
𝑖,𝑗
, Ld
𝑖,𝑗
], Lk, Id, Lg, Ld mean

the vector of each inbound link has a connected intersection
or not, the connected intersection id, the length of the link
and lane numbers in the link, respectively.𝐴link,dynamic

𝑖,𝑗
= [𝑉
𝑖,𝑗
,

𝜐
𝑖,𝑗
, 𝑂
𝑖,𝑗
, 𝜆
𝑖,𝑗
],𝑉, 𝜐,𝑂,𝜆mean the vector of each inbound link’s

volume, average speed, average occupancy, and split of signal,
respectively.

3.2. Standardization State Matrix. Both signalized intersec-
tion’s status variables and control variables make up the intra-
regional boundaries traffic signal control network’s status.
The status of intraregional boundaries traffic signal control
network can be described as the status matrix 𝑆 [10]:

𝑆 =

[

[

[

[

[

[

[

𝐴
node,static
0,1

𝐴
node,dynamic
0,1

𝐴
link,static
0,1

𝐴
link,dynamic
0,1

𝐴
node,static
0,2

𝐴
node,dynamic
0,2

𝐴
link,static
0,2

𝐴
link,dynamic
0,2

.

.

. ⋅ ⋅ ⋅

𝐴
node,static
0,𝑛

𝐴
node,dynamic
0,𝑛

𝐴
link,static
0,𝑛

𝐴
link,dynamic
0,𝑛

]

]

]

]

]

]

]

. (5)

In order to eliminate difference among status variables
and control variables, it is needed to transform the matrix 𝑆
to standardization matrix. In intraregional boundaries traffic

signal control network status matrix 𝑆, towards the status
variables, let

𝑟
𝑖𝑗
=

(𝑦
𝑖𝑗
− 𝑦

min
𝑖
)

(𝑦
max
𝑖

− 𝑦
min
𝑖
)

, (6)

where 𝑌 ∈ status variables and 𝑖 = (1, 2, . . . , 𝑛).
For control variables, let

𝑟
𝑖𝑗
=

(𝑦
max
𝑖

− 𝑦
𝑖𝑗
)

(𝑦
max
𝑖

− 𝑦
min
𝑖
)

, (7)

where 𝑌 ∈ control variables and 𝑖 = (1, 2, . . . , 𝑛).
So the standardization matrix 𝑅 is

𝑅 =

[

[

[

[

[

𝑟
11

𝑟
12
⋅ ⋅ ⋅ 𝑟
114

𝑟
21

𝑟
21
⋅ ⋅ ⋅ 𝑟
114

.

.

. ⋅ ⋅ ⋅

𝑟
𝑛1

𝑟
𝑛1
⋅ ⋅ ⋅ 𝑟
𝑛14

]

]

]

]

]

. (8)

Traffic network layout and its functional design, traffic
flow distribution, and characteristics decide the intersection
in the network that will undertake different objectives and
make different influence on traffic flow operating.The signif-
icant degree of intersection in the network not only is related
to the geographic position and geometric topology in the
network, but also has a close relationship with the dynamic
traffic flow that passes through or comes to the intersection.
However, the role of influence factors that impact intersection
is different. And the value of influence is difficult to define as
the diversity, complexity of traffic environment, and limited
awareness of human acknowledge. So, in this paper, we use
the theory of multiple attribute decision making (MADM) to
measure the intersection status matrix of intraregional boun-
daries traffic signal control network [11]. Consider

𝑊 = (𝑤
1
, 𝑤
2
, . . . , 𝑤

14
) ,

𝑍 =

[

[

[

[

[

[

𝑤
1
𝑟
11
𝑤
2
𝑟
12
⋅ ⋅ ⋅ 𝑤

14
𝑟
114

𝑤
1
𝑟
21
𝑤
2
𝑟
22
⋅ ⋅ ⋅ 𝑤

14
𝑟
214

.

.

.

𝑤
1
𝑟
𝑛1
𝑤
2
𝑟
𝑛2
⋅ ⋅ ⋅ 𝑤

14
𝑟
𝑛14

]

]

]

]

]

]

= (𝑧
𝑖𝑗
)
𝑛×14

,

(9)

where𝑊 is the weight of variables. 𝑍 is the standardization
matrix of intraregional boundaries traffic signal control
network.

3.3. Hamming Osculating. Define the ideal state as a signal-
ized intersection in the best status that can be subdivided
from an intersection group in intraregional boundaries and
improve the traffic signal control efficiency. And the negative
state is a signalized intersection in the best status that can be
consolidated to an intersection group in intraregional bound-
aries or else can reduce traffic signal control performance.The
ideal state is expressed as 𝐴+:

𝐴
+
= {𝐴
+

1
, 𝐴
+

2
, 𝐴
+

3
, . . . , 𝐴

+

14
} . (10)
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The negative state is expressed as 𝐴−:

𝐴
−
= {𝐴
−

1
, 𝐴
−

2
, 𝐴
−

3
, . . . , 𝐴

−

14
} . (11)

Then, the distance of current status of signalized intersec-
tion 𝑋𝑖

𝑗
to the ideal state that should be subdivided from an

intersection group in intraregional boundaries can be expres-
sed as

𝜇
+

𝑖
= √

14

∑

𝑗=1

(𝑧
𝑖𝑗
− 𝐴
+

𝑗
)

2

. (12)

The distance of current status of signalized intersection
𝑋
𝑖

𝑗
to the negative state thatwould be consolidated to an inter-

section group in intraregional boundaries can be expressed as

𝜇
−

𝑖
= √

14

∑

𝑗=1

(𝑧
𝑖𝑗
− 𝐴
−

𝑗
)

2

. (13)

Signalized intersection 𝑋𝑖
𝑗
is suitable to be subdivided

froman intersection group or to be consolidated into an inter-
section group in intraregional boundarieswhich is decided by
hamming osculating. Consider

𝜔
𝑖
=

𝜇
−

𝑖

(𝜇
+

𝑖
+ 𝜇
−

𝑖
)

, (14)

where 0 < 𝜔
𝑖
< 1. As 𝜔

𝑖
is close to 0, 𝜇−

𝑖
approaches 0; traffic

signal control performance reduces when the signalized
intersection consolidates to an intersection group or subdi-
vides from an intersection group in intraregional boundaries.
And as 𝜔

𝑖
approaches 1 and 𝜇+

𝑖
approaches 0, traffic signal

control system will get better performance when consoli-
dating a signalized intersection to an intersection group or
subdividing it from an intersection group in intraregional
boundaries. And the hamming osculating of the whole
intraregional boundaries traffic network is

𝜛 = [𝜔
1
, 𝜔
2
, . . . , 𝜔

14
] . (15)

3.4. Coefficient of Adjacent Intersection. In algebra, a cosine
is usually used between two angles to represent the similarity
between vectors; in this paper, we show the similarity of two
signalized intersections by calculating the cosine between two
state vectors of adjacent signalized intersections:

cos 𝜃 =




𝑥, 𝑦






|𝑥|

⋅




𝑦




. (16)

So the similarity matrix of intraregional boundaries sig-
nalized intersections is

coef =
[

[

[

[

[

[

1 cos 𝜃
12

⋅ ⋅ ⋅ con𝜃
1𝑛

cos 𝜃
21

1 ⋅ ⋅ ⋅ cos 𝜃
2𝑛

.

.

. ⋅ ⋅ ⋅

cos 𝜃
𝑛1

cos 𝜃
𝑛−1∗𝑛

⋅ ⋅ ⋅ 1

]

]

]

]

]

]

. (17)

3.5. Dynamic Cluster Analysis. Dynamic cluster analysis is
used to analyze hamming osculating and coefficient of adja-
cent intersections in intraregional boundaries. The process-
ing is described as below.

Step 1. Make𝑚 cluster and set initial cluster center in a rough
set for hamming osculating and coefficient of adjacent inter-
sections, respectively.

(1) Calculate the distance between intersections to its adj-
acent intersection.

(2) Order the distance from small to large.
(3) The similar distance elements are classified as a class,

initializing the m clusters, and calculate the average
value of all objects corresponding coordinates in each
cluster, as the initial cluster centers.

Step 2. Based on the cluster radius and interval, sort out the
hamming osculating 𝜔 and coefficient cos 𝜃, respectively.

Step 3. When the signalized intersection’s hamming osculat-
ing 𝜔 and coefficient cos 𝜃 are classified into the same cluster,
consolidate the signalized intersection to an intersection
group and classify it to the intersection group cluster.

Step 4. When all the signalized intersections have been
classified, calculate the distance between the clusters and
output and sort the distance of adjacent intersections.

(1) Calculate link segment saturation as

𝜓
𝑎
(𝑡) =

𝑢
𝑎
(𝑡)

𝑆
𝑎

, (18)

where 𝜓
𝑎
(𝑡) is the saturation of the link segment. 𝑢

𝑎
(𝑡) is the

flow rate of the link 𝑎 at time 𝑡. 𝑆
𝑎
is the saturation in the link

segment 𝑎.
(2) Assume that there are 𝑛 link segments in the intersec-

tion group, boundaries intersections contain𝑚 link segments
(𝑚 ≤ 𝑛); the threshold saturation of the intersection group
that decides to start cluster analysis for subdividing and
consolidating is

𝐾
1
(𝑡) =

√
𝜓
2

1
(𝑡) + 𝜓

2

2
(𝑡) + ⋅ ⋅ ⋅ + 𝜓

2

𝑚
(𝑡)

𝑚

.
(19)

The saturation of remaining link segments is

𝐾
2
(𝑡) =

√
𝜓
2

1
(𝑡) + 𝜓

2

2
(𝑡) + ⋅ ⋅ ⋅ + 𝜓

2

𝑛−𝑚
(𝑡)

𝑛 − 𝑚

.
(20)

(3)The saturation of intersection group can be calculated
by weighting coefficient that considers the importance of the
link:

𝐾 (𝑡) = 𝜌𝐾
1
(𝑡) + (1 − 𝜌)𝐾

2
(𝑡) . (21)

Step 5. Confirm the threshold value 𝜁 based on cluster dis-
tance.
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Step 1. Takes the signalized intersection 𝑖 as the central intersection in intersection group, delivers outward
the coordination traffic signal cycle sequentially.
ACT
1
:= DCT

1

for 𝑖 := 2 to 𝑛 do
begin
ACT
𝑖
:= max {DCT

𝑖
,ACT

𝑖−1
}

:= max{DCT
𝑖
, max
𝑗∈{1,...,𝑖−1}

{DCT
𝑗
}}

:= max
𝑗∈{1,...,𝑖}

{DCT
𝑗
}

end;
Step 2. Obtains the common signal cycle of intersection group, let ACT := ACT

𝑛
.

Step 3. Reassignment the expected traffic signal cycle to the intersection in intersection group of
intra-regional boundaries.
for 𝑖 := 1 to 𝑛 do
begin
DCT
𝑖
:= ACT

𝑛

end;

Algorithm 1

Step 6. Merge the clusterwhen the cluster distance is less than
the threshold value 𝜁 and then export the cluster result of the
intraregional boundaries.

Step 7. Determine whether clustering results are rational or
not and finish the cluster analysis and output the cluster resu-
lts if the answer is yes; then wait for the next cycle. If it returns
NO, go back to Step 2.

4. Traffic Signal Optimization and
Coordination for Intraregional Boundaries

Organic computing is a form of distributed and biologically
inspired computing with organic properties. It develops from
the idea that central nervous systemof humanneural network
maintains and automatically adjust the balance of body
systembased on the exogenous and endogenous environment
information perceived by human organics. Organic comput-
ing has emerged recently as a challenging vision for future
information processing system. It has outstanding perfor-
mance in the distributed, dynamic and heterogeneous net-
work environment. Organic computing system is a technical
system which is equipped with sensors and actuators as to
be aware of the environment accurately, communicate freely,
and organize the response plan automatic like organisms.
Organic computing system adapts dynamically to exogenous
and endogenous changes, solves the conflict of different sys-
tems, and responds to the unpredictable emergency problems
by its functional characteristics of self-properties, such as self-
monitoring, self-organization, and self-optimization [12].
This paper uses organic computing system techniques to
automatically detect and monitor the traffic flow in disaster
affected region and optimize the traffic signal to resolve the
conflict problems in intraregional boundaries when emerge-
ncy evacuation occurs in sudden disaster. Organic computing
for intraregional boundaries traffic signal control system

is composed by four modules. There are traffic flow self-
monitoring, traffic signal self-optimization, traffic signal
coordination knowledge self-organization, and traffic signal
control plan self-classification.

4.1. Traffic Flow Self-Monitoring. Traffic flow self-monitoring
module is the sensors and actuators of the organic computing
system,whichwas used to percept the environment condition
and implement the control commands. In intraregional traffic
signal control system, traffic flow self-monitoring uses traffic
detectors (including loop coil vehicle detector, microwave
vehicle detector, and video detector) which distribute in traf-
fic network to detect andmonitor the traffic flow condition in
intraregional boundaries and provide reliable, real-time, and
comprehensive traffic information for traffic signal control
system.

4.2. Traffic Signal Self-Optimization

4.2.1. Traffic Signal Cycle Online Adjustment. Define the
DCT
𝑖
as the expected traffic signal cycle of signalized interse-

ction 𝑖 in intraregional boundaries. OCT
𝑖
is the optimal traffic

signal cycle calculated by Webster cycle formula based on
real-time traffic flow data. DCT

𝑖
= OCT

𝑖
or DCT

𝑖
=

(1/2)OCT
𝑖
⋅𝑛, 𝑛 ∈ [1, 2, . . . , 𝑛]. Define theACT

𝑖
as the coordi-

nation traffic signal cycle of signalized intersection 𝑖 in intra-
regional boundaries. It is the signal cycle that local traffic
signal controllers agree to coordinate and optimize. The
common signal cycle of intersection group in intraregional
boundaries is calculated as in Algorithm 1 [13].

Thus, the signal intersection of intersection group in int-
raregional boundaries can optimize and dynamically adjust
the traffic signal based on real-time traffic flow data.

4.2.2. Traffic Signal Split Optimization. Traffic signal split opt-
imization is tomake sure that all the inbound traffic flows can
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go through the signalized intersection at the current traffic
signal cycle. The mathematical expression is

𝑞
in
𝑖𝑗
(𝑘) − Ṽexit

𝑖𝑗
(𝑘) + Ṽdemand

𝑖𝑗
(𝑘) − 𝑞

out
𝑖𝑗
(𝑘)

= (1 − 𝑟
0

𝑖𝑗
) 𝑞

in
𝑖𝑗
(𝑘) + Ṽdemand

𝑖𝑗
(𝑘) − 𝑞

out
𝑖𝑗
(𝑘) = 0.

(22)

The dynamic kinematic equation of traffic flow between
adjacent intersections in intraregional boundaries is

𝑄
𝑖𝑗
(𝑘 + 1) = 𝑄

𝑖𝑗
(𝑘) + 𝐶

𝑗
(𝑘)

×
[

[

(1 − 𝑟
0

𝑖𝑗
) ∑

𝑤∈𝐼𝐿 𝑖

𝑟
𝑖

𝑤𝑗
⋅ 𝑆
𝑤𝑖
⋅ ∑
𝑝∈ROW𝑤𝑖 𝑔

𝑝

𝑤𝑖
(𝑘)

𝐶
𝑖
(𝑘)

+Vdemand
𝑖𝑗

(𝑘) −

𝑆
𝑖𝑗
⋅ ∑
𝑝∈ROW𝑖𝑗 𝑔

𝑝

𝑖𝑗
(𝑘)

𝐶
𝑗
(𝑘)

]

]

.

(23)

Let𝐶
𝑗
(𝑘) = 𝐶

𝑖
(𝑘) = 𝐶 and put (22) into (23); the dynamic

kinematic equation can be rewritten as

𝑄
𝑖𝑗
(𝑘 + 1) = 𝑄

𝑖𝑗
(𝑘) + 𝐶

𝑗
(𝑘)

×
[

[

(1 − 𝑟
0

𝑖𝑗
) ∑

𝑤∈𝐼𝐿 𝑖

𝑟
𝑖

𝑤𝑗
⋅ 𝑆
𝑤𝑖
⋅ ∑
𝑝∈ROW𝑤𝑖 Δ𝑔

𝑝

𝑤𝑖
(𝑘)

𝐶

+ΔVdemand
𝑖𝑗

(𝑘) −

𝑆
𝑖𝑗
⋅ ∑
𝑝∈ROW𝑖𝑗 Δ𝑔

𝑝

𝑖𝑗
(𝑘)

𝐶

]

]

,

(24)

where 𝑄
𝑖𝑗
(𝑘) is the traffic flow volume in link segment 𝐿

𝑖𝑗

between adjacent intersections 𝑁
𝑖
and 𝑁

𝑗
at the time 𝑘.

𝑞
in
𝑖𝑗
, 𝑞out
𝑖𝑗

are the traffic flow rate income and depart the link
segment 𝐿

𝑖𝑗
, respectively. Vexit

𝑖𝑗
, Vdemand
𝑖𝑗

are the traffic flow rate
of trip attraction and trip generation by link segment 𝐿

𝑖𝑗
, res-

pectively. 𝐶
𝑗
(𝑘) is the traffic signal cycle length of inter-

section𝑁
𝑗
at the 𝑘th time. Consider

Δ𝑔
𝑝

𝑖𝑗
(𝑘) = 𝑔

𝑝

𝑖𝑗
− 𝑔
𝑝

𝑖𝑗
,

ΔVdemand
𝑖𝑗

= Vdemand
𝑖𝑗

− Ṽdemand
𝑖𝑗

.

(25)

And the state equation of traffic signal split optimization
for intersection𝑁

𝑗
can be described as

𝑥 (𝑘 + 1) = 𝑥 (𝑘) + 𝐴Δ𝑔 (𝑘) + 𝐵ΔVdemand
(𝑘) . (26)

Assume that the change of link segment inner traffic flow
generation can be ignored, and let ΔVdemand

(𝑘) = 0; (26) can
form a linear quadratic optimal control problem:

𝑥 (𝑘 + 1) = 𝑥 (𝑘) + 𝐴Δ𝑔 (𝑘) . (27)

The performance index of the linear quadratic optimal
control problem is

I =

1

2

∞

∑

𝑘=0

‖𝑥 (𝑘)‖
2

𝑄
+




Δ𝑔 (𝑘)






2

𝑅
. (28)

Then calculus of variations is used to solve the traffic
signal feedback control law of the linear quadratic optimal
control problem [14]:

𝑔 (𝑘) = 𝑔 (𝑘 − 1) − 𝛼𝑄 (𝑘) − 𝛽𝑄 (𝑘 − 1) , (29)

where 𝛼, 𝛽 are the control coefficients.

4.2.3. Traffic Signal Offset Synchronization. Consider the int-
ersection group as an intersection unit 𝐼, and let 𝑜

𝑖−1
be the

traffic signal offset of intersection groups 𝑖 − 1; 𝑝
𝑖−1

is the
coordination direction of intersection groups 𝑖−1, 𝑑

𝑖−1,𝑖
is the

time that vehicle form intersection groups 𝑖−1 to intersection
groups 𝑖, 𝑞

𝑖
is the dissipation time of traffic flow waiting at

intersection groups 𝑖 in intraregional boundaries, 𝑟
𝑖
is the

remaining current traffic signal time of intersection groups
𝑖, 𝑇
𝑖
is the current traffic signal cycle length of intersection

groups 𝑖, 𝑠
𝑖
is the traffic signal cycle start time of intersection

groups 𝑖, and 𝑡
𝑖
is the next traffic signal cycle execution time

of intersection groups 𝑖.
The equations of the traffic signal offset are as follows:

𝑜
𝑖
= (𝑜
𝑖−1
+ 𝑝
𝑖−1
+ 𝑑
𝑖−1,𝑖

− 𝑝
𝑖
− 𝑞
𝑖
) mod ACT

𝑡
𝑖
= 𝑠
𝑖
+ 𝑜
𝑖
− 𝑟
𝑖
− 𝑇
𝑖
.

(30)

If 𝑡
𝑖
< 𝐶min, then 𝑡𝑖 := 𝑡𝑖 + ACT.

In intersection group, make the key signalized intersec-
tion as the standard point, and 𝑜

𝑖,𝑗
is the traffic signal offset

between intersection 𝑁
𝑖
and 𝑁

𝑗
. Then the execution traffic

signal cycle time of the other intersections in intersection
group is

𝑡
𝑖,𝑗
= 𝑠
𝑖,𝑗
+ 𝑜
𝑖,𝑗
− 𝑟
𝑖,𝑗
− 𝑇
𝑖,𝑗
. (31)

4.3. Traffic Signal Coordination Knowledge Self-Organization.
In advanced traffic signal control system, the knowledge
discovery rules for optimizing traffic signal timing are based
on traffic flow environment. When traffic flow status and
conditions are changing, the quality of the knowledge discov-
ery rule is needed to reevaluate firstly. And then traffic sig-
nal coordination knowledge self-organization module uses
genetic algorithms to classify the traffic flow status and con-
dition based on knowledge structure database. Finally, traf-
fic signal coordination knowledge self-organization module
forms a newknowledge discovery rule to suit for the changing
traffic flow as to obtain the optimization traffic signal control
parameters [15]. This paper uses profit-sharing plan to evalu-
ate the knowledge discovery rule when traffic flow status and
condition change. Profit-sharing plan (PSP) provides comple-
mentary information utility for each rule when forming new
rule as to adapt the traffic flow environment.

Assume that the strength of PSP to modify the activity
rule 𝑅

𝑖
at 𝑡 time is 𝑆

𝑖
(𝑡); then

𝑆
𝑖
(𝑡 + 1) = 𝑆

𝑖
(𝑡) − 𝑏𝑆

𝑖
(𝑡) + 𝑏𝑝 (𝑡) ,

𝑆
𝑖
(𝑡) = (1 − 𝑏)

𝑡
𝑆
𝑖
(0) + 𝑏

𝑡

∑

𝑖=1

(1 − 𝑏)
𝑡−𝑖
𝑝 (𝑖 − 1) ,

(32)
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Figure 1: Snapshot of simulation network from the GUI of intraregional traffic signal coordinated software package.

where 𝑝(𝑡) is the external reward at the end of the knowledge
discovery rule updating. (1−𝑏) is the index attenuation factor.
If 𝑏 is small enough, then 𝑆

𝑖
(𝑡) has the mean value of 𝑝(𝑡).

Let the value of external reward 𝑝(𝑡) be a constant value
𝑝
∗; then 𝑆

𝑖
(𝑡) will converge to an equilibrium value 𝑆∗

𝑖
:

𝑆
∗

𝑖
= lim
𝑡→∞

[(1 − 𝑏)
𝑡
𝑆
𝑖
(0) + 𝑏

𝑡

∑

𝑖=1

(1 − 𝑏)
𝑡−𝑖
𝑝
∗
] = 𝑝

∗
. (33)

With the constant value 𝑝∗, PSP will reduce the error as
in the following rate:

𝐸
𝑖
(𝑡) = 𝑝

∗
− 𝑆
𝑖
(𝑡) ,

Δ𝐸
𝑖
= 𝐸
𝑖
(𝑡 + 1) − 𝐸

𝑖
(𝑡)

= 𝑆
𝑖
(𝑡) − 𝑆

𝑖
(𝑡 + 1)

= −𝑏 (𝑝
∗
− 𝑆
𝑖
(𝑡))

= −𝑏𝐸
𝑖
(𝑡) .

(34)

4.4. Traffic Signal Control Plan Self-Classification. Classifica-
tion learning aims at searching for the most suitable traffic
signal control parameters for the intersection in intraregional
boundaries under the current traffic flow status and con-
dition. The knowledge base system and online parameter
optimization system offer the suitable traffic signal control
strategy, so that traffic signal control system operation effi-
ciency and effect can be in the best status. That can improve
the emergency evacuation speed in sudden disaster.The clas-
sification learning processing is as follows [15].

Step 1. Insert all the current intersection traffic flow infor-
mation and traffic signal timing parameters data into the
message table.

Step 2. Compare all record data in the message table with
classifying conditions in all classifiers and extract the traffic
flow status and the corresponding signal timing parameters
from all matching records.

Step 3. Send traffic signal timing parameters optimization by
microscopic simulation software to the newmessage table for

the traffic flow status cannot find the matching traffic signal
timing parameter.

Step 4. Use new message table to replace the old messages
table and add the extracted matching record to the new
message table.

Step 5. Translatemessages in themessage table into the requi-
rement of output interface, providing traffic signal control
strategy and timing parameters for current traffic flow.

Step 6. Return to Step 1.

5. Simulation and Verification

A part of Shanghai CBD traffic network was selected to simu-
late the intraregional boundaries intersection group subdivi-
sion and consolidation for traffic signal control and coordina-
tion.The traffic network is composed of 422 intersections and
2881 directional links. As to verify the methods proposed by
this paper, the traffic network is divided into five traffic signal
control regions, and the five regions traffic signal control
systems form eight intraregional boundaries. The simulation
traffic network is shown as in Figure 1.

Simulation input data come from loop coils vehicle detec-
tors and video cameras vehicle detectors in July 14 to 27,
2007.The interval of data collection is 5minutes.These detec-
tors collect traffic parameters including traffic flow volume,
speed, and occupancy rate. As to simulate the influence on
traffic network in sudden disaster, this paper uses random
disturbance factor to randomly reduce road capacity of the
traffic network [16]. And this paper defines the threshold
value that an intersection needs to be subdivided from the
intraregional boundaries intersection group as 𝛿

1
= 0.45.

And the threshold value that an intersection should be
consolidated into the intraregional boundaries intersection
group is 𝛿

2
= 0.75. The verification work was done as the

following procedure.

Step 1. Input the traffic network and traffic flow data into
Synchro V6 signal optimization software and obtain traffic
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Table 1: Traffic flow performance in intraregional boundaries under different traffic signal control strategies.

Traffic flow status Statistics item Delay Speed Saturation Queen
Mean value STDEV Mean value STDEV Mean value STDEV Mean value STDEV

Free

SP 4.227 1.306 48.13 5.565 0.5197 0.1529 13.22 5.714
RP 4.212 1.263 48.24 5.397 0.5233 0.1557 12.13 5.512
BP 4.165 1.266 48.56 5.474 0.5132 0.1537 10.81 4.273

REDEV I% −1.467 −3.063 0.8934 −1.635 −1.251 0.5232 −18.23 −25.22
REDEV II% −1.116 0.2375 0.6633 1.427 −1.930 −1.285 −10.88 −22.48

Smooth

SP 28.67 6.094 41.93 8.841 0.6808 0.1721 35.69 4.37
RP 25.43 5.873 42.17 7.064 0.6637 0.1673 34.66 3.25
BP 16.84 3.257 43.06 5.563 0.6551 0.1024 24.37 6.45

REDEV I% −41.26 −46.55 2.695 −37.08 −3.775 −40.50 −31.72 47.60
REDEV II% −33.78 −44.54 2.111 −21.25 −1.296 −38.79 −29.69 98.46

Congestion

SP 44.27 3.714 21.27 3.152 0.9394 0.1271 50.58 6.991
RP 41.32 4.257 23.61 3.231 0.9051 0.1104 47.15 9.342
BP 30.27 3.335 28.39 4.173 0.8609 0.0964 34.66 3.25

REDEV I% −31.62 −10.20 33.47 32.39 −8.356 −24.15 −31.47 −53.51
REDEV II% −26.74 −21.66 20.25 29.16 −4.883 −12.68 −26.49 −65.21

Note. STDEV means standard deviation. REDEV means relative deviation. REDEV I% = (BP − SP) ∗ 100/SP. REDEV II% = (BP − RP) ∗ 100/RP.

signal control parameters of every signalized intersection in
the traffic network output by Synchro V6.

Step 2. With microscopic simulation software Paramics V6,
Paramics V6 simulator inputs traffic flow data using the data
obtained from loop coils vehicle detectors and video cameras
vehicle detectors. Signal control plan setting in Paramics V6
simulator uses the signal control parameters that output from
Synchro V6 by Step 1. Then run the Paramics V6 simulation
to get the intraregional boundaries traffic flow performance
indices which are defined as SP.

Step 3. Develop the interregional traffic signal strategic coor-
dination and control algorithm in [17]. With the integrated
development environment (IDE) and visual component
library (VCL) of Delphi 7.0, MapX 4.5, and Oracle 9i, the
interregional traffic signal coordination and control software
is released, named as URSC. Paramics V6 simulation signal
control plans are replaced by the signal control parameters
output from URSC. Then run the Paramics V6 simulation
to get the intraregional boundaries traffic flow performance
indices which are defined as RP.

Step 4. Develop the interregional traffic signal coordination
and control method of this paper; with the integrated devel-
opment environment (IDE) and visual component library
(VCL) of Delphi 7.0, MapX 4.5, and Oracle 9i, the intrare-
gional traffic signal coordination and control software is
released, named as UBSC. UBSC GUI is shown in Figure 1.
Paramics V6 simulation signal control plans are replaced by
the signal control parameters output from UBSC. Then run
the Paramics V6 simulation to get the intraregional bound-
aries traffic flow performance indices which are defined as BP.

Step 5. Compare the performance indices of SP, RP, and BP.

Traffic flow performance in intraregional boundaries is
analyzed in three different traffic flow statuses. 7:30 to 9:00
and 16:30 to 19:00 are congestion traffic flow statuses. 10:00 to
14:30 is smooth traffic flow status. 5:00 to 7:00 and 15:00 to
16:00 are free traffic flow statuses. Then this paper analyzes
the traffic flow performance using the index of average
vehicle delay (s), average vehicle speed (km/h), the average
saturation, and the average queue length (m). Traffic flowper-
formance in different traffic flow status was shown in Table 1.

Comparing the traffic flow performance data, there are
no significant differences existing in intraregional boundaries
traffic flow whether it uses the intraregional boundaries
coordination signal control under the free traffic flow status
or not. However, it can significantly reduce vehicle queuing
in the intraregional boundaries intersection. Under smooth
and congestion traffic flow statuses, if the system lacks coor-
dination signal control between intraregional boundaries, it
can obviously be seen that, from the GUI of Paramics V6
when running simulation, the traffic flows in upstream links
and downstream links within intraregional boundaries show
the accumulation phenomenon quickly. If using the intrare-
gional boundaries coordination signal control, the system
can effectively slow down the accumulated phenomenon.The
accumulating traffic flow can go through the intraregional
boundaries smoothly. From the simulation results, we can
see that if the system uses UBSC and URSC together under
congestion traffic flow status, it can reduce 33.78% vehicle
delay and 29.69% vehicle queue length compared to only
used URSC traffic signal control strategy and reduce 41.26%
vehicle delay and 31.72% vehicle queue length compared to
only Synchro V6 optimization. If the system uses UBSC and
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Figure 2: Snapshot of disaster network and evacuation routes.

URSC together under smooth traffic flow status, it can reduce
26.74% vehicle delay and 26.49% vehicle queue length com-
pared to only used URSC traffic signal control strategy and
reduce 31.62% vehicle delay and 31.47% vehicle queue length
compared to only Synchro V6 optimization.

Meanwhile, as to verify the emergency evacuation effect
of the intraregional boundaries traffic signal control strategy
in this paper, this paper optimizes the emergency evacuation
routes of the simulation network based on temporal-spatial
crowding degree [18] and exports twelve emergency evacua-
tion routes for transport disaster affected people and logistics.
Figure 2 shows the disaster condition, emergency evacuation
routes, and shelter location.

Simulation was done under the conditions that disaster
affected traffic flow volumes are 30,000, 50,000, and 100,000,
respectively. Simulator is running with and without the
intraregional boundaries traffic signal coordination strategy.
Each case runs three times, every time running 7,200 seconds
in simulator. Then get the data to analyze the relationship
between evacuation time and evacuation volume of traffic
flow. The results are shown in Figure 3.

From the simulation results, as the more the traffic flow
volume trapped in sudden disaster is, themore the capacity of
road in traffic network damage is and the higher the degree of
traffic flow burden in traffic network is. The evacuation time
is growing with the exponential trend. Under the traffic flow
volumes are 30,000, 50,000, and 100,000 in disaster affected
region, with intraregional boundaries traffic signal coordina-
tion strategy being able to reduce about 13.06%, 15.22%, and
20.16% evacuation time, respectively, compared to without
intraregional boundaries traffic signal coordination strategy.
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6. Conclusion

This paper uses intraregional boundaries intersection group
dynamic subdivision and consolidation to adapt the traffic
signal control strategy. Then this paper optimizes intrare-
gional boundaries intersection group traffic signal coordina-
tion strategy based on organic computing.This paper aims to
solve the problem of traffic flow agglomeration effect char-
acteristics and meet the rapid evacuation requirement in
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sudden disaster. From the simulation results, it is shown that
only using intraregional boundaries traffic signal control and
coordination can reduce the intraregional boundaries traffic
flow delay and queue length but cannot significantly improve
the traffic network performance: traffic network performance
efficiency increases by less than 20% in congestion traffic
flow status. When the system uses interregional traffic signal
strategic coordination and intraregional boundaries traffic
signal coordination together, it can obviously improve the
traffic network performance, that is, traffic network perfor-
mance efficiency promotes more than 30% in congestion
traffic flow status, and can rapidly evacuate the traffic flow in
disaster affected region.
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Statistical models for estimating the safety status of transportation facilities have received great attention in the last two decades.
These models also perform an important role in transportation safety planning as well as diagnoses of locations with high accident
risks. However, the current methods largely rely on regression analyses and therefore they could ignore the multicollinearity
characteristics of factors, which may provide additional information for enhancing the performance of forecasting models. This
study seeks to developmore precisemodels for forecasting safety status as well as addressing the issue ofmulticollinearity of dataset.
The proposed mathematical approach is indeed a discriminant analysis with respect to the goal of minimizing Bayes risks given
multivariate distributions of factors. Based on this model, numerical analyses also perform with the application of a simulated
dataset and an empirically observed dataset of traffic accidents in road segments. These examples essentially illustrate the process
of Bayes risk minimization on predicating the safety status of road segments toward the objective of smallest misclassification
rate. The paper finally concludes with a discussion of this methodology and several important avenues for future studies are also
provided.

1. Introduction

Forecasting safety status of certain transportation facilities
is crucial in the process of safety planning as well as black
spot diagnoses [1]. It has gained great attention in the past
safety forecasting models, which largely rely on the meth-
ods adopting regression analyses with respect to particular
relationships between accident counts and several important
factors. For example, earlier approaches used Poisson or neg-
ative binomial regression models [2, 3] to consider accident
frequencies as count data. Further, advanced models are also
developed with the additional concerns of statistical features
such as zero-inflated framework [3], nonparametric specifi-
cations [4, 5], and multivariate distribution of responses [6,
7]. These models in fact attempted to accurately replicate the
distributional property for aggregated crash data. However,
these models highly depend on regression analyses, which
assume the forecasting factors are fixed and therefore the

multicollinearity among factors is difficult to be addressed.
Because factors are randomly distributed in nature and their
stochastic relationships could provide additional information
for enhancing the performance of forecasting models, it is
necessary to involve the multivariate distributional charac-
teristics of factors in addition to the conventional methods.
To this end, this study suggests a mathematical approach
based on the conception of Bayes risk minimization [8–10]
to predict the safety status of transportation facilities with
the consideration of the multicollinearity characteristics of
factors.

The general idea of the proposed approach is to minimize
the misclassification rate instead of maximizing the likeli-
hood functions of regression models. In general forecasting
models of road safety status, there are certain probabilities
associated with the results that a road segment with high
accident risks is classified as a safe road segment while a safer
road could be also identified as a road with high accident
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risks. The corresponding misclassifications are defined as
type I and type II error, respectively, in statistical theory. As
a result, the mathematical objective would be to look for a
smallest rate for a weighted combination of the two types of
errors. Such problem is indeed a statistical decision classi-
fication with a discrete action space and the action can be
viewed as the categorization of safety status, and minimizing
the risk for the decision problem will provide an optimum
partition scheme for prediction purposes. Further, if a prior
distribution of the market share of different categories of
safety status is considered, then it will form a Bayes risk
minimization problem.

The aforementioned method is a type of risk analysis
[11] and also the foundation of discriminant analysis [12]. It
has been applied in various areas in engineering. Specifically,
it can be applied in the field of face recognition [13, 14],
chemometrics [15], and even fluid mechanics [16]. Yet, such
approach has not been applied in the area for analyzing trans-
portation safety status and hence it is valuable to introducing
this mathematical framework for research in transportation
safety engineering. In addition, the introduced approach has
advantages in terms of the asymptotic relative efficiencies
comparing to logistic regression models [17] if the distribu-
tional assumptions of multicollinearity hold.

As a result, this study seeks to introduce a discriminant
analysis framework based on the approach of Bayes risk min-
imization for forecasting the safety status of transportation
facilities. Firstly, the mathematical formation of the proposed
method is presented in the following section. Secondly, based
on the model, numerical examples are illustrated according
to a simulated dataset and an empirical observed dataset.
Finally, a conclusion is provided with the summary of this
study and several directions for future research are also
provided.

2. The Method of Bayes Risk Minimization

Ageneral forecasting problem is in the case that an individual
or an outcome is classified into one of the 𝑘 possible categories
which are denoted by a vector 𝐺 = (𝑔

1
, 𝑔
2
, . . . , 𝑔

𝑘
)
𝑇, and the

set of factors are denoted by a vector x = (𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑝
)
𝑇.

The classification regions for categories 𝑔
𝑖
are denoted by

R
𝑖
, respectively. Then, it assumes that the collection of all

classification regions will form a partition of sample space
of x. Therefore, a natural classification rule can be expressed
in the following: if x ∈ R

𝑖
, then the corresponding obser-

vation belongs to population 𝑔
𝑖
and otherwise it belongs to

other categories. In the following analysis, 𝐿 (𝑖, 𝑗) denotes the
loss function for classifying an observation which belongs
to category 𝑖 into category 𝑗. The associated probability of
such classification is 𝑃 (𝑖, 𝑗) whose mathematical definition
is presented in

𝑃 (𝑖, 𝑗) = 𝑃 (X ∈ R
𝑗
| 𝐺 = 𝑔

𝑖
) = ∫

x∈R𝑗
𝑓
𝑖
(x) 𝑑x, (1)

where𝑓
𝑖
(x) is the probability density function for population

𝑖 and the integration part represents the probability that
an observation in population 𝑖 is classified into population

𝑗. For classification region, it is actually the sample space
partitioned in which each partition will correspond to cate-
gories of the subject. As aforementioned, the optimum region
R
𝑖
, 𝑖 = 1, . . . , 𝑘will form a partition of the sample space such

that the corresponding Bayes risk 𝑟 (𝜋, 𝑅) is minimized.
The definition of Bayes risks for this problem is presented

in

𝑟 (𝜋,R) =

𝑘

∑

𝑖=1

𝑘

∑

𝑗=1

[𝜋
𝑖
𝑃 (𝑖, 𝑗) 𝐿 (𝑖, 𝑗)] . (2)

In the above definition, Bayes risk actually measures the
expected losses resulting from misclassifications, and 𝜋

𝑖
is

the market sharing of each category. The idea of adopting
such prior information is to weight the expected losses
from coming observations by consideration of their overall
proportion in each category.Therefore, the partition criterion
will try to avoid errors from misclassification of populations
which have a large market share. Because minimizing the
Bayes risk is equivalent to minimizing the posterior risk
at every point of x, the optimum partition boundaries are
required to separate the sample space such that, for each
sample point, the error rate reaches the minima. According
to Bayes theorem, the posterior distribution of an observation
coming from 𝑔

𝑖
is given in

𝑃 (𝐺 = 𝑔
𝑖
| x) = 𝜋

𝑖
𝑓
𝑖
(x)

∑
𝑘

𝑟=1
[𝜋
𝑟
𝑓
𝑟
(x)]

. (3)

Accordingly the posterior risk is defined as the expected
conditional loss and it is expressed in (4). To be noted, the
posterior risk depends on specific value of 𝑗 which is the
category that observation x will be classified into according
tothe partition rules. Consider

𝑅 (x,𝑗) =
𝑘

∑

𝑖=1

[𝑃 (𝐺 = 𝑔
𝑖
| x) 𝐿 (𝑖, 𝑗)] =

𝑘

∑

𝑖=1

[

𝜋
𝑖
𝑓
𝑖
(x) 𝐿 (𝑖, 𝑗)

∑
𝑘

𝑟=1
𝜋
𝑟
𝑓
𝑟
(x)

] . (4)

Therefore, for each observation x, the decision rule is
characterized by selecting 𝑗 such that the above posterior risk
is the smallest. If 𝐿 (𝑖, 𝑗) is defined as the regular 0-1 loss in

𝐿 (𝑖, 𝑗) = {

0, if 𝑖 = 𝑗

1, if 𝑖 ̸= 𝑗,
(5)

then the posterior risk will be simplified to the form in

𝑅 (x,𝑗) = ∑

𝑖 ̸=𝑗

𝑃 (𝐺 = 𝑔
𝑖
| x) = 1 − 𝑃 (𝐺 = 𝑔

𝑗
| x) . (6)

Hence, the problem is equivalent to selecting 𝑗 such
that 𝑃(𝐺 = 𝑔

𝑗
| x) is maximized. In other words, the

best classification rule will select the population that has the
largest conditional probabilities given the observed value of
x. According to the general mathematic formulation, it is
ready to analyze the problem given the distribution of the
factor vector or given the distribution family and leave the
parameters to be estimated. In this section, cases that the
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measurement vector is distributed as multivariate normal
with homogeneous variance-covariance matrix across differ-
ent categories are assumed. As it will be illustrated shortly, the
resulting partition boundary is linear in x and such scenario
is also called linear discriminant analysis [18]. For a problem
of 𝑘 categories, it supposes that the vector X is distributed as
multivariate normal distribution 𝑁(𝜇

𝑖
,Σ) in category 𝑔

𝑖
for

all 𝑖. The probability density function of X in category 𝑔
𝑖
is

given by

𝑓 (x | 𝐺 = 𝑔
𝑖
)

=

1

√(2𝜋)
𝑘
|Σ|

exp [−1

2

(x − 𝜇
𝑖
)
𝑇

Σ
−1

(x − 𝜇
𝑖
)] .

(7)

Based on Bayes theorem, the posterior 𝑃(𝐺 | x) is given
by

𝑃 (𝐺 = 𝑔
𝑗
| x) =

𝑓 (x | 𝐺 = 𝑔
𝑗
) 𝑃 (𝐺 = 𝑔

𝑗
)

∑
𝑘

𝑖=1
𝑓 (x | 𝐺 = 𝑔

𝑖
) 𝑃 (𝐺 = 𝑔

𝑖
)

=

𝑓 (x | 𝐺 = 𝑔
𝑗
) 𝜋
𝑗

∑
𝑘

𝑖=1
𝑓 (x | 𝐺 = 𝑔

𝑖
) 𝜋
𝑖

.

(8)

For 0-1 loss function, the decision can be made by
choosing the largest 𝑃(𝐺 = 𝑔

𝑗
| x) at each x, and

the partition of sample space can be formulated through
all the pairwise classification boundaries. Specifically, the
classification boundaries between populations 𝑖 and 𝑗 can be
described by balancing their odds in

𝑃 (𝐺 = 𝑔
𝑖
| x)

𝑃 (𝐺 = 𝑔
𝑗
| x)

=

𝑓 (x | 𝐺 = 𝑔
𝑖
) 𝜋
𝑖

𝑓 (x | 𝐺 = 𝑔
𝑗
) 𝜋
𝑗

=

𝜋
𝑖

𝜋
𝑗

exp [−1

2

(x − 𝜇
𝑖
)
𝑇

Σ
−1

(x − 𝜇
𝑖
)

+

1

2

(x − 𝜇
𝑗
)

𝑇

Σ
−1

(x − 𝜇
𝑗
)]=1

=

𝜋
𝑖

𝜋
𝑗

exp [xTΣ−1 (𝜇
𝑖
− 𝜇
𝑗
)

−

1

2

(𝜇
𝑖
+ 𝜇
𝑗
)

𝑇

Σ
−1

(𝜇
𝑖
− 𝜇
𝑗
)]=1

(9)

or expressed by the log odds in (10) for convenience:

log
𝑃 (𝐺 = 𝑔

𝑖
| x)

𝑃 (𝐺 = 𝑔
𝑗
| x)

= xTΣ−1 (𝜇
𝑖
− 𝜇
𝑗
)

−

1

2

(𝜇
𝑖
+ 𝜇
𝑗
)

𝑇

Σ
−1

(𝜇
𝑖
− 𝜇
𝑗
)

+ log
𝜋
𝑖

𝜋
𝑗

= 0.

(10)

The first term on the right-hand side of (10) is called
discrimination function [19]. In order to minimize the Bayes
risk, the classification boundary between 𝑔

𝑖
and 𝑔
𝑗
is given by

xTΣ−1 (𝜇
𝑖
− 𝜇
𝑗
) −

1

2

(𝜇
𝑖
+ 𝜇
𝑗
)

𝑇

Σ
−1

(𝜇
𝑖
− 𝜇
𝑗
) + log

𝜋
𝑖

𝜋
𝑗

= 0. (11)

Since the discriminant function [20] is linear in x, the
pairwise decision boundary is a hyperplane in R𝑝. Even
though there are 𝑘(𝑘 − 1)/2 pairwise classifications corre-
sponding to the combination of 𝑖 and 𝑗, only 𝑘 − 1 pairwise
classifications are irredundant. In practice, applications can
use themaximum likelihood estimates [21] for parameters 𝜋

𝑖
,

𝜇
𝑖
, and Σ. Therefore, 𝜋

𝑖
is estimated by its group proportion

�̂�
𝑖
= 𝑛
𝑖
/𝑛 and

�̂�
𝑖
=

1
𝑛
𝑖

𝑛𝑖

∑

𝑗=1

x
𝑖𝑗

Σ̂ =
1

𝑛

𝑘

∑

𝑖=1

𝑛𝑖

∑

𝑗=1

(x
𝑖𝑗
−x
𝑖
) (x
𝑖𝑗
−x
𝑖
)

𝑇

.

(12)

Substituting these estimates, the estimated classification
boundary based on their log odds is

xTΣ̂−1 (�̂�
𝑖
− �̂�
𝑗
) −

1

2

(�̂�
𝑖
+ �̂�
𝑗
)

𝑇

Σ̂
−1

(�̂�
𝑖
− �̂�
𝑗
) + log

�̂�
𝑖

�̂�
𝑗

= 0. (13)

If two categories are considered, the above analysis
reduces to the two population problems and the decision
boundary is readily formed by a single hyperplane. For the
two population cases, the estimated discriminant function is
also proportional to the famous Fisher discriminant function
[19]. To be noted, Bayes riskminimization is in fact a different
meaning other than the accident risk, which scales the risk of
being in an incorrect estimation of parameters.

3. Numerical Examples

With the above specified mathematical formulation for the
forecasting problems under minimized Bayes risks, the anal-
ysis in this section first presents a numerical example on
simulated samples and then on an empirical observed dataset.
In order to illustrate the estimated partition of sample space, a
bivariate sample space is adopted and hence bivariate normal
distributions are assumed for two groups of populations
within different categories individually. Equation (14) gives
predefined parameters for simulation purposes, namely, the
mean vectors and variance-covariance matrix for the two
groups of populations:

𝜇
1
= (

0

0
) , 𝜇

2
= (

2

1
) , Σ=(

1 0.3

0.3 1
) . (14)

To be noted, the mean parameters for the two groups
of populations choose different values whereas this study
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Figure 1: Discriminant partitions of sample space for simulated
dataset.

uses a homogeneous variance-covariance matrix for the two
populations. Under this assumption, the partition boundary
will be a straight line [22] that separates the sample space and
also provide prediction criterion for future cases. However,
if the equal covariance assumption fails [22], the pairwise
log odds will be a quadratic function of the measurement
vector x. Therefore, the decision boundary will be quadratic
in x and the corresponding analysis is then called quadratic
discriminant analysis. This study is a preliminary step in this
field andmethods under loose assumptions of the covariance
matrix are left as a direction for future research.

With such specified parameters, the dataset is simulated
with 200 samples for each group of population. Figure 1
illustrates the scatter plot of the two datasets, in which they
are represented by different colors and the dashed line is
the estimated discriminant boundary which partitions the
sample space into two parts under theminimized Bayes risks.

Because the two populations are randomly distributed
with overlapped domain, their samples are also overlapped
with certain probabilities. It is impossible to find a partition
to perfectly separate the two populations and hence misclas-
sification always occurs due to the overlapping. Because the
illustrated examples use two populations with different mean
vectors, they will concentrate on different regions around
their mean points, which will provide effective information
to make future prediction. If the mean points are far from
each other, the classification error will be small and vice versa.
Thus, for two populations with adjacent mean points, any
partition may not be able to reduce error rate due to the
fact that they actually lack distinct features for identification.
Consequently, for empirical analyses, it is important to
choose features that can provide effective information for
distinguishing different populations.

Then the following section presents an empirical analysis
based on observed crash dataset for road segments. The data
is collected in Pikes Peak Area, Colorado, USA, for the period
from July 2006 toDecember 2010. In this data, the forecasting
subject will be the safety status of road segments, which
can be simply categorized as safe road or unsafe road to
reflect the level of accident risks. In general, the accident risk
measures the chance of being in accidents or the magnitude
of encountered harmfulness from accidents. For example,
crash count, crash rates, and equivalent property damage
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Figure 2: Discriminant partitions of sample space for observed
crash dataset.

only crashes are all risk representations. In this study, the
occurrence of at least one accident is adopted as the risk of
accidents to account for the safety status of road segments.
For such subject, past experience has identified the fact that
the variables, annual average daily traffic (AADT), and the
length of the road segment may show significant impacts
on the occurrence of accidents. Thus, this study will adopt
these factors to make predictions on the safety status of road
segments. Consider

�̂�
1
=(

3.4 × 10
3

1.0

) , �̂�
2
=(

12.0 × 10
3

1.1

) ,

Σ̂=(

9.6 −3.3

−3.3 3.8
) × 10

7
.

(15)

Equation (15) gives the estimated parameters from the
dataset and it is computed from maximized likelihood esti-
mation. Here, �̂�

1
and �̂�

2
are in fact the mean vectors for safe

group and unsafe group, respectively. For a specific mean
vector, the first element is corresponding to AADT and the
second element is corresponding to segment length. Since
the true parameters are unknown, the following analysis
will be based on the estimated parameters for both datasets
of safe road segments and unsafe road segments. As usual,
the estimated mean points are allowed to be different while
the variance-covariance matrix is still assumed to be the
same. Moreover, the mean point is estimated based on
the individual dataset of each population while, during the
estimation of the variance-covariance matrix, all samples are
used. Equation (12) provides the mathematical formulation
for estimating these parameters.

For numerical computation, the only concern about this
problem is to make sure that the variance-covariance matrix
is invertible, which is usual and easy to satisfy. Figure 2
illustrates the partition as well as all the locations of samples
of safe roads and unsafe roads. Even though the partition line
can provide a solution to classify a road segment into one
particular category of safety status, it may not be optimum
due to the fact that the assumption of bivariate normal
distributions for the entire population placed before the
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Figure 3: Improved partitions of sample space for crash dataset.

analysismay not hold. Since the analysis is based on empirical
observed data, the multivariate distribution among factors
may not be able to highly match the initial assumptions.
Thus, it is necessary to improve current partition scheme
with respect to the consideration of more realistic distribu-
tional assumptions. By observation of these sample points,
for the roads with smaller segment length, the population
distribution behaves differently with the roads which have
relatively larger segment length, since the former presents a
different shape of distribution form of sample points which
are concentrated at different mean point.

Therefore, it is necessary to consider this phenomenon
and try to find methods to overcome this issue. This analysis
accordingly proposed a strategy in which samples with
different behaviors are treated individually for partitioning
purposes. The following analysis will conduct two indepen-
dent partition analyses according to the samples with road
length greater than two miles and the rest of samples with
road length less than two miles. Figure 3 illustrates the
improved partition line in the entire sample spaces based
on the results from two individual classification problems.
The broken line actually functions as a boundary to classify
a future observation. There might also be other solutions
to deal with this issue. For example, a better method could
optimize the separation of populations with the concern of
different behaviors of distribution and this type of methods
leaves as a direction for future research.

4. Discussion and Conclusions

The mathematical approaches based on the minimization
of Bayes risk are effective to classify an unknown outcome
into one of several possible categories with respect to the
smallest misclassification rate. It is a widely used technique
which has been applied in various areas. However it is
rarely mentioned in the past studies of forecasting the safety
status of transportation facilities, which largely rely on the
regression framework. Because of the nature of regression
that the explanatory variables are given without the con-
sideration of their stochastic behaviors, the multicollinearity
among factors is less considered. The occurrence of accident

is the result of complicate processes controlled by many
influence factors including the road geometric design, traffic
flow characteristics, and characteristics of drivers. In fact,
these factors are highly correlated in nature. Therefore it
is necessary and secure to assume that multicollinearity
of factors exists in analyses. Under this circumstance, this
study seeks to introduce a discriminant analysis framework
as a tool to classify transportation facilities in categories
defined by different level of safety. Instead of maximizing the
conditional likelihood of responses, the introduced method
in fact attempts to minimize the Bayes risks for the classifi-
cation problem. Under such specification, the current study
illustrates numerical examples on a simulated dataset as well
as an empirical observed dataset. It finally shows that this
approach also constructs a flexible framework for conducting
the analysis on prediction of traffic safety status in the field
of transportation engineering. In addition, as a preliminary
research into this field, next section will suggest several
directions for future studies.

First, it is necessary to analyze different loss functions in
terms of nonuniform loss weight to different types of errors
with the consideration of the tradeoff between the additional
accident loss introduced by misclassifying an unsafe road
into a safe road and the cost for improving an originally
safe road but misclassified into the unsafe category. Second,
an inhomogeneous variance-covariance matrix may exist
among different group of populations with different status of
safety and hence future studies may take this into account.
And, with more flexible parameters and looser assumptions,
the partitionmay provide more realistic and accurate classifi-
cation boundaries.Third, it is true that the actual distribution
of factors might be reflected better by other types of mul-
tivariate formulation. Inspection on any other multivariate
distributions even nonparametric specifications is necessary
for future studies. Finally, it is interesting to compare the
prediction results to the traditional regression analysis with
simulated datasets or empirical observed datasets to further
understand the statistical characteristics for transportation
safety datasets.
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Because of the differences of imaging time, position between sensor and target position, scaling, rotation, translation, and other
transformations between the series of imageswill be generated by the imaging system.The conventional phase correlation algorithm
has been widely applied because of its advantages of high speed, precision, and weak influence of the geometric distortion when
computing these changing parameters. However, when the scaling factor and the rotation angle are too large, it is difficult to use the
conventional phase correlation method for high precision registration. To solve this problem, this paper presents a novel method,
which combines the speeded up robust features algorithm and the phase correlation method under the log polar. Through local
region extraction and reusing a two-step iterative phase correlation algorithm, this method avoids excessive computation and the
demand of characteristics of the image and effectively improves the accuracy of registration. A plurality of visible light image
simulation verifies that this is a fast, accurate, and robust algorithm, even when the image has large angle rotation and largemultiple
scaling.

1. Introduction

Image registration is a process of matching and superposing
two or more images obtained from different time, different
angles, and different sensors [1]. With the rapid development
of science and technology, image registration technique has
been widely used in medical image processing, computer
vision, remote sensing image processing, target recognition,
and so forth. At home and abroad, three aspects are mainly
concentrated in the research on image registration at present:
feature space, search strategy, and similarity measure [2–
4]. Image registration methods can be roughly divided
into two categories: first, the spatial domain registration
method relying on the gray information, for example, mutual
information based registration and feature based registration
[5]; second, the frequency domain registration method, for
example, cross correlation registration and phase correlation
registration based on Fourier transform [6–8]. The conven-
tional spatial domain registrationmethod has a large amount
of calculation and slow execution speed. It is difficult to
effectively suppress the image geometric distortion. For the
image without distinguishing characteristic, feature based

registration method also cannot reach the expected purpose.
When the scaling factor and the rotation angle are too
large, the conventional phase correlation method cannot get
satisfying result of registration either. Literature [9] proposed
an algorithm based on mutual information and Fourier-
Mellin, which can achieve the image registration with large
scaling factor and the rotation angle at the same time. But it
is difficult to meet the real-time registration because it is time
consuming. Literature [10] proposed an algorithmwhich is of
great randomness and is very difficult to guarantee to obtain
suitable regionwhen intercepting the reference image and the
image to be registered.This paper proposes a novel frequency
domain iterative image registration algorithm based on local
region extraction. First, one pair of angular points which
are close to the central region between the reference image
and the image to be registered are detected, and the local
area is intercepted at the same time by the SURF algorithm.
Second, the large scaling factor of intercepted image and
the rotation angle can be roughly estimated by the Fourier-
Mellin algorithm. Then, those parameters can be compen-
sated according to the estimated results, precisely estimated
by Fourier-Mellin algorithm once again. Finally, the precise
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registration parameters are obtained. The simulation results
of multiple images indicate that this method has obvious
advantages of speed and accuracy of image registration and
shows good universality and robustness compared with the
conventional phase correlation algorithm and the method of
literature [9].

2. Phase Correlation Registration Algorithm

2.1. Phase Correlation Method for the Translation Parameters.
Phase correlation method is proposed by Kuglin and Hines.
First, the images are transformed from the time domain to
the frequency domain through the fast Fourier transform.
Then the translation vectors between the two images are
directly calculated through their cross power spectrum,
thus determining the relations of the image location [11,
12]. Phase correlation algorithm has now been extended
to image registration applications in which the two images
differ from each other in rotation and scale [13]. Rotation
and scaling transformation on the Cartesian coordinates
can be converted to translation transform on the log-polar
coordinates, so the image rotation and scaling parameters
can be extracted according to phase correlation algorithm.
This paper discusses the case under the condition of relatively
large scaling factor and the rotation angle. Principle of phase
correlation technique: given two images 𝐼

1
and 𝐼

2
, which

differ only by a displacement (𝑑𝑥, 𝑑𝑦), the relationship of the
two is expressed as follows:

𝐼
2
(𝑥, 𝑦) = 𝐼

1
(𝑥 − 𝑑𝑥, 𝑦 − 𝑑𝑦) . (1)

Assuming the digital image is an𝑀×𝑁 dimensional matrix,
where 𝐹

1
and 𝐹

2
are, respectively, the Fourier transform for

the two images, so they are expressed as follows:
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can be related by
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Through the formula above, two images which have the
same Fourier magnitude but a phase difference which can be
directly calculated by their cross power spectrum. The phase
of the cross power spectrum is as follows:

𝑒
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where the asterisk ∗ is the complex conjugate of 𝐹
1
and 𝐹

2
.

The inverse Fourier transform of the phase difference is a
delta function centered at the displacement. By searching the
peak of the inverse Fourier transform, the maximum value of
the function can be obtained, which in this case is the point
of the registration.

2.2. Phase Correlation Algorithm on the Log-Polar Coordi-
nates. Log-polar coordinate transformation expressed the
changes of image description. The Cartesian coordinates
system is shown in Figure 1 which represents the scene
plane coordinates. Log-polar coordinates are the converted
coordinates, as shown in Figure 2.

If the image in the 𝑥, 𝑦 directions is, respectively, multi-
plied by a scaling parameter, (𝑥, 𝑦) in the Cartesian coordi-
nates will become (𝑎𝑥, 𝑎𝑦); then log transformation can be
used to simplify the process:

(ln (𝑎𝑥) , ln (𝑎𝑦)) = ((ln 𝑎 + ln𝑥) , (ln 𝑎 + ln𝑦)) . (5)

The scale transformation of the Cartesian coordinates system
is corresponding to the translation transform of log-polar
coordinates system [14, 15]. Similarly, the angle transform
in Cartesian coordinates system is also corresponding to
their counterparts in log-polar coordinates system,which can
simplify the registration process by transforming images into
log-polar coordinates system when angle exists. If the image
𝐼
2
is a scaled, rotated, and translated version of 𝐼

1
, then 𝐼

2
can

be expressed as follows:

𝐼
2
(𝑥, 𝑦)
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1
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0
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0
+ 𝑑𝑥, −𝑥𝑎 sin 𝜃

0
+ 𝑦𝑎 cos 𝜃

0
+ 𝑑𝑦) ,

(6)

where 𝜃
0
represents a rotation angle, (𝑑𝑥, 𝑑𝑦) represents the

amount of shift between the images, and 𝛼 represents a
scaling parameter between images. First we apply the Fourier
transform on both of the images and get the following
formula:
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Then the log-polar transform can be applied to themagnitude
spectrum of the Fourier transform. The rotation and scale
parameter are obtained by using the phase correlation on the
log-polar image:
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0
) ,

where 𝑀 = |𝐹| .
(8)

If 𝛼 is not equal to 1, the registration of two images contains
scaling transformation. By converting the magnitude spectra
to the log-polar domain, as in (9), the scaling parameters can
be easily extracted from (4):

𝑀
2
(𝛾, 𝜃) = 𝑀

1
(𝑎𝛾, 𝜃 − 𝜃

0
) . (9)
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Figure 1: Cartesian coordinate.
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Figure 2: Log-polar coordinate.

The coordinate 𝛾 can be transformed to the logarithmic coor-
dinates:

𝑀
2
(lg 𝛾, 𝜃) = 𝑀

1
(lg 𝑎 + lg 𝛾, 𝜃 − 𝜃

0
) . (10)

Assuming 𝜔 = lg 𝛾, 𝜂 = lg𝛼, the formula can be rewritten as
follows:

𝑀
2
(𝜔, 𝜃) = 𝑀

1
(𝜔 + 𝜂, 𝜃 − 𝜃

0
) . (11)

Then the phase correlation method can be used to compute
the scaling parameter:

𝑎 = 𝑒
𝜂
. (12)

3. Phase Correlation Algorithm Based on
SURF Feature Points

When the scaling ratio and rotation angle of the image to
be registered are too large compared to the original image,
it is difficult for the conventional phase correlation method
to compute the registration parameters accurately. If the local
areawith the same information in two images is extracted and
the registration parameters are obtained using Fourier-Mellin
algorithm, precision will be significantly improved. SURF is

amethodwhich has the advantages of high speed, stable scale
invariant, and invariant rotation features and which is a fast
and robust method of selecting feature points [16, 17]. In this
paper, the local area with the same information in two images
is extracted by using the SURF feature algorithm. Then by
the Fourier-Mellin algorithm with two-step iterative from
coarse to fine, the registration parameters can be obtained
accurately. The specific steps are as follows.

(1) Construct the scale space of the reference image and
the image to be registered and extract the feature
points with scale invariant feature in the scale space
using the Hessian matrix 𝑡.

(2) Confirm the main direction of the characteristic
points and rotate the coordinate axis according to the
main direction.

(3) Generate the 64-feature vector by describing the
feature of feature points after synthesizing the spatial
distribution information and determine the corre-
sponding points of the reference image and the image
to be registered.

(4) Take one pair of the same point near the image center
point and intercept a small area of the same size which
is about half of an image.

(5) Compute the intercepted image scaling factor and
rotation angle roughly using the log-polar coordinate.

(6) Preliminary compensate the interception of images to
be registered for rotation and scaling and compute
the fine scaling factor and the rotation angle by the
Fourier-Mellin algorithm again.

(7) Fuse the scaling factor and the rotation angle obtained
from two-step iterative and compute and extract
the center area of the two images according to the
difference of images between the size, scaling factor,
and rotation angle.

(8) Compute the translation parameters of the two
images using the extracted image of the center region.

(9) Compensate the image to be registered by scaling,
rotating, and translating and output the registration
image.

4. Experimental Results and Analysis

As shown in Figure 3, two pieces of 512 ∗ 512 images
are selected to validate the image registration algorithm
proposed in this paper. The reference image is shown in
Figure 3(a). After scaling 1.53 times, rotating 40.67 degrees
and translating (20, 30) pixels, the image to be registered
is obtained (Figure 3(b)). Figure 3(c) is the same point
detected between the reference image and the image to be
registered using the SURF algorithm. Figures 3(d) and 3(e)
are the local areas intercepted from Figures 3(a) and 3(b)
according to Figure 3(c). Figures 3(f) and 3(g) are the images
transformed from Figures 3(d) and 3(e) according to the
log polar. Figure 3(h), which has a clear peak, is the three-
dimensional display obtained by the cross power spectrum
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Figure 3: Using the proposed algorithm to calculate the translation, rotation, and scaling parameters.

after inversing Fourier transform. Figure 3(i) is the registered
image.

As can be seen from Table 1, the estimation error of the
translation parameters is within 1 pixel through the proposed
algorithm. The estimation error of rotation angle is less
than 0.5 degree, and the error estimates of scaling factor
are less than 0.005. Compared with the conventional phase
correlation algorithm, this algorithm improves the accuracy
of registration without loss of speed.

It can be seen from Table 2, the two-step iterative algo-
rithm proposed in this paper consumes some computation

time, but the accuracy of registration will be more satisfac-
tory.

Literature [9] presents an image registration method
based on mutual information and Fourier-Mellin, which
integrate the accuracy of calculating linear parameters in
Fourier-Mellin-basedmethod and the accuracy of calculating
rotation and scale parameters in mutual information based
method. Using this method can obtain precise registration
parameters but takes a long time. Figure 4 verifies the
algorithm proposed in this paper compared with literature
[9]. The reference image is shown in Figure 4(a). After
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Figure 4: Remote sensing image registration results.

Table 1: Comparison of this algorithm and the traditional phase
correlation algorithm.

The known
parameters

Calculated
parameters
by this

algorithm

Calculated
parameters
by phase
correlation
algorithm

The zoom 1.53 1.5314 1.4978
Rotation angle 40.67 40.67 40.4082
Translation vector (20, 30) (19, 30) (25, 35)
Registration time 2.290529 s 3.0086 s

scaling 0.4 times, rotating 10 degrees, and translating (10,
18) pixels, the image to be registered is obtained shown in
Figure 4(b). Figure 4(c) is the same point which is using
the SURF algorithm. Figure 4(d) is the registered image. The
registration results are shown in Table 3.

As can be seen from Table 3, the algorithm based on
Fourier-Mellin and mutual information is at slow speed and

Table 2:Theperformance comparison results of before iteration and
after iteration.

The known
parameters

Before
iteration

After
iteration

The zoom 1.53 1.5693 1.5314
Rotation angle 40.67 40.78 40.67
Translation vector (20, 30) (19, 29) (19, 30)
Registration time 2.06864 s 2.290529 s

needs a large amount of calculation. It is difficult to find the
perfect balance between registration accuracy and calculation
speed, while the algorithm proposed in this paper can greatly
improve the registration rate without loss of accuracy.

In order to verify the universality of this algorithm,
these images are registered with different brightness and
clarity, respectively. The registration in images with different
clarity is shown in Figure 5. The reference image is a fuzzy
image shown in Figure 5(a). After scaling 1.2 times, rotating
15 degrees, and translating (5, 15) pixels, the image to be
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Figure 5: The images with different clarity to be registered.

Table 3: Comparison of this algorithm and the mutual information
algorithm.

The known
parameters

Calculated
parameters
by this

algorithm

Calculated
parameters
by mutual
information
algorithm

The zoom 0.4 0.4020 0.4005
Rotation angle 10 10.000 9.9908
Translation vector (10, 18) (10, 18) (10, 18)
Registration time 1.78 s 90.7843 s

registered is obtained which is shown in Figure 5(b). Fig-
ure 5(c) is the same point which is using the SURF algorithm.
Figure 5(d) is the registered image.The registration results are
shown in Table 4.The experimental results fully demonstrate
the superiority of this method.

Then we register the images with different brightness.
Figure 6(a) is the reference image with dark brightness. After

Table 4: Comparison of this algorithm and the known parameters.

The known
parameters

Calculated
parameters

The zoom 1.2 1.2015
Rotation angle 15 14.7656
Translation vector (5, 15) (5, 16)
Registration time 2.98 s

scaling 1.2 times, rotating 15 degrees, and translating (5, 15)
pixels, the image to be registered is obtained which is shown
in Figure 6(b). Figure 6(c) is the same point which is using
the SURF algorithm. Figure 6(d) is the registered image. The
registration results are shown in Table 5.

5. Conclusion

Phase correlation method is a subpixel image registration
technique which is widely used. The large scaling factor and
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Figure 6: The images with different brightness to be registered.

Table 5: Comparison of this algorithm and the known parameters.

The known
parameters

Calculated
parameters

The zoom 1.2 1.2045
Rotation angle 10 10
Translation vector (10, 10) (9, 10)
Registration time 3.47 s

rotation angle influence the precision of translation param-
eters using the traditional phase correlation method. The
two-step iterative method proposed in this paper, combining
the SURF feature points extraction and phase correlation
method, avoids the huge computation using the fast algo-
rithm based on frequency domain. This paper, respectively,
validates different types of visible light images with Matlab
simulation. The results show that this algorithm ensures the
registration precision, reduces the registration time, makes
up for the defects of the traditional phase correlationmethod,

and meets the requirement of high precision and fast image
registration system.
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This paper aims to estimate the impacts of pedestrians on capacity and average control delay for the major street through traffic at
two-way stop-controlled (TWSC) intersections. A procedure was proposed to estimate the expected delay for major street through
vehicles based on the pedestrian arrival time and motorist yielding behavior. Field data were collected to calibrate the crucial
parameters in the established models. The proposed models were then validated against field measured data. It was found that the
calibrated models provided reasonable delay estimates. Based on the established models, sensitivity analyses were conducted to
identify the effects of pedestrian arrival rate and motorist yield rate on the capacity of the major street through lanes at TWSC
intersections. The results suggested that the capacity of the through movement would decrease with an increase in the pedestrian
arrival rate. It was also found that, with the same pedestrian arrival rate, the capacity would decrease as the motorist yield rate
became higher, and the magnitude of the capacity reduction would increase with an increase in the pedestrian arrival rate.

1. Background

The current edition of the Highway Capacity Manual (HCM)
proposes a procedure for estimating the capacity and delay
for various traffic movements at two-way stop-controlled
(TWSC) intersections.TheHCMcapacity estimationmethod
assumes that a traffic movement with a lower priority yields
to the right-of-way of higher order movements. Accordingly,
each traffic movement at a TWSC intersection is assigned a
specific ranking in a priority hierarchy. The through traffic
on the major street is considered the rank 1 movement which
has the absolute priority. That is, all other movements with
lower ranks have to yield to the major street through traffic.
Given this assumption, the capacity of a through traffic lane
on the major street at a TWSC intersection is estimated as
the saturation flow rate, and the delay to through vehicles is
usually considered zero [1].

The major street through traffic is in conflict with the
pedestrian movements crossing the major street at TWSC
intersections. In the HCM, the pedestrian movement cross-
ing the major street is defined as a rank 2 movement. Thus,
the HCM method assumes that the pedestrians’ crossing
movement has to yield to the major street through traffic.
This assumption is not so reasonable considering the fact that
in many countries motorists are legally required to yield to
pedestrians under most circumstances [1]. In practice, many
motorists at TWSC intersections select to yield to the right-
of-way of pedestrians, and the yield rate is influenced by a
range of factors. A series of studies have investigated how
motorists respond to pedestrians at TWSC intersections [1–
3]. The actual motorist yield rate ranges from 17% to 91%.
As a result, the presence of minor street pedestrian crossing
movementsmay have impedance effects on the capacity of the
major street through traffic.
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Theoretically, the impedance effects of pedestrian move-
ments on the capacity of major street through traffic are
influenced by a number of factors, including vehicular and
pedestrian flow rates, the length of a crosswalk, the critical
headways for pedestrians crossingmajor streets, andmotorist
yield rates. Many studies have been conducted to estimate
capacity and delay at stop-controlled intersections. The most
commonly used methods include the probabilistic approach
which is based on gap acceptance and major road headway
distribution, as well as the deterministic approach which is
based on empirical data [4–7]. Specifically, several studies
have estimated the capacity of vehicular movements that are
influenced by pedestrians [8–13]. HCM presented a method
to calculate the average pedestrian occupancy at the conflict
zone at signalized intersections when the pedestrian flow rate
during the pedestrian service time was 1,000 p/h or less. The
average pedestrian occupancy was then used to determine
the capacity adjustment factor for the vehicular movement
[1]. Viney and Pretty presented a method to estimate the
saturation flow of a stream of turning vehicles at a signalized
intersection when the stream was required to give way to a
two-way stream of pedestrians. The green period for vehicles
was divided into five intervals; in the first and third intervals,
pedestrian platoons blocked the vehicles so there was no
flow, in the second and fourth intervals, vehicles accepted
gaps in the pedestrian stream, and in the final period the
pedestrian flow had ceased so vehicles were unopposed. The
capacity in a cycle could therefore be calculated and, when
divided by the green time, the saturation flow was obtained
[11]. A similar study was conducted by Chen et al. The
capacity of right-turning movements influenced by pedestri-
ans at signalized intersections was estimated based on the
conflict-zone-occupancy approach. The results showed that
pedestrians had a strong impact on the right-turn capacities
at low pedestrian volumes and that the effects of additional
pedestrians decrease as the pedestrian volumes increase [12].

Although these studies provide some insights into the
capacity and delay estimation for the vehicular movements,
they are mostly based on the assumption that motorists
have absolute priority, indicating that all the pedestrians
would give way to motorists or that the pedestrians have
absolute priority, indicating that all the motorists would yield
to pedestrians. However, the actual yielding behaviors vary
under different circumstances [14–16], and the effect was not
considered in the established models.

A more recent study conducted by Wei et al. developed
an analytical model to estimate the expected vehicular delay
as a function of the traffic volume, pedestrian volume,
and the vehicle yielding rate for the through movement at
TWSC intersections. However, the paper only considered
the condition that pedestrians came from one side of the
street. Actually, pedestrians would arrive on both sides of the
street. Besides, all the parameters in the model were based on
assumed or default values from HCM, and the results from
the model were not tested using field measured data [17].

The primary objective of the present study was to evaluate
the impacts of pedestrians on the capacity and delay of
major street through traffic at TWSC intersections. More
specifically, the study presented in this paper focuses on

the following tasks: (1) to develop a capacity and average
control delay model for major street through vehicles which
take into consideration the impedance effects of pedestrians;
(2) to calibrate the crucial parameters in the capacity and
delay models using field data; (3) to validate the established
models using field data; and (4) to estimate the impacts of
crucial parameters on the capacity of themajor street through
movement through a sensitivity analysis.

2. Methodology

2.1. Basic Assumptions. Assuming that vehicles on the major
street arrive randomly, the vehicle arriving pattern follows
the Poisson distribution, and the vehicle headways follow
the negative exponential distribution [18]. The cumulative
distribution function for vehicle headways can be expressed
as

𝐻(𝑡) = 1 − 𝑒
−𝜇𝑖𝑡

, (1)

where 𝜇
𝑖
represents the vehicle arrival rate for the 𝑖th lane.

The probability density function can be expressed as

ℎ (𝑡) = 𝜇
𝑖
𝑒
−𝜇𝑖𝑡

. (2)

Let 𝜇 represent the vehicle arrival rate for all through lanes. It
can be estimated as

𝜇 = 𝜇
1
+ 𝜇
2
+ ⋅ ⋅ ⋅ + 𝜇

𝑛
, (3)

where 𝑛 represents the number of through lanes. Assuming
that the minor stream drivers consider all major stream
vehicles to be identical, the 𝑛 traffic streams can be combined
into one traffic stream [19]. The corresponding probability
density function can be expressed as

ℎ (𝑡) = 𝜇𝑒
−𝜇𝑡
. (4)

For the pedestrian flow, it is also assumed that pedestrians
arrive randomly on both sides of the street. For each side, the
pedestrian arrival pattern follows the Poisson distribution.
Thus, the probability density function for pedestrian arrival
interval can be expressed as

𝑓 (𝑡) = 𝜆𝑒
−𝜆𝑡
, (5)

where 𝜆 represents the pedestrian arrival rate.

2.2. Capacity ofMajor StreetThroughTraffic. When the impe-
dance effects of pedestrians are not considered, the capacity of
a through lane equals the saturation flow rate. Let ℎ

𝑠
represent

the saturation headway for the through movement (sec).
When pedestrians are present at the side of the street, some
motorists may stop or decelerate to give way to pedestrians.
Let𝐶 represent the capacity of the exclusive through lanewith
the impedance effects of pedestrians (pcu/hr/ln) and let 𝐸

𝑐

represent the average control delay experienced by motorists
from through lanes on the major street when the vehicle
volume reaches capacity (sec). The total lost time during
each hour for motorists due to yielding to pedestrians can
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be calculated as 𝐶 ⋅ 𝐸
𝑐
. Thus, the following equation can be

obtained:

𝐶 ⋅ 𝐸
𝑐

ℎ
𝑠

+ 𝐶 =

3600

ℎ
𝑠

. (6)

By solving this function, it can be obtained that

𝐶 =

3600

ℎ
𝑠
+ 𝐸
𝑐

. (7)

2.3. Average Control Delay for Major Street Through Traffic.
To estimate the average control delay experienced by motor-
ists at the major street through lanes, the yielding situations
are discomposed into two scenarios according to vehi-
cle headway and pedestrian critical headway. The detailed
description for each scenario is illustrated as follows.

Scenario 1: Expected Vehicle Delay with a Headway Larger
Than Pedestrian Critical Headway. The first scenario deals
with the situation that vehicle headway is larger than pedes-
trian critical headway. As shown in Figure 1, the shaded line
represents the location of the crosswalk. The arrows below
the line represent the arrival and departure of pedestrians
coming from the left side of the street and the arrows above
the line represent the arrival and departure of pedestrians
coming from the right side of the street. It can be noted that
the first vehicle (Veh 1) arrives at the crosswalk at time 𝑡

1
and

passes freely with no delay. If no pedestrian arrives during
the following headway, the following vehicle (Veh 2) would
pass the crosswalk at time 𝑡

2
. However, due to the arrival of

pedestrians during the headway, Veh 2may decelerate or stop
to yield to pedestrians. For this scenario, it is assumed that
Veh 2 starts tomake a yielding decision from the time of 𝑡

2
−𝛿.

The reason to this assumption can be explained as follows. If
the pedestrian arrives during the time interval [𝑡

1
, 𝑡
2
−𝛿], the

pedestrian will have adequate time to cross the street before
the arrival of Veh 2, without having to depend on yielding
motorists. In this case, Veh 2 does not need tomake a yielding
decision and thus incurs no delay. If the pedestrian arrives
during the time interval [𝑡

2
− 𝛿, 𝑡
2
], the pedestrian has to

wait for the yielding behavior of Veh 2 or wait for the next
headway. Veh 2 will experience delay if it decides to yield
to the pedestrian. It is also assumed that only one yielding
decision is made for each vehicle.

As mentioned before, pedestrians may arrive on both
sides of the street. Let 𝑡

𝑎
and 𝑡
𝑏
represent the time interval

from 𝑡
2
−𝛿 to the arrival of pedestrians from the left and right

sides of the street, respectively.With the assumptions that the
pedestrian arrival pattern follows the Poisson distribution,
the probability that a pedestrian arrives at the time 𝑡

2
− 𝛿 + 𝑡

𝑎

equals the probability of having an arrival interval of 𝑡
𝑎
. It can

be obtained that

𝑓 (𝑡
𝑎
) = 𝜆
1
𝑒
−𝜆1𝑡𝑎

. (8)

Similarly,

𝑓 (𝑡
𝑏
) = 𝜆
2
𝑒
−𝜆2𝑡𝑏

, (9)

where 𝜆
1
and 𝜆

2
represent the pedestrian arrival rate on the

left and right sides of the street, respectively.
Figures 1(a) to 1(c) illustrate the situation that a pedestrian

coming from the left side of the street arrives during the time
interval [𝑡

2
− 𝛿, 𝑡
2
]. In Figure 1(a), no pedestrian arrives at

the right side of the street during the time interval [𝑡
1
, 𝑡
2
].

In Figure 1(b), a pedestrian arrives at the right side of the
crosswalk during the time interval [𝑡

1
, 𝑡
2
− 𝛿]. In Figure 1(c),

a pedestrian arrives at the right side of the crosswalk during
the time interval [𝑡

2
− 𝛿, 𝑡
2
− 𝛿 + 𝑡

𝑎
]. For the three cases, the

probability for Veh 2 to experience delay can be estimated as

𝑃
11
= ∫

𝛿

0

𝑓 (𝑡
𝑎
) [𝑒
−𝜆2𝛿

+ ∫

𝑡𝑎

0

𝑓 (𝑡
𝑏
) 𝑑𝑡
𝑏
] 𝑑𝑡
𝑎
⋅ 𝑀 ⋅ ∫

∞

𝛿

ℎ (𝑡) 𝑑𝑡,

(10)

where 𝑀 represents the motorist yield rate, which can be
expressed as a constant for a specific site [1]. Accordingly, the
expected delay experienced by Veh 2 in the three cases can be
estimated as

𝐸
11
= ∫

𝛿

0

(𝑡
𝑎
+ 𝜌) ⋅ 𝑓 (𝑡

𝑎
)

× [𝑒
−𝜆2𝛿

+ ∫

𝑡𝑎

0

𝑓 (𝑡
𝑏
) 𝑑𝑡
𝑏
] 𝑑𝑡
𝑎
⋅ 𝑀 ⋅ ∫

∞

𝛿

ℎ (𝑡) 𝑑𝑡,

(11)

where 𝜌 represents the lost time of Veh 2, which can be esti-
mated as the time interval from the time for departure of the
pedestrian to the time at which Veh 2 passes the crosswalk.

Similarly, Figures 1(d) to 1(f) illustrate the situation that
a pedestrian coming from the right side of the street arrives
during the time interval [𝑡

2
− 𝛿, 𝑡

2
]. In Figure 1(d), no

pedestrian arrives at the left side of the crosswalk during the
time interval [𝑡

1
, 𝑡
2
]. In Figure 1(e), a pedestrian arrives at the

left side of the crosswalk during the time interval [𝑡
1
, 𝑡
2
−𝛿]. In

Figure 1(f), a pedestrian arrives at the right side of the street
during the time interval [𝑡

2
−𝛿, 𝑡
2
−𝛿+𝑡

𝑏
]. For the three cases,

the probability for Veh 2 to experience delay can be estimated
as

𝑃
12
= ∫

𝛿

0

𝑓 (𝑡
𝑏
) [𝑒
−𝜆1𝛿

+ ∫

𝑡𝑏

0

𝑓 (𝑡
𝑎
) 𝑑𝑡
𝑎
] 𝑑𝑡
𝑏
⋅ 𝑀 ⋅ ∫

∞

𝛿

ℎ (𝑡) 𝑑𝑡.

(12)

Accordingly, the expected delay experienced by Veh 2 in the
three cases can be estimated as

𝐸
12
= ∫

𝛿

0

(𝑡
𝑏
+ 𝜌) ⋅ 𝑓 (𝑡

𝑏
)

× [𝑒
−𝜆1𝛿

+ ∫

𝑡𝑏

0

𝑓 (𝑡
𝑎
) 𝑑𝑡
𝑎
] 𝑑𝑡
𝑏
⋅ 𝑀 ⋅ ∫

∞

𝛿

ℎ (𝑡) 𝑑𝑡.

(13)

Scenario 2: Expected Vehicle Delay with a Headway Smaller
ThanCriticalHeadway.The second scenario illustrates the sit-
uation that vehicle headway is smaller than critical headway
and this scenario is further discomposed into 6 cases based
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Figure 1: Vehicle delay for Scenario 1.

on the time of arrival for pedestrians from each side of the
street, as shown in Figure 2.

The dashed arrows in the figure represent that there
may be pedestrians arriving on the side of the street. Veh
1 passes the crosswalk with no delay at time 𝑡

1
and there

may be pedestrians waiting on the side of the street. Veh
2 starts to make a yielding decision after the departure of
Veh 1. In Figure 2(a), there are pedestrians waiting at the left
side of the street at the time 𝑡

1
, regardless of whether there

are pedestrians waiting on the right side of the street. In
Figure 2(b), there are pedestrians waiting on the right side
of the street and no pedestrians waiting on the left side of
the street at the time 𝑡

1
. For both cases, no pedestrian arrives

at either side of the street during the time interval [𝑡
1
, 𝑡
2
].

In this situation, Veh 1 fails to yield to the pedestrian and
the pedestrian has to wait for the yielding event from the
following vehicle (Veh 2) as the critical headway is smaller
than vehicle headway. As Veh 2 yields to the pedestrian, the
pedestrian can cross the street and Veh 2 will incur delay due
to the yielding behavior. Thus, for case (a) and case (b), the
probability for Veh 2 to experience delay can be calculated as

𝑃
21
= [𝐿 + 𝐿 (1 − 𝐿)]𝑀∫

𝛿

0

𝑒
−𝜆1𝑡

𝑒
−𝜆2𝑡

ℎ (𝑡) 𝑑𝑡

= (2𝐿 − 𝐿
2
)𝑀∫

𝛿

0

𝑒
−𝜆𝑡
ℎ (𝑡) 𝑑𝑡,

(14)
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Figure 2: Vehicle delay for Scenario 2.

where 𝜆 = 𝜆
1
+ 𝜆
2
; 𝐿 represents the probability that there are

pedestrians waiting to cross the street when a vehicle starts
to make a yielding decision on condition that the vehicle
headway is smaller than critical headway.The expected delay
for Veh 2 for case (a) and case (b) can be estimated as

𝐸
21
= (2𝐿 − 𝐿

2
)𝑀∫

𝛿

0

(𝛿 − 𝑡 + 𝜌) 𝑒
−𝜆𝑡
ℎ (𝑡) 𝑑𝑡. (15)

Figures 2(c) and 2(d) illustrate the situation that a pedestrian
arrives at the left side of the crosswalk during the time
interval [𝑡

1
, 𝑡
2
]. Let 𝑡

𝑐
and 𝑡
𝑑
represent the time interval from

the departure of Veh 1 (𝑡
1
) to the arrival of pedestrians from

the left and the right sides of the street, respectively. In
Figure 2(c), no pedestrian from the right arrives during the
time interval [𝑡

1
, 𝑡
2
], while in Figure 2(d), a pedestrian from

the right arrives during the time interval [𝑡
1
, 𝑡
1
+ 𝑡
𝑐
]. The

probability for the two cases can be calculated as

𝑃
22
= 𝑀∫

𝛿

0

ℎ (𝑡) ∫

𝑡

0

𝑓 (𝑡
𝑐
) [𝑒
−𝜆2𝑡

+ ∫

𝑡𝑐

0

𝑓 (𝑡
𝑑
) 𝑑𝑡
𝑑
] 𝑑𝑡
𝑐
𝑑𝑡.

(16)
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The expected delay for Veh 2 can be calculated as

𝐸
22
= 𝑀∫

𝛿

0

ℎ (𝑡) ∫

𝑡

0

𝑓 (𝑡
𝑐
) (𝛿 + 𝑡

𝑐
− 𝑡 + 𝜌)

× [𝑒
−𝜆2𝑡

+ ∫

𝑡𝑐

0

𝑓 (𝑡
𝑑
) 𝑑𝑡
𝑑
] 𝑑𝑡
𝑐
𝑑𝑡.

(17)

Similarly, Figures 2(e) and 2(f) illustrate the situation that a
pedestrian arrives at the right side of the crosswalk during the
time interval [𝑡

1
, 𝑡
2
]. In Figure 2(e), no pedestrian from the

right arrives during the time interval [𝑡
1
, 𝑡
2
]. In Figure 2(f),

a pedestrian from the left arrives during the time interval
[𝑡
1
, 𝑡
1
+𝑡
𝑑
].The probability for the two cases can be calculated

as

𝑃
23
= 𝑀∫

𝛿

0

ℎ (𝑡) ∫

𝑡

0

𝑓 (𝑡
𝑑
) [𝑒
−𝜆1𝑡

+ ∫

𝑡𝑑

0

𝑓 (𝑡
𝑐
) 𝑑𝑡
𝑐
] 𝑑𝑡
𝑑
𝑑𝑡.

(18)

The expected delay for Veh 2 can be calculated as

𝐸
23
= 𝑀∫

𝛿

0

ℎ (𝑡) ∫

𝑡

0

𝑓 (𝑡
𝑑
) (𝛿 + 𝑡

𝑑
− 𝑡 + 𝜌)

× [𝑒
−𝜆1𝑡

+ ∫

𝑡𝑑

0

𝑓 (𝑡
𝑐
) 𝑑𝑡
𝑐
] 𝑑𝑡
𝑑
𝑑𝑡.

(19)

The next step is to estimate the unknown parameter 𝐿 in
the established models. The method used here follows that
in the previous research [17]. A one-step forward interaction
is carried out to calculate the probability that there are
pedestrianswaiting on one side of the roadwhenVeh 1 arrives
at the crosswalk.

If the headway of Veh 1 is larger than the critical headway,
the probability that there are pedestrians waiting when Veh 1
arrives at the crosswalk can be calculated as

𝐿
1
= 𝑄
2
+ (1 −𝑀) 𝑞

1
, (20)

where 𝑄
2
represents the probability that there are more than

two pedestrians arriving within the critical headway on con-
dition that vehicle headway is larger than the critical headway.
With the assumption that the vehicle only yields once, this
would leave pedestrians waiting on the side of the crosswalk;
𝑞
1
represents the probability that there is one pedestrian

arriving within the critical headway on condition that vehicle
headway is larger than the critical headway.

If the headway of Veh 1 is smaller than the critical head-
way, the probability of having pedestrian waiting can be esti-
mated as

𝐿
2
= 𝐿 [𝑀Φ

1
+ (1 −𝑀)𝐻 (𝛿)]

+ (1 − 𝐿) [(1 −𝑀)𝜑
1
+ (Φ
1
− 𝜑
1
)] ,

(21)

where Φ
1
represents the probability that there is at least

one pedestrian arriving within the headway on condition
that vehicle headway is smaller than the critical headway; 𝜑

1

represents the probability that there is one pedestrian arriving
within the headway on condition that vehicle headway is

smaller than the critical headway.The first term indicates the
situation that there are pedestrians waiting when Veh 1 starts
to make a yielding decision. The second term indicates the
situation that there is no pedestrian waiting when Veh 1 starts
to make a yielding decision, but at least one pedestrian is left
from the departure of the leading vehicle to the arrival of Veh
1, as

𝐿 = 𝐿
1
+ 𝐿
2
. (22)

By solving this function, it can be obtained that

𝐿 =

(1 −𝑀) (𝑞
1
+ 𝜑
1
) + Φ
2
+ 𝑄
2

1 −𝑀𝜑
1
− (1 −𝑀)𝜑

0

, (23)

where Φ
2
represents the probability that there are more than

two pedestrians arriving within the headway on condition
that vehicle headway is smaller than the critical headway; 𝜑

0

represents the probability that no pedestrian arrives within
the headway on condition that vehicle headway is smaller
than the critical headway.

With the Poisson arrival of the pedestrian flow, it can be
obtained that

𝑞
0
= [1 − 𝐻 (𝛿)] 𝑒

−𝜆𝛿
= 𝑒
−𝛽𝛿

𝑞
1
= [1 − 𝐻 (𝛿)] 𝜆𝛿𝑒

−𝜆𝛿
= 𝜆𝛿𝑒

−𝛽𝛿

𝜑
0
= ∫

𝛿

0

ℎ (𝑡) 𝑒
−𝜆𝑡
𝑑𝑡 =

𝜇

𝛽

(1 − 𝑒
−𝛽𝛿

)

𝜑
1
= ∫

𝛿

0

ℎ (𝑡) 𝜆𝑡𝑒
−𝜆𝑡
𝑑𝑡 =

𝜆𝜇

𝛽
2
[1 − 𝑒

−𝛽𝛿
(𝛽𝛿 + 1)] ,

(24)

where
𝛽 = 𝜆 + 𝜇. (25)

Therefore, 𝑄
2
and Φ

2
can be calculated as

𝑄
2
= 1 − 𝐻 (𝛿) − 𝑞

0
− 𝑞
1
= 𝑒
−𝜇𝛿

− 𝑞
0
− 𝑞
1
,

Φ
2
= 𝐻 (𝛿) − 𝜑

0
− 𝜑
1
= 1 − 𝑒

−𝜇𝛿
− 𝜑
0
− 𝜑
1
.

(26)

Based on the above calculation, the probability that a vehicle
is experiencing delay can be estimated as

𝑃 = 𝑃
11
+ 𝑃
12
+ 𝑃
21
+ 𝑃
22
+ 𝑃
23
. (27)

The expected vehicle delay can be estimated as
𝐸 = 𝐸

11
+ 𝐸
12
+ 𝐸
21
+ 𝐸
22
+ 𝐸
23
. (28)

The expected vehicle delay to delayed vehicles can be esti-
mated as

𝐸
𝑑
=

𝐸

𝑃

. (29)

Based on these equations, it can be found that the average
expected delay for major street through vehicles is deter-
mined by the following parameters: pedestrian arrival rate
(𝜆
1
, 𝜆
2
), vehicle arrival rate (𝜇), pedestrian critical headway

(𝛿), lost time (𝜌), and motorist yield rate (𝑀). The pedestrian
critical headway, lost time, and motorist yield rate can be
estimated as constant values for a specific site. Therefore,
the average delay is generally determined by the vehicle and
pedestrian arrival rates.
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Table 1: Selected sites for field data collection.

Site Intersection Approach Major street configuration Minor street configuration Signs and
markings

Median refuge
islandeLa Tb TRc LTRd

1 Shattuck Ave. & Virginia St. NB 1 1 1 1 High visibility Y
2 Shattuck Ave. & Berkeley Way NB 1 1 1 1 Standard Y

3 Martin Luther King Jr. Way &
Addison St. SB 1 1 1 1 Continental N

4 San Pablo Ave. & Hearst Ave. NB 1 1 1 1 Standard Y
5 San Pablo Ave. & Jones St. SB 1 1 1 1 Standard Y
6 San Pablo Ave. & Camelia St. SB 1 1 1 1 Standard Y
aL represents the exclusive left-turn lane.
bT represents the exclusive through lane.
cTR represents the shared through and right-turn lane.
dLTR represents the shared left-turn, through, and right-turn lane.
eMedian refuge island represents whether median refuge island is installed in the selected site (Y: yes; N: no).

3. Data Collection

To calibrate and validate the established models, the average
vehicle delay and motorist yielding behaviors were observed
in the field. The research team collected traffic data at 6
approaches to 6 TWSC intersections in Berkeley, CA. The
following criteria were applied in the site selection process:

(1) the selected approach should have an exclusive
through lane on the major street at a TWSC intersec-
tion;

(2) there were moderate numbers of pedestrians crossing
major streets;

(3) there were limited numbers of bicyclists;
(4) lane widths should be at least 9 feet;
(5) the approach grade was level;
(6) the selected sites should be 250 feet away from

upstream traffic signals.

Geometric characteristics of the selected sites are given in
Table 1. A video camera was set up in the field for record-
ing traffic data. The video cameras were inconspicuously
mounted to avoid altering pedestrian or motorist behaviors.
Field data collection was conducted during weekday peak
periods under fine weather conditions. In total, the research
team recorded 3 hours of traffic data in the field.

The recorded video tapes were later reviewed in the labo-
ratory for obtaining traffic data. A reference line was marked
in the video as the location where the delayed motorists
generally started to decelerate, as shown in Figure 3. The
following pieces of informationwere collected: (1) the vehicle
volume for each movement; (2) the pedestrian volume from
each side of the street; (3) the exact time at which each
pedestrian started crossing the street and arrived at the other
side of the street; (4) the exact time at which the rear wheel of
a vehicle from the through lane crossed reference line A and
crosswalk B; (5)whether the through vehicle is delayed or not;
and (6) whether the coming vehicle yielded to pedestrians
when there were pedestrians waiting for an adequate gap to
cross the street. With the recoded data, the time interval for

Reference line A

Crosswalk B

Figure 3: A typical site for field data collection.

each pedestrian to cross the street as well as the travel time
for each through vehicle from A to B could be obtained.
The average delay to delayed vehicles can be estimated as the
difference in average travel time fromA to B between delayed
vehicles and nondelayed vehicles. It should be noted that only
the motorists yielding to pedestrians are included as delayed
vehicles. The vehicles which are impeded by leading delayed
vehicles are excluded from this study. The lost time of each
yielding event (𝜌) was calculated as the average time interval
from the time at which the pedestrian reached the end of the
crosswalk to the time when the rear wheel of the yielding
vehicle passed the crosswalk (B).

For this study, themotorist yield rate was calculated as the
ratio of the number of motorists who decelerated or stopped
to yield to a pedestrian to the total number of motorists who
should have decelerated or stopped, as shown in

Motorist yield rate (%)

=

Number of motorists yielding to pedestrians
Number of motorists who should have yielded

.

(30)

The motorist yield rate was calculated for each individual
pedestrian attempting to cross the street. If there was no
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Table 2: Field measured data for crucial parameters and estimated delay for each site.

Site 𝜆
1
(ped/s) 𝜆

2
(ped/s) 𝜇 (pcu/s) 𝑡

𝑝
(sec) 𝑀

𝜌 (sec)
𝐸 (sec)

𝑁 Min Max Mean Std.
1 0.0139 0.0128 0.1083 7.54 0.87 58 −6 4.88 0.17 2.89 6.56
2 0.0064 0.0047 0.0917 6.73 0.65 27 −4.04 4.48 1.13 2.31 6.76
3 0.0133 0.0092 0.1556 12.32 0.79 43 −8.04 5.60 −1.76 3.72 8.91
4 0.0128 0.0144 0.1139 6.41 0.72 41 −4.03 5.92 1.83 2.91 8.77
5 0.0092 0.0169 0.0753 8.25 0.83 54 −2.27 3.01 0.42 3.09 9.12
6 0.0075 0.0086 0.0839 9.93 0.92 22 −3.01 4.99 1.01 3.94 11.53

Table 3: Field measured delay and absolute percent error for each site.

Site 𝑇
𝑑
(sec) 𝑇

𝑛
(sec) 𝐸Observed

a

(sec) APE
𝐸

𝑁 Min Max Mean Std. dev. 𝑁 Min Max Mean Std. dev.
1 58 4.44 17.96 10.30 3.19 302 3.24 7.24 4.56 0.66 5.74 14.29%
2 27 8.80 27.80 14.51 4.24 217 5.20 13.00 7.10 1.56 7.41 8.82%
3 43 9.76 18.12 12.56 1.99 165 3.08 6.24 4.42 0.58 8.14 9.46%
a
𝐸Observed represents the observed delay for delayed vehicles.

vehicle arriving at the selected site when a pedestrian crossed
the street, this crossing event was not included in the calcula-
tions, as there were no motorists who should have yielded.
The motorist yield rate was calculated for each site and the
results were used in further analyses.

For each site, the critical headway for a pedestrian to cross
the street is also estimated in the field. As there is no pedes-
trian platooning, the critical headway for a single pedestrian
is computed using the following equation:

𝑡
𝑐
= 𝑡
𝑝
+ 𝑡
𝑠
, (31)

where 𝑡
𝑐
represents the critical headway for a single pedes-

trian (sec); 𝑡
𝑝
is the average time for pedestrians to pass the

crosswalk (sec); and 𝑡
𝑠
is the pedestrian start-up time and end

clearance time (3 sec). It should be noted that when a raised
pedestrian-median refuge island is available, pedestrians
typically cross in two stages [1]. Thus, 𝑡

𝑝
is estimated as the

average time for pedestrians to cross half of the crosswalk.

4. Model Calibration and Validation

As mentioned before, the average delay of through vehicles
impeded by pedestrians is determined by the following
parameters: pedestrian arrival rate (𝜆

1
, 𝜆
2
), vehicle arrival

rate (𝜇), pedestrian critical headway (𝛿), lost time (𝜌), and
motorist yield rate (𝑀). Based on the fieldmeasured data, the
results of the crucial parameters are summarized in Table 2.

As shown in Table 2, the motorist yield rate was different
for each site, which ranges from 0.72 to 0.92. The means and
ranges of lost time were also summarized in Table 2. The
negative values indicate that the yielding vehicle passed the
crosswalk before the pedestrian reaches the end of the cross-
walk. For each site, the expected delay to delayed vehicles was
calculated based on the proposed models using Matlab.

The estimated delay obtained from the establishedmodels
was also compared to field measured results. The mean
absolute percent error (MAPE) was used to measure the dif-
ferences between the estimated delay and the field measured
results.TheMAPEvalue can be calculated using the following
equation:

MAPE = 1

𝑁

𝑁

∑

𝑖=1













𝐸
𝑖

𝑒
− 𝐸
𝑖

𝑓

𝐸
𝑖

𝑓













, (32)

where MAPE represents the mean absolute percent error
between the estimated and the fieldmeasured delay;𝑁 repre-
sents the number of sites; 𝐸𝑖

𝑒
represents the average expected

delay for site 𝑖 which is estimated by using the established
model (sec/pcu); 𝐸𝑖

𝑓
is the field measured delay for site 𝑖

(sec/pcu).
The results for Site 1 to Site 3 are summarized in Table 3.

As shown in the table, 𝑇
𝑑
represents the observed travel time

for delayed vehicles (sec); 𝑇
𝑛
represents the observed travel

time for nondelayed vehicles (sec); 𝐸Observed represents the
observed average control delay (sec). 𝐸Observed was calculated
as the difference between the travel time for delayed vehicles
and that for nondelayed vehicles. The delay model developed
in this study yielded a MAPE value of 10.86% as compared
with the field measured delay.

The model was tested with some different sites (Site 4
to Site 6). The estimated capacity was used to validate the
model, as shown in Table 4. The capacity calculated using
the proposed model (𝐶Estimated) was also compared with
the capacity estimated using the HCM method (𝐶HCM) [1],
which is based on the saturation flow rate theory. The results
indicated that the proposed model provided better capacity
estimates for the through traffic, as compared with that used
by HCM.
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Table 4: Comparison of estimated capacity between proposed models and traditional methods.

Site ℎ
𝑆

a
𝐸Observed

b (sec) 𝐶Observed (veh/h) 𝐶Estimated (veh/h) APE
𝐶1

c
𝐶HCM (veh/h) APE

𝐶2

d

4 1.87 0.699 1401 1209 13.72% 1925 37.38%
5 1.92 0.87 1290 1253 2.89% 1875 45.31%
6 1.99 0.79 1295 1415 9.27% 1809 39.70%
a
ℎ𝑆 represents the saturation headway.

b
𝐸Observed represents the observed delay for all vehicles.

cAPE𝐶1 represents the APE between the estimated capacity using the proposed method and capacity calculated using the observed data.
dAPE𝐶2 represents the APE between the estimated capacity using the HCMmethod and capacity calculated using the observed data.
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Figure 4: Comparison of capacities of an exclusive through lane with different motorist yield rates.

5. Sensitivity Analysis

With the established delay model, the capacity of a major
street throughmovement can be obtained using (7). Sensitiv-
ity analyses were further conducted to identify the effects of
crucial parameters on the capacity of the exclusive through
lanes at TWSC intersections. The parameters considered in

the sensitivity analyses include pedestrian arrival rate (𝜆
1
, 𝜆
2
)

and motorist yield rate (𝑀).
Assuming that the pedestrian critical headway (𝛿) is

10 sec, the lost time (𝜌) is 2 sec, and the saturation headway
(ℎ
𝑠
) is 2 sec, the effect of pedestrians on the capacity of major

street through lanes at TWSC intersections is illustrated in
Figure 4. The curves in Figure 4 show that the capacity of
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the through movement decreases with an increase in the
pedestrian arrival rate. This finding is reasonable as the more
pedestrians arrive at the crosswalk, the more impendence
effects will be caused to motorists. The motorist yield rate
is also a factor that affects the capacity of through lanes at
TWSC intersections. As shown in Figure 4, the capacities
of the through movements with different motorist yield
rates are generally comparable under low pedestrian volume
conditions. However, with the same pedestrian arrival rate,
the capacity decreases as the motorist yield rate becomes
higher, and themagnitude of the capacity reduction increases
with an increase in the pedestrian arrival rate.

6. Conclusions and Discussions

The study evaluated the impacts of pedestrians on capacity
and average control delay for the major street through move-
ment at TWSC intersections. A procedure was proposed to
estimate the expected delay for major street through vehicles
based on the pedestrian arrival time and motorist yielding
behavior. Field data were collected to calibrate the crucial
parameters in the established models, including pedestrian
arrival rate (𝜆

1
, 𝜆
2
), vehicle arrival rate (𝜇), average time for

pedestrians to cross the street (𝑡
𝑝
), lost time (𝜌), andmotorist

yield rate (𝑀). The proposed models were then validated
against field measured data. It was found that the calibrated
models provided reasonable delay estimates.

Based on the established capacity and delay models,
sensitivity analyses were conducted to identify the effects of
crucial parameters on the capacity of the exclusive through
lanes at TWSC intersections. The results suggested that the
capacity of the through movement would decrease with an
increase in the pedestrian arrival rate. It was also found that,
with the same pedestrian arrival rate, the capacity would
decrease as the motorist yield rate became higher, and the
magnitude of the capacity reduction would increase with an
increase in the pedestrian arrival rate.

The capacity and delay models developed in this study
can be directly used for estimating the capacity and delay for
the major street through movements at TWSC intersections,
which can be a supplement to the capacity estimationmethod
for TWSC intersections provided in HCM [1]. One of the
limitations in this study lies in that the expected delay esti-
mated using the proposed model only accounts for the
delay experienced by motorists who yield to the pedestrians.
However, the delay experienced by the following motorists
who have to decelerate due to the delayed leading vehicles
was not calculated in this study. Further research needs
to be conducted to obtain more accurate results. Besides,
this study used a constant motorist yield rate for each site.
Actually, there aremany factors that would affect themotorist
responses to pedestrians, such as the travel speeds and pedes-
trians crossing treatments. Further research is still needed
to better understand those factors affecting the motorist
yielding behaviors. Additional studies are also needed to test
for the transferability of the capacity and delay models using
data collected from other sites in other cities. The authors
recommend that future studies focus on these issues.
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To study the impact of traffic sign on pedestrian walking behavior, the paper applies cellular automaton to simulate one-way
pedestrian flow.The channel is defined as a rectangle with one open entrance and two exits of equal width. Traffic sign showing that
exit is placed with some distance in the middle front of the two exits. In the simulation, walking environment is set with various
input density, width of exit, width and length of the channel, and distance of the traffic sign to exit. Simulation results indicate
that there exists a critical distance from the traffic sign to exit for a given channel layout. At the critical distance, pedestrian flow
fluctuates. Below such critical distance, flow is getting larger with the increase of input density. However, the flow drops sharply
when the input density is over a critical level. If the distance is a little bit further than the critical distance, the largest flow occurs
and the flow can remain steady no matter what input density will be.

1. Introduction

Pedestrian’s walking behavior is much more complicated
compared with the vehicle traffic due to the fact that there
is no designated trail to constrain pedestrians’ moving space.
However, we still need to understand and predict such
behavior very well to conduct sound evacuationmanagement
in emergency or to keep pedestrian facility in good operation.

In the past several decades, modeling pedestrian flow
has attracted considerable attention and numerous models
were proposed. Normally, pedestrian models can be in a
macroscopic nature or microscopic nature. Macroscopic
models are often in the form of partial differential equations.
Instead of describing individual pedestrian’s behavior, this
type of models treats crowd as a whole and applies the
conservation law to capture the relationship among speed,
flow, and density of pedestrian flow. Applying conservation
law, Hughes [1] derived partial differential equations for
flows with single or multiple pedestrian types. How to
solve Hughes’ model has been attracted by many researchers
thereafter [2, 3]. Colombo and Rosini [4] proposed another
type of partial differential equation model for pedestrian
flow with a new parameter called characteristic density that
revealing the maximal density in panic. Jiang et al. [5]

developed an extended reactive dynamic user equilibrium
model for pedestrian counter flow. Some phenomena such
as lane formation in crowd were observed in numerical
simulation. Another model proposed by Jiang et al. is a two-
dimension high-ordermacroscopicmodel derived from fluid
dynamics. Simulation results showed capability of the model
to describe complex phenomena such as stop-and-go waves
[6]. Henderson [7] took pedestrian in crowd as gas molecules
and applied the Maxwell-Boltzmann theory to describe the
velocity distribution of peoplemovements.Without using the
conservation assumptions in Henderson’s study, Helbing [8]
developed a fluid dynamicmodel for the collectivemovement
of pedestrians based on the Boltzmann-like approach.

Microscopic pedestrian model can be described in detail
as the interactions among pedestrians, or between pedes-
trians and obstacles. Those models include, among others,
cellular automaton (CA) model [9–16], lattice gas model [17–
21], social force model [22], centrifugal force model [23,
24], floor field model [25, 26], and other rule-based models
[27–32]. In CA models, the walking space is set as a two-
dimensional system and divided into cells. Each cell can
either be empty, occupied by exactly one pedestrian, or occu-
pied by wall or obstacle. For each time-step, pedestrian can
move to adjacent cells or stand still complying with the route
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Figure 1: Schematic illustration of the channel with/without traffic sign.

choice rule and conflicting with the avoidance rule. In recent
years, CA models are widely used for capturing pedestrian
walking behaviors, such as bidirection movement [9, 10],
counter flow with paired pedestrians [11], movement with
right-moving preference [12, 13], counter flow with different
velocities [14], impact of surrounding environment [15],
and teaming-moving impact [16]. Nagatani [9] presented a
bidirectional CA model for facing pedestrian flow on a wide
passage. It was found that the dynamical phase transitions
occurred at three stages with increasing density. Blue and
Adler [10] simulated three bidirectional pedestrian flows,
including flows in separated lanes, interspersed flow, and
dynamic multilane flow. Results showed that the emergent
fundamental parameters of speed, flow, and density produced
from the model were reasonable compared with field data.
Xiong et al. [11] simulated walking behavior with paired
pedestrians. Considering right-hand side walking preference,
Fang et al. [12] studied bidirectional pedestrian movement.
Results indicated that the critical density when phase tran-
sition occurred increased as the probability of backstepping
rose, and the critical density declined with the increase
of the system size. Yang et al. [13] concluded that right-
preference was effective when the density was below critical
value. Weng et al. [14] simulated pedestrian counterflow
with different walk velocities through updates at different
time-step intervals. Simulation results revealed three phases
of pedestrian patterns, including freely moving phase, lane
formation phase, and perfectly stopped phase. Considering
the impact of surrounding environment on pedestrian flow,
Yu and Song [15] introduced interaction radius parameter
to route choice rules. It concluded that the critical entrance
density at the transition point did not depend on the system
size when the radius was large. Wang et al. [16] revealed that
team-moving could significantly influence corridor capacity
by means of teaming manner.

Pedestrian’s walking behavior is affected by many fac-
tors including walker’s characteristic and walking channel
environment. Among these factors, traffic sign is a key
impact factor to those who are not familiar with the walking
environment. A case study showed that pedestrian walking
behavior was affected by content and position of the sign
[33]. According to a questionnaire survey we conducted, as
high as 97.4% (74 of 76) subway riders reported that traffic
sign showing exit were helpful and they would change their
moving direction accordingly in an unfamiliar station. Liu et

al. [34] proposed a computationalmodel for determination of
the effective distance of emergency evacuation signs. Nassar
[35] proposed an optimization framework for signs location
to increase their detectability in public space. The aim of
this paper is to study the impact of traffic sign on pedestrian
behavior by means of CA model.

The paper is structured as follows. Section 2 develops
the cellular automaton model and defines walking rules for
pedestrians with traffic sign in system. Section 3 applies the
model to simulate pedestrianmovement in various scenarios.
In this section, some meaningful phenomena relating to
the function of traffic sign are studied. The conclusions are
presented in Section 4.

2. Model

We apply a two-dimensional cellular automaton to define the
walking channel.The underlying structure is a𝑊×𝐿 cell grid,
where 𝑊 is the width of the channel and 𝐿 is the length of
the channel. The entrance is at the left with width of𝑊, and
two exits, denoted by𝐴 and 𝐵, are at the right boundary with
equal width of 𝑤. Each cell can either be empty or occupied
by wall, obstacle, or exactly one pedestrian. The size of a cell
is set to be 0.4 × 0.4m2. This is a typical space occupied by
a person in a dense crowd [28]. Each pedestrian can move
only one cell per time-step. In practice, the average velocity
of a pedestrian is about 1.0ms−1 under normal circumstances
[29]. So the time-step is approximately 0.4 s.

The channel is illustrated in Figure 1. In Figure 1(a), there
is no traffic sign and pedestrians can recognize exits only
when they crossed the dashed line in area𝐶. In Figure 1(b), we
set traffic sign in themiddle front of the two exits. Pedestrians
who are in area 𝐷 can see the traffic sign pointing at the
proper exit.

Two types of walkers are taken into account: walkers who
take exit 𝐴 and walkers who take exit 𝐵. The numbers of
the two types of walkers entering from the left entrance are
equal. The channel is confined with walls at top and bottom
boundaries. Anyone can walk only from left to right, but no
one can cross the top or bottom boundaries.

Taking pedestrians who are choosing exit 𝐴 for example,
there are three typical positions for each pedestrian; see
Figure 2. With traffic sign, pedestrian 𝑎 and pedestrian 𝑏 are
in the area with impact of traffic sign, whereas pedestrian
𝑐 is out of such area. In this case, 𝑎 and 𝑐 keep walking
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Figure 2: Pedestrian’s moving direction without obstacles.
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Figure 3: Some typical configurations that pedestrians 𝑎 and 𝑐may encounter.

forward and 𝑏 will adjust its direction to get close to exit 𝐴.
Probability of a pedestrian moving forward is denoted by 𝑃

𝐴
,

and probabilities of moving left forward, right forward, and
left are denoted by 𝑃

𝐴𝐿
, 𝑃
𝐴𝑅
, and 𝑃

𝐿
, respectively.

The update is random sequential for all pedestrians at
every time-step. Usually a parallel update rule is considered
to be more realistic, but it might lead to conflicts in the
update [36]. Figure 3 shows all the possible configurations
that pedestrians 𝑎 and 𝑐may encounter. If the front adjacent
cells are not totally occupied, the probabilities to move
forward, left forward, and right forward are determined by
the angle between moving direction and the horizontal line.
In Figure 3(a), if all front cells are empty, the walker will select
the one of the three front cells with probability denoted by

𝑃
𝐴0
, 𝑃
𝐴𝐿0

, and 𝑃
𝐴𝑅0

, where 𝑃
𝐴0
, 𝑃
𝐴𝐿0

, and 𝑃
𝐴𝑅0

are expressed
as 𝜂 cos 𝜃

𝑖𝑗
, 𝜂 is normalization parameter to assure𝑃

𝐴0
+𝑃
𝐴𝐿0
+

𝑃
𝐴𝑅0
= 1, and 𝜃

𝑖𝑗
is angle between moving direction and the

horizontal line. In Figure 3(b), if both the upper cell and the
front cell are free, the walker will select any of the two cells
to move in with probability 𝑃

𝐴0
or 𝑃
𝐴𝐿0

. For configuration
(c), the probability of selecting the left, right adjacent cell or
waiting is denoted by 𝑃

𝐿1
, 𝑃
𝑅1
, and 𝑃

𝑊1
, respectively, where

𝑃
𝐿1
= 𝑃
𝑅1
= 𝑃
𝑊1
= 1/3. For configuration (d), the probability

of selecting the right adjacent cell or waiting is 𝑃
𝑅1

and 𝑃
𝑊1

,
respectively, where 𝑃

𝑅1
= 𝑃
𝑊1
= 1/2. For configuration

(e), the probability of selecting the left rear, right rear, back
adjacent cell, and waiting is denoted by 𝑃

𝐵𝐿2
, 𝑃
𝐵𝑅2

, 𝑃
𝐵2
, and

𝑃
𝑊2

, respectively, where 𝑃
𝐵𝐿2
= 𝑃
𝐵𝑅2
= 𝑃
𝐵2
= 𝑃
𝑊2
= 1/4. For
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Figure 4: Some typical configurations that pedestrian 𝑏may encounter.
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Figure 5: Pedestrians’ moving state in the channel with different input density. The length of channel is 80 and the width is 30. Input density
is set as 0.5. Impact distance is set as 10, 30, 50, and 80 cells corresponding to (a), (b), (c), and (d), respectively. The cell in red represents
pedestrian who will take exit 𝐴 and the cell in blue represents pedestrian who will take exit 𝐵.

configuration (f), the probability of selecting the left rear or
back adjacent cell or waiting is denoted by 𝑃

𝐵𝐿2
, 𝑃
𝐵2
, and 𝑃

𝑊2
,

respectively, where 𝑃
𝐵𝐿2
= 𝑃
𝐵2
= 𝑃
𝑊2
= 1/3.

Figure 4 shows all the possible configurations that pedes-
trian 𝑏 may encounter. In Figure 4(a), if all front cells are
empty, the walker will select the one of the three front cells
with probability denoted by 𝑃

𝐴0
, 𝑃
𝐴𝐿0

, and 𝑃
𝐴𝑅0

, where 𝑃
𝐴0
,

𝑃
𝐴𝐿0

, and 𝑃
𝐴𝑅0

are expressed as 𝜂 cos 𝜃
𝑖𝑗
, 𝜂 is normalization

parameter to assure 𝑃
𝐴0
+ 𝑃
𝐴𝐿0
+ 𝑃
𝐴𝑅0
= 1, and 𝜃

𝑖𝑗
is

angle between moving direction and the horizontal line. In
Figure 4(b), if the front cell is occupied, the walker will select
the left or left front cell to move in with probability 𝑃

𝐴0
or

𝑃
𝐴𝐿0

. For configuration (c), the probability of selecting the
left rear, right front adjacent cell, or waiting is 𝑃

𝐵𝐿1
, 𝑃
𝐴𝑅1

, and
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Figure 6: Relationship between flow and input density at different impact distance.The length of channel is 80 and the width is 30.The width
of exit is set as 5, 7, and 10 cells corresponding to (a), (b), and (c), respectively.

𝑃
𝑊1

, respectively, where 𝑃
𝐵𝐿1
= 𝑃
𝐴𝑅1
= 𝑃
𝑊1
= 1/3. For

configuration (d), the probability of selecting the right front
adjacent cell or waiting is 𝑃

𝐴𝑅1
and 𝑃

𝑊1
, respectively, where

𝑃
𝐴𝑅1
= 𝑃
𝑊1
= 1/2. For configuration (e), the probability of

selecting the rear, right rear, right adjacent cell, or waiting is
𝑃
𝐵2
, 𝑃
𝐵𝑅2

, 𝑃
𝑅2
, and 𝑃

𝑊2
, respectively, where 𝑃

𝐵2
= 𝑃
𝐵𝑅2
=

𝑃
𝑅2
= 𝑃
𝑊2
= 1/4. For configuration (f), the probability of

selecting the right rear, right adjacent cell, or waiting is 𝑃
𝐵𝑅2

,
𝑃
𝑅2
, and 𝑃

𝑊2
, respectively, where 𝑃

𝐵𝑅2
= 𝑃
𝑅2
= 𝑃
𝑊2
= 1/3.

3. Simulation and Results

To study the impact of traffic sign on pedestrian walking
behavior, we analyze changes of pedestrian flow with various

input density, impact area of the sign, and channel configura-
tion. Pedestrian flow is defined as the number of pedestrians
crossing the right boundary at each time-step. Input density
is defined as the number of entering pedestrians at each time-
step over the width of the channel. Input density is set as
a constant in each scenario. Impact distance is defined as
the furthest distance for a pedestrian to recognize the traffic
sign, denoted as 𝑛 in Figure 1(b). At the very beginning,
the channel is empty. For each simulation, total 150,000
time-steps are carried out, and the value of averaged flow is
calculated according to the results of the last 5,000 time-steps.
We take the average of the 10 iteration results as the final value.

Pedestrians are assumed to recognize the sign as soon
as they stepped into the impact area. Simultaneously, they
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Figure 7: Relationship between flow and impact distance of traffic sign. The length of channel is 80 and the width is 30. The width of exit is
set as 5, 7, or 10, respectively.

started to adjust moving direction towards the preferred
exit. Kretz et al. [37] analyzed such psychological act in a
tunnel fire simulation. For the sake of simplicity, we ignored
decision process from cognition to perception. In simulation,
the height of a pedestrian is not considered, which means the
front pedestrian will never block the sight of the follower.

Figure 5 shows pedestrians’ moving state with impact of
traffic sign at different distances. It shows that, with impact
distance of 10 cells, pedestrians are blocked in front of the
exits. Those who are aiming at taking exit 𝐵 are blocked in
front of exit 𝐴 and vice versa. In this case, no one can get out
of the channel. If we set impact distance at a further distance,
say 30 cells, pedestrian can recognize his/her exit in advance
and adjust the moving direction accordingly within the space
to the exit. The further we set the traffic sign to the exits, the
earlier pedestrians recognize the proper exit, and the easier it
is to move out of the channel.

In Figure 6 we show relationship between flow and input
density with different exit width or different impact distance.
If we set the impact distance as 10 cells and input density as
0.1, pedestrian flow will be about 2.0 no matter what width
of the exit we set. But with input density of 0.2 or larger, the
flow decreases dramatically to 0. On the other hand, if we set
impact distance further and further, we can see that with the
same input density, flow is getting lower and lower. It indicates
that, in real world, traffic sign should be set at an appropriate
distance to exit. It is of no use to set traffic sign too far or too
close to the exits.

We can see the fluctuation of flow versus input density.
In reality, flow is influenced by input density, width of the
channel and exits, location of the sign, and so on. Pedestrians
tried to change moving direction when they noticed the
sign. In some circumstances, pedestrians blocked each other.

Such situation is well described by the asymmetric simple
exclusion process (ASEP) [38–41].

To study impact of the exit width on the relationship
between flow and impact distance, we conduct simulation
with input density as 0.5 and the length of channel as 80 and
the width as 30. It is clear that the further the traffic sign
is, the larger the flow is within a critical distance. Beyond
such distance, flow is getting less and less with increase of
the distance. No matter whether the width is 5 or 7, the
largest flow occurs under the condition that impact distance
is equal to 30. If we enlarge the width of the exit to 10, we
find the largest flow occurs when impact distance equals 40. It
concludes that the largest flow occurs when impact distance
is equal to or a little bit larger than the channel width. See
Figure 7.

Figure 8 shows relationship between flow and input
density with various channel lengths. The channel width
is set as 30 cells and the length is 60 in Figure 9(a) and
100 in Figure 9(b), respectively. Simulation results show that
pedestrian flow remains unchanged with variation of channel
length.

To study impact of channel width and traffic sign impact
distance on the relationship between flow and input density,
we conduct simulation with channel length of 80 cells and
exit width of 7 cells. Channel width is set as 20 and 40 cells
corresponding to Figures 9(a) and 9(b), respectively. Results
show that the largest flow occurs on condition that the width
of exit is less than half of the channel width and d is not
less than the channel width if the input density is high. This
conclusion agrees with results we have got in Figure 7.

To further study the impact of channel size on flow
characteristics, we conduct simulation experiments with
different channel sizes.
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Figure 8: Relationship between flow and input density with various channel lengths. The width of channel is 30. The length of the channel is
set as 60 and 100 cells corresponding to (a) and (b), respectively. See Figure 6(b) for the case with channel length of 80.
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Figure 9: Relationship between flow and input density with different impact distance. The length of channel is 80. The width of the channel
is set as 20 and 40 cells corresponding to (a) and (b), respectively. See Figure 6(b) for the case with channel width of 30.

Setting the width of the channel as 40 cells and the
width of each exit as 10 cells, we notice that flow fluctuates
when impact distance is 40 cells far from the boundary. See
Figure 10. It demonstrates that a critical distance for traffic
sign exists. At this distance, pedestrian flow will fluctuate,
and, belowwhich, the flowwill drop sharply with the increase

of input density. With the same input density, the largest flow
can only occur on condition that d is a little bit further than
the channel width.

Figures 11(a) and 11(b) are two states in such condition
we set above. In Figure 11(a), pedestrians can recognize the
exits and move freely to the forward direction, whereas, in
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Figure 10: Relationship between flow and input density with different widths of channel and exit. The channel length is 80.The widths of the
channel and exit are set as 20 and 5, and 40 and 10 cells corresponding to (a) and (b), respectively. See Figure 6(b) for the case with channel
width of 30 and exit width of 7.
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Figure 11: Pedestrians’ moving state. We set channel length as 80 cells, channel width as 40 cells, width of exit as 10 cells, and input density
as 0.5. Two states occurred under this condition showing in (a) and (b). (c) is shown as comparison without traffic sign.

Figure 11(b), there is a block area between pedestrians turning
left and those turning right. In Figure 11(c), dead block occurs
if the input density is higher than 0.2 without traffic sign.

4. Conclusion

In this paper, the impact of traffic sign on pedestrian walking
behavior through a channel with two exits has been studied.

The pedestrians are modeled by a cellular automaton model.
Two types of pedestrians are considered according to which
exit they intend to go through.

We conduct simulation experiments in various scenarios
with different channel length, channel width, width of exit,
input density, and impact distance. Simulation results indi-
cate that a critical distance of the traffic sign to exit exists
for a given channel layout. At the critical distance, pedestrian
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flow fluctuates. Below such critical distance, flow is getting
larger with the increase of input density. However, the flow
drops sharply if the input density is over a critical level. If
the distance is a little bit further than the critical distance, the
largest flow occurs and the flow can remain steady no matter
what input density will be. Under some conditions in terms of
the channel layout, position of traffic sign, and input density,
block area between pedestrians turning left and right exists.
Without traffic sign, the block area turns into a dead block
with some higher input density.
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In order to improve the ability to evacuate from subway fire in subway’s planning, design, operation, and maintenance stages, a
simulation model of pedestrians’ evacuation process in subway fire was established based on Legion and FDS software. It can truly
reflect the dynamic effects of the fire environment on subway station evacuation.Then dynamic evaluation indicators systems were
established from the point of survival index, security risk index, effectiveness index, and orderliness index. In order to help decision
makers to identify the most appropriate plan, matter-element analysis (MEA) was used to rate different plans. At last a case study
of Songjiazhuang (SJZ) station was provided to test the effectiveness and practicability of the evaluation method.

1. Introduction

Thesubway, as one of urban public transportationmeans, due
to the large capacity, land saving, and so forth, is becoming
an effective tool to alleviate urban traffic congestion. But
subway is a place where the disasters and accidents happened
easily owing to its characteristics of being complex, close,
agglomerate, and so on. Of all these disasters, fire is the most
serious. Therefore, it is necessary to evaluate different pedes-
trians’ evacuation plans facing with different fire conditions
in subway’s planning, design, operation, and maintenance
stages. Because of the particularity of fire accident, the
drilling method has many shortcomings such as big-cost,
time-consuming, andmore participants. And in the planning
and design stages, it is difficult to evaluate and optimize the
fire evacuation facility and pedestrians’ evacuation plan.

With the development of computer technology, simula-
tion technology of subway fire has become a way of high-
feasibility, low-cost, and good-effect. Based on the reasonable
parameter calibration, the simulation model can truly reflect
the status of subway fire and record the data of pedestrians’
speed, acceleration, density, coordinate, and other traffic
behavior. It provides a strong support for the quantitative

evaluation of fire evacuation situation and has been widely
used in all areas [1–5].

There have been many researches [6–8] about evaluation
of fire evacuation in subway station at home and abroad.
However, the evaluation systems have a lot of shortages
in different degrees. Firstly, there are still some qualitative
indicators in exiting evaluation system. Setting value of
these indicators needs to be finished by experts. Thus,
qualitative indicators are limited to the experience of the
experts or decision makers and the values might be not
objective and convictive. Secondly, quantitative indicators
are not reasonable enough to be selected and quantified.
And they cannot reflect pedestrians’ behavior dynamically
in the evacuation process. Thus, the evacuation situation
cannot be reflected accurately. At present, qualitative descrip-
tion or basic comparison of simulation results is still the
main application method of pedestrian simulation tools. The
simulation evaluation method is not versatile because of
lacking of standard dynamic evaluation indicators systemand
procedure.

In this paper, a model of pedestrians’ evacuation process
in subway fire is established based on Legion and FDS simu-
lation software, and a dynamic evaluation indicators system
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Table 1: Details of parameters.

Parameters Details

Facility layout Stairs, escalators, ramps, brake
machine, etc.

Pedestrian
characteristics

Age ratio, culture degree, sex ratio,
etc.

Demand The number of pedestrians,
distribution

Pedestrian behavior Along the wall, clustering behavior,
panic behavior

Regions Walking region, waiting region,
isolation region, danger zone

Environment calibration Speed reduction, path choice, life
characteristics

Table 2: Output parameters of Legion.

Output format Output parameters

Map
Chart
Table

Ingress and egress
Occupancy

Flow
Speed

Entity and space density
Journey time
Social cost

Inconvenience and frustration discomfort and
dissatisfaction

is also established. A case is used to verify its effectiveness and
practicability.

2. The Evacuation Evaluation in Subway Fire

2.1. Pedestrian Simulation Technology: Legion and FDS. The
multiagent pedestrian model is the heart of the Legion simu-
lation tool which uses the “minimum cost” [9] as the basic
principles. Field investigation and data preparation are the
basic work for pedestrian simulation modeling. Therefore,
the parameters in Table 1 should be calibrated in building a
simulation model.

Legion can record detailed track of each individual
pedestrian and can accurately calculate the individual traffic
behavior parameters and macroscopic traffic flow character-
istics of pedestrian. The status of pedestrian traffic system
can be reflected by maps, charts, and tables. Detailed output
parameters can be found in Table 2.

Fire dynamics simulator (FDS) is the computational fluid
dynamics simulation software in the fire, which was devel-
oped by the US national institute of standards technology.
FDS can solve continuity equation, momentum equation,
energy equation, and stress convergence equation with large
eddy simulation (LES) model. Then the spatial distribution
of temperature, pressure, gas composition, visibility, and so
forth can be got [10]. FDSwas validated by a lot of engineering
experiments, and it is recognized by the international fire
engineering.

2.2. The Process of Simulation Evaluation. The simulation is
a method to simulate the complicated traffic phenomenon
by computer technology and to display the real-time traffic
situation based on the forecasting.Then the work of analysis,
evaluation, and optimization can be started. The process of
pedestrians’ evacuation evaluation in subway fire based on
the simulation technology is shown in Figure 1.

3. Pedestrian Evacuation Evaluation
Indicators System in Subway Fire

3.1. Indicators System and Quantification of Indexes. It is vital
to ensure that pedestrians’ evacuation in subway fire is effec-
tive and safe.The evaluation of subway fire evacuation is used
to investigate the merits degree of survival index, security
risk index, effectiveness index, and orderliness index under
different conditions such as facility layout and evacuation
plan. The dynamic pedestrians’ evacuation evaluation indi-
cators system in subway fire based on the output parameters
of Legion is shown in Figure 2.

3.1.1. Survival Index. Survival index reflects the survival
probability directly in the evacuation process. It can be
described as two aspects: one is survival ratio and the other
one is survival reliability.

(1) Survival Ratio 𝑢
11
. The index reflects pedestrians’ survival

situation in the evacuation process:

𝑢
11

=

𝑞

𝑄

× 100%. (1)

In the type, 𝑞 stands for the amount of evacuation
pedestrians; 𝑄 is the total amount of pedestrians.

(2) Survival Reliability 𝑢
12
. Due to the randomness of pedes-

trians’ evacuation process, there will exist distance between
deterministicmethods to describe the evacuation process and
actual situation. So this paper uses survival reliability index to
describe pedestrians’ evacuation process.

In the process, if available safe evacuation time (ASET) is
longer than required safe evacuation time (RSET), pedestri-
ans will be safe. That is,

ASET − RSET > 0. (2)

According to the above criterion, the limit state equation
for pedestrians’ safe evacuation can be constructed:

𝑍 = 𝑇
𝐴
− 𝑇
𝑅
> 0. (3)

𝑇
𝐴
stands for ASET and 𝑇

𝑅
stands for RSET. The unit is “s.”

𝑇
𝐴
is mainly affected by the fire situation; it can be got by FDS

in all regions. 𝑇
𝑅
can be got by Legion and obeys the normal

distribution according to existing research [11].
Obviously,𝑍 obeys the normal distribution, and its mean

𝜇
𝑧
and standard deviation 𝜎

𝑧
are as follows:

𝜇
𝑍
= 𝑇
𝐴
− 𝜇
𝑇𝑅
,

𝜎
𝑍
= 𝜎
𝑇𝑅
.

(4)
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Figure 1: The process of pedestrians’ evacuation evaluation based on the simulation technology.
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Figure 2: Pedestrians’ evacuation evaluation indicators system in subway fire.

𝜇
𝑇𝑅

and 𝜎
𝑇𝑅

are 𝑇
𝑅
’s mean and standard deviation. The

reliability index of safe evacuation (𝛽) can be indicated as
follows:

𝛽 =

𝜇
𝑍

𝜎
𝑍

. (5)

Then, 𝑢
12
can be described as follows:

𝜇
12

= 𝑃 (𝑍 > 0) = 𝜙 (𝛽) . (6)

In the type, 𝜙(⋅) is standard normal distribution function.

3.1.2. Security Risk Index. In pedestrians’ evacuation process,
some high density and serious conflicting regions are often

high probability of accidents. There is security risk that
should be avoided.

(1) Effect of High Density Region 𝑢
21
. This index reflects the

effect of high density. It can be considered that regions under
“D” service level are high density [12].The formula takes time
of duration and affected passenger flow into account:

𝑢
21

=

∑
𝑒

𝑖=1
∑
𝑚𝑖

𝑗=1
𝑙
𝑖𝑗
⋅ V
𝑖𝑗

𝑇
𝑡
⋅ 𝑞
𝑡

. (7)

In the type, 𝑒 is the number of high density regions, 𝑚
𝑖

is the number of high density time periods in region 𝑖, 𝑙
𝑖𝑗
is

the length of time period 𝑗 in region 𝑖 and the unit is “s,” V
𝑖𝑗
is
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the number of passengers during time period 𝑗 in region 𝑖, 𝑇
𝑡

is total simulation time and the unit is “s,” and 𝑞
𝑡
is the total

passengers in all simulation regions.

(2) Effect of Conflicting Points 𝑢
22
. This index represents the

proportion of passengers who go through the conflicting
points:

𝑢
22

=

∑
𝑛

𝑖=1
𝑞
𝑖

𝑞
𝑡

. (8)

In the type, 𝑞
𝑖
stands for the number of affected passen-

gers in conflicting point 𝑖, 𝑞
𝑡
stands for the total passengers

during the simulation time, and 𝑛 is the number of conflicting
points.

3.1.3. Effectiveness Index. Effectiveness refers to the execution
efficiency in pedestrians’ evacuation process.

(1) Average Evacuation Time 𝑢
31
. For passengers, evacuation

time can reflect evacuation efficiency intuitively:

𝑢
31

=

∑
𝑞𝑡

𝑖=1
𝑡
𝑖

𝑞
𝑡

. (9)

In the type, 𝑡
𝑖
stands for the evacuation time of passenger 𝑖

and the unit is “s” and 𝑞
𝑡
stands for the total passengers during

the simulation time.

(2) The Number of Evacuation Passengers in Unit Time 𝑢
32
.

According to “Design Specifications for Subway,” the longest
evacuation time is notmore than 6minutes in subway station.
The number of evacuation passengers in unit time can also
reflect evacuation efficiency. The formula is as follows:

𝑢
32

=

{
{
{
{

{
{
{
{

{

𝑄

𝑇

𝑇 ≤ 6

𝑄

6

𝑇 > 6.

(10)

In the type, 𝑄 stands for the number of evacuation
passengers in 6 minutes; 𝑇 stands for the whole evacuation
time.

3.1.4. Orderliness Index. Orderlinessmainly reflects the order
of pedestrians’ evacuation process. Good order can ensure
safety and comfort.

(1) Round Coefficient 𝑢
41
. This index reflects the convenience

of pedestrians’ evacuation in integrated transport hub:

𝑢
41

=

𝑟

∑

𝑖=1

𝑠

∑

𝑗=1

𝑤
𝑖𝑗

∑

𝑂𝑖𝑗

𝑘=1
𝑙
𝑖𝑗𝑘

𝑂
𝑖𝑗
⋅ 𝑆
𝑖𝑗

. (11)

In the type, 𝑟 is the total number of starting points, 𝑠 is
the total number of terminal points, 𝑂

𝑖𝑗
is the number of

passengers from starting point 𝑖 to terminal point 𝑗, 𝑆
𝑖𝑗
stands

for the shortest distance from 𝑖 to 𝑗 and the unit is “m,” and
𝑙
𝑖𝑗𝑘

stands for the actual working distance of passenger 𝑘 from

origin 𝑖 to destination 𝑗.𝑤
𝑖𝑗
is weight of 𝑖 to 𝑗. Considering the

passenger flow of each OD pair, 𝑤
𝑖𝑗
can be calculated based

on entropy weight coefficient method. Based on information
theory [13], the entropy of OD pair 𝑖𝑗 is

𝐻
𝑖𝑗
= −

1

ln 𝑛

𝑛

∑

𝑙=1

ℎ
𝑖𝑗𝑙
ln ℎ
𝑖𝑗𝑙
,

ℎ
𝑖𝑗𝑙

=

𝑜
𝑖𝑗𝑙

∑
𝑛

𝑙=1
𝑜
𝑖𝑗𝑙

,

(12)

where 𝑛 is the number of fire evacuation plans.
The weight of OD pair 𝑖𝑗 is

𝑤
𝑖𝑗
=

(1 − 𝐻
𝑖𝑗
)

(𝑟 × 𝑠 − ∑
𝑟

𝑖=1
∑
𝑠

𝑗=1
𝐻
𝑖𝑗
)

. (13)

(2) The Diversity of Speed 𝑢
42
. The index reflects orderliness

of evacuation process directly. The formula is as follows:

𝑢
42

=
√

∑
𝑛

𝑖=1
(V
𝑖
− V)2

𝑛

.
(14)

In the type, V
𝑖
is evacuation speed of period 𝑖, 𝑛 is the

number of simulation time periods, and V is the average speed
during the whole simulation.

3.2. Matter-Element Evaluation Algorithm. Many algorithms
can be used to sort the best plan such as cosine function,
linear assignment, fuzzy logic, andmatter-element algorithm
[14–16]. This paper uses matter-element analysis to calculate
the value of decision-making of each plan.Themain theories
of this algorithm are the definition of matter-element, exten-
sion mathematics, and the matter-element transformation
theory [17–20]. It has been widely used in evaluation fields. In
this paper, a specific matter-element algorithm is established
based on the dynamic evaluation indicators system.

3.2.1. Normalization of Decision-Making Matrix. It is
assumed that there are 𝑛 fire evacuation plans in subway
station noted to 𝑆 = {𝑆

1
, 𝑆
2
, . . . , 𝑆

𝑛
}. The index set of second

grade is 𝑃 = {𝑃
1
, 𝑃
2
, . . . , 𝑃

𝑛
}. Then the decision-making

matrix of plan 𝑆
𝑖
with matter-element algorithm can be

written as follows:

𝑌
𝑖
=

[

[

[

[

[

𝐴
𝑖

𝑃
1

𝑦
𝑖1

𝑃
2

𝑦
𝑖2

.

.

.

.

.

.

𝑃
𝑚

𝑦
𝑖𝑚

]

]

]

]

]

𝜔
1

𝜔
2

.

.

.

𝜔
𝑚

, 𝑖 = 1, 2, . . . , 𝑛. (15)

Each index has different units and needed to be normal-
ized. To define index set 𝑃+ = {indexes of bigger better} and
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to define 𝑃
−

= {indexes of smaller better}, then normaliza-
tion process can be represented as follows:

𝑟
𝑖𝑗
=

(𝑦
𝑖𝑗
−min

1≤𝑖≤𝑛
𝑦
𝑖𝑗
)

(max
1≤𝑖≤𝑛

𝑦
𝑖𝑗
−min

1≤𝑖≤𝑛
𝑦
𝑖𝑗
)

, 𝑖 = 1, 2, . . . , 𝑛, 𝑗 ∈ 𝑃
+
,

𝑟
𝑖𝑗
=

(max
1≤𝑖≤𝑛

𝑦
𝑖𝑗
− 𝑦
𝑖𝑗
)

(max
1≤𝑖≤𝑛

𝑦
𝑖𝑗
−min

1≤𝑖≤𝑛
𝑦
𝑖𝑗
)

, 𝑖 = 1, 2, . . . , 𝑛, 𝑗 ∈ 𝑃
−
.

(16)

The normalized matter-element algorithmmatrix of plan
𝑆
𝑖
can be represented as follows:

𝑅
𝑖
=

[

[

[

[

[

[

𝐴
𝑖

𝑃
1

𝑟
𝑖1

𝑃
2

𝑟
𝑖2

.

.

.

.

.

.

𝑃
𝑚

𝑟
𝑖𝑚

]

]

]

]

]

]

𝜔
1

𝜔
2

.

.

.

𝜔
𝑚

, 𝑖 = 1, 2, . . . , 𝑛. (17)

3.2.2. The Best and Worst Matrix. To define

𝑟
+

𝑗
=

{

{

{

max
1≤𝑖≤𝑛

𝑟
𝑖𝑗
, 𝑗 ∈ 𝑃

+

min
1≤𝑖≤𝑛

𝑟
𝑖𝑗
, 𝑗 ∈ 𝑃

−
,

𝑟
−

𝑗
=

{

{

{

min
1≤𝑖≤𝑛

𝑟
𝑖𝑗
, 𝑗 ∈ 𝑃

−

max
1≤𝑖≤𝑛

𝑟
𝑖𝑗
, 𝑗 ∈ 𝑃

+
,

(18)

then the best and worst matrix can be represented as follows:

𝑅
+
=

[

[

[

[

[

[

𝐴
𝑖

𝑃
1

𝑟
+

1

𝑃
2

𝑟
+

2

.

.

.

.

.

.

𝑃
𝑚

𝑟
+

𝑚

]

]

]

]

]

]

𝜔
1

𝜔
2

.

.

.

𝜔
𝑚

,

𝑅
−
=

[

[

[

[

[

[

𝐴
𝑖

𝑃
1

𝑟
−

1

𝑃
2

𝑟
−

2

.

.

.

.

.

.

𝑃
𝑚

𝑟
−

𝑚

]

]

]

]

]

]

𝜔
1

𝜔
2

.

.

.

𝜔
𝑚

.

(19)

3.2.3.Weights Calculation. In this paper, APNmethod is used
to calculate the weight of each index [21, 22].

3.2.4.TheDistance and Relative Closeness. To define 𝑆+
𝑖
as the

distance from plan 𝑆
𝑖
(𝑖 = 1, 2, . . . , 𝑛) to the best plan and 𝑆

−

𝑖

as the distance to the worst plan

𝑆
+

𝑖
= √

𝑚

∑

𝑗=1

𝜔
2

𝑗
(𝑟
𝑖𝑗
− 𝑅
+
)

2

,

𝑆
−

𝑖
= √

𝑚

∑

𝑗=1

𝜔
2

𝑗
(𝑟
𝑖𝑗
− 𝑅
−
)

2

,

(20)

Table 3: The number of passengers for evacuation.

Places Arriving person Waiting person

Subway platform

Line 10 up 1200 300
Line 10 down 1200 300

Line 5 700 300
Line Yizhuang 700 300

Subway hall — 450

then the relative closeness of plan 𝑆
𝑖
(𝑖 = 1, 2, . . . , 𝑛) to the

best plan is 𝑒
𝑖
:

𝑒
𝑖
=

𝑆
−

𝑖

𝑆
+

𝑖
+ 𝑆
−

𝑖

. (21)

In the type, 𝑒
𝑖
is the value of decision-making of plan 𝑆

𝑖

and 0 < 𝑒
𝑖
< 1. When 𝑒

𝑖
is bigger, 𝑆+

𝑖
is closer to 0 and the

evacuation plan is better.

4. Test Results

4.1. Simulation Model. In order to test the practicability
of evacuation evaluation system in subway fire, the paper
chooses Songjiazhuang (SJZ) station as an example. SJZ is
a transfer station of line 10, line 5, and line Yizhuang. It is
predicted that the peak hour traffic of SJZ will reach 66800
in 2016. There is no doubt that it will be one of the most
large-scale subway stations in Asia.Therefore it is particularly
important to evaluate the fire evacuation plans of SJZ.

4.1.1. Data Preparation. Data preparation is the basicwork for
pedestrian simulation modeling. The number of passengers
in subway platform and subway hall is shown in Table 3
through field investigation.

4.1.2. Fire Environment. In order to reflect the evacuation
conditions of different fire scenes in subway, in this paper,
two different scenarios are simulated. Exhaust mode settings
are shown in Table 4 and the distribution of fire product in
platform is shown in Figure 3.

4.1.3. Speed Calibration of Fire Environment. Equivalent
velocity is the movement speed in fire environment. The
paper considered the impact of mainly fire products on
personnel evacuation separately:

V = V
0
⋅ 𝑓 (𝐾

𝑠
, 𝜌, 𝑇) = V

0
⋅ 𝑓
1
(𝐾
𝑠
) 𝑓
1
(𝜌) 𝑓
1
(𝑇) , (22)

where V is equivalent velocity, V
0
is pedestrian normal veloc-

ity, 𝑓
1
(𝐾
𝑠
) is visibility influence coefficient, 𝑓

1
(𝜌) is toxic gas

concentration influence coefficient, and 𝑓
1
(𝑇) is temperature

influence coefficient.

(1) The Effect of Visibility on Pedestrian Speed. The relation-
ship between people’ walking speed and smoke obscuration
coefficient when people were exposed to the irritating and
nonirritating smoke is shown in Figure 4 by experiment [23].
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Figure 3: Fire product distributed in platform.

Table 4: Exhaust mode settings in different fire scenes.

Fire scenes Exhaust smoke level Exhaust smoke model Remark
Fire of platform 180 Exhaust smoke of platform All of the shield doors open for auxiliary exhausting smoke
Fire of hall 180 Exhaust smoke of hall All of the shield doors open for auxiliary exhausting smoke
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(1/m)

Figure 4: The walking speed in irritating and nonirritating smoke.

(2) The Effect of Toxic Gas on Pedestrian Speed. The effect of
toxic gas on evacuation pedestrian is velocity-decrease.Milke
had got the data by experiment about the effect of different
concentrations of CO on pedestrian in fire [24] shown in
Table 5.

(3) The Effect of Temperature on Pedestrian Speed. According
to the predecessors’ research data, the influence coefficient of
flue gas temperature on personnel movement speed can be
concluded as follows:

𝑓
3
(𝑇) =

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

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

{

1

(𝑇
0
< 𝑇
𝑠
≤ 𝑇
𝜎1
)

(Vmax − 1.2) ((𝑇
𝑠
− 𝑇
𝜎1
) / (𝑇
𝜎2

− 𝑇
𝜎1
))
2

V
0

+ 1

(𝑇
𝜎1

< 𝑇
𝑠
≤ 𝑇
𝜎2
)

Vmax
1.2

[1 − (

𝑇
𝑠
− 𝑇
𝜎2

𝑇deal − 𝑇
𝜎2

)

2

]

(𝑇
𝜎2

< 𝑇
𝑠
≤ 𝑇deal) ,

(23)
where 𝑇

𝑠
is the temperature in the fire, V

0
is pedestrians

normal velocity, Vmax is maximum speed to escape, gener-
ally taking 5m/s, 𝑇

𝜎1
is the temperature when people feel

uncomfortable, generally taking 30∘C, 𝑇
𝜎2

is the temperature
that harm a person, generally taking 60∘C, and 𝑇

𝜎2
is the

temperature that cause death, generally taking 120∘C.

4.1.4. Pedestrian Survival Condition Calibration. All kinds
of fire products occurring in the process of fire have
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Table 5: Different concentrations of CO impact on pedestrian in
fire.

Co (%) Exposure
time (min)

Cumulative
dose (%min)

Personnel
velocity

decrease (m/s)

>0.1
1 >0.1 0.05
2 >0.2 0.1
𝑛 >0.1𝑛 0.05𝑛

>0.15
1 >0.15 0.1
2 >0.3 0.2
𝑛 >0.15𝑛 0.1𝑛

>0.2
1 >0.2 0.15
2 >0.4 0.3
𝑛 >0.2𝑛 0.15𝑛

>0.25 Person faint or death, being unable to move

Table 6: Human tolerance limits to fire products.

Content Human tolerance limits
Radiation heat
flux 2.5 kw/m2

Gas temperature When the smoke layer height >2m, 180∘C
When <2m for 30min, 60∘C

Visibility When the smoke layer height <2m, 0.1m
(10 cm)

Toxic gas CO concentration achieves 0.25%

a great threat to pedestrians’ life. The third edition of Fire
handbook in China gives human tolerance limits to different
fire products (Table 6).

4.1.5. Evacuation Routes Calibration

Plan 1. According to the layout ofmetro station and passenger
flow forecast, the mode of passenger evacuation from the
nearest exit is shown in Figure 5.
Plan 2. Because of the uneven distribution of passengers
in the platform, it is suggested that part of passengers is
guided to other exits which are not nearest to them. The
specific measures are shown in Figure 6, guiding 300 passen-
gers in line 10 platform to exits in line 5 and line Yizhuang
platform.

4.2. Results of Evaluation. Based on the output data of simu-
lation model, the value of the evaluation indexes of two
evacuation plans in two scenes can be calculated, as shown
in Table 7.

The value of decision-making of different plans can be
calculated by the matter-element algorithms, as shown in
Table 8.

From the results, when the platform is on fire, 𝑒
2

> 𝑒
1
.

It shows that S
2
is better than S

1
. When the hall is on fire,

𝑒
2

> 𝑒
1
. It also shows that S

2
is better than S

1
. According

to the value of decision-making in two scenes, it is known

Platform

Figure 5: The evacuation route of plan 1.

Platform

Figure 6: The evacuation route of plan 2.

Table 7:The value of evaluation indexes of two plans in two scenes.

Evaluation
indexes

Subway platform on fire Subway hall on fire
Plan 1 (S1) Plan 2 (S2) Plan 1 (S1) Plan 2 (S2)

𝑢
11

99.35 99.57 99.82 99.88
𝑢
12

0.943 0.942 0.969 0.966
𝑢
21

0.763 0.783 0.782 0.773
𝑢
22

0.639 0.623 0.659 0.624
𝑢
31

278 221 271 216
𝑢
32

678 741 691 761
𝑢
41

1.36 1.32 1.33 1.21
𝑢
42

0.18 0.14 0.16 0.13

that the fire evacuation effect in hall is better than in platform
regardless of plans.

4.3. Analysis of Simulation Results. From the value of eval-
uation indexes of two plans shown in Table 7, we know the
following.

(1) More people can escape in plan 2 and the others will
die in line 10 platform from the simulation process.
Figure 7 shows the relationship between the number
of people present in the subway and the evaluation
time of two plans. It is obvious that the escape speed
of plan 2 is faster than plan 1.

(2) The comparison of security risk shows the effect of
high density passenger and the number of conflicts
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Figure 7: The relationship between the number of people present in the subway and the evaluation time.

Table 8: The value of decision-making of different scenes.

The value of
decision-making

Subway platform on fire Subway hall on fire
Plan 1 (S

1
) Plan 2 (S

2
) Plan 1 (S

1
) Plan 2 (S

2
)

𝑒
𝑖

0.198 0.366 0.730 0.896

is less in plan 2. It is proved that the evacuation
organization of plan 2 is more reasonable.

(3) The comparison of effectiveness index shows the
average evacuation time of plan 2 is less, although part
of people did not evacuate from the nearest exits.

(4) The comparison of orderliness index shows the diver-
sity of speed is smaller, so the evacuation flow is more
uniform and orderly in plan 2.

4.4. Simulation Conclusion and Optimization

(1) Because of the uneven distribution of passengers in
subway, the plan that all pedestrians evacuate from
the nearest exits is not the best. Guiding a certain
number of passengers to other exits may be more
suitable.

(2) The evacuation time of pedestrians in line 10 platform
is the longest from the simulation process; it is
suggested that the new emergency stair or channel of
line 10 platform should be added.

5. Conclusion

With the continuous improvement of urban subway system in
China, the ability of subway stations to prevent the disasters
and accidents will face a huge challenge. In the practical
application, a model of pedestrians’ evacuation process in
subway fire and a dynamic evaluation indicators system are
shown in this paper.The test results prove them to be applied
and effective. The evaluation indicators system provides a
new method to evaluate the facility layout and evacuation
plan quantitatively. It also has a strong guiding significance
for optimizing evacuation plan and improving the ability to
prevent the disasters and accidents of subway stations.
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Because of the poor real-time performance of in-place fast Fourier transforms, a reconfigurable radix-4 FFT processor is studied
and designed, which is based on decimation-in-time and single floating-point computation.The proposedmethod adopts “pipeline
and parallel” structure for accessing multiple memories to improve the FFT processing speed, and then it is applied to digital pulse
compression. The experimental result shows that the proposed FFT based on radix-4 computation can implement digital pulse
compression rapidly under no adding hardware resources. The proposed method can be also applied to other radix FFTs.

1. Introduction

The concept of pulse compression begins from the Second
World War. Because of the technological difficulty, pulse
compression signal has applied to long-range surveillance
and long-range tracking radars until the early 1960s. From
the 1970s, with theoretic maturity and improving technology,
pulse compression can be widely applied to radars of 3D,
phased array, reconnaissance, fire control and so on. There-
fore the performance of these radars is proved obviously. As
many novel technologies and new devices are progressively
used to radar systems, the property of radar systems is
much improved. Specially, the emerging of the fast Fourier
transform (FFT) lays a solid foundation. It is a hotspot for
radar design to study high real-time pulse compression [1–3].
In order to obtain high range resolution, pulse compression
has been used.

There are two methods for digital pulse compression
(DPC), that is, convolution integral in time domain and
matched filter in frequency [4]. In engineering design, DPC
can be mainly implemented in frequency. So the matched
filtering of LFM signal is realized and shown as Figure 1.

The procedure of matched filtering in frequency is (1)
using FFT to make discrete time signal into discrete spec-
trum, (2) multiplying by the frequency response function of

the filter, and (3) using IFFT to back into time series, namely,
gaining the time domain single of DPC.

Suppose that the transmitter signal is 𝑥(𝑛), and the
corresponding signal spectrum is𝐻(𝜔); thus the function of
the matched filter is 𝐻(𝜔) = 𝑋∗(𝜔). Given that the receiver
signal is 𝑠(𝑛), the output of pulse compression 𝑦(𝑛) is

𝑦 (𝑛) = IFFT {FFT {𝑠 (𝑛)} × 𝐻 (𝜔)} . (1)

It is seen that FFT/IFFT is still the concern in implement-
ing DPC.

In the early days, general high-speed signal processor is
mainly adopted to implement DPC, and this method is grad-
ually eliminated as the new radar systemwith high-resolution
real-time processing technology [5]. However, it becomes
more and more mature for using hardware programmable
logic, and FPGA (Field Programmable Gate Array) [6, 7]
can implement DPC meeting precision requirements and
increasing speed.

Usually, the structures of FFT processor have the constant
geometry [8], the pipeline [9], and in place [10, 11]. The
constant geometry FFT costs double memories. The pipeline
architectures have high throughput, but they waste a large
of resouces. Therefore, in-place architecture is employed to
implement the FFT/IFFT, which are the main computations
in DPC.
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Figure 1: Two methods for implementing DPC of LFM.

A reconfigurable FFT processor based on “pipeline and
parallel” structure is proposed, and it is applied to DPC.

2. Basic Theory

Given a length-𝑁 complex sequence 𝑥(𝑛), {𝑛 = 0, 1, . . . , 𝑁 −
1}, its DFT𝑋(𝑘) is also a length-𝑁 complex sequence defined
by

𝑋 (𝑘) =

𝑁−1

∑

𝑛=0

𝑥 (𝑛)𝑊
𝑛𝑘

𝑁
, 𝑘 = 0, 1, . . . , 𝑁 − 1, (2)

where 𝑊
𝑁
= 𝑒
−𝑗2𝜋/𝑁 and 𝑗 = √−1. In this proposed

algorithm, the sequence length𝑁 is a composite number and
it is equal to𝑀𝐿; therefore, 𝑛 can be expressed as

𝑛 = 𝑀𝑛
1
+ 𝑛
0
, (3)

where 𝑛
1
= 0, 1, . . . , 𝐿 − 1, 𝑛

0
= 0, 1, . . . ,𝑀 − 1. 𝑛

0
, 𝑛
1
are the

numbers of columns and rows, respectively.𝑀 and 𝐿 are the
amounts of columns and rows, respectively.

In a similar way, the frequency index 𝑘 for the output
sequence is expressed as

𝑘 = 𝐿𝑘
1
+ 𝑘
0
, (4)

where 𝑘
1
= 0, 1, . . . ,𝑀−1, 𝑘

0
= 0, 1, . . . , 𝐿− 1. 𝑘

1
is a column

vector, and 𝑘
0
is a row vector.

Equation (2) can be rewritten as

𝑋(𝑘) = (𝐿𝑘
1
+ 𝑘
0
) = 𝑋 (𝑘

1
, 𝑘
0
) =

𝑁−1

∑

𝑛=0

𝑥 (𝑛)𝑊
𝑛𝑘

𝑁

=

𝑀−1

∑

𝑛0=0

𝐿−1

∑

𝑛1=0

𝑥 (𝑀𝑛
1
+ 𝑛
0
)𝑊
(𝑀𝑛1+𝑛0)(𝐿𝑘1+𝑘0)

𝑁
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𝑀−1

∑

𝑛0=0

𝐿−1

∑

𝑛1=0

𝑥 (𝑛
1
, 𝑛
0
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𝑀𝑛1𝐿𝑘1

𝑁
𝑊
𝑀𝑛1𝑘0

𝑁
𝑊
𝑛0𝐿𝑘1

𝑁
𝑊
𝑛0𝑘0

𝑁

=

𝑀−1

∑

𝑛0=0

𝐿−1

∑

𝑛1=0

𝑥 (𝑛
1
, 𝑛
0
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𝑀𝑛1𝑘0

𝑁
𝑊
𝑛0𝑘0

𝑁
𝑊
𝑛0𝐿𝑘1

𝑁
.

(5)

Then, we have

𝑋(𝑘
1
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0
) =
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From above, 𝑥(𝑛) can be mapped to 𝑥 (𝑛
1
, 𝑛
0
); that is, 𝑁

can be decomposed into𝑀 sets data with 𝐿 points. The data
of the𝑀 sets are independent of each other.

3. Proposed FFT Design

3.1. Structure. 4096-point radix-4 FFT is mainly discussed.
The design is based on a “pipeline and parallel” structure.
In the proposed design, only single radix-4 butterfly unit is
needed; meanwhile, four dual-port memories are used for
reducing processing time.

Before discussing the structure, a counter should be
designed. It keeps consistent with the input data. When one
datum is input, the counter adds “1”. So, the range of the
counter is from 0 to 4095.

First, the 4096 input data should be distributed into the
four memories. According to the results of the modulo 4 of
the designed counter, 4096 input data can be assigned to the
four memories with depth being 1024, that is, RAM0∼RAM3.
Then each set of 1024 data can be computed by radix-4 FFT.
Because the four sets of data are independent of each other
according to (6), they can compute in parallel. At the same
time, the four sets are the same in computing; therefore,
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Figure 3: Parallel structure for 4 sets of 1024-point FFT.

the four FFTs can be implemented in pipeline structure. The
pipeline structure is shown in Figure 2, and only one radix-4
butterfly is needed to implement four 1024-point FFTs.

Detailed explanation of each unit is as follows.

(i) RAM0∼RAM3: four memories are used for storing
the 4096 data. With high precision, the data are for-
matted in single-precision floating point. Therefore,
the storage size of each memory is 64K bits.

(ii) Control unit for memories: it is used to control the
orders of memories accessed.

(iii) Cache unit 1: its function is to cache the pipeline data
loaded from each memory. If the data are computed,
the data should be in parallel.

(iv) Radix-4 butterfly unit: it is the basic radix-4 unit [12]
and is computed in decimation-in-time. Considering
hardware implementation, the butterfly unit mainly
consists of floating-point adders and multipliers [13].
For the four operands, the first one needs not a
multiplier, so there are three complex multipliers.

(v) Cache unit 2: its function is to cache the parallel
results from radix-4 butterfly unit. Because the out-
puts are stored in pipeline, there is one cache unit to
store them.

After the computation above, there is another stage
to compute. In this stage, parallel accessing for the four
memories is applied and the same butterfly unit is used. The
structure is shown in Figure 3. After running 1024 radix-4
computations, the data are the results of 4096-point FFT.

Detailed explanation of each unit is as follows.
(i) The depth of each memory at the left part is 1024.The

data are the results of 1024-point FFT.
(ii) One datum can be accessed from one memory and

four data are obtained to input the radix-4 butterfly
unit. There are 1024 times to process.

(iii) The parallel outputs are stored in parallel.

3.2. Pipeline Accessing for Memories. For the radix-4 FFT
computation, there are two parts: (1) multiplication with
coefficients; (2) 4-pointDFT computation.The four operands
of one 4-point butterfly are input in parallel, multiple by
twiddle factors and run 4-point DFT.

Before being input into the butterfly unit, four data are
accessed from one memory. Then, the four pipeline data are
cached and output in parallel. Last, the four parallel data are
input into the butterfly unit.The whole computing process of
the butterfly unit is just as follows.

(1) According to the accessing addresses of the operands
and the twiddle factors [14], the operands and the
twiddle factors can be obtained. The four operands
can be represented by Op(0)∼Op(3).

(2) The operands and the twiddle factors in pipeline are
input into cache unit 1 and the outputs are in parallel.

(3) The four parallel operands multiply by the four paral-
lel twiddle factors and then addition and subtraction
are computed. Finally, the results frommultiplication
with twiddle factors are Op(0)∼Op(3).

(4) After butterfly computation, the parallel outputs are
Op(0)∼Op(3). Then, the outputs are input into
cache unit 2 and pipeline outputs are obtained and
then stored in place.

The timing diagram between the input and the output of
the radix-4 butterfly unit is shown as in Figure 4.

From the timing diagram above, three cycles are idle in
one radix-4 butterfly computation.

In the proposed method, the idle cycles can be used.
So one butterfly unit is used for four 1024-point FFTs. It is
important to arrange the order of loading data from the four
sets, and the corresponding timing diagram is shown as in
Figure 5.

Detailed explanations are as follows.
(i) The four operands from RAM0 are Op0(0)∼Op0(3),

and the complex multiplications with twiddle factors
areOp0(0)∼Op0(3).Theparallel outputs of butterfly
unit are Op0(0)∼Op0(3).
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Figure 4: Timing of the input and the output of radix-4 butterfly unit in one memory.

(ii) The four operands from RAM1 are Op1(0)∼Op1(3),
and the complex multiplications with twiddle factors
are Op1(0)∼Op1(3). The parallel outputs of butterfly
unit are Op1(0)∼Op1(3).

(iii) The four operands from RAM2 are Op2(0)∼Op2(3),
and the complex multiplications with twiddle factors
areOp2(0)∼Op2(3).The parallel outputs of butterfly
unit are Op2(0)∼Op2(3).

(iv) The four operands from RAM3 are Op3(0)∼Op3(3),
and the complex multiplications with twiddle factors
areOp3(0)∼Op3(3).The parallel outputs of butterfly
unit are Op3(0)∼Op3(3).

In order to implement pipeline accesses for the four
memories, reading data from RAM0∼RAM3 are delayed for
one cycle in turn. Because the four sets are independent of
each other, the four sets need the same accessing addresses
and twiddle factors. So the four FFTs share one set of twiddle
factors and it can simplify FFT design.

3.3. Parallel Accessing for Memories. The outputs of the above
1024-point FFT multiple by the twiddle factors and they are
new sequences.Thenew sequences are input into the butterfly
unit. The last stage is to compute 1024 4-point DFTs, and the
structure is shown as in Figure 6.

For the last stage, the same radix-4 butterfly is used.
The 1024 4-point DFTs are computed. Because the operands

of one butterfly belong to different memories, the four
memories are accessed in parallel. The results are the 4096-
point FFT.

4. Reconfigurable FFT Design

Because it needs IFFT computation in DPC, a configurable
FFT is designed, which can be configured to FFT or IFFT.

According to the relationship between FFT and IFFT, the
designed FFT can be configured to IFFT. Due to the inverse
transformation,

𝑥 (𝑛) =

1

𝑁

𝑁−1

∑

𝑘=0

𝑋(𝑘)𝑊
−𝑛𝑘

𝑁
= IDFT [𝑋 (𝑘) ,𝑁] . (8)

From (2) and (8), the main differences are the coefficients
and the results being𝑁 times.

Therefore, modifying the FFT is as the following. First, we
exchange real part with imaginary part of the input data and
then compute FFT. Last, the real part and imaginary part are
exchanged and then are divided by𝑁. Finally the IFFT results
are obtained.

Therefore, a control signal is set. When it is high, FFT
computation is done; when it is low, IFFT computation
is done. Thus, the proposed FFT processor is set as a
reconfigurable FFT.
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Figure 5: Timing for four memories in pipeline accessing.
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Figure 6: Structure of the last stage.

5. DPC Design

On demand of the actual engineering, there is 4096-point
DPC to process. The process of DPC is to compute FFT and
thenmultiply by coefficients and at last do IFFT. Radix-4 FFT
is used to compute 4096-point FFT and four memories are
accessed in “pipeline and parallel” structure.

First, 1024-point FFT should be implemented by one
radix-4 butterfly unit, and the four sets are processed in
pipeline; then the four memories are accessed in parallel.The

stored results of 4096-point FFT in RAMs are in reversed
order.

Second, the results of the above 4096-point FFT are read
from memories, multiply by the matched filter coefficients
and the results are stored in memories in pipeline. (In the
example, hamming window is used for the matched filter
coefficients.)

Last, data after multiplication with coefficients do IFFT.
This step uses the reconfigurable FFT to process IFFT,
followed by division by 4096. The division can be replaced



6 Mathematical Problems in Engineering

4096 inputs 6292 cycles of FFT 4110 cycles of 
complex

multiplication
6292 cycles of IFFT The outputs of 

DPC

Figure 7: Timing of DPC.

Table 1: FFT processing time comparisons (cycles).

FFT processors Time
Comparisons

with the
proposed design

In place with single butterfly 24259 17967↑
Xilinx FFT IP 10427 4135↑
C6701 floating-point DSP 12000 5708↑
The proposed design 6292 —

Table 2: FFT resources comparisons.

FFT processors Number of FFTs LUTs
Pipeline FFT [9] 4096 16561
FFT design [15] 4096 12467
The proposed design 4096 10427

by subtracting 12 because of floating-point operation being
used.

6. Implementations and Analyses

FPGA is a large-scale programmable logic devicewith flexible
logic cell, high integration, short developing time, and low
developing cost; it is widely used in prototype design and
prophase of new product development. Xilinx series FPGA
is used for the proposed FFT and DPC verifications. The
timing simulations are done in ModelSim and the resources
are estimated by the device of Xilinx V6 series Xc6v1x240t
(−1).

6.1. Implementation of the FFTProcessor. Theprocessing time
periods and resources of the proposed FFT are listed in Tables
1 and 2, respectively.

From Table 1, the computation time of the proposed
FFT is shorter than the compared methods. If 4096-point
FFT is implemented with one memory and one butterfly,
the processing time is 24259, which is 4 times as many
as the proposed scheme. The running time of the other

Table 3: Device utilization summary of DPC.

Logic resources Used Utilization
Slice registers 16251 5%
Slice LUTs 21418 14%
RAM/FIFO 36 8%
DSP48E1s 60 7%

two methods which are based on the in-place architecture
in spite of different platforms, is longer than the time of
the proposed one. Therefore, the proposed design adopts
“pipeline and parallel” accessing for memories to implement
FFT and indeed reduces the processing time based on in-
place architecture.

From Table 2, the LUTs of the proposed design are less
than the two compared methods. Because the accessing
addresses for the operands and the twiddle factors are
generated for 1024-point FFT, not for 4096-point FFT, the
waste resources can be reduced.

Therefore, the proposed method with “pipeline and par-
allel” structure is not only keeping less resources but also
having higher processing speed to compute FFT and the
above results show its advantage.

6.2. Implementation of DPC. The resources of DPC are listed
in Table 3. The maximum frequency is 122.128MHz and
satisfies the engineering demand.

The timing simulation of DPC is shown in Figure 7. The
data source of 4096 numbers is generated by Matlab tool and
the matched filtering coefficients are stored in ROM.

Figure 7 shows that the computing cycles of FFT or IFFT
are 6292, and the cycles ofmultiplicationswith coefficients are
4110. So the total of processing cycles of DPC is 16694. If the
clock period is set 100MHz, the running time of 4096-point
DPC computation is 166.94 𝜇s.

Table 4 shows the processing time of DPC with different
schemes. If one butterfly is used with in-place structure and
one memory, the running clocks are 52656 and if Xilinx
FFT IP core is used to compute FFT and IFFT in DPC, the
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Table 4: Comparisons of DPC’s processing cycles with methods.

FFT processors Time
Comparisons

with the
proposed design

In place with single butterfly 52656 35934↑
Xilinx FFT IP 24992 8270↑
The proposed design 16722 —

time periods of DPC are 24992. There are many arithmetic
operations, such as additions and multiplications, in DPC
computation. Because the processing delays of the operations
are not the same in the first two schemes, the processing time
is different for them. As the processing delay of arithmetic
operations of the proposed scheme is the same as the
first one, from the result, the proposed method wastes less
processing time than the first one. Therefore, the proposed
FFT processor can improve the processing speed of DPC and
has its advantages in engineering.

7. Conclusions

The proposed scheme for FFT structure based on “pipeline
and parallel” access can improve processing speed and can be
applied to DPC design for single-channel data. According to
the processing flow of DPC, the stages of FFT and IFFT adopt
the proposed FFT structure to achieve the goals of high speed
and less resources, so the DPC system can obtain high real-
time performance.

Meanwhile, the proposed method is also applied to
multiple-channel data.The data of each channel can be stored
in onememory and themultiple sets ofmultiple-channel data
are stored in multiple memories.

Furthermore, the novel way can be used to other radix
FFTs and simple mixed-radix FFTs. When radix-𝑟 FFT adopt
the scheme, usually 𝑟 memories are taken and 𝑁 data
are divided into the 𝑟 memories and single radix-𝑟 FFT
is employed. Simply mixed-radix FFT, for example, radix-
2/4 FFT, can use the proposed method. We can store 𝑁
data into four memories; thus there exists four memories
for radix-2 butterfly computation. Two radix-2 butterflies
can be computed in parallel. Because radix-4 butterfly can
reconfigure into two radix-2 butterflies, radix-2/4 FFT can
only use one radix-4 FFT to compute.

Therefore, the proposed method can have wide applica-
tions.
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Poor ride comfort and shorter clutch life span are the key factors restricting the commercialization of automated manual
transmission (AMT). For nonelectrically controlled engines or AMT where cooperative control between the engine and the
transmission is not realizable, applying electronically controlled fuel control rod systems (ECFCRS) is an effective way to solve
these problems. By applying design software such as CATIA, Matlab and Simulink, and MSC Adams, a suite of optimization
design methods for ECFCRS drive mechanisms are developed here. Based on these new methods, design requirements can be
analyzed comprehensively and the design scheme can be modified easily, thus greatly shortening the design cycle. The bench tests
and real vehicle tests indicate that the system developed achieves preferable engine speed following-up performance and engine
speed regulating performance. The method developed has significance as a reference for developing other vehicle systems.

1. Introduction

Based on manual transmission, automated manual transmis-
sion, or AMT in short, realizes clutch operation and gear
shifting by using electrohydraulic [1, 2], electromechanical
[3–5], or electropneumatic [6] actuators instead of the driver’s
direct manipulation of the clutch and shift handle. Thanks
to its simple structure, low cost, and high transmission
efficiency, the application of AMT to vehicles has been
continually increasing. AMT has now been applied in several
car models, such as the Volkswagen Lupo, Honda Civic,
BWMM3, Benz Smart, and others [7–9].

Poor ride comfort and shorter clutch life span are the
key factors restricting the commercialization of AMT [10, 11],
and many different methods of clutch engagement control
[12–15] and engine throttle control [2, 16–19] have been
proposed to address these issues. For nonelectrically con-
trolled diesel engines or AMT systems in which cooperative
control between the diesel engine and the transmission is not
realizable, however, applying an electronically controlled fuel
control rod system (ECFCRS) is an effectiveway to solve these
problems.

Optimizing the design of the drive mechanism is the key
to realizing ECFCRS. Only with a drive mechanism possess-
ing a simple structure, reliable performance characteristics,
and convenient maintenance can ECFCRS with preferable
performance be achieved. This paper develops a suite of
optimization design method for the drive mechanism of an
ECFCRS, using such assistant design softwares as CATIA,
Matlab and Simulink, and MSC Adams, and covering the
design principles and design methods of the drive mecha-
nism, design schemes comparison, the design philosophy of
all parts of themechanism, the structural design and strength
checking of themechanism’s parts, the assembly design of the
drivemechanism, and bench tests, and real vehicle tests of the
developed system.

2. Design Principles and Design Method

During drivemechanismdesign, the following aspects should
be considered: A that the developed electric motor drive
mechanism can be installed onto the engine with ease and
the whole system can operate steadily; B that no dead
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points or turning points can exist during the working range;
C that the developed mechanism guarantees as much as
possible a preferable linear relationship between the rotation
angle of the motor output arm and that of fuel control rod
(otherwise the system may be instable); D that the parts
of which the mechanism consists should be as simple as
possible, ideally standard, or interchangeable parts, in order
to decrease processing costs and facilitate easy assembly and
maintenance.

2.1. Design Method of the Drive Mechanism. Based on design
softwares as CATIA, Matlab and Simulink, and MSC Adams,
a design flow is developed to increase the efficiency of
research, development, design, testing and evaluation of
the system. The design requirements can thus be analyzed
comprehensively and the design schemes can be modified
rapidly, greatly shortening the design cycle.

The developed design flow is as follows.

(1) Mathematical analysis: carry out qualitative and pre-
liminary quantitative analysis of the investigated sys-
tem utilizing the theories and formulae of classical
mechanics to orient the research and design. This
step is accomplished with the Matlab development
environment.

(2) 3D model establishment: establish a 3D model of the
developed mechanism through CATIA based on the
parts’ geometric designs and themechanism assembly
designs. This facilitates easy analysis of the spatial
arrangement of the mechanism.

(3) Kinematics and kinetic analysis: carry out analysis of
kinematics and kinetic characteristics of the mecha-
nism model created in CATIA using Adams. If the
mechanism cannot meet the requirements in terms
of kinematics and kinetic characteristics, return to
CATIA and modify the geometric parameters of the
parts.

(4) Analysis of control performance: analyze the control
performance of the mechanism with Adams and
Simulink to supply reference for developing the con-
trol software.

(5) Processing of parts: perform strength checking of the
parts, generate the 2D drawings from CATIA, and
complete parts processing.

(6) System performance tests: verify whether the
ECFCRS with the mechanism developed has prefer-
able engine speed following-up and regulating per-
formances based on bench tests and real vehicle tests.

2.2. Design Schemes Comparison. To realize the control of the
electric motor on the fuel control rod of a diesel engine, three
schemes are considered: A directly driving the fuel control
rod by an electric motor; B driving the fuel control rod
through a chain and turntable driven by an electric motor;
C driving the fuel control rod by an electric motor via rod
linkage mechanisms.

Scheme 1 is the simplest in themechanical structure, with
the rotation angle of the electric motor’s output arm and that
of the fuel control rod being completely synchronized, but
the positional tolerance zone of the electric motor’s bracket
and the installation site of the electric motor require extreme
precision. Scheme 2 has the best force momentmagnification
characteristics, so that an electric motor with smaller output
torque can be used, and the spatial arrangement of the
mechanism is relatively flexible and less restricted due to the
flexible driving link. The mechanism structure is however
more complicated, and the parts utilized are generally not
standard or interchangeable, which is disadvantageous to
processing and maintenance. Scheme 3 has the relatively
simple structure and the requirements in terms of design
accuracy are not high. Also, the standard and interchangeable
parts may be easily used and processing and maintenance
are convenient. This scheme can gain certain force moment
magnification characteristics through optimizing the parts’
parameters so that an electric motor with smaller output
torque can be used. Its disadvantages lie in that a turning
point or dead point may exist in the system. If this scheme
is adopted, the system should therefore be optimized during
design to solve these potential problems.

Based on comprehensive evaluation, scheme 3 was
selected, namely, driving the fuel control rod via a rod
linkage mechanism. Although this scheme does not achieve
the optimal kinematics characteristics or force moment
magnification characteristics, it can balance these two factors
well and has preferable performance in terms of processing
and maintenance characteristics.

3. Design Philosophy of the Drive
Mechanism’s Parts

3.1. Determination of Fuel Control Rod Length and
Electric Motor’s Output Arm Length

3.1.1. Determination of Fuel Control Rod Length. The length
of the fuel control rod was designed as 40mm, after consid-
eration of the spatial arrangement of the engine and the use of
this value as a base to optimize the parameters of other parts
of the mechanism.

3.1.2. Determination of Electric Motor’s Output Arm Length.
The length of the electric motor’s output arm can influence
whether the output force moment thereof is magnified or
reduced and can also influence the slewing area of the
electric motor’s output arm. This length may be determined
according to the following calculation.

In Figure 1, 𝑂
0
, the grid origin of Reference Frame O

0
,

and 𝑂
1
, the grid origin of Reference FrameO

1
, are the coop-

eration centers of the fuel control rod and fuel control shaft
and of the electric motor’s output arm and electric motor’s
rotary shaft, respectively, and the x

0
axis and x

1
axis refer

to the fuel control shaft and motor shaft, respectively, with
their respective vectors beingU

0
andU

1
.The two connection

joints (ball pivots) of the link rod of themechanism arewithin
Surface y

0
z
0
and Surface y

1
z
1
, respectively.
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Figure 1: Schematic diagram of the rod linkage mechanism of the
ECFCRS.

Definition:
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A
0
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𝐴
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0
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T
,
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𝐵
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𝐵
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𝐵
]
T
,

B
0
= [𝑋
0

𝐵
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0

𝐵
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𝐵
]

T
,

U
0
= [𝑋
𝑈0
, 𝑌
𝑈0
, 𝑍
𝑈0
]

T
,

U
1
= [𝑋
𝑈1
, 𝑌
𝑈1
, 𝑍
𝑈1
]

T
.

(1)

Reference Frame O
0
is selected as the reference frame;

therefore

O
0
= [0, 0, 0]

T
,

U
0
= [1, 0, 0]

T
.

(2)

In the above definition A is the coordinate of the ball pivots
on the fuel control rod within Reference FrameO

0
, A
0
is the

initial position of A, B is the coordinate of the ball pivots on
the electric motor’s output arm within Reference Frame O

1
,

B
0
is the initial position of B, U

0
is the vector of fuel control

shaftwithinReference FrameO
0
,U
1
is the vector of themotor

shaft within Reference FrameO
1
,O
1
is the translation vector

of the grid origin of Reference FrameO
1
on Reference Frame

O
0
, O
0
A is the effective length of the fuel control rod, O

1
B

is the effective length of the electric motor’s output arm, and
AB is the effective length of the link rod.

The length of the electric motor’s output arm can be
calculated by the following steps.

Step 1. Translate Reference Frame O
1
onto Reference Frame

O
0
and match their grid origins together.

Step 2. Rotate Point B to its target location with rotation
matrixQ

1
.

Step 3. Translate Reference FrameO
1
to its true position:

[Β] = [Q1] ([Β0] − [O1]) + [O1] , (3)

where rotation matrixQ
1
is determined by

[Q
1
] =

[

[
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(4)

In the above equation, 𝑞0, 𝑞1, 𝑞2, 𝑞3 can be described
as

𝑞
0
= cos(𝛼1

2

) ,

𝑞
1
= 𝑋
𝑈
sin(𝛼1

2

) ,

𝑞
2
= 𝑌
𝑈
sin(𝛼1

2

) ,

𝑞
3
= 𝑍
𝑈
sin(𝛼1

2

) ,

(5)

where 𝛼
1
is the rotation angle from the initial point.

Step 4. Rotate Point 𝐴 by rotation matrix Q
2
and obtain

the coordinates of Point 𝐴 via numerical methods, to satisfy
that Distance AB equals the intended length of the link rod
(namely, the miscalculation is less than the stated upper error
limit).

Step 5. With Steps 1 to 4, the calculation of a single point
on the mechanism is accomplished, and these steps must be
repeated to complete the calculation for the whole slewing
area.

Attention must be paid that the rotary shaft vector U,
utilized in the rotation matrix, is a unit vector; otherwise the
results will be incorrect. The length of the electric motor’s
output arm can be determined based on these calculations.

3.2. Determination of the Rotation Angle of the Fuel Control
Rod and the Electric Motor’s Output Arm. The rotation angle
of the fuel control rod may be determined according to the
requirements of a diesel engine, and rotationwithin thewhole
working range should be guaranteed: from the fuel control
rod’s minimal position to its maximal position. Taking the
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EQB235-20 diesel engine of Dongfeng Cummins Engine Co.,
Ltd. as a sample engine, the rotation angle of the fuel control
rod is 45∘, and the minimal and maximal positions can be
reset by a positive stop bolt. The rotation angle of the electric
motor’s output arm is thus determined based on the specific
design scheme.

The drive mechanism of the ECFCRS should satisfy the
following equation:

𝑈 = 𝑊, (6)

where𝑈 is the work done by the resisting moment of the fuel
control rod and𝑊 is the work done by the drive torque of the
electric motor.

Therefore

𝑇
𝑡
𝑑𝜃
0
= 𝑇
𝑚
𝑑𝜃
1
, (7)

where 𝑇
𝑡
is the resistance moment on the fuel control rod, 𝑇

𝑚

is the electric motor’s output torque, 𝜃
0
is the rotation angle

of the fuel control rod from the initial position, and 𝜃
1
is the

rotation angle of the electric motor’s output arm from the
initial position.

Differentiating (7) gives

𝑇
𝑡

𝑑𝜃
0

𝑑𝑡

= 𝑇
𝑚

𝑑𝜃
1

𝑑𝑡

. (8)

Namely,

𝑇
𝑡
𝜔
0
= 𝑇
𝑚
𝜔
1
, (9)

where𝜔
0
is the angular velocity of the fuel control rod and𝜔

1

is the angular velocity of the electric motor’s output arm.
Equation (7) shows that the larger the rotation angle of the

electric motor’s output arm, the smaller the average output
torque thereof. In terms of the time differential, as in (8),
the magnification ratio of the force moment at any point on
the mechanism equals the inverse ratio of the two angular
velocities.Themagnification ratio of the force moment of the
mechanism developed will thus be determined by analyzing
the ratio of the two angular velocities below.

3.3. Determination of Link Rod Length. The influence of the
link rod on the mechanism mainly stems from how it can
determine the initial value of the electric motor’s rotation
angle. In addition, the length of link rod required depends
on the installation position of the electric motor.

When the mechanism is of a parallelogrammatic shape,
the electric motor’s output arm is always parallel to the
fuel control rod; namely, 𝑇

𝑚
= 𝑇
𝑡
, 𝑑𝜃
0
= 𝑑𝜃

1
. In this

particular case, the length of the link rod depends only on
the installation position of the electric motor.

The curves in Figure 2 represent the drive mechanism’s
output characteristics when the link rod is 84mm long and
the fuel control rod is 18mm long. If the angular velocity
of the electric motor’s output arm is 36∘/sec, the simulation
period (namely, the horizontal coordinate) is 10 s and the
total step number is 500, and then the relevant output
characteristics of the fuel control rod can be obtained when
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Figure 2: Force moment magnification relationships between fuel
control rod and electric motor’s output arm.
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Figure 3: Linearity comparison of fuel control rod and electric
motor’s output arm.

the electric motor’s output arm rotates 360∘. Equation (8)
indicates that the larger the absolute value of the angular
velocity is, the smaller the force moment magnification ratio
will be at the corresponding rotation angle. According to
Figure 2, the least forcemomentmagnification ratio (absolute
value) of the mechanism appears at the peak and the trough
of the angular velocity curve.

When analyzing the mechanism, the horizontal coordi-
nate of the curve represents stimulation time, as shown in
Figure 2. Because the analysis involves the position character-
istics of the mechanism, independent of time, the horizontal
coordinate actually refers to the position of the mechanism,
namely, the rotation angle of the electric motor’s output arm
or the rotation angle of the fuel control rod.

Figure 3 is a linearity comparison of the fuel control rod
and the electric motor’s output arm.

The solid line and the double-dotted chain line in the
above figure represent the angle curve of the fuel control
rod and the input curve (namely, the angle curve of the
electric motor’s output arm), respectively. When the two
curves’ rates of change are equal, the input and output angles
of the mechanism are fully linear, and the ratio of these
angles can be described by a constant coefficient 𝐾. Figure 3
indicates that where the rate of change of the angle of the fuel
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Figure 4: Influence of the included angle between the link rod and
the electric motor’s output arm on the force of the connection ball
pivot.

control rod changes quickly, the linearity of the mechanism
decreases, but otherwise the linearity increases. Within 360∘,
the curve representing the angle of the fuel control rodmay be
divided into two sections, equidirectional and reversed, with
two turning points.

Figures 2 and 3 indicate that the rotation angle of the
electric motor’s output arm and the initial position of the
mechanism can together influence the linear characteristics
and magnification characteristics of the mechanism’s force
moment. Comprehensive consideration is therefore required
during selection to ensure said linear characteristics are favor-
able and to maximize the force moment magnification ratio.
During selection of the optimal working interval, the angle
and the angular velocity curve can be intercepted by the 120∘
space interval of the input curve, so that the force moment
magnification characteristics and linear characteristics can
be compared. A larger rotation angle range for the electric
motor’s output arm can make control over the mechanism
more precise, but the actual design gives priority to the
limits of the electric motor’s structure and potential process-
ing/installation errors regarding the mechanism’s parts.

3.4. Determination of Installation Site of Electric Motor. The
installation site of the electric motor is primarily determined
by the spatial arrangement of the engine. If this installation
site makes the included angles between the link rod with the
electric motor’s output arm and with the fuel control rod too
large or too small, a significant force may be applied to the
connection ball pivot.

Figure 4 indicates that when the included angle is 90∘, the
force (scalar quantity of resultant force) on the ball pivot is
at its lowest value and will increase no matter whether the
included angle increases or decreases from that point. During
design of the mechanism, the included angles of the link rod
with the fuel control rod and with the electric motor’s output
arm should thus be as close to 90∘ as possible.

3.5. Design of the Retracting Spring. The retracting spring
should have two functions: supplying aligning torque to the
electric motor, and eliminating any idle clearance formed

during the processing and assembly of the drive mechanism’s
parts.

The ideal retracting spring could supply constant restor-
ing moment (as for a motor shaft) within the whole slewing
area. Because a screw extension spring is utilized, such an
ideal restoring moment cannot be achieved. The restoring
moment that the retracting spring exerts on the electric
motor’s output armwithin the slewing area of themechanism
is nevertheless expected to be as linear as possible.

The free length of the spring should guarantee that the
spring is in tension within the whole movement range and
that the least restoringmoment due to the stretching force can
meet the requirements for retraction of the fuel control rod,
in order to achieve acceptable performance. Excessive spring
stiffness implies that the spring’s restoring moment varies
dramatically, which is not expected. In light of comprehensive
consideration of the free length and aligning torque, a shorter
free length and smaller stiffness ratio are relatively ideal for
guaranteeing that the mechanism possesses at any position
a sufficiently large aligning torque that does not vary too
greatly.

The installation site of the electric motor’s retracting
spring is mostly contingent on the structure of the mech-
anism and the layout of the motor, in order to guarantee
firm installation and reliable operation. No interference exists
between the drive mechanism and nearby engine parts.

4. Implementation of the Design Scheme

4.1. Design of the Rod Linkage Mechanism. During the design
process two schemes were prepared for the rod linkage
mechanism.

Scheme A is a parallelogram scheme, wherein the mech-
anism is fully linear and the movement of the electric
motor’s output arm can be completely reflected in the fuel
control rod; the movement of the electric motor’s arm and
the fuel control rod is completely synchronized, with the
force moments at the electric motor’s arm and at the fuel
control rod being equal. Scheme B is considered as an
optimized scheme, promoting certain optimal force moment
magnification characteristics for the mechanism and making
the linearity of the mechanism across the whole slewing area
as favorable as possible.

When the mechanism is in a parallelogramatic structure,
the determination of the relevant parameters is relatively
simple. The effective length of the output arm of the electric
motor is equal to that of the fuel control rod, and their
installation sites can be guaranteed to be parallel to each
other. The length of link rod is determined according to the
distance of the two ball pivots on said installation sites, and
the included angles of the link rod with the output arm of the
electricmotor andwith the fuel control rod should be as close
to 90∘ as possible. Scheme B is more difficult than Scheme A
in terms of design, as during the determination of the spatial
structure, it is necessary to consider the electric motor’s
rotation angle, force moment magnification characteristics,
and the mechanism’s linear characteristics together with the
spatial arrangement.



6 Mathematical Problems in Engineering

 40.0
 30.0

 60.0
 50.0

 70.0
80.0

20.0

 90.0

0.0
10.0

Motor output arm
Fuel control rod

A
ng

le
 (d

eg
)

 1.0  3.0 2.0  5.0 4.0  7.0 6.0  9.0 8.0  10.0 0.0
Time (s)

Figure 5: Relationship between the rotation angle of the electric
motor’s output arm and that of fuel control rod under Scheme B.

Figure 5 shows the relationship between the rotation
angle of the electricmotor’s output arm and the rotation angle
of the fuel control rod under Scheme B.

Figure 5 indicates that although the mechanism in
SchemeB is not in the shape of a parallelogram, the linearity is
extremely high and the motion of the electric motor’s output
arm is reflected in the rotary shaft of the fuel control rod in
almost geometric proportions.

Figure 6 is a diagram comparing the output curve of the
rotation angle of the fuel control rod and the ideal output
beeline under Scheme B.

Figure 6 shows that when Scheme B is adopted, the
position linearity of the rotation angle of the fuel control rod
is extremely high, which is quite favorable to developing the
motor’s control software.

Figure 7 displays the relationship between the angular
velocity of the electric motor’s output arm and that of the fuel
control rod under Scheme B.

As indicated in Figure 7, the output force moment of the
electric motor’s output arm is magnified during its transfer
to the fuel control rod. The magnification ratio of the drive
mechanism at the minimal position of the fuel control rod is
2.13 and it is 2.25 while at the maximal position. The smallest
magnification ratio is 1.80, when the angular velocity of the
fuel control rod is at its maximal value, and the average
magnification ratio of the system is 1.91.

According to the results of the simulation using Scheme
B, there are almost no obvious differences from Scheme A
in terms of position linearity, with both these two schemes
having an ideal linear relationship. Regarding force moment
magnification characteristics, the magnification ratio of the
drive mechanism in Scheme B is close to 2 and relatively
stable. Under Scheme B the electric motor has an 86∘ rotation
angle, compared to 45∘ under Scheme A. So the scheme B is
preferable in terms of control precision.

4.2. Structural Design and Strength Checking of the Drive
Mechanism’s Parts. Thedesign of the drivemechanism covers
parts including the electric motor’s output arm, the double-
end bolt on the link rod, the retracting spring, the stay
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Figure 6: Comparison diagram of the output curve of the rotation
angle of fuel control rod and the ideal output beeline under Scheme
B.
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Figure 7: Relationship between the angular velocity of electric
motor’s output arm and that of the fuel control rod under Scheme
B.

bolt for connecting the fuel control rod, and the electric
motor’s mount support. Because of the comparatively less
significant influence of the mechanism’s weight and size
characteristics, the processing performance of the parts is
what should receive the most attention. The design should
avoid complex structures as much as possible. Also, the
strength checking is required to ensure that all parts meet
their design requirements.

The load on the parts can be calculated according to
the results measured for the fuel supply system’s resisting
moment and the restoring moment of the spring. Experi-
ments revealed that the resisting moment, which is applied
to the fuel control rod, is 3000Nmm. The force on the
mechanism over the whole working range can thus be solved
by calculation of the obtained resisting moment. Figure 8
illustrates the curve of the loads on the electricmotor’s output
arm under Scheme B.

The stress and deformation distribution of the electric
motor’s output arm can be obtained when the maximal value
of the load curve of the engine’s output arm in Figure 8, which
is close to 250N, is taken as the input force onto the screwed
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Figure 10: Deformation distribution of electric motor’s output arm
under Scheme B.

hole along the vertical direction. Figures 9 and 10 show the
stress and deformation distributions of the electric motor’s
output arm under Scheme B, and they were created in Patran
with a vertical force of 250N and in a free tetrahedron grid.

Figures 9 and 10 reveal that the stress of the electric
motor’s output arm under Scheme B is significantly less than
the yield limit of the material, and the electric motor’s output
arm can thus fully meet its strength requirements.

4.3. Assembly Design of the Drive Mechanism. Because the
mechanism may swing back and forth during operation and
the engine may vibrate, a locknut is required at each screw
thread connection to ensure it remains locked in. Without
a locknut or with a locknut insufficient in locking force,
the screw thread connection may quickly loosen, causing

clearance to occur in all parts of the mechanism and leading
to a loss of control over the fuel control rod system. It
is also necessary to apply a spring washer between the
mount support and the engine housing, in order to prevent
loosening. Installation of the electric motor requires the
use of vibration isolation measures, so a rubber gasket is
necessary between the electric motor and themount support.

The sketch map of assembly under Scheme B is as shown
in Figure 11.

5. Electronically Controlled Fuel Control Rod
System Experiments

5.1. Introduction to the Experiment System. After analysis,
design, processing, and assembly of the drive mechanism
of the ECFCRS, bench tests and vehicle tests of the system
were conducted. The sketch map of the bench test is given
in Figure 12. The CPU of the electrically controlled unit
(ECU) was MC68376, a 32-bit single chip microcontroller
from Motorola, and the control program was written in the
C language, with the software having been developed with
the integrated development software WinIDEA.The desktop
computer was connected with the ECU through a serial
communications port so that it could monitor the working
process of the ECFCRS. The same hardware and software as
in the bench test were used in the real vehicle tests, except
that a laptop computer was used instead of a desktop for
communicating with the AMT ECU.

5.2. Bench Tests. The task of an ECFCRS is to follow
the driver’s operation of the accelerator pedal during the
nongearshift period.The bench tests are conducted primarily
for the purpose of verifying the engine speed following-up
performance of the developed system.

Figure 13 describes the following-up process of the rota-
tion angle of the fuel control rod along with the position
signal of the accelerator pedal, where LTH refers to said fuel
control rod rotation angle and LPD refers to the position
signal of the accelerator pedal.

Figure 13 indicates that the developed system can not only
follow the driver’s operations of the accelerator pedal but
also filter out high frequency vibrations, only responding to
signals of lower frequency. The developed system thus has
preferable engine speed following-up performance.

5.3. Vehicle Tests. Vehicle tests can be used to verify
whether the developed ECFCRS has preferable engine speed
following-up performance during nongearshift periods and
preferable speed regulating performance during gear shifting
up or down. Figure 14 contains the AMT vehicle test results
when equipped with the developed ECFCRS, where 𝑁

𝐸
,

𝑁
1
, and 𝑁

2
refer to engine speed, rotation speed of the

transmission input shaft and rotation speed of the output
shaft, respectively, TX and TY refer to the selective gear
position signal and the gearing position signal, respectively,
LC is the clutch displacement, PC is the pressure of the AMT
hydraulic circuit, BK is the brake pedal position, and LTH
and LPD are the rotation angle position signal of the fuel
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Figure 11: Sketch map of assembly under Scheme B.
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Figure 12: Sketch map of the bench test system.

control rod and the position signal of the accelerator pedal,
respectively.

As shown in Figure 14, LTH can follow the movement
of LPD during the nongearshift period; when the gears
are shifting upwards, the electrically controlled fuel control
rod system can automatically bring down the engine speed,
taking the rotation speed of the transmission input shaft as

LTH

Time (s)

Time (s)

0

LPD

0

Figure 13: Following-up process of the rotation angle of the fuel
control rod along with the position signal of the accelerator pedal.

its target value, while when the gears are shifting down, it
can raise the engine speed, also targeting the rotation speed
of the transmission input shaft. In this way, AMT with an
electrically controlled fuel control rod system can not only
produce significant ride comfort but also greatly shorten the
synchronous time of driving and of the driven parts of the
clutch, prolonging the clutch’s lifespan.

6. Conclusions

Structural optimization principles and design for the drive
mechanism of an ECFCRS for a diesel engine are proposed
here, a new design method for the drive mechanism of
the ECFCRS is developed, different design schemes are
compared, the design philosophy of all parts of the drive
mechanism is presented, the methods for structural design
and strength checking of the parts are introduced, and the
principles of the assembly design are discussed.The results of
bench tests and vehicle tests are also discussed. These bench
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Figure 14: AMT vehicle test results equipped with the developed
electronically controlled fuel control rod system.

tests and vehicle tests indicate that the developed ECFCRS
has preferable engine speed following-up performance and
engine speed regulating performance, with a significantly
shortened design cycle. Thus, for an AMT vehicle, not only
can the ride comfort be improved but the lifespan of the
clutch can also be prolonged. The proposed design method
also has significance as a reference for developing other
vehicle systems.
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Public transit has been widely recognized as a potential way to develop low-carbon transportation. In this paper, an optimal
allocation model of public transit mode proportion (MPMP) has been built to achieve the low-carbon public transit. Optimal
ratios of passenger traffic for rail, bus, and taxi are derived by running the model using typical data. With different values of traffic
demand, construction cost, travel time, and accessibilities, MPMP can generate corresponding optimal ratios, benefiting decision
impacts analysis and decisionmakers. Instead of considering public transit as a united system, it is separated into units in this paper.
And Shanghai is used to test model validity and practicality.

1. Introduction

With increasingly severe global warming problem, low car-
bon development comes into view. According to the 2009
report “Transport, energy and CO

2
, Moving towards sustain-

ability” from U.S. Energy Information Administration (EIA),
transportation has taken responsibility for about 25% of
global CO

2
emissions and become the third industry of CO

2

emissions following the power and petrochemical industries
[1]. It requires a quick and effective action to reduce CO

2

emissions from transportation. Public transit has been widely
recognized as an effective way to reduce greenhouse gas
(GHG) emissions, decrease energy consumption, improve
mobility, and cut traffic congestion [2], which is also the study
object of this paper.

Public transit is the first choice of low-carbon transporta-
tion because it possesses large capacity and low carbon emis-
sions per capita.There are twopopular research aspects in this
field: its potential to reduce GHG emissions and comparison
with other means. Public transit is used to be studied as
a united system in previous studies, yet it is comprised of
various modes of transportation. This paper answers how

to achieve the low-carbon public transit and the specific
proportions of various modes.

This paper is targeted to minimize CO
2
emissions with

optimal ratios of passenger traffic for different public transit
modes (rail, bus, and taxi are covered here). An optimal allo-
cation model of public transit mode proportion (MPMP) is
built and Shanghai has been taken as a study case. As MPMP
can provide optimum ratios with different values of traffic
demand, construction cost, travel time, and accessibilities,
it will not only allocate passenger traffic for the lowest CO

2

emissions but also benefit decision impacts analysis and deci-
sion makers.

In the following sections, literature review of public trans-
portation and GHG emissions will be first provided. Then
this paper will present themodeling process ofMPMP. Lastly,
Shanghai will be taken as a study case to explore and promote
the application of it.

2. Literature Review

The public transit’s potential to reduce GHG emissions is
widely studied. The study of Yoshida and Harata [3] showed
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that shifting travelers’ travel mode from private car to public
transport was one effective method to reduce CO

2
emissions

and ease traffic congestion. Li and Tamura [4] achieved the
same result by developing a CO

2
emissions forecastingmodel

to estimate the amount of CO
2
emissions on urban commute

travel.
More latter literatures tried to compare the public transit

with many other traffic modes in terms of CO
2
emissions

reduction. Bose [5] considered three scenarios, including
business as usual, motor vehicle use, and public transit, and
results of the experiments conducted in three South Asian
cities showed that slower vehicle and energy growthmeasures
based on the public transit scenario were most effective in
emission reduction. Hickman et al. [6] assumed a series of
potential emissions mitigation policy packages implemented
in London in 2025 to achieve the carbon-efficient trans-
portation. It included low-emission vehicles, alternative fuels,
walking and cycling, information, and communication tech-
nologies, and public transit was one of them. Mostashari
et al. [7] supposed 28 different emission reduction strategies
and combined demand modeling, fleet evolution modeling,
mobile-source emissions modeling, and trade-off analysis to
evaluate the impact of these emission reduction strategies. He
et al. [8], Feng et al. [9], and Wayne et al. [10] completed the
approximate comparison through different models, respec-
tively.

Considering that the objective function in those studies
mentioned above did not take “cost” into account, Gallivan et
al. [11] compared a comprehensive range of strategies in terms
of three potential GHG reductions and cost effectiveness, in
dollars per ton of GHG emissions reduced, and cost here
consisted of labor costs, fuel prices, metro costs and revenues,
and so forth.The aim of Gallivan’s paper was to find the cost-
effective approaches to reduce greenhouse gas emissions
through public transportation in Los Angeles. Cost of differ-
ent measures is also under the consideration of Maciel et al.
[12] and Damart and Roy [13].

Most studies regard the public transit as a united system
when analyzing CO

2
emissions, while this paper plans to

deal with public transit itself which possesses various modes
of transportation. The subject being addressed here belongs
to the general category of resources allocation problem
which has been involved in transportation. Huang et al. [14]
explored the optimal allocation of multiple emergency ser-
vice resources for protection of critical transportation infras-
tructure through amixed integer linear programmingmodel,
limited emergency service here referring to the fire engines,
fire trucks, and ambulances, in which the objective was to
maximize the service coverage to the critical transportation
infrastructures. Fan and MacHemehl [15] presented a bilevel
optimization model for the public transportation network
redesign to solve the spatial equity issue, in which the upper-
level subprogram was to minimize the total cost and the
lower-level subprogram was a user self-routing optimization.
Orabi and El-Rayes [16] allocated limited financial resources
to competing highway rehabilitation projects through an
innovative model and Barnum et al. [17] developed a proce-
dure estimating resources allocation efficiency among transit
types based on data envelopment analysis.

3. Modeling

What should the proportion of different modes of public
transit be in order to gain the lowest CO

2
emissions? In order

to find out the answer to this question, an optimal allocation
model has been built in this section. By inputting some get-
table and typical data, the optimal allocation model can gen-
erate the optimum ratios of passenger traffic that rail transit,
bus, and taxi should undertake separately.

3.1. Research Object. Public transit generally includes rail
transit, bus rapid transit (BRT), bus, taxi, ferry, and public
bicycle. Since the use of BRT and ferry is not widespread, and
public bicycle contributes nothing to CO

2
emissions, this

paper selects rail transit, bus, and taxi as the research object.

3.2. Objective Function. Take theminimumofCO
2
emissions

as the target and the average daily passenger traffic rail transit,
bus, and taxi sharing as the decision variables.The product of
the carbon emissions factor (𝐾

𝑖
), the average riding distance

(𝑟
𝑖
), and the average daily passenger traffic (𝑥

𝑖
) is, namely,

CO
2
emissions, and the sum (𝑍) of rail transit, bus, and taxi

CO
2
emissions gives the objective function as formula (1).

3.3. Constraint Conditions. The characteristic of rail transit,
bus, and taxi are mainly different in capacity, cost, speed,
accessibility, and comfortableness. As the decision variables
(the average daily passenger traffic they share) are not
involved with vehicle equipment, and comfortableness varies
from person to person, capacity and comfortableness are out
of consideration. There are finally four constraints for the
model as follows.

(1) Meeting the Traffic Demand. The average daily passenger
traffic (𝑥

𝑖
) rail transit, bus, and taxi each take must meet city’s

total traffic demand (𝐷) for public transit, which generates
formula (2).

(2) Restrictions onConstructionCost.The cost of public transit
includes construction and operating cost, and the latter is
ignored here due to its uncertainty and hardness to obtain.
Rail transit owns the highest construction cost. As bus and
taxi take use of urban road resources, their construction cost
is hard to measure, yet definitely much lower than rail tran-
sit’s. So the construction cost of rail transit is chosen to be one
of the constraints.

The aggregate investment amount (𝐼) is taken in the for-
mula. And the average daily passenger flow intensity (𝑝) is
introduced to combine the cost with the passenger traffic.The
ratio of 𝑥

1
(rail transit’s average daily passenger traffic) and 𝑝

is the corresponding length of the rail transit. The product of
the length and the construction cost of unit length (𝑐) should
not be more than 𝐼, as it is shown in formula (3).

(3) Ensuring the Travel Time. Rail transit is cheaper than taxi,
more comfortable than bus, and sometimes even faster than
both of taxi and bus, so people would like to take it and the
average riding distance (𝑟

1
) is normally larger, which makes

it unreasonable to compare average travel time of the three
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modes simply. For the consideration of travel time, this paper
uses the reciprocals of their speeds (𝑡

𝑖
, 𝑡
𝑖
= 1/V
𝑖
) formodeling.

And the peak hour speeds are chosen for the con-
sideration of the worst situation. Since rail transit has its
own independent operation space and bus and taxi run on
the urban roads with other vehicles, it may enhance the
advantage of rail transit. However, rail transit also owns
the advantage of large capacity and low carbon emissions.
Therefore, thisway of dealingwith the speed data can not only
ensure the content of traffic demand, but also a low-carbon
result, which is exactly what this paper expects.

For the sake of passengers’ requirement for travel time,
the parameter 𝑇 is adopted to restrict the average travel time
of unit distance, shown in formula (4).

(4) Considering the Accessibility. Accessibility means the
degree of difficulty for one to reach some place. Due to the
low ration of stop coverage, rail transit owns the worst acces-
sibility. And taxi owns the best accessibility, because it stops
whenever there is a call. Bus’ accessibility is better than rail
transit and worse than taxi.

The connecting time (𝑠
𝑖
) a passenger needs from his

origin to the nearest stop of rail transit, bus, or taxi is taken
on behalf of the accessibility. The parameter 𝑆 is adopted to
restrict the average connecting time to ensure the level of
public transit services, as in formula (5).

3.4. Model. According to the process above, an optimal all-
ocation model of public transit mode proportion (MPMP)
for the lowest public transit CO

2
emissions has been accom-

plished as follows:

Minimize 𝑍 =
3

∑

𝑖=1

𝐾
𝑖
𝑟
𝑖
𝑥
𝑖

(1)

subject to
3

∑

𝑖=1

𝑥
𝑖
= 𝐷, (2)

𝑥
1

𝑝

× 𝑐 ≤ 𝐼, (3)

∑
3

𝑖=1
𝑡
𝑖
𝑥
𝑖

∑
3

𝑖=1
𝑥
𝑖

≤ 𝑇, (4)

∑
3

𝑖=1
𝑠
𝑖
𝑥
𝑖

∑
3

𝑖=1
𝑥
𝑖

≤ 𝑆, (5)

where

𝑍 is the average daily CO
2
emissions from public

transit (kg);
𝑖 is the 𝑖th kind of public transit (𝑖 = 1, rail transit;
𝑖 = 2, bus; 𝑖 = 3, taxi);
𝐾
𝑖
is the CO

2
emissions factor of the 𝑖th kind of public

transit (kg/km⋅trip);
𝑟
𝑖
is the average riding distance of the 𝑖th kind of

public transit (km);

𝑥
𝑖
is the average daily passenger traffic of the 𝑖th kind

of public transit (trip);
𝐷 is the total daily passenger traffic of public transit
(trip);
𝑝 is the average daily passenger flow intensity of rail
transit (trip/km);
𝑐 is the rail transit’s construction cost of unit length
(Yuan/km);
𝐼 is the aggregate investment amount (Yuan);
𝑡
𝑖
is travel time per kilometer of the 𝑖th kind of public

transit (min/km);
𝑇 is the upper limit of the average travel time per
kilometer (min/km);
𝑠
𝑖
is the connecting time of the 𝑖th kind of public

transit (min);
𝑆 is the upper limit of the average connecting time
(min).

4. Case Study

4.1. Scenario Building. Shanghai is taken as a study case to
build several scenarios for the model’s application. There are
five scenarios in all, and each scenario considers two cases,
respectively.

(1) Scenario 0 (S0) and Scenario 0 (S0). This scenario rep-
resents the situation of Shanghai in 2009. S0 uses the actual
public transit proportion to calculate the actual CO

2
emis-

sions directly. And S0 takes the public transit situation to
run the optimal allocation model. Output comparison of S0
and S0 can tell us whether the model generates a reasonable
result.

(2) Scenario 1 (S1) and Scenario 1 (S1). This scenario rep-
resents the situation of Shanghai in 2020, assuming no
progress in vehicle technology, no additional management
in urban roads, and no development of public transit. With
the growth of the city, the traffic demand and the average
riding distance of public transit are supposed to increase.
Because there is no additional management in urban roads,
the outbreak of motor vehicle will reduce the service level
of urban roads, resulting in the lower speeds of bus and
taxi. Given the above analysis, a normal restrict level of the
travel time for S1 and a lower restrict level of the travel time
(which means people can stand a longer travel time) for S1
are adopted.

(3) Scenario 2 (S2) and Scenario 2 (S2).This scenario builds
on S1 by assuming thoroughmanagement in urban roads.The
management in urban roads will improve the service level of
urban roads, so bus and taxi will be faster, too. In order to
complete an easier comparison between S1 and S2, the lower
restrict level of the travel time (as in S1) for S2 and the normal
restrict level of the travel time (as in S1) for S2 should be
taken into account.
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Table 1: Parameter value changes in different scenarios.

Scenario Time The parameter value
𝐾
𝑖

𝑟
𝑖
𝐷 𝑝 𝑐 𝐼 V

𝑖
𝑡
𝑖

𝑇 𝑠
𝑖

𝑆

S0 2009 — — Calculate with the actual public transit proportion
S0 2009 — — — — — — — — — — —
S1 2020 — ↑ ↑ — — — V

2
& V
3
↓ 𝑡

2
& 𝑡
3
↑ — — —

S1 2020 — ↑ ↑ — — — V
2
& V
3
↓ 𝑡

2
& 𝑡
3
↑ ↑ — —

S2 2020 — ↑ ↑ — — — V
2
& V
3
↑ 𝑡

2
& 𝑡
3
↓ ↑ — —

S2 2020 — ↑ ↑ — — — V
2
& V
3
↑ 𝑡

2
& 𝑡
3
↓ — — —

S3 2020 — ↑ ↑ — ↑ ↑ V
2
& V
3
↑ 𝑡

2
& 𝑡
3
↓ — 𝑠

1
& 𝑠
2
↓ —

S3 2020 — ↑ ↑ — ↑ ↑ V
2
& V
3
↑ 𝑡

2
& 𝑡
3
↓ — 𝑠

1
& 𝑠
2
↓ ↓

S4 2020 𝐾
2
& 𝐾
3
↓ ↑ ↑ — ↑ ↑ V

2
& V
3
↑ 𝑡

2
& 𝑡
3
↓ — 𝑠

1
& 𝑠
2
↓ ↓

Note: “—”means the base value. “↓” means lower than the base value. “↑” means higher than the base value. “&”means “and”, and if “&” is used, the parameters
not mentioned in the same cell take the base value.

(4) Scenario 3 (S3) and Scenario 3 (S3).This scenario builds
on S2 by considering rapid development of public transit,
which will enhance the accessibility of rail transit and bus.
A normal restrict level of the accessibility for S3 and a
higher restrict level of the accessibility (which means people
require a better accessibility, so the upper limit of the average
connecting time falls) for S3 are used.

(5) Scenario 4 (S4). This scenario builds on S3 by adding the
promotion of the “Oil replaced byGas” project. Because of the
promotion of the “Oil replaced byGas” project, theCO

2
emis-

sions factor of bus and taxi will decrease. The higher restrict
level of the accessibility (as in S3) for S4 is considered.

The parameter value changes in different scenarios are
clearly summarized in Table 1.

The average riding distances of rail transit, bus, and
taxi are mainly influenced by the city scale, the progress of
urbanization, and the city land use properties; thus this paper
assumes that the average riding distanceswill increase in 2020
but remain unchanged in 2020 scenarios, whichmeans S1, S1,
S2, S2, S3, S3, and S4 share the same 𝑟

𝑖
. Besides, this paper

uses the same average daily passenger flow intensity of rail
transit in different scenarios to ensure the comfortableness
of rail transit and the comparability of different scenarios’
outputs.

4.2. Data Acquisition and Processing

(1) The CO2 Emissions Factor (𝐾
𝑖
). The base values for CO

2

emissions factors of rail transit, bus, and taxi are 0.042 kg/
km⋅trip, 0.069 kg/km⋅trip, and 0.200 kg/km⋅trip, respectively
[18]. After the promotion of the “Oil replaced by Gas” project,
CO
2
emissions factors of bus and taxi are calculated as

follows.

CO2 Emissions Factor of Bus. With the empirical data of 30 L
consumption of fuel and 33 L consumption of gas per 100 km,
the amount of CO

2
emissions that a bus produces per 100 km

are 69.3 kg and 11.88 kg, respectively, so CO
2
emissions

factors of bus for fuel and gas are 0.069 kg/km⋅trip and
0.012 kg/km⋅trip, respectively. After the promotion of the “Oil

replaced byGas” project, the regular buses reduce 83%ofCO
2

emissions, and the electric buses do not produce CO
2
emis-

sions. As we know, there are 16272 buses in Shanghai in 2009
which contains about 150 electric buses [19]. Assuming that
there are 20% of the buses participating in the “Oil replaced
by Gas” project and 10% of the buses using electric, then CO

2

emission factors of bus reduces to 0.050 kg/km⋅trip.

CO2 Emissions Factor of Taxi. There are 49 thousand tax-
ies in Shanghai in 2009 [19], 40 thousand of which can
participate in the “Oil replaced by Gas” project with some
equipment. Assuming that 50% of the taxies participate in the
project in 2020, then CO

2
emissions factor of taxi reduce to

0.116 kg/km⋅trip.

(2) The Average Riding Distances (𝑟
𝑖
). The average trip dis-

tances of Shanghai in 1995, 2004, and 2009 are 4.5 km, 6.2 km,
and 6.5 km, respectively, and the average riding distances of
rail transit, bus, and taxi of Shanghai in 2009 are 17.8 km,
9.1 km, and 6.1 km [19]. According to the development of the
city, estimating the average trip distance of Shanghai in 2020
to be 8.2 km, the average riding distances of rail transit, bus,
and taxi will be 22.5 km, 11.5 km, and 7.7 km in 2020.

(3) The Total Daily Passenger Traffic (𝐷). The total daily pas-
senger traffic of public transit of Shanghai in 1995, 2000, 2004,
2007, and 2009 are 10.28 million trips, 9.75 million trips, 12.01
million trips, 12.37 million trips, and 14.07 million trips [19],
so the total daily passenger traffic in 2020 is estimated 25.02
million trips.

(4) The Average Daily Passenger Flow Intensity of Rail Transit
(𝑝).The average daily passenger flow intensity of rail transit is
14.3 thousand trips/km, and the aggregate investment amount
of Shanghai in 2009 [19] is 167.8 billion Yuan. According to
the total length of the rail transit in Shanghai in 2009, the rail
transit’s construction cost can be estimated around 0.5 billion
Yuan per km. It is said that the aggregate investment amount
of Shanghai in 2020 can reach 630 billion Yuan, so the rail
transit’s construction cost can be estimated around 0.7 billion
Yuan per km.
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Figure 1: Optimum ratios of passenger traffic volume of rail transit,
bus, and taxi.
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Figure 2: The lowest CO
2
emissions for each scenario.

(5) The Speeds (V
𝑖
, 𝑡
𝑖
= 1/V

𝑖
). The speeds of rail transit, bus,

and taxi for Shanghai in 2009 are 35.1 km/h, 14.0 km/h, and
17.0 km/h [19]. If there is no management in the urban roads,
the speeds of bus and taxi are estimated to reduce to 9.0 km/h
and 11.0 km/h. And if there is thorough management in the
urban roads, the speeds of bus and taxi are expected to rise
up to 15.0 km/h and 18.0 km/h.

(6) The Connecting Times (𝑠
𝑖
). The connecting times of rail

transit, bus, and taxi of Shanghai in 2009 are 39min, 12min,
and 8min [19]. If there is a rapid development of public
transit, the connecting times of rail transit and bus are
considered to reduce to 30min and 10min.

The parameter values in each scenario are summarized in
Table 2.

4.3. Results and Analysis. Using Matlab for the calculation of
MPMP, the optimum ratios of rail transit, bus, and taxi, and
the lowest CO

2
emissions for all the scenarios that MPMP

generates is graphically shown in Figures 1 and 2.

S0 versus S0. Using the actual public transit proportion of
Shanghai in 2009, the amount of CO

2
emissions in S0 is 11.1

kilotons. In S0, the public transit situation of Shanghai in
2009 is taken into the optimal allocation model to obtain the
amount of CO

2
emissions under the normal restrict level of

the travel time and the accessibility (𝑇 = 3.5, 𝑆 = 18), which
turns out to be 10.8 kilotons. Higher ratio of bus and lower
ratio of taxi is the major difference between the actual public
transit proportion and MPMP’s proposed values for the
optimum ratios of rail transit, bus, and taxi, which is easy to
understand because taxi owns the highest CO

2
emissions per

capita. That is to say, MPMP’s proposed values have the same
trend as the actual situation and the difference between them
owns a reasonable explanation. In addition, the proposed
amount of CO

2
emissions is lower than the actual situation’s.

So the conclusion can be drawn that MPMP’s output result
accords with practice and the model owns a high reliability.
Based on MPMP’s output result, taxi is the key for Shanghai
to reduce CO

2
emissions of public transit. The government

should lead people to choose bus over taxi for a trip.

S1. Under the normal restrict level of the travel time and the
accessibility (𝑇 = 3.5, 𝑆 = 18), MPMP cannot generate feasi-
ble solution for S1. That is because the service level of public
transit cannot reach the normal requirements any more with
the rapid rise of the travel demand and no development of
urban roads or public transit. It proves the accuracy of the
model in some extent.

S1 versus S2. S1 reduces the restrict level of the travel time
(𝑇 = 5.8) and gets the lowest amount of CO

2
emissions 25.0

kilotons. Due to thorough management in urban roads in S2,
the speeds of bus and taxi are enhanced to achieve the lowest
amount of CO

2
emissions 20.4 kilotons. Under the same

restrict level of the travel time and the accessibility (𝑇 = 5.8,
𝑆 = 18), it can be deemed that management in the urban
roads can help with the reduction of CO

2
emissions.

S2 versus S2. The reduction in the restrict level of the travel
time in S2 leads to the propose value 0 for taxi.We recover the
restrict level of the travel time (𝑇 = 3.5) in S2 and obtain the
lowest amount of CO

2
emissions to be 25.8 kilotons which is

larger than that in S2. It is thus clear that the amount of CO
2

emissions rises along with the rising restrict level of the travel
time, which is logical and proves the accuracy of the model
as well.

S2 versus S3. S3 develops public transit rapidly and enhances
the accessibility of rail transit and bus. The lowest amount of
CO
2
emissions in S3 turns out to be 21.2 kilotons, less than

that in S2. Under the same restrict level of the travel time
and the accessibility (𝑇 = 3.5, 𝑆 = 18), it can be seen that
development of public transit can help reduceCO

2
emissions.

S3 versus S3. The proposed value for taxi in S3 is 0, so it
is obvious that the restrict level of the accessibility can be
enhanced in this situation. We improve the restrict level of
the accessibility (𝑆 = 14) and get the lowest amount of CO

2

emissions 21.5 kilotons, more than that in S3, which is also
logical and proves the accuracy of the model further.
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S3 versus S4. The lowest amount of CO
2
emissions in S4 is

16.7 kilotons. The proposed values of rail transit, bus, and
taxi are the same as those in S3, because the CO

2
emissions

factors of bus and taxi have no influence on people’s require-
ments of the travel time and the accessibility, which verifies
the validity of the model from the side.

S1, S2, and S2 versus S3, S3, and S4.The proposed value for
rail transit is low in S1, S2, and S2 and high in S3, S3, and
S4. Hence it is clear that with the development of the city, rail
transit will lose competitiveness gradually in public transit
system if there are no development of public transit and no
rise in the accessibility of rail transit.

From what has been analyzed above, it is quite clear to
see that MPMP can obtain the optimum ratios of rail transit,
bus, and taxi and the lowest amount of CO

2
emissions under

certain restrict level due to the adoption of 𝑇 and 𝑆. In this
case, the promotion of the “Oil replaced by Gas” project,
thorough management in urban roads, and rapid develop-
ment of public transit can all reduceCO

2
emissions obviously,

and the reduction effect can be measured by the amount of
CO
2
emissions. Therefore, this model can be used to analyze

the effects of various policies under different restrict levels
and provides basis for decision makers, which is a quite
practical application of MPMP.

5. Conclusion

Aiming at the lowest CO
2
emissions, an optimal allocation

model of public transit mode proportion (MPMP) has been
built in this paper. In MPMP, four constraint conditions
have been considered: the traffic demand, the construction
costs, the travel time, and the accessibility. By inputting some
gettable and typical data, the optimal allocation model can
generate the optimum ratios of passenger traffic that rail tran-
sit, bus, and taxi should undertake separately. And through
the scenarios built based on Shanghai, a good application of
the model has been presented, and more proportion of mass
transit system is suggested.

There are mainly two applications of MPMP. The main
application is to provide the optimum ratios of passenger
traffic that different modes of public transit should undertake
for the lowest CO

2
emissions. According to the proposed

values that MPMP generates, governments may guide the
travel structure by some policies andmanagements to pursue
the reduction of CO

2
emissions. Besides, sinceMPMP adopts

two parameters to restrict the service level of travel time and
the accessibility, its output is under certain conditions. With
different values of the parameters, the model can provide the
outputs under various conditions, which allows us to analyze
the impacts of various decisions and provide the basis for
decision makers. That is the other practical application of
MPMP.

This paper, which did not regard public transit as a whole,
has tried a new perspective for the development of low-
carbon transportation. It looks every mode of public transit
as a unit and tries to find a low-carbon way by studying the
proportion of different public transit modes, which suggests
to researchers a new way to try. However, this paper built

the optimal distribution model from a point of macroscopic
perspective, so some typical indexes have been ignored tem-
porarily. For further study, the model can be developed from
the point of macroscopic perspective into medium perspec-
tive, which means factoring other parameters like capacity
and comfortableness in the model.The line length, density of
network, site number, site coverage, and capacity of each vehi-
cle, for example, can be considered and lead the output of the
model to some dominant indexes such as the number of vehi-
cles a bus line should be equipped with. And a system can be
developed to quantify the comfortableness and add it to the
constraint conditions of the model.
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Rises in the number of transit buses, bus routes, and overall traffic volume in China’s cities, coupled with interference from
other transport modes, such as taxis loading and unloading passengers nearby, have led to increasing traffic delays at bus stops,
which is considered one of the factors degrading service levels and traffic operations on urban roadways. This paper studies traffic
characteristics at bus stops, investigates variations in delay from different types or designs of bus stops, and analyzes the impact of it
on traffic capacity, the purpose of which is to propose a solution to predicting the feasibility of an integrated design of bus stops and
taxi stands with the help of mathematical models and based on the objectives of optimal traffic operations and passenger transfer.

1. Introduction

Transit buses and taxis are an integral part of the urban
public transport system. Bus transport is characterized by its
high passenger capacity, high efficiency, low per-passenger
road use, and low environmental impact and is seen as an
important measure for alleviating urban traffic congestions.
Taxis convey passengers between locations of their choice,
offering convenience, speed, and more flexible services. This
differs from other modes of public transport where the pick-
up and drop-off locations are determined by the service
provider and is favored by short-distance passengers [1].

Taxis pulling over and picking up passengers is one of
the main causes of delay on urban roadways with high traffic
volume, especially in sections near bus stops where passenger
transfers occur [2]. A passenger would also step into traffic
lanes to get a taxi, often posing safety concerns. It is therefore
necessary to prevent taxi pick-ups from happening outside of
designated taxi stands on roads with busy traffic [3].

Many researchers have been conducted on the planning
and designing of transit bus stops; however, the same cannot
be said about taxi stands. Taxi transport has no fixed routes
and it follows a random pattern of vehicle arrival, making it
very difficult to plan and design taxi stands that are applicable
universally or over a large area. In addition, as transit bus
transport often put the greatest emphasis over other modes

of public transport when it comes to developing a city-wide
public transport system, the conventional approach is so that
services like taxis should not affect bus operations, which
suggests that a taxi stand should be positioned near a bus
stop rather than between two adjacent bus stops on the same
route, which would lead to more blockages and longer delays
for buses [4].

An integrated design of bus stop and taxi stand, which
will be referred to as “a bus and taxi stop” hereon, can help
introduce more ways to regulate taxi service, reduce delays
to buses, and also provide a better transfer experience for
passengers.

2. Models

2.1. Probability Distributions of Vehicle Arrival. The flow of
traffic is a complex process influenced by a number of random
factors. The arrival of vehicles is a random process. There
are two ways of describing vehicle arrival in probability: (1)
discrete distributions, which are used to study the volatility of
traffic in a certain time period, and (2) continuous distribu-
tions, with focus on traffic characteristics such as speed, time,
and distance.

Transit buses and taxis are different from other modes of
transport in that changes in traffic volume are not significant
between peak and off-peak hours, and the vehicle arrival is
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Figure 1: The queuing service system.

a random process. Therefore, we can use the Poisson distri-
bution to describe the number of buses and taxis arriving in
a given time interval [5].

The basic formula for the Poisson distribution is as fol-
lows:

𝑃 (𝑘) =

(𝜆𝑡)
𝑘
𝑒
−𝜆𝑡

𝑘!

, 𝑘 = 0, 1, 2, 3, . . . , (1)

where 𝑡 is the time interval or counting interval; 𝑃(𝑘) is the
probability of 𝑘 vehicles arriving during the counting interval;
𝜆 is the average arrival rate per unit of time; 𝑀 = 𝜆𝑡 is
the average number of vehicles arriving during the counting
interval.

The bus arrivals obey the Poisson distributionwith arrival
rate 𝜆

1
, while the taxi obeys 𝜆

2
.

2.2. QueuingTheoryModel. In an integrated bus and taxi stop
design, buses and taxis arrive at the stop according to Poisson
distribution [6]. We can use the queuing theory model to
describe the queuing buses and taxis when arrivals reach the
service capacity [7].

2.2.1. Components of a Queuing System. The general queuing
service system (Figure 1) has three basic components: the
input process, queuing rules, and services [8]. The input
process refers to the customer arrival queuing system; queu-
ing rules refer to how the customers queue for service; and
services refer to the organizations providing services to the
customers.The queuing system studied in this paper refers to
an integrated bus and taxi stop waiting to pick up passengers
in a queuing system.The integrated stop is the front desk; the
input process refers to the buses and taxis coming into the site
to pick up or drop off passengers and they are considered to
be accepting the service [9].

The queuing system for standing vehicles belongs to the
𝑀/𝑀/1 type of queuing system [10]. Considering the stan-
dard vehicle and the additive characteristics of the Poisson
distribution, we can define that the overall arrivals for buses
and taxis are subject to a Poisson with arrival rate 𝜆, where
𝜆 = 2𝜆

1
+ 𝜆
2
, and it is a distributed queuing system input

[11]. In this queuing system, assuming that the time each
passenger takes to board or alight is 𝑇, the average service
time for the integrated stop is (𝑁

1
+ 𝑁
2
)𝑇, where 𝑁

1
is the

average number of passengers alighting at the stop and𝑁
2
is

the average number of passengers boarding at the stop, and 𝜇

is the average service rate:

𝜇 =

1

(𝑁
1
+ 𝑁
2
) 𝑇

. (2)

Define 𝜌 = 𝜆/𝜇 = (2𝜆
1
+ 𝜆
2
) ⋅ (𝑁

1
+ 𝑁
2
)𝑇 as the service

intensity. Then, some formulas of the 𝑀/𝑀/1 system are as
follows [12]:

(1) the probability of zero vehicles waiting in the system

𝑃 (0) = 1 − 𝜌, (3)

(2) the probability of 𝑛 vehicles waiting in the system

𝑃 (𝑛) = 𝜌
𝑛
(1 − 𝜌) , (4)

(3) the average number of vehicles in the system

𝑥 =

𝜌

1 − 𝜌

, (5)

(4) the average queuing length

𝑞 =

𝜌
2

1 − 𝜌

= 𝜌 ⋅ 𝑥, (6)

(5) the average consumption during the queuing time

𝑑 =

1

𝜇 − 𝜆

=

𝑥

𝜆

, (7)

(6) the average waiting time in the queue

𝑊 =

𝜆

𝜇 (𝜇 − 𝜆)

= 𝑑 −

1

𝜇

. (8)

2.2.2.𝑀/𝑀/𝑁 System. If the integrated stop can accommo-
date more than one parked vehicle at the a time, allowing
multiple service channels, then the queuing system is called
a “multichannel service” system, also known as an 𝑀/𝑀/𝑁

system, and we can use 𝜌/𝑁 as the service intensity of the
system [13].

A single line in amultichannel service or𝑀/𝑀/𝑁 system
has the following formulas:

(1) the probability of zero vehicles in the system

𝑃 (0) =

1

∑
𝑁−1

𝑘=0
(𝜌
𝑘
/𝑘!) + 𝜌

𝑁
/𝑁! (1 − 𝜌/𝑁)

, (9)
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Figure 2: Distance between bus stop and taxi stand.

(2) the probability of 𝑘 vehicles in the system

𝑃 (𝑘) =

{
{
{
{

{
{
{
{

{

𝜌
𝑘

𝑘!

⋅ 𝑃 (0) , 𝑘 < 𝑁

𝜌
𝐾

𝑁!𝑁
𝑘−𝑁

𝑃 (0) , 𝑘 ≥ 𝑁,

(10)

(3) the average number of vehicles in the system

𝑥 = 𝜌 +

𝜌
𝑁+1

𝑁!𝑁

⋅

𝑃 (0)

(1 − 𝜌/𝑁)
2
, (11)

(4) the average queue length

𝑞 = 𝑥 − 𝜌, (12)

(5) the average consumption during the queuing time

𝑑 =

𝑞

𝜆

+

1

𝜇

=

𝑥

𝜆

, (13)

(6) the average waiting time in the queue

𝑤 =

𝑞

𝜆

. (14)

We can tell whether the integrated stop is valid based
on the number of vehicles and the length of the queue in
the system, which requires the number of queuing vehicles
(standard vehicles) to be no more than 𝑁. If the probability
of their being more than𝑁 vehicles is small (usually less than
5%), the integrated stop is considered suitable, otherwise not
[14]:

𝑃 (>𝑁) = 1 −

𝑁

∑

𝑛=0

𝑃 (𝑛) . (15)

In this case, it is convenient for passengers to transfer and
will not cause interference to bus operations.

2.3. Design of the Integrated Bus and Taxi Stop. If the proba-
bility is high because there are more than𝑁 queuing vehicles
in the system, it would indicate that the integrated stop has
a great impact on the bus and taxi services. In this case, it is
not optimum to set up an integrated bus and taxi stop and is
advisable to arrange the taxi stand at a distance from the bus
stop, which would decrease bus delays from interfering taxis
[15]. An excessive distance between the bus stop and the taxi
stand would not be convenient for transferring passengers.
The distance needs to be sufficient enough for buses to go in
or out of the bus stop without delays from parking or parked
taxis. Based on researches on vehicle lane changing behaviors
[16], we can determine the distance 𝐿 between the taxi stand
and the bus stop (Figure 2). Vehicle lane changing behavior
concerns driver behavior and traffic conditions; it is therefore
highly volatile; thus 𝐿 can only be given an estimated value,
such as 𝐿 = 50m [17].

Both the bus stop and the taxi stand need to “shelter”
the parked vehicles (Figure 3). Therefore, the parking spots
should be allocated directly on the lane closest to the curb,
and the stop should be located on the boarding area or
pavement. The parking principle would be first in first out,
so that a vehicle could not overtake the one in front of it.
Thus, the length of the stop would need to be long enough
to accommodate whole vehicles in the parking spots.

A single vehicle’s parking length 𝑑 should include the
vehicle length l and the safe parking distance 𝑏 (taken to be
1.2m) between adjacent parked vehicles. The length of the
stop would then be the sum of 𝑛 such parking lengths [18];
therefore

𝐶 = 𝑛𝑑 = 𝑛 (𝑙 + 𝑏) . (16)
As there is no fixed schedule for taxi operations, taxis

should have only a short parking time at the stop. Therefore,
the length of the taxi stand should be only long enough to
serve just one taxi at a time, which is about 4m.

The length calculated by the above formula agrees with
actual lengths at taxi stands.

2.4. Case Study. We studied the section of People’s Road
between Chongqing Road and Beian Road in the city of
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Figure 3: Lengths of the stop.

Changchun China, which is a 306m long two-way road with
eight lanes. Being one of the main traffic ways in a central
business district, it is crowded with pedestrians and taxi
operations, both of which lead to significant delays to buses.
There are 12 bus routes operating from the south to the north,
8 of which load and unload passengers in this section of road.

The arrival rate for buses is 62 pcu/h in this direction
and 12 for taxis, both following Poisson distributions. In one
hour, we observed 242 people boarding buses and 302 people
alighting. The numbers are 28 ad 36 for taxis. We assume it
takes 7 seconds on average for a person to board or alight a
bus and 15 seconds to board or alight a taxi.

Assuming that the traffic remains the same for the inte-
grated stop, the arrival rate of the system is 𝜆 = (62 × 2 +

12)/3600 = 17/450 pcu/h, and the average service time is

𝑇 =

242 + 308

62

× 7 +

28 + 36

12

× 15 = 142.1 s. (17)

The stop can accommodate three buses (six standard vehi-
cles) at a time, making the service intensity 𝜌/𝑁 = 𝜆/𝜇𝑁 =

(𝜆/𝑁) × 𝑇 = (17 × 142.1)/(450 × 6) = 0.89.
Here, we assume that the integrated stop can accommo-

date eight standard vehicles at most at any moment. The
probability of their being more than eight standard cars can
be calculated as follows:

𝑃 (0) =

1

∑
5

𝑘=0
(5.37
𝑘
/𝑘!) + 5.37

6
/6! (1 − 0.89)

=

1

118.46 + 421.24

= 0.001853,

𝑃 (1) = 5.37 × 𝑃 (0) = 0.009951,

𝑃 (2) = 0.026717, . . . ,

𝑃 (8) =

5.37
8

6!6
2

× 𝑃 (0) = 0.009951 = 0.049435.

(18)

Thus, 𝑃(>8) = 1 − ∑
8

𝑛=0
𝑃(𝑛) = 0.720142.

This calculation shows that the probability of their being
more than eight standard vehicles queuing is high. Thus,

the taxis have a greater impact on the operations of the buses,
and we cannot merge the taxi stand into the bus stop directly.
Instead, we need to set up a taxi stand around 50m ahead of
the bus stop.

3. Conclusion

This paper introduced a model-based approach to study
the feasibility of having an integrated design to reduce
delays to buses from taxi transport by determining whether
an integrated single stop design is plausible to serve both
buses and taxis at the same time and used vehicle arrival,
probability distributions, and queuing theory to look into
the traffic characteristics at bus stops. We first analyzed the
current traffic operations and then described bus and taxi
traffic characteristics according to the appropriate traffic flow
models. This paper agrees that the arrival of buses and taxis
can be describedwith Poisson distribution and it abstracts the
process of vehicles getting into the stop as a queuing model
system. In doing so, the probability of queuing vehicles in the
system can be calculated. Finally we applied the models on
a real road and discussed the potential traffic conditions of
redesigning the bus stops along that road. In future follow-
up studies, the authors would like to look into more types of
arrivals and a variety of queuing service systems with hopes
to future improve the method and models.
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Precise navigation map is crucial in many fields. This paper proposes a panorama based method to detect and recognize lane
markings and traffic signs on the road surface. Firstly, to deal with the limited field of view and the occlusion problem, this paper
designs a vision-based sensing systemwhich consists of a surround view systemand a panoramic system. Secondly, in order to detect
and identify traffic signs on the road surface, sliding window based detection method is proposed. Template matching method and
SVM (Support Vector Machine) are used to recognize the traffic signs. Thirdly, to avoid the occlusion problem, this paper utilities
vision based ego-motion estimation to detect and remove other vehicles. As surround view images contain less dynamic information
and gray scales, improved ICP (Iterative Closest Point) algorithm is introduced to ensure that the ego-motion parameters are
consequently obtained. For panoramic images, optical flow algorithm is used. The results from the surround view system help to
filter the optical flow and optimize the ego-motion parameters; other vehicles are detected by the optical flow feature. Experimental
results show that it can handle different kinds of lane markings and traffic signs well.

1. Introduction

Precious map can provide essential information for many
intelligent transportation systems (ITS), such as car navi-
gation systems, autonomous driving systems, and advanced
driver assistance systems (ADAS). Most of the existing maps
are based on satellite photography and aerial photography,
which are not precise enough to provide detailed informa-
tion, such as road markings. Although Google Street View
[1] enables users to have the details of a street, it is limited
to an immense panorama and cannot provide information
for a large-scale range, in other words, it cannot be used as a
practical navigation map, whereas vision can deliver a great
amount of information, which makes it a powerful means
for recognizing the detailed road information. Therefore,
vision-based detection and recognition of road markings are
quite promising, and many efforts have been made for the
generation of advanced navigationmaps containing both lane
markings and traffic signs systems.

Road markings have specific features since they are made
according to the construction rules and regulations. Figure 1
shows examples of the typical lane markings in China. A lane
marking can be expressed in the respect of its color, number
of lines, and broken-or-solid style. For example, “yellow-2
lines-solid” represents a double yellow solid line.

There have been extensive researches on lane marking
detection, also, a wide variety of modeling, detection, and
tracking techniques have been proposed [2–6]. Wang et al.
[7] proposed a road geometry extraction system. It extracted
line segments and classified them into different types of
lane markings by a synthetic analysis. Kim [8] introduced a
robust real-time lane detection and tracking algorithm for
local roads and highways in various challenging scenarios.
Schindler and Lauren [9] presented a method for robust lane
recognition by applying N-level-set-fitting to preprocessed
image data from a single monochrome camera. Reference
[10] introduced a method to high-accuracy road orthophoto
mapping; its resolution is higher than Google’s satellite

Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2015, Article ID 713753, 14 pages
http://dx.doi.org/10.1155/2015/713753

http://dx.doi.org/10.1155/2015/713753


2 Mathematical Problems in Engineering

Figure 1: Examples of typical lane markings in China.

images, but no feature extraction is mentioned. Reference
[11] introduced the ground texture based localization for
intelligent vehicles, and it extracted edge information of pixel
level, but no extraction of traffic feature is done in it.

Most of existing researches just focused on the detection
and tracking of lane markings in the host lane while the
extraction of information in a larger scale is not considered,
and few have been done for the recognition of multilane on
the roads. Furthermore, some important lane features are
neglected, such as color, number of lines, and broken-or-solid
style, which are important for a number of drivingmaneuvers
like lane changing and over-taking. Another important fact
is that the existence of vehicles turns out to be a big threat
for lane markings recognition in large scale image since they
will block the lanes. Detection of vehicles on the road is
significative for lane recognition, but not many works have
been done in this respect.

For traffic signs detection and recognition, a number of
techniques have been studied [12–18]. de la Escalera et al. [19]
used a genetic algorithm to detect traffic signs and a neural
network to classify them. It performed well in the situations
where there are no shadows. Poor [20] introduced Eigen-
based traffic signs recognition by invoking the principal com-
ponent analysis (PCA) algorithm to choose themost effective
components of traffic sign images for the classification of
an unknown traffic sign. In [21], a fast road sign detection
and recognition system was implemented in the autonomous
unmanned vehicles for urban surveillance and rescue.

However, most of existing work focused on the detection
of roadside traffic signs, which are less affected by the rolling
and pitching of the host vehicle. Few works have been done
for detecting the traffic signs on the road surface, which also
provide essential information for a precise navigation map.

This paper presents a practical approach for the detec-
tion and recognition of various kinds of multilanes based
on panoramic cameras, which, compared with traditional
cameras, cover a much larger field of view and provide more
information. The panoramic system in this paper consists of
two subsystems, one is a surround view system focused on
host lane detection and the other is a panoramic camera used
for multilane detection. Section 2 introduces the host lane
recognition based on a rotation histogram. It employs the
Hough transform to obtain the main direction of the road

lane and perform a histogram analysis to get the color, num-
ber of lines, and broken-or-solid information. Ego-motion
estimation based on ICP is adopted to get the position and
pose of the vehicle used as platform in surround view system.
Section 3 introduces the multilane recognition. Curve model
is employed to fit lane markings in a panoramic image. Ego-
motion estimation based on optical flow method is adopted
to detect other vehicles, and the result is optimized with
the ego-motion parameters got in the surround view system.
In Section 4, the traffic signs detection and recognition are
described, which are based on the template matching and
support vector machine (SVM). It uses Fourier Descriptor
as the main feature and conducts the histogram statistics to
identify axisymmetric traffic signs. In Section 5, the proposed
system is tested with a large number of real traffic images and
experimental results show that it can handle different kinds
of lane markings and traffic signs accurately and robustly.

2. Host Lane Detection and Recognition

Host lane detection is so important that the information
of other lane markings can be inferred from its position,
width, and curvature.Thus, the surround view system, which
consists of four fisheye cameras with 180-degree field of view
around the host vehicle and a processingmodule that realizes
viewpoints transformation and image stitching, is employed.
To classify lanemarkings, three different types of information
are analyzed.The first is the color of lines, for example, yellow
or white; the second is the number of lines, for example,
double or single, and the third is the feature that whether it
is solid or dashed. Then our approach follows a three-step
strategy that is divided into preprocessing, recognition, and
filtering phase.

2.1. Image Preprocessing. The preprocessing algorithm func-
tions in three phases. Initially a pixel-by-pixel search is
performed to look for features that identify lane markings.
Features are extracted from a raw image using a color filter
and a width filter. The color filter detects pixels which
correspond to the probable colors of lane markings. Pixels
are converted from RGB color space to HSV color space,
which rearranges the geometry of RGB in an attempt to be
more intuitive and perceptually relevant. Since lanemarkings
are either white or yellow, thresholds are set to the three
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components, hue, saturation, and value, respectively, to deter-
mine the color of pixels [22]. The width filter is a modified
edge filter which responds to edges of the correct width.
Only pixels between a rising edge and a falling edge within
a predefined range are detected. In the images taken by the
proposed system, the vehicle is always in the middle and
occupies a fixed region, so the corresponding pixels can be
neglected during the feature extraction.

Subsequently, these features are fused into a binary map
by requiring feature pixels being either white or yellow in
color and fitting the width filter. All feature points are set to 1,
whereas the rest are set to 0.

Finally, since lane markings are linear features, Linear
Hough Transform (LHT) is used to obtain straight lines by
converting the problem in image space into a more easily
solved current peak detection problem in parameter space.
The presence of other linear features can create ambiguities
during the extraction; in order to reduce these ambiguities,
interframe filtering is implemented. The two peaks in the
parameter space corresponding to the two host lanemarkings
are selected based on the assumption that they are of the same
orientation andwidth. Also, the peak in theHough transform
parameter space of the current frame should always be in the
vicinity of the peak in the last frame.

Figure 2 shows an example of the procedure. Figures
2(a)–2(c) are the raw image, the feature-fused binary map,
and the detected lane markings.

2.2. Line Type Classification. The above processing extracts
regions that contain lane markings. It is quite convenient to
establish a histogram for feature expression. The horizontal
axis of the histogram corresponds to pixel columns of the
rectified image and the vertical axis corresponds to the
number of edge pairs in each column. We call it the feature
histogram. As shown in Figure 3, candidate lane markings
produce square waves in the feature histogram.

Whether a lane marking is broken or solid is quite related
with the following features. 𝐹𝑡

𝑠
= {𝑛
𝑠
, 𝑤
𝑠,1

, 𝑤
𝑠,2

, . . .} represents
the feature of a single line, 𝐹𝑡

𝑑
= {𝑛
𝑑
, 𝑤
𝑑,1

, 𝑤
𝑑,2

, . . .} represents
the feature of a double line, 𝑤 is the length of the region, and
𝑓means the number of sections. Consider

𝑟
𝑠
=

∑
𝑛𝑠

𝑖=1
𝑤
𝑠,𝑖

𝑤

, 𝑟
𝑑
=

∑
𝑛𝑑

𝑖=1
𝑤
𝑑,𝑖

𝑤

,

𝑓 = 𝑛
𝑠
+ 𝑛
𝑑
.

(1)

Taking advantage of those features, we can judge whether
it is a single or double line, also, whether it is solid or dashed.
Obviously, 𝑟

𝑠
should be close to 1 and 𝑟

𝑑
close to 0 if it is

a single solid line, while 𝑟
𝑠
and 𝑟
𝑑
should be larger than a

suitable threshold if it is a solid-dashed line. It has to be
mentioned that 𝑓 should be less than 10, and if not, the result
may be interfered by noise. The detailed rules and thresholds
are listed below:

single-dashed line 0.30 ≤ 𝑟
𝑠
≤ 0.75, 𝑟

𝑑
≤ 0.10, 𝑓 < 10,

single-solid line 𝑟
𝑠
> 0.85, 𝑟

𝑑
≤ 0.10, 𝑓 < 10,

solid-dashed line 0.30 ≤ 𝑟
𝑠
≤ 0.75, 𝑟

𝑠
+ 𝑟
𝑑
> 0.85,

𝑓 < 10,

double-solid line 𝑟
𝑠
≤ 0.10, 𝑟

𝑑
> 0.85, 𝑓 < 10,

double-dashed line 0.30 ≤ 𝑟
𝑑
≤ 0.75, 𝑟

𝑠
≤ 0.1, 𝑓 < 10.

(2)

2.3. Ego-Motion Estimation in Surround View System Based
on ICP. The existence of vehicles in real traffic often causes
false detection or recognition. This problem is much more
serious in a larger field of view than in the view of surround
view system. To reduce false alarms, ego-motion estimation is
performed in this paper to detect vehicles. The visual field of
a surround view image is small, and ego-motion estimation is
not essential if only the information of host lanes is needed;
however, the ego-motion estimation of surround view system
is important for ego-motion estimation of panorama system
which will be studied later in this paper.

The host vehicle is the main occlusion in the surround
view image, and it can be detected and removed through
ego-motion estimation. Traditional ego-motion of vehicles
usually adopts optical flow method, which requires large
amounts of corners in the image; however, the images got
by the surround view system do not match the requirement;
thus, ICP is used here.

The ego-motion estimation system diagram is shown in
Figure 4, and inputs of this system are the image sequences
collected by the surround view system. The ego-motion
parameters, including displacement and variable rotation,
can be calculated through the method of ICP [23]. Taking
advantage of the image sequence and the ego-motion param-
eters, we can reduce the interference in lanes detection and
recognition and restore the area of the vehicle bottom.

Taking the vehicle coordinate system as reference, assum-
ing that 𝑃 is a point on the road, it is on point 𝑃

𝑎
when the car

is on point 𝑎 and 𝑃
𝑏
is on point 𝑏, and then the relationship

between 𝑃
𝑎
and 𝑃

𝑏
can be expressed as follows:

𝑃
𝑏
= 𝑅𝑃
𝑎
+ 𝐷. (3)

𝑅 and 𝐷, respectively, represent rotation and translation
variation of points between two adjacent frames, and those
two parameters could also be used to represent the rotation
and translation variation of cars position. ICP is adopted to
calculate 𝑅 and𝐷, and the detailed process is as follows.

(1) Get the initial rotation and translation parameters 𝑅
0

and𝐷
0
of the image sequence 𝐼

1
, 𝐼
2
, . . . , 𝐼

𝑁
;

(2) On the basis of the parameters 𝑅
𝑖
− 1 and 𝐷

𝑖
− 1,

calculated from the previous frame, we can get a new
image 𝐼

𝑖
+1
 transferred from image 𝐼

𝑖
, andΔ𝑅 andΔ𝐷

could be got by adopting ICP to images 𝐼
𝑖
+1
 and 𝐼

𝑖
+1,

and then we have 𝑅
𝑖
= 𝑅
𝑖
− 1+Δ𝑅,𝐷

𝑖
= 𝐷
𝑖
− 1+Δ𝐷;

(3) Repeat the iteration process 2 until the whole image
sequence has been finished;

(4) Derive the vehicle position by the ego-motion param-
eters, and amend the parameters of previous step if the
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(a) (b) (c)

Figure 2: Example of image preprocessing (a) raw image, (b) binary map, and (c) the lane markings detected by LHT.

w

w
s,1

w
d,1

w
s,2

0

0.5

1

1.5

2

2.5

0 50 100 150 200 250 300 350

Figure 3: Region of interest and 𝑦 histogram.

ICPImage
sequence

Ego-motion
parameters

Image
mosaic

Vehicle
detection

Figure 4: Ego-motion estimation system diagram.

filter forecast value is gotten by Kalman filter and the
actual values differ greatly.

For the reason that the host vehicle itself occupies a large
area in a surround view image, some information on the
road is blocked; however, an image with only lane markings
and traffic signs on the road may be a better choice while
generating a navigation map. Thus some work of image
mosaic is done in this paper.

The vehicle’s position and pose got by the ego-motion
estimation could be used to restore the road area blocked by
the vehicle through the fusion algorithm. Poisson fusion algo-
rithm is adopted in an iterative operation [24], inwhichwe fill
part of the area blocked by the vehicle in one image with the

Figure 5: Image stitching results.

same area of the road unblocked in previous image.With this
method, a vehicle in one image will be replaced by the area
of road it blocked; an example is shown in Figure 5. Image
mosaic provides a possible way to optimize the map genera-
tion, but detailed work will not be mentioned in this paper.

3. Multilane Detection and Recognition

In order to detect and recognize multilane, panorama based
methods are proposed. Panorama in this paper has a visual
angle of 360∘, and nearly all the lane markings on the road
could be seen in it, it is particularly suitable for multilane
detection. Panorama image has blind area, and the area
near the host vehicle will be blocked, but this problem is
solved since we adopt surround view system as a supplement.
Extending the information of host lane got by the surround
view system is an important premise of multilane detection.
Also, ego-motion estimation is used to remove the interfer-
ence of other vehicles.
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3.1. Multilane Detection and Recognition in Real Traffic. The
visual shield is quite small in a surround view image so thatwe
can describe a lane with straight line model; however, when
it comes to panorama, straight line model may cause great
deviation, and suitable curve models are necessary for fitting
multi-lane.

The panorama images are transferred into top view
images before used; thus, the lane markings are limited in
an area of about 50m; in this case, quadratic polynomial
models could well meet our demand [25]. Schematic diagram
is shown in Figure 6.

The multilane detection is similar to lane detection in
surround view images in the respect of feature detection,
such as using the color filter, width filter, and binary map,
but it requires better feature selection since there is more
interference in a panorama image.Thehost lane detection has
provided the information of position and width, which could
also be used in the multilane detection.

Linear Hough transform has been adopted to obtain
straight lines in surround view images, searching new points
along those fitted lines on both forward and backward
direction, and if one edge point is found on the tangential
direction of its previous points, this point will be clustered,
and this method is also suitable when the line is dashed or
unclear. The progress is shown in Figure 7.

In panorama system, similarmethod of clustering is used,
and the model turns from straight line to curve. Least square
method is used to seek parameters for quadratic curve fitting.
The formula is as follows:

SSD (𝑎, 𝑏, 𝑐) =

𝑛

∑

𝑖−1

(𝑦
𝑖
− 𝑎 − 𝑏𝑥

𝑖
− 𝑐𝑥
2

𝑖
)

2

. (4)

𝑥
𝑖
and 𝑦

𝑖
represent those points clustered before;

quadratic curve parameters 𝑎, 𝑏, 𝑐 could be calculated by the
method of partial differential.

Under the assumption that standard lanemarkings in one
image are parallel, other lane markings could be detected
according to the width and curve equation of host lane. For a
lane that matches the assumption, it is easy to get and cluster
the points in it, and for those not strictly matching, their
points could also be clustered by extending the searching area.
Fitting curves for different groups of points could be gotten
through the method of least square. Since a large view shield
is provided by a panorama image, we can detect nearly all the
lane markings on the current road surface, which is impossi-
ble for ordinary camera photos a result is shown in Figure 8.

3.2. Vehicle Detection Based on Ego-Motion Estimation. As
mentioned previously, the existence of vehicles in real traffic
may cause false detection or recognition, especially in the
panorama images. Rich features, which is adverse for ICP,
are covered in a Panorama, for such reason, optical flow
method is performed here to get the changes of position and
pose by calculating the optical flow information of corners in
the images. However, normal optical flow method would be
affected by the large amounts of moving objects in the visual
field; thus, ICP result is used to help to optimize the ego-
motion parameters in the panorama system. Both the host

W

X

Y
𝜃

y = cx
2
+ bx + a

(Xc, Yc)

Figure 6: Lane model of the panorama system.

vehicle and other vehicles could be detected through the ego-
motion results.

The surround view system and panorama system are two
independent parts on the platform; in order to make their
data complementary, unified calibration is done; the detailed
progress is not mentioned in this paper. The frame rate is
20 fps for surround view system and 2 fps for panorama
system, and the results of ego-motion estimation in surround
view system cannot be used directly in the panorama system,
and some steps are necessary here.

With the method of ICP, we got the ego-motion param-
eters 𝑅 and 𝐷; then, define a transformation matrix 𝑀



𝑛
.

Consider

𝑀


𝑛
= [

𝑅
𝑛

𝐷
𝑛

0 1
] . (5)

The total changes of position and pose from the first
frame to 𝑛th frame could be gotten from the product of
transformation matrixes, 𝑀

𝑛
= ∏
𝑛

𝑖=1
𝑀


𝑖
; accordingly, 𝑀

𝑗,𝑘
=

∏
𝑘

𝑖=𝑗+1
𝑀


𝑖
. These transformation matrixes will be used later

to optimize the ego-motion parameters the details are shown
in Figure 9.

The concept of optical flow was firstly proposed by
Gibson, in 1950, and it uses the correlation of pixels between
adjacent frames to calculate changes on time domain; thus the
objects’ information of movement could be gotten.

In this paper, the method of sparse optical flow algorithm
KLT based on Pyramid model is adopted to calculate and
track features of corners in an image to form optical flow
field. Define 𝑃 = 𝑝

𝑖
as feature points in the previous frame

and 𝑋 = 𝑥
𝑖
as corresponding points in current frame; the
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Figure 7: Lane marking pixel clustering.
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Figure 8: (a) Clustered lane pixels and (b) lane fitting.

optimal rotation and translation matrices could be gotten by
minimizing the error showing in the following equation:

𝑒 =

𝑛

∑

𝑖=1

𝜔
𝑖





𝑒
𝑖






2

=

𝑛

∑

𝑖=1

𝜔
𝑖





𝑝
𝑖
− 𝑅𝑥
𝑖
− 𝐷






2 (6)

𝑅 and𝐷 are ego-motion parameters and 𝜔
𝑖
is the weight.

In practical traffic environment, some moving objects,
such as other vehicles or walkers, will form optical flow
field too. It is necessary to filter the point set 𝑃 and point
set 𝑋 to filter out the interference points and leave the
right points only. The transformation matrixes are used
here as a reference to determine the filter range. 𝑀

𝑛
is the

transformation relation between point sets; define 𝑑 as the

maximum acceptable error, and then the filter rule could be
described as follows:

−𝑑 ≤ 𝑀


𝑛−1
𝑝
𝑖
− 𝑥
𝑖
≤ 𝑑. (7)

A point will be moved out of the point set, which is
expected to be used to calculate the ego-motion parameters,
if it does not match the rule above. For the rest points, their
weight could be calculated with the following formula:

𝑤
𝑖
= 1 −






𝑀


𝑛−1
𝑝
𝑖
− 𝑥
𝑖







‖𝑑‖
2

. (8)

The optimized ego-motion parameters could be gotten
after finishing the filtering and calculation of weights. At the
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Figure 9: Ego-motionmatrix transformation between the surround
view system and the panorama system.

same time, the optical flow field is divided into reasonable
values and abnormal values. Reasonable values are the points
used to calculate the ego-motion parameters while abnormal
values are the points moved out by the filter. In most cases,
the abnormal values represent other moving objects in the
surrounding environment. By clustering the abnormal values,
other vehicles could be detected easily. An optical flow field
of panorama and its vehicle detection results are shown in
Figures 11 and 10.

4. Traffic Signs Detection and Recognition

Except from the traffic lane markings, there are many traffic
signs on the road surface, which also provide useful informa-
tion for navigation. Some common traffic signs are shown in
Figure 12.

Traffic signs detection based on sliding window is per-
formed in this paper. Also, a new classification method com-
bining template matching and SVM is proposed to recognize
those traffic signs.

4.1. Traffic Signs Detection Based on Sliding Window. Now
that traffic lane markings have been extracted, the detec-
tion region is effectively limited; sliding window is created
between lane markings and will scan the whole road.

Otsu method is adopted in every sliding window to do
binary segmentation to the images [26, 27]. A binary image
is easily affected by noises; thus filter and clustering are
necessary. An 8-connected areas detection is used here to
cluster the binary image; the regions got by clustering will be
filtered with the following rules.

In most cases, noises only occupy a small area in one
image, and it is easy to clear them out and leave the traffic
signs only with an area constraint as follows:

𝑆min ≤ 𝑆 ≤ 𝑆max. (9)

Also, all the traffic signs lie in the middle of the sliding
windows; in other words, only some specific regions need
to be detected in an image, and the region constraint is as
followed:

𝐿min ≤ 𝐿 ≤ 𝐿max. (10)

With the detection rules mentioned above, 600 images
containing traffic signs in different situations are detected,
and some results is shown in Figure 13.

4.2. Traffic Signs Recognition Based on Template Matching
and SVM. Template matching is a method to find the cor-
responding parts in an image according to known templates
some templates are shown in Figure 14. To judge thematching
degree between template and the image, two parameters
could be used here.

SSD (Sum of Squared Difference) describes the squared
difference of two images, and the higher SSD is, the more
similar those two images are.

NCC (Normalized Cross Correlation) is the other com-
mon parameter, ranging from −1 to 1; the image and template
are exactly the samewhen 𝑟 = 1 and are totally different when
𝑟 = −1.

Some experiments about template matching have been
done in this paper; the result shows that SSD could provide
satisfying dipartite degree while NCC could not. However,
even the SSD failed in the detection of some images because
the template matching is quite sensitive to scaling and
rotation, even small changes would result in failure. In order
to improve the robustness of traffic signs recognition, a
recognition method based on SVM is proposed.

As mentioned above, for the existence of scaling and
rotation, the robustness of traffic signs recognition cannot
be guaranteed; what is more, some traffic signs suffer from
occlusion andwear,making the recognition effect evenworse.
Fourier Descriptor is scaling and rotation invariant, and it
could describe the features of objects precisely in different
shooting angles, and the influence of occlusion and wear
could also be weakened by it.

The contour of signs is regarded as a closed curve, and
every pixel has a coordinate (𝑥(𝑡), 𝑦(𝑡), 𝑡 = 0, 1, . . . , 𝑁 − 1),
and the coordinate is described by complex number 𝑥 + 𝑦

𝑖
;

the Fourier Descriptor could be calculated through discrete
Fourier transform and normalization. Fourier Descriptor
within a certain frequency range is chosen as classification
feature for the recognition [28].

SVM are supervised learning models with associated
learning algorithms that analyze data and recognize pat-
terns, mainly used for classification and regression analysis.
Essentially, SVM is a liner linear classifier, and points in 𝑛-
dimensional will be divided into different parts [29, 30].Thus
it could be used to classify the features of traffic signs, in other
words, complete the recognition of them.

63 samples’ Fourier Descriptors are used to test the
classification efficiency of SVM, and the result is shown in
Table 1.

Obviously, we got accuracy rates higher than 90% for
most signs using Fourier Descriptor as feature; however, it is
difficult for SVM to distinguish “Turn left” and “Turn right,”
as well as “Go straight and turn left” and “Go straight and turn
right;” in other words, SVM should not be used in the recog-
nition of axisymmetric images. For this case, a method com-
bining templatematching and SVM is proposed in this paper.

While classifying signs with SVM, axisymmetric signs
and nonaxisymmetric signs are separated; for example, “Turn
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Table 1: SVM classification results featured by normalized Fourier descriptors.

Turn left Turn rignt Go straight Go straight and turn left Go straight and turn right
Turn left 100 64.28 92.86 95.23 97.62
Turn rignt 100 95.25 95.24 95.24
Go straight 100 93.33 92.09
Go straigh and turn left 100 57.14
Go straight and turn right 100

Figure 10: Vehicle detection results.

Figure 11: Optical flow field in the panoramic images.

left” and “Turn right” belong to one class, “Go straight and
turn left” and “Go straight and turn right” belong to another,
while the rest of the signs belong to their own groups. The
classes of axisymmetric signs will be recognized through
the method of template matching. The accuracy is greatly
improved since there are only two types of signs in each class
and they are quite different in contour. The whole flowchart
is shown in Figure 15.

5. Experimental Results

5.1. Experimental Platform. The proposed system was imple-
mented in our experimental platform based on the Cyber-
Tiggo, which has four fisheye cameras mounted around the
vehicle to collect surround view images and a ladybug3
camera on the top to collect panorama images. The angle
encoder for measuring the steering wheel angle and the
odometer encoder are also installed on the platform. The
frequency of vehicle industrial computer is 2.40GHz, with

Table 2: Lane detection results based on surround view system.

Recall (%) Precision (%)
99.96 97.23

4G memory and Window XP operating system, and real-
time data acquisition and processing can be completedwithin
it. Details are shown in Figure 16.

5.2. Results of Host Lane Recognition. 1200 images with 2316
lane markings are used for evaluation of the surround view
system, which cover a wide variety of situations. In Figure 17,
several typical lane markings are shown in aerial view
together with the recognition results. The quality of the lane
markings is not consistent, and worn out markers are also
included.

The recognition results are divided into 2 situations: true
Positives and false Negatives. Two parameters, Precision and
Recall, are used to measure the statistical results in Table 2.
Table 3 shows the recognition result. The definitions of
Precision and Recall are as follows:

Precision =

true Positives
true Positives + false Positives

,

Recall = true Positives
true Positives + false Negatives

.

(11)

The statistical results of host lane recognition is 97.19%,
which proves that the method proposed in this paper is
practical, and the main reason for failed recognition is acute
changes in the light and the existence of badly worn lane
markings.
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Figure 12: Common traffic signs on road surface.

Figure 13: Samples of real traffic signs.

Table 3: Lane recognition results based on surround view system.

Number Proportion (%)
Success 2133 93.76
Color detection failed 73 3.21
Type detection failed 91 4.0

5.3. Results of Multilane Recognition. More than 1000 images
are used for evaluation of the panorama system, and a

wide variety of situations, such as tunnels, high-speeds, and
normal roads, are involved in. Several results are shown in
bird’s-view in Figure 18, including single dashed lines, single
solid lines, and others, and both curved roads and straight
roads could be seen in it.

Like the recognition of host lanes, the recognition results
of multilane are divided into true Positives and false Neg-
atives. Precision and Recall are also used here to measure
the statistical results in Table 4.The results of recognition are
shown in Table 5.
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Figure 14: Templates of traffic signs.
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Figure 15: Classification flowchart of traffic signs on road surface.

Table 4: Lane detection results based on panorama system.

Recall (%) Precision (%)
With vehicle detection 95.17 92.33
Without vehicle detection 95.36 87.28

Table 5: Lane recognition results based on panorama system.

Number Proportion (%)
Success 509 90.89
Color detection failed 22 3.93
Type detection failed 29 5.18

Seen the result in Table 4, the recognition accuracy is
lowerwhen the vehicle detection is not adopted because other
vehicles would bring interference to the feature detection.
Compared with the host lane recognition, both Precision
and Recall are much lower in the panorama system; the
possible reason is that panorama images are more complex
than surround view images.

The statistical results ofmultilane recognition are 90.89%,
and acute changes in the light and occlusion contribute
mostly to the wrong recognition.

5.4. Results of Traffic Signs Recognition. About 150 images are
used for the evaluation of traffic signs recognition, most of
them contain more than 3 traffic signs, and the recognition
results could be seen in Figure 19. Also, Precision and Recall
are used to verify the effectiveness of detectionmethod based
on sliding window adopted in this paper, and the statistical
results are listed in Table 6. The results of recognition are
shown in Table 7.

The method of sliding window is proved to be efficent in
the detection of traffic signs; however, only 95.4% of all the
traffic signs could be recogized correctly, and stains on the
road and worn signs may be to blame.

6. Conclusions

This paper presents a vision-based approach for the detec-
tion and recognition of various kinds of road markings. A
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Figure 16: Experimental platform.

Figure 17: Experimental results of host lane detection and recognition.

Table 6: Traffic sign detection results.

Recall (%) Precision (%)
96.48 94.70

Table 7: Traffic sign recognition results.

Number Proportion (%)
Success 331 95.4
Failed 15 4.6

platform equippedwith surround view system and panorama
system is used to collect road information in a wide range.

For host lane detection and recognition based on sur-
round view system, Hough transform is used to get the main
direction of road lane and a histogram analysis is performed
to obtain the features, including the color, number of lines,
and dashed-or-solid style. Image compensation in the HSV
color space further improved the results performance. In
order to recognize host lanes and restore the road area
blocked by the host vehicle, ego-motion estimation based on
ICP is adopted to get the position andpose of vehicles, and the
road images are successfully restored through Poisson fusion
algorithm after getting the ego-motion parameters.

For detection and recognition of multilane based on
panorama system, similar method, as in the surround view
system, is used. In order to reduce the interference caused by
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Figure 18: Experimental results of multilane detection and recognition.

other vehicles in the detection and recognition, ego-motion
estimation based on optical flow method is applied; the ego-
motion parameters got in the surround view system is also
used to optimize the result.

For traffic signs recognition, an approach combining
template matching and SVM is proposed.The approach used
the Fourier Descriptor as features, since SVM has difficulty
in recognizing axisymmetric traffic signs, and this paper
proposes a novel algorithm that extracts features based on
contour segments, and then performs template matching to
identify the axisymmetric signs.

Experimental results of detection and recognition of host
lanes, multilane, and traffic signs substantiate the effective-
ness and robustness of all themethods proposed in this paper.

The basic road information essential for a precise gener-
ation map could be gotten through the methods proposed in
this paper. Future work will focus on the specific process of
precise generation map generation with the recognized road
markings.
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With the rapid development of urban rail transit, the phenomenon of outburst passenger flows flocking to stations is occurring
much more frequently. Passenger flow control is one of the main methods used to ensure passengers’ safety. While most previous
studies have only focused on control measures inside the target station, ignoring the collaboration between stops, this paper puts
emphasis on joint passenger control methods during the occurrence of large passenger flows. To provide a theoretic description for
the problemunder consideration, an integer programmingmodel is built, based on the analysis of passenger delay and the processes
by which passengers alight and board. Taking average passenger delay as the objective, the proposed model aims to disperse the
pressure of oversaturated stations into others, achieving the optimal state for the entire line.Themodel is verified using a case study
and the results show that restricted access measures taken collaboratively by stations produce less delay and faster evacuation.
Finally, a sensitivity analysis is conducted, from which we find that the departure interval and maximum conveying capacity of the
train affect passenger delay markedly in the process of passenger control and infer that control measures should be taken at stations
near to the one experiencing an emergency.

1. Introduction

Congestion problems in China’s large cities have created an
urgent need for the construction and expansion of the metro
system. However, in some exceptional circumstances (such
as in peak hours or with a large increase, or outburst, of
passenger flow), passenger pressure exceeds the range that
the facilities can bear. Mass passenger flow brings about an
increase in safety risks, a reduction in passenger comfort, and
the extension of travel times. As a result, many researchers
have focused on the study of large passenger flows.

Studies of pedestrian characteristics in crowded situa-
tions are important for research on passenger evacuation.
In fact, such research has always paid attention to the
simulation of pedestrians’ microscopic behavior. Cheung and
Lam researched pedestrian flow characteristics [1], route
choice [2], and simulation models in MTR (mass transit
railway) stations in Hong Kong [3]. Harris improved the
microtrips model to simulate passenger behavior in urban
rail stations in London [4], and then created the SCM

(station congestion model) to simulate the effects of pas-
senger delays on a variety of station facilities. Daamen and
Hoogendoorn constructed the software NOMAD for micro-
scopic model simulation capable of predicting the impact
of facility properties on passenger volumes, travel times,
and waiting times at stations [5]. Mahudin et al. described
the development of an instrument that could capture the
dimensionality of rail passenger crowding and its relationship
to the experience of stress and feelings of exhaustion [6].
There have also been some other studies of pedestrians’
microscopic behavior [7, 8].

When considering the impact of a large passenger flow on
an urban rail station, the alighting and boarding processes of
passengers should not be ignored. Many metro stations have
been suffering from high levels of pedestrian density of late
[9]. Several statistical analyses of accident data, performed
in China, Europe, and the United States [10–13], show that
many injuries occur in the boarding and alighting processes.
Exiting studies about these processes in urban rail stations
have focused on observation and modeling. Heinz measured
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Figure 1: Schematic view of collaborative passenger control.

the alighting and boarding times for different trains [14].
Xu andWu developed velocity-density mathematical models
for Shanghai metro stations [15]. Furthermore, a three-layer
architecture-adaptive agent model was proposed by Xu Qi
to simulate passengers’ microscopic behaviors in complex
passenger flow on an urban rail transit platform [16].

All these studies are theoretically enlightening for the
solving of problems relating to mass passenger flow. In
practice, to prevent the occurrence of safety accidents, many
measures have been taken, such as the adjustment of the
stop-schedule plan, changes in the train routing scheme, and
the control of passenger flow [17]. Among these measures,
passenger flow control serves as the mainmethod, one which
sacrifices the station service level to ensure security. Thus,
flow-limiting measures are temporarily taken in these over-
saturated rail transit stations to avoid the excessive pressure
caused by large passenger flows. Most studies have focused
on control measures only for oversaturated stations. For
example, Bauer et al. conducted a simulation of macroscopic
pedestrian flow for the design of crowd control measures for
public transport after the occurrence of special events [18].
However, in practice, passenger control measures are, more
extensively, divided into three levels, namely, the station level,
the line level, and the regional level [19]. At the station level,
only oversaturated stations have these kinds of measures
applied, such as passenger control on the platform, stairs, or
at the entrance to the station, which is helpful for limiting
the number of passengers on the platform but is not effective
for achieving rapid evacuation. At the line and regional level,
control measures are also applied to other stations where
appropriate, to relieve the traffic pressure on a particular
station in an emergency situation. Unfortunately, detailed
strategies for this method have not been proposed yet. For
example, there are no further researches concerning which
stations should be controlled and how many people are
allowed in. This will be addressed in the present study.

To disperse traffic pressure on an oversaturated station
and allocate the transport capacity rationally, this paper
proposes a programming model to determine the control
parameters in specific stations and to show the effect of
collaborative control measures. In the modeling process, the
following issues are addressed: (1) analytical formulations for
computing passenger delay over the entire line; (2) analysis
of passengers’ alighting and boarding procedure; and (3)

optimal solutions considering the delays to all passengers.
The remainder of this paper is organized as follows. The

overall problem statement and assumptions are presented in

Section 2. In Section 3 we construct a programming model
for passenger flow optimization. The numerical analysis of
the model for verifying the rationality of this model is
presented in Section 4, where the sensitivity analysis is con-
ducted to illustrate how the key factors influence passengers’
delay in the related stations. In the last section, we draw
conclusions and discuss somepotential research topics for the
future.

2. Problem Statement

This study deals with an urban rail line on which station
M suffers the occurrence of mass passenger flow. Passengers
gather with a common purpose, which makes the quantity
and whereabouts of people entering station M predictable.
In this paper, we consider the mass passenger flow to occur
in one direction, with passenger volume 𝑍. As is shown in
Figure 1, there are 𝑚 stops before station M. Besides the
passenger flow control in stationM, we take controlmeasures
on the preceding 𝑚 stops as the mass passenger flow enters
station M, which will reduce the number of people who can
get on the train until all passengers in station M have been
evacuated.

In the actual control process, what stationmanagers want
to know is the proportion of passengers moving onto the
platform, as well as the duration for which traffic is limited,
so that they can take measures including restricted access at
the entrance and on the passages, escalators, and so forth.
Therefore, the decision variables in themodel are the number
of passengersmoving onto the platform in a particular period
during the time for which traffic is limited, which is set to 𝑦

𝑗
,

and the number of time periods 𝑛.
Several points should be noted. (1) This paper considers

mass passenger flow in a certain direction of a rail line, while
it may occur in both directions or even across several lines
in reality. However, passenger flow in each direction and for
every line can be calculated, so the model is applicable to
such realities. (2)Thepassenger control measure is also taken
in station M, but is not considered in this model, because
it is only helpful for limiting the number of passengers
moving onto the platform and not for evacuating rapidly and
decreasing the delay. However, once the number of people
boarding at station M has been obtained using this model,
it will help to determine the entry rate to the oversaturated
station. (3) Obviously, the earlier the measures are taken,
the more rapidly the emergency will be processed.Therefore,
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the program will be started as soon as the mass passenger
flow begins. (4) As the passenger flow in a metro station
changes periodically in coordination with the train departure
intervals, the entire evacuation time is divided into periods
that begin with the departure of the previous train and end
with the departure of the next.

In order to facilitate the model formulation, other
assumptions used throughout the paper are as follows: (1)
for each rail transit (except at station M), the number of
passengersmoving onto the platform in unit time throughout
the control process is certain, including the number of people
arriving at or transferring at the station; (2) during the time
for which traffic is limited, the train departure interval is
held constant; (3) the total number of passengers in the
unusually large flow (termed here the outburst flow) in a
certain direction is predictable.

3. Modeling

3.1.The Basic Idea. In period 𝑖, when a train is running on the
line, the maximum conveying capacity, that is, the maximum
number of people who can be transported per unit of time, is
constant. Considering the general case, let the stops ahead be
equivalent to one, and when the train arrives at stationM and
passengers get off, let the number of people on the train be𝐴

𝑖
,

the number getting onto the train be 𝐵
𝑖
, and the maximum

conveying capacity of the train be 𝐸. The following equation
is clearly established:

𝐴
𝑖
+ 𝐵
𝑖
≤ 𝐸. (1)

In the control case, when the train arrives at station M and
passengers alight, let the number of people on the train be 𝐶

𝑖

and the number boarding the train 𝐷
𝑖
. Therefore, similarly,

𝐶
𝑖
+ 𝐷
𝑖
≤ 𝐸. (2)

Whether we limit the passenger flow or not, the maximum
conveying capacity of a train is constant, but the key is the
adjustment to the values of 𝐶

𝑖
and 𝐷

𝑖
. Thus, the state of the

whole line under the impact of an outburst in traffic will be
used to achieve the overall optimum.

As for the specific control scheme, themain idea is shown
in Figure 2, and the model will be expanded accordingly.

As is shown in Figure 2, there are mass passenger flows
occurring in the target station M which result in the pas-
senger delay of the whole line. We divided stations in the
line into three groups, namely, stations before M, station M,
and stations after M. To minimize the passenger delay of
the whole line, collaborative passenger control measures are
conducted in stations before M and station M during the
evacuation process, in which we pay attention to passengers
stranded, alighting, and boarding. In the course of passenger
control, there are some constraints including conveying
capacity of train, the number of delivered of passengers,
controlled passengers, and the length of passenger control
time. In addition, the capacity of the target station is con-
sidered as a restrictive condition. However, it is a parameter
for calculating the passenger entry rate in the target station
according to the number of boarding passengers.

Mass
passenger

flow
in

station
M

Passenger delay

Stations before M

Station M

Stations after M

Collaborative
passenger control

Stations
before

M
Station

M

Evacuation process
Stranded

Alighting

Boarding

Constraints
Conveying

capacity
of train

Passengers
delivery

The length
of passenger
control time

Controlled
passengers

Figure 2: Main idea of the passenger control model.

3.2. Analysis of Passenger Delay. The most direct conse-
quence of a large passenger flow is the passenger delay, which
is what this model aims to minimize. To analyze the impact
on passengers, the entire line is seen as a system. Under
passenger control of the preceding 𝑚 stops, passenger delay
𝑇 caused by the outburst in passenger flow is generated
at all stops along the line. Meanwhile, without passenger
control, passenger delay𝑇

 is generated at stops fromM to the
terminal. If𝑇 > 𝑇, it will make sense to control the passenger
flow of the preceding 𝑚 stops. Therefore, the model aims to
minimize the passenger delay of the whole system.

In the situation where the traffic must be limited, the
passenger delay 𝑇 is divided into three parts, which are
labeled 𝑇

1
, 𝑇
2
, and 𝑇

3
respectively. In this study, 𝑇

1
is defined

as the delay time for the passengers in the stations before
the target station, which will be expected to increase during
control; 𝑇

2
is defined as the delay time for the passengers in

the target station, which will be expected to decrease during
control;𝑇

3
is defined as the delay time for all of the passengers

in the stations after the target station, which is influenced by
the large passenger flow and passenger control measures.

For the preceding 𝑚 stops, 𝑎
𝑖𝑗
and 𝑎



𝑖𝑗
are defined as the

number of passengers boarding the train at station 𝑗 in period
𝑖 under normal and control circumstances, respectively, 𝑡 as
the train departure interval, and 𝑛 as the number of periods
over which the passenger control occurs.Then, the passenger
delay at the preceding 𝑚 stops can be expressed as in the
following equation:

𝑇
1
=

𝑛

∑

𝑖=1

𝑚

∑

𝑗=1

(𝑎
𝑖𝑗
− 𝑎


𝑖𝑗
) ∗ (𝑛 + 1 − 𝑖) ∗ 𝑡. (3)

For station M, let 𝑑


𝑖
be the number of passengers boarding

the train in period 𝑖 under control circumstances. Then, the
passengers’ delay at station M can be expressed as in the
following equation:

𝑇
2
=

𝑛

∑

𝑖=1

(𝑑


𝑖
∗ (𝑖 − 1) ∗ 𝑡) . (4)

For the stations after M, of which there are 𝑙, let 𝑐
𝑖𝑘
and 𝑐


𝑖𝑘

be the number of passengers boarding the train at station 𝑘
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in period 𝑖 under normal and control circumstances respec-
tively. Then, the passengers’ delay at the stations after M can
be expressed as in the following equation:

𝑇
3
=

𝑙

∑

𝑘=1

𝑛

∑

𝑖=1

(𝑛 + 1 − 𝑖) ∗ (𝑐
𝑖𝑘

− 𝑐


𝑖𝑘
) ∗ 𝑡. (5)

3.3. Analysis of Passengers’ Alighting and Boarding. During
the evacuation process, the state of a station changes as
passengers alight and board. Take the preceding 𝑚 stops
during normal circumstances as an example. The number of
passengers boarding equals the minimum of the number of
passengers on the platform and the surplus capacity of the
train. In the early stages of a given period, the number of
passengers stranded equals the number of people remaining
when the train left in the previous period, and the number of
people on the train depends on the number of people already
aboard at the previous station, and the numbers alighting and
boarding. The above procedure can be expressed as in the
following equation:

𝑎
𝑖𝑗

= min (𝑥
𝑗
+ 𝑝
𝑖𝑗
, 𝐸 − (1 − ℎ

𝑗
) ∗ 𝑢
𝑖𝑗
) ,

𝑝
𝑖𝑗

= 𝑥
𝑗
+ 𝑝
𝑖−1,𝑗

− 𝑎
𝑖−1,𝑗

,

𝑢
𝑖𝑗

= (1 − ℎ
𝑗
) ∗ 𝑢
𝑖,𝑗−1

+ 𝑎
𝑖,𝑗−1

,

(6)

where, 𝑎
𝑖𝑗
denotes the number of passengers boarding the

train at station 𝑗 in period 𝑖; 𝑝
𝑖𝑗
denotes the number of

passengers stranded at station 𝑗 in period 𝑖; 𝑢
𝑖𝑗
denotes the

number of people on the train at station 𝑗 in period 𝑖; 𝑥
𝑗

denotes the number of people moving onto the platform in a
given period at station 𝑗; 𝐸 denotes the maximum conveying
capacity of the train; ℎ

𝑗
denotes the off-rate of station 𝑗,

which means the rate at which passengers alight from the
train.

The calculation can be conducted in a similar way when
it comes to the process during the control situation and for
the stations from M to the terminal. However, because the
functions contain a recursive process, it is necessary to set
initial values. Obviously, the number of people on the train
at the origin stop is zero, that is, 𝑢

𝑖1
= 0. In addition, the

numbers of passengers stranded on the platform in all of the
stations are also needed.

3.4. Constraints and Objective Function

3.4.1. Conveying Capacity Constraints. As expressed in (7),
the number of people boarding at station M can be no more
than the surplus capacity of the train:

((1 − ℎ
𝑗
) ∗ 𝑢


𝑖𝑚
+ 𝑎


𝑖𝑚
) ∗ (1 − 𝑟) + 𝑑



𝑖
≤ 𝐸, (7)

where 𝑢


𝑖𝑚
and 𝑎



𝑖𝑚
denote the number of passengers on and

boarding the train at station 𝑚 in period 𝑖 under control
circumstances, respectively, and 𝑟 denotes the off-rate in
station M.

3.4.2. Passenger Delivery Constraints. As (8) shows, the out-
burst of passengers needs to be conveyedwithin the 𝑛periods:

𝑛

∑

𝑖=1

𝑑


𝑖
≥ (𝑍 + 𝑛 ∗ 𝑠 + 𝑝M) , (8)

where 𝑝M denotes the number of passengers stranded at
station M in the first period, and 𝑠 denotes the number of
people moving onto the platform in a given period in station
M, besides the outburst of passengers.

3.4.3. Constraints to Passengers Moving onto the Platform.
Based on the effects of this model, the number of passengers
moving onto the platform at the preceding 𝑚 stops under
control circumstances should not exceed that in normal
conditions, as (9) shows:

𝑦
𝑗
< 𝑥
𝑗
. (9)

3.4.4. Constraints on the Length of Time for Which Passenger
Controls Are Imposed. Two extreme cases are envisaged.
Firstly, all passengers at the preceding𝑚 stops are prohibited
from moving onto the platform. In this case, the outburst
of passenger flow can be conveyed as quickly as possible.
Let the number of periods be 𝑛min. Secondly, the preceding
𝑚 stops proceed without control measures. In this case, the
outburst of passenger flow will take the longest amount of
time to be conveyed. Let the number of periods be 𝑛max. The
corresponding function is shown in the following equation:

𝑛min ≤ 𝑛 ≤ 𝑛max. (10)

3.4.5. Objective Function. The goal of the model is to mini-
mize the average passenger delay across the whole line, which
is represented by 𝑇

𝑎
in the following equation:

min𝑇
𝑎
= (𝑇
1
+ 𝑇
2
+ 𝑇
3
)

× (

𝑚

∑

𝑗=1

(𝑥
𝑗
∗ 𝑛 + 𝑝

1𝑗
) +

𝑙

∑

𝑘=1

(𝑓
𝑘
∗ 𝑛 + 𝑞

1𝑘
)

+𝑔
1
+ 𝑍 + 𝑛 ∗ 𝑠)

−1

.

(11)

The latter part of the formula denotes the number of passen-
gers affected across all the stations on the line throughout the
process. Respectively, 𝑥

𝑗
and 𝑝

1𝑗
are the number of people

moving onto the platform and stranded at stations before M,
while 𝑓

𝑘
and 𝑞
1𝑘
have similar meanings for the stations after

M. Meanwhile, 𝑔
1
represents the number of people stranded

on platform at station M.

4. Numerical Analysis

4.1. A Simple Case. We present a simple case with an urban
rail line on which a station namedM suffers from an outburst
of passenger flows in a certain direction, numbering 8000



Mathematical Problems in Engineering 5

Table 1: Input data for stations before M.

Station j
The number of people
entering the platform in

one period, 𝑥
𝑗

Off-rate ℎ
𝑗

The number of
people stranded
initially, 𝑝

1,𝑗

1 200 0.2 50
2 400 0.3 50
3 300 0.5 50

Table 2: Input data for stations after M.

Station
𝑘

The number of people
moving onto the platform

in one period, 𝑓
𝑘

Off-rate 𝑤
𝑘

The number of
people stranded
initially, 𝑞

1,𝑘

1 300 0.45 50
2 400 0.2 50
3 200 0.3 50
4 400 0.5 50

Table 3: Optimal solution.

Under control Without control Saving
Average delay (min) 9.18 10.01 0.83
Number of periods 8 10 2
Evacuation time (min) 40 50 10

people. Control measures at the preceding three stops are
taken to provide greater conveying capacity for station M.

In this case, the train departure interval 𝑡 is set to 5
minutes using data from the thesis [20] which researched
on passenger flow forecasting of urban rail transit, and the
maximum conveying capacity of train E is 1500 according to
the thesis [21] which concerned about the issue of optimal
deployment of passenger capacity. At station M, the number
of people moving onto the platform in one period during
normal circumstances, 𝑠 = 300, the off-rate 𝑟 = 0.3, and
the number of passengers stranded on the platform is 50.
Other input data are given in Table 1. The remaining data are
assumed basing on the passenger flow data in the research
[16] which simulated passenger flows on urban rail transit
platform.

For the stations after M, the input data are given in
Table 2.The resulting passenger control parameters are listed
in Table 3, as obtained using LINGO, which shows that
taking passenger control measures reduces the delay and
the evacuation time and demonstrates the feasibility of this
model. Table 4 shows the change of the three kinds of delays
under control andwithout control. Compared to the situation
without control, Delay of passengers under control in stations
before M increases 6.8min averagely, while it decreases
8.2min and 1.3min averagely in station M and stations after
M, respectively. Delay of passengers in station M decreases
significantly under control. For the preceding three stops,
the number of people moving onto the platform in one
period under control comparedwith normal circumstances is
shown in Table 5. In this case, stations 1 and 2 are proceeding
without passenger control measures, while station 3 allows

MStations
before M

Stations
after M

Large passenger
flow of 8000

Passenger control

Entry rate 100% 100% 7%

Figure 3: Schematic of case study.
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Figure 4: Sensitivity analysis of average passenger delay.

7% of passengers to move onto the platform. The station
managers are assumed to take appropriate measures aimed
at minimizing the passenger delay over the whole line. The
description and main results are shown in Figure 3.

4.2. Sensitivity Analysis

4.2.1. Sensitivity Analysis of Key Factors. In this part, sensi-
tivity analysis will be conducted on the model to identify
the factors that have the greatest impact on the line in
terms of passenger delay. The model shows that the main
factors affecting the delay are the departure interval and the
maximumcapacity of the train, and the number of passengers
arriving at the stations before M. Sensitivity analysis of these
three factors is carried out to enable optimizing strategies to
be proposed.

We observe the changing trend of average passenger delay
first of all. As shown in Figure 4, factors including departure
intervals of the train and number of passengers arriving at
the stations before M decrease with a rate of Δ𝑝 = 5%,
which makes the passengers’ average delay, represented by
the value of the ordinate, decrease gradually. However, as
the decrease of maximum conveying capacity of train, delay
increases. The whole figure shows the greater impacts of the
departure interval and maximum conveying capacity of the
train. Therefore, to further optimize the average passenger
delay, the following strategies are expected to be effective.
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Table 4: Comparison of passenger delays.

Station

Under control Without control
Change of
average delay

(min)

Change of
total delay

(min)
The number of
influenced
passengers

Total delay
(min)

Average delay
(min)

The number of
influenced
passengers

Total delay
(min)

Average delay
(min)

Stations before M 7350 50220 6.8 9150 0 0 6.8 50220
Station M 10450 183402 17.6 11000 283348 25.8 −8.2 −99946
Stations after M 10600 27084 2.6 13200 50600 3.8 −1.3 −23516
All the stations 28400 260706 9.2 33350 333948 10 −0.8 −73242

Table 5: Control parameters in the optimal situation.

Station 𝑗 𝑥
𝑗

𝑦
𝑗

Entry rate
1 200 200 100%
2 400 400 100%
3 300 21 7%
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Figure 5: Sensitivity analysis of time-saving rate.

(1) On the basis of normal station operations, the depar-
ture interval of trains should be shortened moder-
ately.

(2) Larger trains should be used to increase the carrying
capacity.

Time-saving rate represents the ratio of average saving time
of passengers on the line with control measure to the delay
time without control. Figure 5 shows that time-saving rate is
essentially unchanged with the decrease of departure interval
while it decreases as conveying capacity of train decreases
and increases as passenger flow decreases. In the analysis,
the maximum saving time could be up to 2.52min under the
condition that departure interval is 5min, conveying capacity
of train is 1500 and the number of passengers arriving at
stations before M is 100, 200, and 150, respectively.

4.2.2. Sensitivity Analysis of Controlled Stations. To probe the
characteristics of controlled stations, sensitivity analysis is
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Figure 6: Sensitivity analysis of controlled stations with increasing
passenger flows in station M.

En
tr

y 
ra

te
 (%

)

Station 1
Station 2
Station 3

0
10
20
30
40
50
60
70
80
90

100

3 4 5 6 7
The number of stations before M

Station 4

Station 5
Station 6
Station 7

Figure 7: Sensitivity analysis of controlled stations conducted by
adding stations before M.

conducted to observe changes in the entry rates, the rate at
which they are allowed onto the platform, at the three stations
before M during optimal situations, by increasing the mass
passenger flow at stationMand adding stations beforeM.The
results are shown in Figures 6 and 7.

From Figure 6, we find that the closer a station is to
M, the lower will be the arrival rate, which means that
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stations near to M should take more control measures.
More specifically, the stations further away from M are
controlled only if passengers are forbidden to enter the nearer
stations. This conclusion is more obvious in Figure 7 when
the number of stations beforeM is increased gradually.When
the collaborative passenger control program is conducted to
relieve the pressure of the outburst of passenger flow, closer
stations should take action first, which will help to reduce the
delay.

5. Conclusions

Focusing on a station with an outburst of passenger flow, this
paper presents an integer programming model that aims to
minimize the passenger delay integrally and evacuate passen-
gers as soon as possible by taking control measures at other
appropriate stops. Based on the analysis of the passengers’
delay across all stations and the process by which passengers
alight and board trains, the relationship between stations as
well as periods is clarified. Taking average passenger delay as
the objective, the proposed model disperses the pressure on
an oversaturated station among other stations, achieving the
optimal state of the entire system.

This model has been successfully tested through a case
study, and the results show that the proposed method can
effectively solve the passenger control problem of an urban
rail line with an outburst of passengers. Furthermore, sen-
sitivity analysis of the model has been conducted. Firstly,
we identified the factors having the greatest impact on the
line in terms of passenger delay, under passenger control
conditions, the results of which showed that the departure
interval and maximum conveying capacity of the train were
the most influential. Secondly, we probed the characteristics
of the controlled stations, showing that stations near to
the one experiencing the outburst should take the lead in
implementing control measures.This is of practical relevance
for station managers. A future study will consider passenger
control methods in the case of more than one oversaturated
station.

Themethod can be put into effect in practice. Specifically,
when a station suffers large passenger flow in the case of
an emergency, passenger control measures are taken in the
upstream adjacent stations. This model can be applied to
identify the number of passengers being allowed to enter
the platforms and the entry rates of the controlled stations.
The passenger control in a station can be realized through
placing barriers in the station channels, reducing the number
of ticket-checking gates or even temporarily closing the
station. These measures are supposed to be taken coherently
according to the number of controlled passengers.

Additionally, there are also other approaches in practice
to manage the traffic in urban rail transportation, such as
price control. Compared to passenger control measure, price
control is inclined to affect travel demand of passengers for
whole network, which is more appropriate for long-term
effect of balance traffic distributions between rail lines or
between rail networks and road networks. The two methods

can be combined for both dynamicmanagement and demand
adjustment of passenger flows in the urban rail networks.

It should be noted that since the numbers of passengers
in the controlled stations are restricted, the passengers’
delays would increase to a certain degree, which may lower
the levels of service for the controlled stations. However,
through adjustment of passenger traffic distribution in sta-
tions and rail network, the passenger control countermeasure
can relieve the imbalance of passenger flows. From the
perspective of safety, the passengers in the target station
that suffers large passenger flow can be evacuated more
rapidly, which reduces the possibility of accidents caused by
overload of stations’ facilities. From the perspective of system
optimization, the average delay for all passengers in the rail
network will be significantly reduced.
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Wavelet is able to adapt to the requirements of time-frequency signal analysis automatically and can focus on any details of the
signal and then decompose the function into the representation of a series of simple basis functions. It is of theoretical and practical
significance. Therefore, this paper does subdivision on track irregularity time series based on the idea of wavelet decomposition-
reconstruction and tries to find the best fitting forecast model of detail signal and approximate signal obtained through track
irregularity time series wavelet decomposition, respectively. On this ideology, piecewise gray-ARMA recursive based on wavelet
decomposition and reconstruction (PG-ARMARWDR) and piecewise ANN-ARMA recursive based onwavelet decomposition and
reconstruction (PANN-ARMARWDR) models are proposed. Comparison and analysis of two models have shown that both these
models can achieve higher accuracy.

1. Introduction

If the time series analysismodel is divided into two categories;
linear and nonlinear model, then in many cases it will be
difficult to determine whether a time series model belongs
to a linear model or a nonlinear model and then it is also
difficult to determine which model should be used in the
study. In practice, there is few time series with pure linear or
nonlinear feature. There is no single model that can adapt to
all situations and solve the problem. In the above case, the
concept of hybrid model was proposed.

The basic idea of hybrid forecast model is to use the
unique features of each model to capture different data
models. Therefore, it is common to use the combination
of several models in order to overcome the inadequacy
of certain single model and to improve forecast accuracy.
Various studies have shown that hybrid model forecasts
are often better than single model forecasts. Hybrid model

forecast is considered to be a more accurate forecast, which
can be described as follows.

Suppose that there are 𝑛 forecasts, such as
𝑦
1
(𝑡), 𝑦
2
(𝑡), . . . , 𝑦

𝑛
(𝑡). The general form of hybrid forecast

model can be defined as:

𝑦 (𝑡) =

𝑛

∑

𝑖=1

𝑤
𝑖
𝑦
𝑖
(𝑡) . (1)

In the formula,𝑤
𝑖
is weight assigned to 𝑦

𝑖
(𝑡), and the sum

of all weights equals 1.
There are several methods to determine the weight of

hybrid forecast. For example, the simplest method is to
use a simple average forecast to assign weights, and each
forecast will be assignedwith equal weight. Equivalent weight
(EW) uses the arithmetic mean of each forecast, which is
a relatively easy and reliable method. Genre et al. [1] drew
similar conclusions to results obtained from simple average
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and complex statistical methods through the combination
of expert forecast methods. Armstrong [2] considered that
it was very important to use simple methods under great
uncertainty. Simple model is easier to be understood than
complex models and is less error-prone.

In the specific study, Tseng et al. [3] proposed a fuzzy
autoregressive moving average (FARIMA) and took its
advantages to overcome the limitations of fuzzy regression
and autoregressive moving average model (ARIMA) in time
series forecast. Chen and Chung proposed high-order fuzzy
time series forecasting method based on a hybrid genetic
algorithm [4]. Huarng andYu combined neural networks and
fuzzy time series model to make forecasts [5]. Khashei et
al. [6] proposed the basic concepts based on artificial neural
networks and fuzzy regressionmodel and time series forecast
methods in cases of incomplete data. In their model, artificial
neural network is used for preprocessing the original data
and to provide the necessary context for the application of
fuzzy regression model. Chen [7] combined the study of
autoregressive integrated moving average with the study of
fuzzy time series (a first or higher order), and studied the
adequacy and effectiveness. Yu compared the accuracy of
FARIMA and ANNs model in fuzzy time series [3, 8].

In the past ten years, a major breakthrough in neural
network models is joint modeling with other models. The
basic idea of this multimodel approach is to use the unique
ability of each component model to better capture different
data patterns. Theoretical and empirical results show that
the combination of different models can be an effective way
to improve the model forecast performance, especially in
cases when each model has a very different character in the
hybrid model. For example, Goh et al. [9] forecasted drug
dissolution by using combination model of Elman neural
network. Medeiros and Veiga [10] proposed a time series
forecasting system for control by blending smooth transition,
regression model, and time-varying parameters neural net-
work. Armano et al. [11] forecasted stock index by using a
hybrid neural network model. Zhang [12] proposed ARIMA
time series forecast model hybrid with neural network.

Tseng et al. [13] proposed a hybrid forecasting model,
which combined the seasonal time series ARIMA (SARIMA)
and back-propagation neural network (BPNN) model,
named as SARIMABP. Karunasinghe and Liong [14] studied
the performance of chaotic time series of artificial neural
network model as a global model compared to the widely
applicable local model (local averaging techniques and local
polynomial technology). Aitkenhead et al. [15] measured
hourly oil, water, and climate variables for several months in
the North East of Scotland by using data loggers and other
measuring devices in both cases in their paper, and three
different methods were used to train the neural network, in
which a new biological approximation system was included.
BuHamra et al. [16] combined with Box-Jenkins (B-J) model
and artificial neural network model to model on Kuwait
water consumption time series. Niska et al. [17] used artificial
neural networks to make nonlinear models on air quality,
but due to its chaotic feature, nonlinear phenomena, and
high-dimensional sample space, it was destined to be a
daunting task. Zhang and Qi [18] proposed a hybrid time

series forecast method by combining ARIMA models and
neural networks, using the unique advantages of ARIMA
models for linear and ANN for nonlinear modeling. Kim [19]
used support vector machine (SVM) for financial time series
forecast and applied SVM to forecast stock price index in
the study. Ho et al. analyzed and compared neural networks
and ARIMA modeling in time series modeling, and found
that artificial neural network model and BP neural network
model can achieve more satisfactory results compared with
the ARIMA model. Zhang [20] proposed integration time
series forecasting methods of autoregressive integrated mov-
ing average and artificial neural network. Ince and Trafalis
[21] proposed a two-stage hybrid model, including the
employment of parametric technology autoregressivemoving
average parameter, vector autoregression (VAR) integration,
and nonparametric techniques technology methods such as
support vector regression (SVR) and artificial neural network
forecast exchange rate. Chang et al. [22] studied hybridmodel
combined with self-organizing map (SOM) neural networks,
genetic algorithms (Gas), and fuzzy rule base (FRB) in
forecast. Huarng and Yu [23] used a method combined with
description and used neural network to forecast fuzzy time
series.

Recently, more and more hybrid forecasting models have
been proposed: ARIMA, artificial neural networks (ANNs),
and fuzzy logic have shown goodperformance in the financial
time series forecast. Deng and Wang [24] proposed a new
incremental learning method (ILA) based on hybrid fuzzy
neural network framework. Pai and Lin [25] proposed a
hybrid algorithm, using ARIMA models and support vector
machines (SVMs) to forecast stock prices. Chen and Wang
[26] constructed a seasonal time series forecasting model
combined with seasonal autoregressive integrated moving
averagemodel (SARIMA) and support vectormachine. Zhou
and Hu [27] proposed a hybrid modeling and forecasting
based on gray box autoregressive moving average (ARMA)
models. Armano et al. [11] proposed a new hybrid approach,
integrating genetic algorithms and artificial neural network
to forecast the stock market. Yu et al. [28] proposed a
new nonlinear forecast model, integrating artificial neural
networks and generalized linear autoregression (GLAR) in
the foreign exchange market to obtain accurate forecasts.
Kim and Shin [29] studied the validity of hybrid method
based on neural networks in time series forecast, such as the
adaptive time delay neural networks (ATNNs) and time delay
neural networks (TDNNs). Zhang [20] proposed hybrid
methods by ARIMA and artificial neural network time series
forecasting. Tseng et al. [13] proposed SARIMABP hybrid
model, combining seasonal ARIMA model (SARIMA) and
back propagation (BP) neural network model to forecast
seasonal time series data. Khashei et al. [30] proposed a new
hybrid model, constituted by the fuzzy logic and artificial
neural network structure, in order to get more accurate
results as well as to overcome the limitations of ARIMA
model. In the first stage, ARIMAmodel is used for linear time
series modeling, and residuals of linear model contain only
the nonlinear relationship; in the second stage, the artificial
neural network is used to simulate nonlinear model ARIMA
model residuals; in the final stage, the model parameters are
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the optimum values calculated by using basic concepts of
fuzzy regression, in fuzzy digital form.

Standard deviation of track irregularity reflects the char-
acteristics of track irregularity state change. As a result,
this paper takes track irregularities standard deviation as
the study object, and makes more comprehensive tendency
forecasts about the track irregularity changes. In this study,
track irregularity data is provided by State Key Laboratory of
Rail Traffic Control and Safety, Beijing Jiaotong University,
and K449+000−K450+000 section, Beijing-Kowloon line,
from February 20, 2008, to July 23, 2010: 44th cross level
inspection data is taken as the study data. The section is
divided into 40 units (every 25m units as a statistical unit),
and the standard deviation of each unit is calculated, and then
40 cross level standard deviation time-series data is obtained.

2. Traditional ARIMA Model

ARIMA is one forecast method in time series analysis. In
ARIMA (𝑝, 𝑑, 𝑞), AR is autoregression, 𝑝 is the number of
autoregressive term, MA is the moving average, 𝑞 is the
average number of sliding, and 𝑑 is differential time points
to form a smooth sequence, also known as order.

ARIMA (𝑝, 𝑑, 𝑞) model is an extension of ARMA (𝑝, 𝑞)

model. ARMA models for smooth data directly, with no
need for a differential conversion; but ARIMA needs to do
first differential to data, and after the differential, time series
will be steady, and then modeling process will have the
same principles with ARMA. ARIMA (𝑝, 𝑑, 𝑞)model can be
expressed as

(1 −

𝑝

∑

𝑖=1

𝜙
𝑖
𝐿
𝑖
) (1 − 𝐿)

𝑑
𝑋
𝑡
= (1 +

𝑞

∑

𝑖=1

𝜃
𝑖
𝐿
𝑖
)𝜀
𝑡
. (2)

In the above model, 𝐿 is the lag operator, 𝑑 ∈ Z, 𝑑 > 0,
The noninterval characteristics of track inspection data

cannot be ignored when studying track state change trends.
Track irregularity time series is

𝑥
(0)
= (𝑥
(0)
(𝑡
1
) , 𝑥
(0)
(𝑡
2
) , . . . , 𝑥

(0)
(𝑡
𝑛
)) . (3)

𝑥
(0)
(𝑡
𝑖
) is the data element of original time series, 𝑡

𝑖
− 𝑡
𝑖−1

̸=

constant, 1 ≤ 𝑖 ≤ 𝑛.
In time series analysis methods, the first premise is to

ensure that the time series data is equipped with equal
intervals, and therefore it needs to be converted to equal
interval time series.The conversionmethod that non interval
time series convert to equal interval time series:

𝑥
(0)

1
(𝑖) = 𝑥

(0)
(𝑡
𝑖−1
) +

𝑥
(0)
(𝑡
𝑖
) − 𝑥
(0)
(𝑡
𝑖−1
)

𝑡
𝑖
− 𝑡
𝑖−1

⋅ (𝑡
1
+ (𝑖 − 1) ⋅

𝑡
𝑛
− 𝑡
1

𝑛 − 1

− 𝑡
𝑖−1
) .

(4)

In the formula, 2 ≤ 𝑖 ≤ 𝑛 − 1, and the boundary values in
the first and the last of the time series remain unchanged in
the conversion process, 𝑥(0)

1
(𝑡
1
) = 𝑥
(0)
(𝑡
1
), 𝑥(0)
1
(𝑡
𝑛
) = 𝑥
(0)
(𝑡
𝑛
).
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Figure 1: Forecast value and the actual value of ARIMA.

ARIMA model forecasted results of 38-cross-level stan-
dard deviation data at the K449+800−K449+825 unit sec-
tions, from November 13, 2008, to May 18, 2010, after equal
interval conversion and the actual data are shown in Figure 1.

From the comparison of forecasted and actual values in
Figure 1, the forecasted value is accurate in general, but the
accuracy in detail still needs to be improved.

3. Core Idea of Hybrid Model Based on
Wavelet Decomposition-Reconstruction

The time series can be divided into two parts: low-frequency
information and high-frequency information in Wavelet
analysis. Low-frequency information is slowly changing part
and reflects the changing trend of the time series, and it
accounts for the majority of all information; high-frequency
information is rapidly changing part (includingmutation and
jumping) and reflects the details of the time series, and it
accounts for a small portion of all information. This is the
wavelet decomposition of the first layer. On the basis of the
first layer portion, the second layer is decomposed into two
parts—the high-frequency information and low-frequency
information—and then the third layer is decomposed into
a low-frequency information and high-frequency informa-
tion, and so on. These are single-scale decomposition and
the low-frequency part is not redecomposition. If it does
multiscale decomposition, the low-frequency part would be
decomposed layer by layer like the high-frequency portion.

Wavelet transform is a new transformation analysis, and it
inherited and developed the localized ideas of the short-time
Fourier transform, while overcoming the shortcoming that
the window size does not vary with frequency. It can provide
a “time-frequency” window with the frequency change and
is the ideal tool for analyzing and processing the time-
frequency of signal. Its main feature is that it is able to fully
highlight specific aspects of the problem by transform.

Therefore, this paper does subdivision on track irregular-
ity time series based on the idea of wavelet decomposition-
reconstruction and tries to find the best fitting forecast
model of detail signal and approximate signal obtained
through track irregularity time series wavelet decomposition,
respectively.



4 Mathematical Problems in Engineering

0 100 200 300 400 500 600
1

1.2

1.4

1.6

1.8

2

Inspection time (day)

Cr
os

s l
ev

el 
st

an
da

rd
 d

ev
ia

tio
n

Forecast value
Actual value

Figure 2: The forecast value and the actual value of GM (1,1).

4. PG-ARMARWDR

4.1. Traditional GM (1,1) Model. Because of equal interval
time series is needed in GM (1,1) forecast, 38-cross-level
standard deviation data at the K449+800−K449+825 unit
sections, fromNovember 13, 2008, toMay 18, 2010, after equal
interval transformed is selected for the study. The forecast
value and the actual value are shown in Figure 2.

Similarly, from the comparison of the forecast value and
the actual value in Figure 2, forecast value has more accuracy
in the development direction, but the accuracy in detail still
needs to be improved.

4.2. Improved Model

4.2.1. Modeling Idea of PG-ARMARWDR. The PL-
ARMARWDR model has achieved better forecast accuracy
by using a linear approximation recursive method in low-
frequency approximation waveform signal of cross level
standard deviation. More studies indicate that track state
changes show exponential trend. As a result, this paper
proposes piecewise Gray-ARMA recursive based on wavelet
decomposition and reconstruction (PG-ARMARWDR)
model.

According to the idea of wavelet decomposition and
reconstruction, the standard deviation of track irregularity
sequence data waveform signal is decomposed into detail
waveform signal (𝐷1, 𝐷2, and 𝐷3) and approximate wave-
form signal (𝐴3). Among them, detail waveform signal is
stationary series with zero mean. The random linear model
can be used for study. ARMA model is used in this paper.
Similarly, since the interval of track irregularity time series
data detection in this study is long, and the sample data are
small in scale, so generally the low-frequency approximation
waveform signals curve is nonstationary, smooth sequence.
Also, some studies have found that track irregularity state
cyclical changes showed exponential distribution trends, and
the amount of track irregularity change data was small in
terms of time, so the piecewise gray recursive model is used
in low-frequency approximation waveform signal for trend
analysis and to forecast the future state based on historical
trends. The modeling idea is shown in Figure 3.

In Figure 3, 𝐴3
𝑘−4

, 𝐴3
𝑘−3

, 𝐴3
𝑘−2

, 𝐴3
𝑘−1

, and 𝐴3
𝑘
are the

actual values, 𝐴3
𝑘
is Piecewise gray forecasted value and 𝐴3

𝑘

is the forecast value by used piecewise linear approximation
recursive model. 𝐴3

𝑘−4
, 𝐴3
𝑘−3

, 𝐴3
𝑘−2

, and 𝐴3
𝑘−1

are used to
establish GM (1,1) model and to forecast the future value𝐴3

𝑘
.

Parameter’s least squares estimation of models satisfies of the
following equation:
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In formula (2)
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(1) refers to one-time accumulated generating sequence (1-

AGO) of 𝐴3(0).
Solving winterization equation then we can get the

response function:
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Formula (7) is equation of GM (1,1) forecast model: the
solution of the equation is

𝐴3
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, 𝑡 = 1, 2, . . . , 𝑛.

(8)

Forecast value 𝐴3(0) is:

𝐴3
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(𝑘) = 𝛽

(1)
𝐴3
(1)
(𝑘) = 𝐴3
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(𝑘) − 𝐴3
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𝛼
) (𝐴3
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(1) −

𝜇

𝛼

) 𝑒
−𝛼(𝑘−1)

.

(9)

Compared with forecast value 𝐴3
𝑘
by using piecewise

linear approximation recursive model in Figure 2, 𝐴3
𝑘
is

more close to the actual value.
The forecast value of low-frequency approximation and

high-frequency detail time series data signal are added up by
weight 1. The final model is shown in (10)

𝑆 = 𝐷1 + 𝐷2 + 𝐷3 + 𝐴3
(0)
. (10)

In the model, 𝐷1, 𝐷2, and 𝐷3 are high-frequency detail
time series signal forecasted by the ARMAmodel, 𝐴3 is time
series of the low-frequency approximation by GM (1,1) model
forecast, and 𝑆 is forecast value of the final state.

The modeling process of PG-ARMARWDR is shown in
Figure 4.
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4.2.2. Case Study of PG-ARMARWDR. The Daubechies
wavelet is used in the decomposition of track irregularity
standard deviation time series data signal and the decomposi-
tion depth is 3. Decomposition and reconstruction algorithm
is Mallat tower algorithm. As for selecting data, track irreg-
ularity standard deviation series data trend is taken as the
object to make forecast.

Take k449+800−k449+825 unit sections, fromNovember
13, 2008, to May 18, 2010, 38-cross-level standard deviation
data after equal time intervals conversion as study data;
the PG-ARMARWDR modeling process based on wavelet
decomposition and reconstruction is as follows.

(1) Wavelet Decomposition. After wavelet decomposition,
cross level standard deviation time series is divided into detail
waveform signal in high frequency and approximate wave-
form signal in low frequency. The decomposition waveform
signals of cross level standard deviation time series are shown
in Figure 5.

(2) High-Frequency Signals Forecast Model. High-frequency
signal after decomposition is stationary time series. ARMA
model is used to forecast, and the results are shown in Figures
6, 7, and 8.

(3) Low-Frequency Signal Piecewise GM (1,1) Recursive Model
Forecast. Low-frequency approximation sequence signal after
wavelet decomposition is a smooth curve. Piecewise GM
(1,1) recursive model is used to make forecast, and recursive
forecast results are shown in Table 1.

Forecast curve is shown in Figure 9.
All forecast sequence data is added up by weight 1. The

comparison of forecast values and original values is shown in
Figure 10.

4.3. Accuracy and Error. Forecast error of themodel is shown
in Figure 11.

Accuracy of the model can be measured by MSE and
MAPE, and the forecast accuracy of some units is shown in
Table 2.

According to the forecast results of MSE, MAPE value in
Table 2, PG-ARMARWDR has higher forecast accuracy.This
shows that PG-ARMARWDR is an effective way to forecast
the trend of track state changes.

5. PANN-ARMARWDR

5.1. Artificial Neural Network. Artificial neural networks
originally were first proposed by psychologists and mathe-
matical logicians. W. S. McCulloch and W. Pitts from the
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Figure 5: The decomposition waveform signals of cross level standard deviation time series in 3 layers.
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Figure 6: Forecast value and the original data of the first layer detail
waveform signal.

University of Chicago, pioneer of artificial neural networks,
established MP model in 1943, which is the initial neural
network and mathematical model. MP model presented
a formal mathematical description and network structure
methods about neurons, and proved that individual neurons
can perform logic functions. Psychologists proposed the idea
of variable intensity of synaptic connections in 1949.

The strong nonlinear mapping ability of neural networks
can accurately approximate any function through training
[31, 32]. In the mean time, it also has better robustness and
can distinguish samples which contain noise [32]. Artifi-
cial neural networks can imitate animals’ neural networks
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Figure 7: Forecast value and the original data of the second layer
detail waveform signal.

behavior, and start distributed parallel information process-
ing. It is amathematicalmodeling approachwith the ability of
realizing any complex nonlinear mapping through learning.
Artificial neural network relies on system’s complexity and
can achieve the purpose of processing information by adjust-
ing the internal connection between a large number of nodes.
Artificial neural networks have the ability of self-learning
and adaptation. They can analyze and master potential laws
between a group of mutually corresponding input-output
data previously provided and ultimately derive the output
with the new input data based on these laws. This study
process is called as “training.”
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Table 1: Forecast formula of low frequency approximation sequence
GM (1,1) recursive model.

Inspection
serial
number

Forecast formula of low frequency approximation
sequence GM (1,1) recursive model

5 𝐴3
(0)
(𝑘) = 69.251 exp (0.015786𝑘) − 68.1623

6 𝐴3
(0)
(𝑘) = 59.3577 exp (0.018634𝑘) − 58.2546

7 𝐴3
(0)
(𝑘) = 54.6838 exp (0.020535𝑘) − 53.5651

8 𝐴3
(0)
(𝑘) = 56.928 exp (0.020137𝑘) − 55.7927

9 𝐴3
(0)
(𝑘) = 62.0052 exp (0.018904𝑘) − 60.8484

10 𝐴3
(0)
(𝑘) = 65.8802 exp (0.018153𝑘) − 64.6975

11 𝐴3
(0)
(𝑘) = 65.2848 exp (0.018645𝑘) − 64.078

12 𝐴3
(0)
(𝑘) = 61.0115 exp (0.020284𝑘) − 59.7824

13 𝐴3
(0)
(𝑘) = 56.7908 exp (0.022168𝑘) − 55.5388

14 𝐴3
(0)
(𝑘) = 55.3752 exp (0.023203𝑘) − 54.1011

15 𝐴3
(0)
(𝑘) = 59.8461 exp (0.022003𝑘) − 58.5459

16 𝐴3
(0)
(𝑘) = 72.6158 exp (0.018622𝑘) − 71.2854

17 𝐴3
(0)
(𝑘) = 96.3261 exp (0.014398𝑘) − 94.9648

18 𝐴3
(0)
(𝑘) = 130.4074 exp (0.010849𝑘) − 129.0134

19 𝐴3
(0)
(𝑘) = 170.0227 exp (0.0084436𝑘) − 168.6022

20 𝐴3
(0)
(𝑘) = 217.6007 exp (0.006673𝑘) − 216.161

21 𝐴3
(0)
(𝑘) = 296.9763 exp (0.0049338𝑘) − 295.5202

22 𝐴3
(0)
(𝑘) = 638.3549 exp (0.0023153𝑘) − 636.8875

23 𝐴3
(0)
(𝑘) = 847.3693 exp (0.0017513𝑘) − 845.8921

24 𝐴3
(0)
(𝑘) = 296.2385 exp (0.0049985𝑘) − 294.7529

25 𝐴3
(0)
(𝑘) = 150.6421 exp (0.0098039𝑘) − 149.1532

26 𝐴3
(0)
(𝑘) = 108.1025 exp (0.013712𝑘) − 106.615

27 𝐴3
(0)
(𝑘) = 96.7141 exp (0.015491𝑘) − 95.2193

28 𝐴3
(0)
(𝑘) = 98.1871 exp (0.015488𝑘) − 96.6757

29 𝐴3
(0)
(𝑘) = 102.5414 exp (0.015077𝑘) − 101.0102

30 𝐴3
(0)
(𝑘) = 97.7195 exp (0.016044𝑘) − 96.1617

31 𝐴3
(0)
(𝑘) = 93.688 exp (0.016974𝑘) − 92.1058

32 𝐴3
(0)
(𝑘) = 98.1916 exp (0.016481𝑘) − 96.5875

33 𝐴3
(0)
(𝑘) = 106.5326 exp (0.015468𝑘) − 104.902

34 𝐴3
(0)
(𝑘) = 114.5691 exp (0.014626𝑘) − 112.9091

35 𝐴3
(0)
(𝑘) = 116.9581 exp (0.014543𝑘) − 115.2707

36 𝐴3
(0)
(𝑘) = 112.2606 exp (0.015359𝑘) − 110.5472

37 𝐴3
(0)
(𝑘) = 106.4489 exp (0.016418𝑘) − 104.7099

38 𝐴3
(0)
(𝑘) = 104.752 exp (0.016945𝑘) − 102.989

Multi-input and single-output neuron model in neural
network structure is shown in Figure 12.

Neuron model can be described with mathematical rela-
tionships:

𝑆
𝑗
=

𝑛

∑

𝑖=1

𝑊
𝑖𝑗
𝑋
𝑖
− 𝜃
𝑗
,

𝑌
𝑗
= 𝑓 (𝑆

𝑗
) .

(11)

In the formula, 𝑋
𝑖
is the input signal,𝑊

𝑗𝑖
is the connec-

tion weights between neurons 𝑗𝑖, 𝑓 is activation function,
and activation function must be derivable everywhere.

Table 2: Analysis of model accuracy (cross level standard devia-
tion).

Unit section MSE MAPE
K449+000−K449+025 0.024 2.93%
K449+100−K449+125 0.016 1.43%
K449+200−K449+225 0.028 1.77%
K449+325−K449+350 0.022 1.83%
K449+425−K449+450 0.022 1.72%
K449+475−K449+500 0.023 2.40%
K449+575−K449+600 0.023 1.83%
K449+675−K449+700 0.025 1.03%
K449+800−K449+825 0.017 0.84%
K449+875−K449+900 0.015 1.12%
K449+975−K450+000 0.015 1.55%
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Figure 8: Forecast value and the original data of the third layer detail
waveform signal.

Artificial neural network (ANN) [33, 34] is a powerful
tool for handling nonlinear problems, and the accuracy is
very high, which is an unparalleled advantage for other
methods.That is why it has attracted the scientific community
to employ and improve the algorithms [35–38]. BP model
[39, 40] and RBF model are used widely in neural network
model. Rumelhart andMcClelland raised network error Back
propagation learning algorithm in 1985 [41].

BP neural network is a network that uses back propa-
gation for training. Usually, the network has an input layer
an output layer and a hidden (middle) layer. BP algorithm
is a training algorithm of acyclic multistage network, whose
learning process is composed of forward direction propaga-
tion and reverse propagation. The input layer is processed
by nonlinear transformation through the input layer to the
hidden layer and transmitted to the output layer. The state of
neurons at each layer affects the next layer. If the output layer
cannot get the desired output, it will be transferred to back
propagation, and bymodifying the weights of the neuron, the
error signal is minimized. BP neural network uses the error
of output to estimate the error of the layer that leads directly
to the output layer and then estimates errors ofmore previous
layers.Through this layer-to-layer backpropagation, the error
estimates of all the other layers can be obtained.
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Figure 9: Forecast value and the original data of the third layer
approximation waveform signal.
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Figure 10: Comparison between forecast value and original value.

The guiding principle of BP neural network learning
rule is as follows: the correction of network’s weights and
thresholds should follow after the fastest decline direction of
the performance function, negative gradient direction, and
the mathematical expression is as follows:

𝑥
𝑘+1

= 𝑥
𝑘
− 𝑎
𝑘
𝑔
𝑘
. (12)

In the formula, 𝑥
𝑘
is the current weight and threshold

matrix, 𝑔
𝑘
is the gradient of the current performance func-

tions, and 𝑎
𝑘
is the learning rate.

The typical structure of BP neural network model is
shown in Figure 13; the output of the hidden layer is weights
multiplied by the input value, and then the activation func-
tion is substituted; the final output is multiplication and
summation of the output of the hidden layer and weights of
the hidden layer to the output layer. Among them, there are 𝑛
neurons in the input layer, 𝑝 neurons in the hidden layer, and
𝑞 neurons in the output layer.

5.2. BPNeural Network Track Irregularity State Forecast. Take
k449+800−k449+825 unit sections, fromNovember 13, 2008,
to May 18, 2010, 38-cross-level standard deviation data after
equal time intervals conversion as the object data for study. In
specific studies, track cross level standard deviation change
time series data of K229+825 to K449+800 unit section
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Figure 11: Error analysis.

is selected, and model training is based on the following
process:previous four track irregularity standard deviation
data as the input data and the fifth track irregularity standard
deviation data as the output data. The network structure
which is composed of four neurons in the input layer and six
neurons nodes in the hidden layer and four neurons nodes in
the output layer is selected. 𝑆-function is selected as transfer
function of the hidden layer; linear function is selected as
transfer function of the output layer. Learning rate is set to be
0.1, momentum coefficient is set to be 0.95, and themaximum
training time is set to be 30 seconds; variable learning rate
momentum gradient descent algorithm (traingdx) is selected
as the training algorithm, and minimum mean square error
is set to be 0.001. According to the model, the forecast trend
curve resulted from the recursive neural network forecast and
the actual curves are shown in Figure 14.

Error analysis of the model is shown in Figure 15.
According to the comparison of forecast values and actual

values, forecast values have better accuracy when it is with
a smooth development trend, but the forecast error is larger
in the presence of mutations. As a result, the methods for
application need to be improved to accommodate different
situations.

5.3. Improved Model

5.3.1. Modeling Idea of PANN-ARMARWDR. The low-
frequency approximation signal after wavelet decomposi-
tion which employs a linear model and a gray recursive
model has achieved better forecast accuracy in models
of PG-ARMARWDR. As an important nonlinear model-
ing method, neural network model has been widely used.
Thus, this section proposes piecewise ANN-ARMA recursive
based on wavelet decomposition and reconstruction (PANN-
ARMARWDR) model.

According to the idea of wavelet decomposition and
reconstruction, the standard deviation of track irregularity
sequence data waveform signal is decomposed into detail
waveform signal (𝐷1, 𝐷2, and 𝐷3) and approximate wave-
form signal (𝐴3), in which detail waveform signal is station-
ary series with zero mean. The random linear model can
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Figure 14: Fitting diagram of the actual curve and trend curve of BP
ANNmodel.
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Figure 15: Error analysis.

be used for research. ARMA model is used in this paper.
Similarly, since the interval of track irregularity time series
data detection in this study is long, and the sample data are
small in scale, so generally the low-frequency approximation
waveform signals curve is nonstationary, smooth sequence.
In this paper, the ANN model is used in low-frequency
approximation waveform signal for trend analysis and to
forecast the future state based on historical trends.

In the neural network modeling, inspection data can be
seen as input, and the determination result can be regarded
as the output, and there is a nonlinear mapping between the
input and output.

Triple error back propagation neural network is selected
in track state forecast, which is a fully connected network of
neurons, namely, neurons achieve full connection between
layers and neurons at the same layer are unconnected. Input
data is four consecutive data of the track irregularity time
series data, and output data is forecast value of the fifth time.
The number of neurons nodes in the output layer is the
same with the output volume, and the hidden layer nodes are
calculated based on experience formula 𝐿 = √𝑛 + 𝑚 + 𝑎. In
this paper, 𝐿 is taken as 6. Each hidden layer neuron has an
additional input, thus each hidden layer has six weights, all of
which are set to be 0.5, and theweight is learned in the process
of back propagation.

After analysis and calculation, the network structure
which is composed of four neurons in the input layer and
six neurons nodes in the hidden layer and one neurons
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Figure 16: Modeling process of piecewise ANN-ARMA recursive model based on wavelet decomposition and reconstruction.
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Figure 17: Forecast value and the original data of the third layer
approximation waveform signal.
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Figure 18: Comparison between forecast value and original value.
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Figure 19: Error analysis.
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Figure 20: Comparison of cross level MSE.
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Figure 21: Comparison of cross level MAPE.

node in the output layer is selected. 𝑆-function is selected
as transfer function of the hidden layer; linear function is
selected as transfer function of the output layer. Learning
rate is set to be 0.1, momentum coefficient is set to be 0.95,
and the maximum training time is set to be 30 seconds;
variable learning rate momentum gradient descent algorithm
(traingdx) is selected as the training algorithm, andminimum
mean square error is set to be 0.001. Through neural network
estimation, approximation sequence estimation value 𝐴3(0)
can be obtained. High frequency detail sequence employs
ARMA model to get the estimation values 𝐷1, 𝐷2, and 𝐷3.
Finally, the estimationmodel reconstructures the two results,
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Table 3: Analysis of model accuracy (cross level standard devia-
tion).

Unit section MSE MAPE
K449+000−K449+025 0.045 3.51%
K449+100−K449+125 0.051 3.75%
K449+200−K449+225 0.050 3.56%
K449+325−K449+350 0.050 3.52%
K449+425−K449+450 0.030 2.32%
K449+475−K449+500 0.039 4.08%
K449+575−K449+600 0.040 4.12%
K449+675−K449+700 0.102 2.65%
K449+800−K449+825 0.034 1.83%
K449+875−K449+900 0.031 2.23%
K449+975−K450+000 0.036 3.13%

and all decomposed estimation sequence data are added up
by weight 1.

After “decomposition-estimation-reconstruction” pro-
cess, the final forecast result is obtained, and the modeling
process is shown in Figure 16.

5.3.2. Case Study of PANN-ARMARWDR. Piecewise ANN
recursive model is used in low frequency approximation
sequence signal of cross level irregularity standard deviation
sequence data after wavelet decomposition and the forecast
results are shown in Figure 17.

All forecast sequence data is added up byweight 1, and the
comparison of forecast values and original values is shown in
Figure 18.

5.4. Accuracy and Error. Forecast error of themodel is shown
in Figure 19.

MSE and MAPE are used to measure accuracy of the
model, and the forecast accuracy of some units is shown in
Table 3.

According to the forecast results of MSE, MAPE
value in Table 3, as the model PG-ARMARWDR, PANN-
ARMARWDR also has higher forecast accuracy. This has
shown that PANN-ARMARWDR is also an effective way to
forecast the trend of track state changes.

6. Models Comparison

This paper presents two forecast models based on wavelet
decomposition-reconstruction, and both of them have
achieved satisfactory forecasts. MSE and MAPE are used
as forecast indicators. The comparison of the accuracy
of the forecast models (PG-ARMARWDR and PANN-
ARMARWDR) is shown in Figures 20 and 21.

MAPE forecast accuracy can be divided into four indica-
tors: high accuracy forecast (MAPE < 10%), sound forecast
(10% < MAPE < 20%), feasible forecast (20% < MAPE <

50%), and error forecast (MAPE> 50%). According toMAPE
indicator, both models proposed in this paper belong to
high accuracy forecast. Meanwhile, it can be found from
the comparison of the model’s accuracy indicators MSE

and MAPE from the chart that the forecast accuracy of
PG-ARMARWDR model is higher than that of PANN-
ARMARWDRmodel. Because of the sample size being small,
the forecast accuracy of PANN-ARMARWDR is low, and
so the forecast accuracy of PG-ARMARWDR is higher than
PANN-ARMARWDR. If there is a large number of sample
data, PANN-ARMARWDR accuracy will be improved signif-
icantly.

7. Conclusions

ARIMAmodel after residualmodification has higher forecast
accuracy than the original ARIMA model, but residual
modification process not only increases the amount of com-
putation model and complexity but also cannot reflect its
changing nature. Through wavelet transform, the low fre-
quency approximation sequence is more gentle and smooth,
the trend ismore obvious, and high frequency detail sequence
is more stable. Based on this idea, the paper first pro-
poses PG-ARMARWDRmodel. In the model, gray recursive
model is used in the low frequency approximation recursive
sequence, and ARMA model is used in high frequency
detail sequence. Finally, the neural network model as an
important nonlinear modeling method has been widely used
and can approximate any nonlinear process, so this paper
also proposes PANN-ARMARWDR model. In this model,
neural network recursive model is used in the low frequency
approximation sequences, and ARMA model is used in
high frequency detail sequence. After the “decomposition-
modeling-reconstruction” process, the model achieves an
accurate forecast in the state of track irregularity change
trend. Sample analysis shows that the model has achieved
satisfactory results in short-term forecasting, and its MSE,
MAPE indicators are within a higher accuracy range.

Conflict of Interests

The authors declare that they have no financial and personal
relationships with other people or organizations that can
inappropriately influence their work, and there is no profes-
sional or other personal interest of any nature or kind in any
product, service, and/or company that could be construed as
influencing the position presented in, or the review of, this
paper.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China (Grant no.: 61272029) and National Key
Technology R&D Program (Grant no.: 2009BAG12A10).

References

[1] V. Genre, G. Kenny, A. Meyler, and A. Timmermann, “Com-
bining expert forecasts: can anything beat the simple average?”
International Journal of Forecasting, vol. 29, no. 1, pp. 108–121,
2013.

[2] J. S. Armstrong, “Combining forecasts,” in Principles of Fore-
casting: A Handbook for Researchers and Practitioners, J. Scott



12 Mathematical Problems in Engineering

Armstrong, Ed., pp. 417–439, Kluwer Academic Publishers,
New York, NY, 2001.

[3] F.-M. Tseng, G.-H. Tzeng, H.-C. Yu, and B. J. Yuan, “Fuzzy
ARIMA model for forecasting the foreign exchange market,”
Fuzzy Sets and Systems, vol. 118, no. 1, pp. 9–19, 2001.

[4] S.-M. Chen and N.-Y. Chung, “Forecasting enrollments using
high-order fuzzy time series and genetic algorithms,” Interna-
tional Journal of Intelligent Systems, vol. 21, no. 5, pp. 485–501,
2006.

[5] K. Huarng and T. H.-K. Yu, “The application of neural networks
to forecast fuzzy time series,” Physica A: Statistical Mechanics
and Its Applications, vol. 363, no. 2, pp. 481–491, 2006.

[6] M. Khashei, S. R. Hejazi, and M. Bijari, “A new hybrid artificial
neural networks and fuzzy regression model for time series
forecasting,” Fuzzy Sets and Systems, vol. 159, no. 7, pp. 769–786,
2008.

[7] S.-M. Chen, “Forecasting enrollments based on high-order
fuzzy time series,” Cybernetics and Systems, vol. 33, no. 1, pp. 1–
16, 2002.

[8] H.-K. Yu, “Weighted fuzzy time series models for TAIEX fore-
casting,” Physica A: Statistical Mechanics and Its Applications,
vol. 349, no. 3-4, pp. 609–624, 2005.

[9] W.Y.Goh, C. P. Lim, andK.K. Peh, “Predicting drug dissolution
profiles with an ensemble of boosted neural networks: a time
series approach,” IEEE Transactions on Neural Networks, vol. 14,
no. 2, pp. 459–463, 2003.
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The breakdown phenomenon at freeway has both practical and theoretical interests. Many researchers have done great efforts on
it. As a result, the stochastic concept for freeway capacity was defined and some approaches were developed. However, due to the
fact that it is impossible to observe the value of the capacity, it is difficult to obtain the exact traffic capacity distribution. In this
paper, traffic operational degradation concept was introduced and degradation model was developed to describe traffic breakdown
process. A stochastic degradation parameter is introduced to explain the phenomena of traffic breakdown occurring at various flow
rate levels. Traffic breakdown probability and traffic capacity distribution were derived theoretically. Based on the surveyed data,
the experimental model was obtained by using the bootstrap method. The results indicate that Weibull distribution function can
be used to describe traffic capacity stochastic nature.

1. Introduction

In the last decades, the capacity of a freeway section is
most taken as a constant value. For example, in the current
published Highway Capacity Manual (HCM2000) [1], it was
still defined as the maximum hourly rate at which vehicles
reasonably can be expected to traverse a point or a uniform
section of a lane or roadway during a given time period
under prevailing roadway, traffic, and control conditions.
However, more and more investigations [2–12] showed that
the traditional definition of capacity cannot explain the traffic
phenomena such as traffic breakdown occurring at various
flow rate levels. In theory, if the demand exceeds capacity,
breakdown will occur. However, more and more researches
show that traffic flow presents complexity and that the
breakdown has probability nature. In order to describe this
phenomenon, different methods are employed. For example,
Kerner [3] developed three phase traffic theory to explore
traffic breakdown features and highway capacity stochastic
nature. Freund et al. [13, 14] applied statistical physic theory
and introduced the phase transition concept to describe the
breakdown phenomenon.

In this paper, traffic breakdown was studied in a new
view and it is considered as the result of traffic operational
degradation. Analogous to electronic product degradation,
if the traffic speed drops to some threshold value, it is
called traffic operational degradation. Based on this concept,
breakdown probability and capacity distribution model are
developed.

This paper is organized as follows. In Section 2, we present
a brief literature review. In Section 3, the traffic degradation
model is developed. In Section 4, the breakdown and capacity
distribution models are derived. In Section 5, we give the
empirical analysis results. Section 6 presents the summary.

2. Literature Review

In order to understand the freeway capacity, researchers have
made great efforts to model and describe stochastic nature
of freeway capacity and breakdown phenomenon. Polus et
al. [2, 3] studied the stochastic nature of freeway capacity
and used Gamma distribution to describe the capacity. But
the definition of capacity is still based on the maximum
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flow rates. Zhang and David [8] examined the process of
breakdown in detail and noted that the current HCM freeway
capacity definition does not accurately reflect the relationship
between breakdown and flow rate. They also suggested
that freeway capacity should be described by incorporating
a probability of breakdown component in the definition.
Lorenz and Elefteriadou [9] introduced a new understanding
of freeway capacity as the traffic flow below which traffic
still flows and above which the traffic breaks down. In their
study, a traffic breakdown is regarded as a failure event and
the Product Limit Method for lifetime data analysis was
used to estimate the capacity. Brilon et al. [10] studied the
breakdown flow rates. It was found that breakdown may
occur at flows lower than the capacity and that breakdown
is a probabilistic event. A linear model for describing the
process of breakdown at ramp-freeway junction was devel-
oped. Ozbay and Ozguven [11] examined the breakdown
flow, prebreakdown flow, and maximum discharge flow to
determine which one would be more appropriate for use in
defining the “capacity” of a freeway. It was recommended that
the breakdown flow be used. But they also pointed out that
the numerical value of each of these three parameters varies
and their ranges are relatively large, in the order of several
hundred veh/h/lane. Biham et al. [12] provided the parameter
estimating method for capacity probability distribution. It
was concluded that including random component in the
model results in better representation of observed data and
thus improves understanding of real-life situation. Freund
and Pöschel [13] analyzed traffic volume time series for dense
traffic.They showed that traffic flow will decay over time and
unstable traffic flowwhere a breakdown can be expected with
certainty. Nagel and Paczuski [15] studied a single-lane traffic
model using simulation and it is observed numerically that
traffic breakdown occurs at or near the point of maximum
throughput and that the flow behavior in this region is
complex.

From these efforts, it is concluded that the breakdown
phenomenon should be considered in the definition of traffic
capacity. Due to the fact that the breakdown flows vary
greatly, the traditional definition of freeway capacity is not
proper and the definition based on probability distribution
should be the better one.

3. Traffic Degradation and Breakdown

According to traffic theory [14, 16, 17], traffic velocity for
freeway will decrease with increasing of volume. Figure 1
shows a typical speed-flow diagram obtained from empir-
ical data. From Figure 1, it is easily found that when the
traffic flow exceeds some threshold, the traffic will fall into
congestion (i.e., traffic breakdown occurs). In the field of
lifetime analysis, if the electronic product does not work well,
it is called degradation [18]. Analogously, we call the traffic
breakdown phenomena as traffic operational degradation.
Similarly, we use the traffic speed as the freeway traffic
performancemeasure which will fall with increasing of traffic
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Figure 1: Speed-flow plot of freeway section.

volume just as the electronic product degenerates with time.
Then the traffic degradation model is

𝑉 = 𝐷 (𝑞, 𝛽
1
, . . . , 𝛽

𝑘
) + 𝜀
𝑞
, (1)

where 𝑉 is speed, km/h; 𝑞 is flow rate, veh/h/lane; 𝐷(𝑞, 𝛽
1
,

. . . , 𝛽
𝑘
) is the function of 𝑞;𝛽

1
, . . . , 𝛽

𝑘
are parameters; and 𝜀

𝑞
is

the random error. Due to traffic fluctuation (such as a random
increase of traffic and unexpected vehicle deceleration),
𝐷(𝑞, 𝛽

1
, . . . , 𝛽

𝑘
) is also taken as random variable (Figure 2

presents the observed degradation of traffic operation in peak
time for one week; it shows randomness of 𝐷(𝑞, 𝛽

1
, . . . , 𝛽

𝑘
)).

The randomness is due to two kinds of traffic fluctuation. One
is the different behavioral patterns of the individual drivers,
such as an abrupt deceleration which leads to a local decrease
in speed and overreaction while slowing down. The second
kind of fluctuation is hysteresis effects [12, 13]. The evidence
is that the breakdown occurs at different flow rates [10]. 𝜀

𝑞
is

random error (which can be taken as observation error due
to the time interval and the different behavior of the drivers.
For example, when the traffic is free-flow, 𝜀

𝑞
represents the

difference of driver’s speed choice), and it is assumed that
𝜀
𝑞
follows normal distribution, 𝜀

𝑞
∼ 𝑁(0, 𝜎

2
). Furthermore,

𝑑𝑉/𝑑𝑞 = 𝐷

(𝑞, 𝛽
1
, . . . , 𝛽

𝑘
) is called degradation rate. It

is supposed that some of the parameters among 𝛽
1
, . . . , 𝛽

𝑘

are deterministic and others are random. The deterministic
parameters reflect the nonstochastic characteristic of the
traffic degradation and the random parameters represent
the complexity of traffic degradation (such as nonlinearities
between input of volume and output of velocity). It is also
supposed that the error term 𝜀

𝑞
and the parameters 𝛽

1
, . . . , 𝛽

𝑘

are independent.
In model (1), the degradation function 𝐷(𝑞, 𝛽

1
, . . . , 𝛽

𝑘
)

and the distributions of 𝛽
1
, . . . , 𝛽

𝑘
are the keys to determine

the traffic degradation model. In Highway Capacity Manual
[1], 𝐷(𝑞, 𝛽

1
, . . . , 𝛽

𝑘
) has two segments; one part is horizontal

and the other part is smooth curve (see Figure 3, Figure 1
also presents this characteristic). From both Figures 1 and
3, it is concluded that when the traffic demand exceeds
some threshold, the traffic operational performance begins to
degrade (velocity decreases quickly) with increasing of traffic
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Figure 2: Observed operational degradation of traffic performance.
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demand and that the degradation rate is proximately linear.
Therefore, the degradation model is supposed as

𝐷(𝑞, 𝛽
1
, 𝛽
2
) = {

𝛽
1

𝑞 < 𝑞
𝑑

𝛽
1
− 𝛽
2
(𝑞 − 𝑞

𝑑
) 𝑞 ≥ 𝑞

𝑑
,

(2)

where 𝛽
1
is constant (i.e., free-flow speed); 𝑞

𝑑
is the

traffic flow threshold at which speed begins to decrease with
increasing of flow. 𝛽

2
= −𝑑𝐷(𝑞, 𝛽

1
, 𝛽
2
)/𝑑𝑞 is degradation

rate. In real life, due to the randomness of traffic fluctuation
such as drivers’ acceleration or deceleration behavior, 𝛽

2
is a

random variable and has a distribution (Figure 2 illustrates
that the speed drops with different slope). If the traffic fluc-
tuation is acute, traffic speed will have a deep downturn, and
𝛽
2
will take bigger value. In this case, a smaller increasing of

volume will cause speed to decrease substantially and traffic
breakdown to occur. Otherwise, if fluctuation is smooth, 𝛽

2

will take smaller value and the traffic flow is more stable.
Therefore, 𝛽

2
can be used to explain why traffic breakdown

will occur at various flow rate levels.
From model (2), it can be explained that breakdown

is mainly caused by increasing of flow rate and traffic
perturbation. If the fluctuations and flow rate exceed some

value (e.g., the flow exceeds road capacity), breakdown will
happen. Otherwise, the traffic will operate smoothly.

4. Traffic Breakdown Probability and
Capacity Distribution

The main characteristic of traffic breakdown is associated
with an abrupt decrease in traffic flow speed [19, 20]. There-
fore, traffic breakdown also is called speed breakdown and
can be described by drop of speed [19, 20]. Let V

0
be denoted

as the speed threshold; that is, if the traffic speed is observed
lower than V

0
, it indicates that trafficbreakdownhas occurred.

Using {𝑉 < V
0
} to denote breakdown event, which can

be rewritten as {𝐷(𝑞, 𝛽
1
, 𝛽
2
) + 𝜀
𝑞
≤ V
0
}. And the breakdown

probability is

𝑃 (𝑉 < V
0
) = ∫

+∞

−∞

𝑃 {𝐷 (𝑞, 𝛽
1
, 𝛽
2
) + 𝜀
𝑞
≤ V
0
} 𝑑𝜀
𝑞

= 𝑃 {𝐷 (𝑞, 𝛽
1
, 𝛽
2
) ≤ V
0
} .

(3)

Substitute (2) into (3); breakdown probability is calcu-
lated as

𝑃
𝑏
= 𝑃{𝛽

2
≥

(𝛽
1
− V
0
)

(𝑞 − 𝑞
𝑑
)

} , (4)

where 𝑃
𝑏
is the breakdown probability. 𝛽

1
, V
0
, and 𝑞

𝑑
are

parameters as above defined. Due to the fact that the flow 𝑞

reflects the effect of traffic demand on the traffic breakdown
anddegradation rate𝛽

2
reflects the effect of trafficfluctuation,

model (4) indicates that traffic flow 𝑞 and degradation rate 𝛽
2

are themain influence factors of trafficbreakdownprobability
for a given freeway section.

For different distribution choice of 𝛽
2
, distinct model can

be derived. For example, if it is supposed that𝛽
2
has an inverse

Weibull distribution:

𝐹
𝛽2
(𝑏) = 1 − exp{−( 1

𝜂𝑏

)

𝛼

} , (5)

where 𝛼 is the shape parameter and 𝜂 is the scale parameter.
The breakdown probability derived from (4) and (5) is
Weibull distribution:

𝑃
𝑏
= 1 − exp{−[

(𝑞 − 𝑞
𝑑
)

𝜂 (𝛽
1
− V
0
)

]

𝛼

} . (6)

In another view, the ultimate cause of traffic breakdown
is that traffic demand exceeds facility capacity. It means that
the event {𝑉 < V

0
} is equivalent to the event that traffic flow

exceeds the capacity 𝐶; that is, {𝐶 < 𝑞}. So, according to the
definition of capacity [7, 8], model (6) can be reexpressed as

𝑃 (𝐶 < 𝑞) = 1 − exp{−[
(𝑞 − 𝑞

𝑑
)

𝜂 (𝛽
1
− V
0
)

]

𝛼

} , (7)

𝐹
𝐶
(𝑞) = 1 − exp{−[

(𝑞 − 𝑞
𝑑
)

𝜂 (𝛽
1
− V
0
)

]

𝛼

} , (8)
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Table 1: The goodness-of-fit test result for 𝛽
2
.

Fitted distribution Parameters Goodness-of-fit
Scale parameter Shape parameter Chi-square Degree of freedom 𝑃 value

Inverse Weibull distributiona 40.74 21.57 113.46 7 0.000
Log-normal distribution functionb

−3.68 0.046 10.61 6 0.101
Normal distributionc 39.86 1.83 10.61 7 0.294
a
Hypothesis testing is that the reciprocal value distribution is Weibull function; bthe hypothesis is that log value distribution is normal distribution; cthe
hypothesis is that the reciprocal is normal distribution.

where 𝑃(𝐶 < 𝑞) is the probability of capacity less than
traffic flow 𝑞; 𝐹

𝐶
(𝑞) is the distribution of capacity. It is noted

that model (8) is Weibull distribution function with shape
parameter 𝛼 and scale parameter 𝜂(V

0
− 𝛽
1
).

One can also suppose that 𝛽
2
follows the log-normal

distribution:

𝑃 (𝛽
2
< 𝑏) = Φ(

(ln 𝑏 − 𝑢)
𝜎

) , (9)

where Φ(⋅) is the standard normal distribution function and
𝑢 and 𝜎2 are parameters. From (8) and (9), it can be derived
that the capacity is also log-normal distributed:

𝐹
𝐶
(𝑞) = Φ(

ln (𝑞 − 𝑞
𝑑
) − ln (V

0
− 𝛽
1
) − 𝑢

𝜎

) 𝑞 > 𝑞
𝑑
.

(10)

Similarly, different distribution hypothesis can be made
on the degradation rate 𝛽

2
and other models can be derived.

In real world, the distribution of 𝛽
2
is unknown and it can be

estimated using Bootstrap method [21].

5. Empirical Analysis

The field data were collected on the 3rd ring in Beijing City,
China, by using microwave detectors. The posted speed limit
on the 3rd ring is 80 km/h. Traffic breakdowns are typical
during morning and afternoon peak periods. One-month
data are used in this paper. Based on the speed-flow curve,
𝑞
𝑑
= 900 vehicles per hour per lane and speed threshold value

V
0
= 40 km/h are determined (see Figure 1).
Let (𝑞

𝑖
, V
𝑖
) (𝑖 = 1, . . . , 𝑛) denote the observed value of flow

rate and speed. Due to the fact that the degradation is mainly
concerned about the free flow, only the upper branch data are
used. So, the data were chosen by V

𝑖
> V
0
. 𝛽
2
is estimated

using the Bootstrap method [21] as follows.

Step 1. Draw a sample from 1, . . . , 𝑛 with replacement and
denoted by 𝑖∗

1
, . . . , 𝑖

∗

𝑛
.

Step 2. Let 𝑗 = 1, . . . , 𝑛, 𝑞∗
𝑗
= 𝑞
𝑖
∗
𝑗
, and V∗

𝑗
= V
𝑖
∗
𝑗
.

Step 3. Use (𝑞∗
1
, V∗
1
), . . . , (𝑞

∗

𝑛
, V∗
𝑛
) to fit (2) and estimate the

𝛽
∗

1𝑟
, 𝛽
∗

2𝑟
.

Step 4. Repeat Steps 1∼3, 𝑟 = 1, . . . , 𝑅 (𝑅 ≥ 500).

Step 5. Use the 𝛽∗
2𝑟
(𝑟 = 1, . . . , 𝑅) to estimate the distribution

of 𝛽
2
.

Table 1 lists the results of hypothesis testing about the
distribution of 𝛽

2
. It is supposed that 𝛽

2
follows inverse

Weibull distribution and log-normal and normal distribu-
tion, respectively. The results confirmed that 𝛽

2
follows

inverse Weibull distribution and that the capacity is Weibull
distributed:

𝐹
𝐶
(𝑞) = 1 − exp{−[

(𝑞 − 900)

1629

]

21.57

} . (11)

6. Conclusion

In this paper, the traffic degradation concept was introduced
and the degradation model was developed to describe the
traffic breakdown process. In the model, the degradation
rate is defined to explain the traffic breakdown occurring
at various flow rate levels. Based on the degradation model,
traffic breakdown probability and traffic capacity distribution
were derived theoretically. The advantage of this approach
is that only traffic flow rate and speed data are needed. It
overcomes the difficulty of estimating traffic capacity without
the observed capacity data. In this paper, it also validated that
freeway capacity follows Weibull distribution.

However, there are still some problems to be solved in the
future.

(1) Effect of geometric characteristics and traffic condi-
tion on the breakdown probability should be studied.
Only by this, the research result may be applied
generally.

(2) An acceptable breakdown probability value should be
determined. This value reflects the balance between
risk of breakdown and higher traffic volume. So, it
is determined by the operating agency and question-
naires should be conducted.

(3) The definition of breakdown flow rate should be
studied. Although, in this paper, the breakdown flow
rate is defined as the flow rate observed immediately
prior to breakdown, there are still some questions
that need to be answered, such as the traffic flow that
should be obtained for 5-minute, 10-minute, or 15-
minute time interval prior to breakdown.
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Nowadays, considerable attention has been paid to the activity-based approach for transportation planning and forecasting by both
researchers and practitioners. However, one of the practical limitations of applying most of the currently available activity-based
models is their computation time, especially when large amount of population and detailed geographical unit level are taken into
account. In this research, we investigated the possibility of restraining the size of the study area in order to reduce the computation
timewhen applying an activity-basedmodel, as it is often the case that only a small territory rather than thewhole region is the focus
of a specific study. By introducing an accuracy level of the model, we proposed in this research an iteration approach to determine
the minimum size of the study area required for a target territory. In the application, we investigated the required minimum size
of the study area surrounding each of the 327 municipalities in Flanders, Belgium, with regard to two different transport modes,
that is, car as driver and public transport. Afterwards, a validation analysis and a case study were conducted. All the experiments
were carried out by using the FEATHERS, an activity-based microsimulation modeling framework currently implemented for the
Flanders region of Belgium.

1. Introduction

As an alternative to the traditional four-step model of travel
demand, the activity-based approach has currently been
given more and more attention by transportation researchers
and has resulted in the development of a number of practical
models, such as ALBATROSS [1], RAMBLAS [2], CEMDAP
[3], and FAMOS [4]. Since the approach focuses on the
complete activity behavior patterns and adopts a holistic
framework considering the individual interactions and spa-
tiotemporal constraints, it explicitly reveals the inability of the
conventional trip-based approach and can be used to address
many policy issues and their impact, such as land use, energy
consumption, emission, safety, and congestion pricing [5–7].

Although its usefulness in transportation planning and
forecasting has been widely recognized, one of the practi-
cal limitations of applying most of the currently available
activity-based models is their computation time, especially
when large amount of population and detailed geograph-
ical unit level are taken into account. For instance, in

the FEATHERS (Forecasting Evolutionary Activity-Travel
of Households and Their Environmental RepercussionS)
[8], an activity-based microsimulation modeling framework
currently implemented for the Flanders region of Belgium,
it takes approximately 16 hours for a single model run
based on the 10% of the full population of Flanders at
the Building block level (currently the most disaggregated
geographical level of detail for Belgium; see also Section 2)
[9]. If the population fraction increases to 50%, which is
also a frequently used fraction for the model operation, the
FEATHERS framework will then take almost two days to
complete the model execution. Moreover, if multiple model
runs are required due to the consideration of stochastic
error derived from the microsimulation approach [9], the
computation time will be magnified dramatically, which
makes the real-time application of the model particularly
difficult or even impossible to realize.

In order to reduce the computation time when applying
an activity-based model, several tradeoffs can be made in
actual applications, one of which is to restrain the size of

Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2015, Article ID 162632, 9 pages
http://dx.doi.org/10.1155/2015/162632

http://dx.doi.org/10.1155/2015/162632


2 Mathematical Problems in Engineering

the study area and to conduct the computation only for the
selected region [10]. The other way round, it is also often the
case that merely a small territory (e.g., a municipality) rather
than the whole region or country is the focus of a specific
study.Therefore, a relatively small study area surrounding the
target territory is needed for investigation rather than taking
the whole region into account. In this way, the computation
time of the model could be saved effectively. The question
then becomes,What should be theminimum size of the study
area surrounding the target territory and how to determine
it? Based on authors’ current knowledge, however, not much
research effort has been paid to this subject as yet. In most
of the current studies using activity-based models, the size
of the study area is chosen mainly via domain knowledge
of researchers or practitioners themselves, which is actually
rather arbitrary. In this study, by defining an accuracy level
of the model, we propose an iteration approach to determine
the minimum size of the study area required for a target
territory when performing travel demand forecasting. More
specifically, by adding a small zone to the target territory
constituting a new study area each time, the accuracy of the
model—defined as the difference between the occurrence
of both the departing and the arriving trips derived based
on this study area and that based on the whole region—is
calculated. Such a procedure is repeated until the predefined
accuracy level is satisfied. In the application, we investigate
the required minimum size of the study area surrounding
each of the 327 municipalities in Flanders, Belgium, with
regard to two different transport modes, that is, car as driver
and public transport. Afterwards, a validation analysis based
on four extreme municipalities is conducted and a case study
using the identified minimum study area for the city of
Leuven is provided. All the experiments are carried out by
using the FEATHERS framework.

The rest of this paper is structured as follows. In Section 2,
we briefly introduce the FEATHERS framework and the
levels of geographic detail of Flanders. The methodology
proposed in this research to determine the minimum size of
the study area is elaborated in Section 3, followedby a detailed
demonstration of the experiment execution. In Section 4,
the results are presented, validated, and further applied to a
practical project.The paper ends with conclusions and future
research in Section 5.

2. FEATHERS Framework for Flanders

FEATHERS (Forecasting Evolutionary Activity-Travel of
Households and Their Environmental RepercussionS) [8]
is a microsimulation framework particularly developed to
facilitate the implementation of activity-based models for
transport demand forecasting. Currently, an activity-based
model similar to the ALBATROSS model [11] is embedded,
in which a sequence of 26 decision trees, derived by means
of the chi-squared automatic interaction detector (CHAID)
algorithm, is used in the scheduling process and decisions
are based on a number of attributes of the individual (e.g.,
age, gender), of the household (e.g., number of cars), and of
the geographical zone (e.g., population density, number of
shops). For each individual person with its specific attributes,

the model simulates whether an activity (e.g., shopping,
working, leisure activity, etc.) is going to be carried out or not.
Subsequently, the location, transport mode, and duration of
the activity are determined, taking into account the attributes
of the individual. Based on the estimated schedules or
activity-travel patterns, travel demand can then be extracted
and assigned to the transportation network.

Currently, the FEATHERS framework has been imple-
mented for the Flanders region of Belgium (e.g., [12–14])
and is fully operational at six levels of geographic detail
of Flanders, that is, Building block (BB) level, Subzone
level, Zone level, Superzone level, Province level, and the
whole Flanders level. Figure 1 illustrates the hierarchy of the
geographical layers with different granularities.

In practice, to predict the travel demand or the total
number of trips happening within a specific zone of Flanders,
also named target territory, we normally have to calculate
both the departing trips (i.e., the trips from this target
territory to the whole Flanders region) and the arriving trips
(i.e., the trips from the whole Flanders region to this target
territory) (see Figure 2(a)). As a consequence, the more the
detailed geographical unit level is considered, the longer the
computation time is needed. For instance, to run FEATHERS
at the Subzone level, approximately 16 hours is needed based
on the 50% of the full population of Flanders. If the most
disaggregated geographical level of detail, that is, the BB
level is under consideration, the FEATHERS framework will
then take almost two days to complete the model execution.
Therefore, how to effectively reduce the model computation
time is a practical issue of applying this framework.

3. Methodology and Experiment

In this study, we aim to find an effective solution to the
computation time problem of activity-based models in gen-
eral and the FEATHERS in particular. As described in the
above section, to estimate the total number of trips happening
within a target territory, whole Flanders is normally used as
the study area to calculate both the departing and arriving
trips of this territory. However, if we can find a relatively small
study area surrounding this target territory within which
most of the departing and arriving trips are generated, it is
then not necessary to take the whole Flanders region into
account (see Figure 2(b)). In this way, the computation time
of the model could be saved effectively. The question then
becomes, What should be the minimum size of the study
area surrounding the target territory and how to determine
it? In this research, we propose an iteration approach based
on which we investigate the minimum size of the study area
needed for each of the 327 municipalities (i.e., the Superzone
level) in Flanders, Belgium.Thewhole procedure is illustrated
in Figure 3.

More specifically, by generating the basic prediction
dataset from the activity-based model inside FEATHERS,
we obtain the whole activity-travel pattern or schedule
information for each individual in Flanders, based on which
the origin and destination (OD) matrices can be derived.

Next, for each particular Superzone 𝑖, one more zone 𝑗
(which could be a Superzone, a Subzone, or a Building block)



Mathematical Problems in Engineering 3

Flanders

Province

Superzone

Zone

Subzone

BB

Geographical
 level

1

6

327

1145

2386

10521

Number of 
zones

13709.24

2284.87

41.93

11.97

5.75

1.30

Average area
(km2)

Figure 1: Six levels of geographic detail of Flanders used in the FEATHERS.
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Figure 2: The schematic diagrams of travel demand calculation for a target territory.

with the shortest centroid distance to the target Superzone 𝑖
is added constituting a new study area (SA). Then, the travel
demand (i.e., the number of trips) of both departing mode
and arriving mode within this new study area is computed,

and the difference (𝐷
𝑖𝑗
) with that based on whole Flanders

can be calculated by (1), which can be further used to estimate
the accuracy rate (𝐴

𝑖𝑗
) of this study area by (2):

𝐷
𝑖𝑗
=

√(#DTs in SA
𝑖𝑗
− #DTs in Flanders)

2

+ (#ATs in SA
𝑖𝑗
− #ATs in Flanders)

2

√(#DTs in Flanders)2 + (#ATs in Flanders)2
(1)

𝐴
𝑖𝑗
= (1 − 𝐷

𝑖𝑗
) × 100. (2)
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Figure 3: The flow diagram of the calculation and the validation procedure.

Such a procedure is repeated; that is, more zones are added
from the close to the distant, until the predefined accuracy
requirement is reached. The obtained study area is thus the
minimum size needed for the travel demand prediction of
the target municipality, and the centroid distance between
the last zone that was added into the study area and the
target municipality is defined as the minimum radius of
the study area surrounding this municipality. Here, the
radius is different from its conventional conception but refers
in particular to the centroid distance between the added
zone and the target municipality. Therefore, the radius for

each municipality increases discretely, and when the radius
increases once, only one zone is counted into the study area.

In the experiments, the FEATHERS framework is exe-
cuted at Subzone level for the 50% fraction of the full pop-
ulation, and 90% accuracy level is selected, based on which
we investigate the minimum size of the study area needed
for each of the 327 municipalities in Flanders, Belgium, with
regard to two different transport modes, that is, car as driver
and public transport, respectively. Moreover, as a validation
procedure (see also Figure 3), we run the FEATHERS again
based on the identified study area, respectively, for four
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Figure 4: The relation between the accuracy level and the required
radius for a randomly selected municipality.

extreme cases, that is, the municipality with the longest study
area radius and the one with the shortest for each mode.
The accuracy of the model in each case is examined, and the
degree of the reduction in computation time is estimated.
Finally, we apply our results to a practical project which
investigates the potential impact of light rail initiatives on
travel demand at a local network, and the minimum study
area surrounding the city of Leuven is selected as a case study
to perform prediction of the travel demand.

4. Results and Discussion

By applying the methodology described in Section 3, the
corresponding results are presented and further discussed in
the following sections.

4.1. The Minimum Study Area Required for 327 Municipalities
in Flanders. In the experiment, for a particular municipality,
by adding the surrounding municipalities one by one from
the near to the distant, the radius of the study area is
increasing each time. As a result, the difference of the travel
demand regarding the departing mode and the arriving
mode between the current study area and whole Flanders,
according to (1) and (2), is expected to decrease gradually,
while the accuracy level of the new study area is going
to increase correspondingly. Taking a randomly selected
municipality as an example, the relationship between the
achieved accuracy and the required radius of the study area
is presented in Figure 4.

To further obtain the minimum radius of the study area
needed for each of the 327 municipalities in Flanders, a
90% accuracy level is selected in this study with respect
to two different transport modes, that is, car as driver and
public transport.The distribution of the results for all the 327
municipalities is illustrated in Figure 5.

The figure shows that the required radius for both the
modes follows the normal distribution, and the average of
the minimum radius needed for the car as driver mode is

39.70 km with the standard deviation of 6.74 km, while the
average radius is 50.84 km for the public transport mode with
the standard deviation of 6.33 km. In other words, to achieve
the same 90% accuracy level for each municipality, the public
transport mode needs in general a relatively larger study area
compared to the car as drivermode. It can be partly explained
by the fact that people in Flanders are more likely to choose
the public transport mode (e.g., train) for a long distance trip,
especially when the distance is larger than 50 km. Even so,
given the fact that the area of whole Flanders is 13709.24 km2,
the size of the study area needed formost of themunicipalities
is reduced to a great extent for both the transport modes, and
therefore the computation time of the FEATHERS would be
saved remarkably (see Section 4.2).

To give a more clear representation of the results, we
visualize the calculated minimum radius of the study area for
each of the 327 municipalities by using a color theme with
14 different colors for the car as driver mode and the public
transport mode, respectively (see Figures 6 and 7), in which
the displayed color is more green when a shorter radius is
needed for a municipality, while the displayed color tends to
be red when the radius needed is becoming larger.

Based on these two figures, we can clearly see that,
for most of the municipalities of Flanders, the required
minimum radius (or study area) is relatively larger for the
public transport mode than that for the car as driver mode.
In other words, the computation time of the FEATHERS
will be reduced more when the car as driver mode is under
consideration. Moreover, for both the modes, especially the
public transport mode, themunicipalities lying on the border
of Flanders generally need larger radius to reach the given
accuracy level compared to those located in the relatively
central position of Flanders. For instance, the city of Bruges—
one of the leading seaside resorts in Belgium—requires the
longest radius, no matter which transport mode is consid-
ered. In addition, the capital city Brussels, serving as a traffic
hub of the region, also needs a larger study area for both the
modes compared to its neighboring municipalities, since a
great number of trips are happening every day between this
municipality and all the others.

4.2. Extreme Cases in Flanders Based on the Identified Min-
imum Study Area. To verify the results we obtained, the
validation procedure shown in Figure 3 is conducted by
considering the four extreme cases, that is, the municipality
with the longest study area radius and the one with the
shortest radius for both the car as driver mode and the public
transport mode (see Figures 8 and 9).

By running the FEATHERS again based on the identified
study area for each extreme case, we can predict the travel
pattern of each individual, based on which the origin and
destination matrix in this territory can be derived. Then,
by calculating the new travel demand of both departing
mode and arriving mode within this study area and further
comparing it with the one based on whole Flanders, we
can examine the achieved accuracy level of the model.
More importantly, by recording the computation time for
each extreme case, the degree of the time reduction can be
estimated. The results are shown in Table 1.
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Table 1: The validation results for the extreme cases with respect to car as driver mode and public transport mode.

Travel mode Municipality Radius Accuracy level Running time (hour) Time saving

Car as driver Drogenbos Shortest: 21.2 km 86.9% 4 75%
Bruges Longest: 89.82 km 87.1% 9 43.8%

Public transport Wemmel Shortest: 36.17 km 86.3% 7.5 53.1%
Bruges Longest: 94.24 km 85.4% 10.5 34.4%

Leuven

Figure 10: The study area for the case study of Leuven.

After performing the travel demand forecasting based on
the rebuilt study area, we can see that all these four cases
show a very high accuracy rate (all above 85%). Moreover,
by restraining the size of the study area, the computation
time of the model is reduced dramatically, from 16 hours in
the original case to the best 4 hours (i.e., 75% time saving).
We can therefore conclude that running the activity-based
model inside FEATHERS using the rebuilt study area for each
municipality of Flanders will improve themodel’s operational
efficiency significantly.

4.3. A Case Study Applying the Identified Minimum Study
Area for Leuven. Having successfully identified and validated
the minimum size of the study area for each of the 327
municipalities in Flanders, Belgium, we now apply the results
to a practical project which investigates the potential impact
of light rail initiatives on travel demand at a local network
in Flanders. In doing so, the city of Leuven is selected as a
case study to perform prediction of the travel demand. The
city owns quite large transport potential and is yet reasonably
compact in size. Nevertheless, the city has no urban or
regional light rail system so far.

Based on the identified study area for the city of Leuven,
which is shown in Figure 10, the analysis is conducted by
performing two scenarios in FEATHERS. Initially there is a
null scenario that is limited to the situationwhere no light rail
network is included. The public transport network contains
only train lines (e.g., NMBS) and bus lines (e.g., De Lijn).
In the second scenario, the light rail network is integrated
with the current public transport network, which is therefore
called the light rail scenario.

After running FEATHERS for these two scenarios, based
on the same study area shown in Figure 10, the results are
compared, and we find that the addition of the light rail net-
work has a relatively positive impact on the public transport
related trips in Leuven. The share of the public transport
related trips increases by approximately 7% compared to the

null scenario. However, there is no significant change for
other transport modes, such as car as driver (−0.22%) and
car as passenger (−1.26%), and slow mode such as vulnerable
road users (−0.20%). This result is in line with other inter-
national researches (e.g., [15]), indicating that apart from a
reasonable increase in the public transport related trips, the
implementation of a single light rail system has only limited
effects on the overall modal split. Such consistent findings,
from another viewpoint, verify the rationality of the selected
study area.More importantly, by considering only the limited
study area rather than whole Flanders, it turns out that the
computation time is saved considerably for such an analysis.
For a single model run, less than 6 hours is needed, which
is only 38% of the computation time when whole Flanders is
under consideration.

5. Conclusions and Future Research

The requirement of large computation time is currently one
of the most important practical issues of applying activity-
based models for travel demand forecasting. In this study, we
investigated the possibility of restraining the size of the study
area in order to reduce the computation time, as in many
cases, only a small territory rather than the whole region
is the focus of a specific study. By introducing an accuracy
level of the model, which is defined as the difference between
the occurrence of both the departing and the arriving trips
derived based on the study area and that based on the whole
region, we proposed in this research an iteration approach to
determine the minimum size of the study area needed for a
target territory, and both the calculation procedure and the
validation procedure were designed. In the application, all
of the 327 municipalities of Flanders, Belgium, were studied
using the FEATHERS, an activity-based microsimulation
modeling framework, and theminimum size of the study area
needed for each of these municipalities was computed with
regard to the car as driver mode and the public transport
mode, respectively, given the accuracy level of 90%. The
results indicated that the municipalities lying on the border
of Flanders (e.g., the city of Bruges) as well as some traffic
hub cities (e.g., the capital city Brussels) generally need longer
radius to reach the given accuracy level. Meanwhile, for most
of the municipalities of Flanders, the required minimum
radius (or study area) is relatively larger for the public
transport mode than that for the car as driver mode.

To verify the results we obtained, a validation analysis
was carried out by running the FEATHERS based on the
identified study area for four extreme cases, that is, the
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municipality with the longest study area radius and the one
with the shortest radius for both the car as driver mode and
the public transport mode. It turned out that, within the
identified minimum size of each study area, the computation
time of FEATHERS was reduced considerably (up to 75%),
while the model still reached a very high accuracy rate.
Moreover, a case studywas also performedwhich investigated
the potential impact of light rail initiatives on travel demand
at a local network in Flanders, using the results derived for
the city of Leuven. The findings confirmed that when only a
particular territory is needed for consideration in a specific
study, it is possible to rebuild a relatively small study area
for investigation. Running the model in such a restrained
study area will improve the model’s operational efficiency
significantly. Consequently, the results obtained in this paper
can be consulted as a reference for those who plan to use
the FEATHERS framework, while for the other activity-based
models, themethodology proposed in this paper with respect
to the calculation of minimum size of study area can also be
repeated.

In the future, more aspects need to be investigated. First,
other accuracy levels can be considered, and the best tradeoff
between the accuracy rate and the computation time can
be discussed. Moreover, apart from analyzing the results
based on different transport modes, other valuable travel
indices could be taken into account as well, such as activity
types. In addition, exploration on detailed reasons behind
the different size of the study area needed for each target
territory is also worthwhile, which will in turn validate this
modeling framework and facilitate its further development
and dissemination.
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Traditional timing green wave control with predetermined cycle, split, and offset cannot adapt for dynamic real-time traffic flow.
This paper proposes a coordinated control method for variable cycle time green wave bandwidth optimization integrated with
traffic-actuated control. In the coordinated control, green split is optimized in real time by themeasured presence of arriving and/or
standing vehicles in each intersection and simultaneously green waves along arterials are guaranteed. Specifically, the dynamic
bound of green wave is firstly determined, and then green early-start and green late-start algorithms are presented respectively to
accommodate the fluctuations in vehicle arrival rates in each phase. Numerical examples show that the proposed method improves
green time, expands green wave bandwidth, and reduces queuing.

1. Introduction

Traffic-actuated control is one of traffic signal control modes
[1] which does not have a pretimed cycle, signal sequence,
and green signal displays and can adapt to the volume
of vehicles on the road accordingly. However, because of
variable cycle and random light switch, it is practically
difficult to apply in the city roads, especially in a coordinated
control framework. At present, traffic signal system is still
dominated by multiperiod fixed cycle time control in most
cities, frequently integrated with green wave control along
the city arterials. Green wave control generally attempts to
maximize public green wave bandwidth in which a series of
traffic lights (usually three or more) are coordinated to allow
continuous traffic flow over several intersections in one main
direction. Green wave control is popular in signal controls
for its simplicity and effectiveness [2], which mainly includes
graphical method [3], numerical method [4], and Maxband
law [5].

In most green wave optimization models, cycle, split,
and offset are generally predetermined and cannot adjust
to the real-time fluctuations in traffic, probably lowering
its coordination control effectiveness. Therefore, this paper

proposes a coordinated control method for variable cycle
time green wave bandwidth optimization integrated with
traffic-actuated control. The main purpose of this paper is
to achieve real-time coordination bandwidth by utilization
of green time and actuation of arriving or standing vehicles
at each intersection. Furthermore, a numerical example is
presented to elaborate our method.

2. The Key Parameters in
Traffic-Actuated Control

Unlike fixed-cycle traffic signal control, traffic-actuated con-
trol has no fixed cycle length, as well as green split, which is
dependent on the real-time volume of traffic. In the traffic-
actuated control, as shown in Figure 1, the process of phase
transition is regulated by the following transition rules: (i)
when a preset minimum green time from an initial green
light ends, the phase changes if there is no vehicle entering
in the phase; (ii) otherwise, the phase does not change until
the green time is extended to the preset maximum green
time or the time when there are no vehicles entering in the
phase. The phase transition can effectively reduce vehicle
delays and stops and improve the efficiency of the signalized
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Figure 1: Traffic-actuated control.

intersections as long as the maximum green time and unit
delaying time are reasonably predetermined.

2.1. Minimum Green Time. Minimum green time represents
the least amount of time that a green signal indication will
be displayed for a movement. The duration of minimum
green is used to allow drivers to react to the start of the
green interval and meet driver expectancy and pedestrian
crossing time when separate pedestrian signal displays are
not provided. The duration of minimum green can also be
influenced by detector location. There are various methods
for calculating minimum green time, which can be by the
types of control system and detector location [6]. In our
traffic-actuated control system, detectors are located in the
range 2 to 20 meters before stop lines.

The minimum green time is calculated as follows:

𝐺min = Max [𝐺min V, 𝐺min𝑝] ,

𝐺min V = 𝑆lagV + ℎ𝑡 × Integer (𝐿
𝑆

) ,

𝐺min𝑝 = 𝑆lag𝑝 +
𝑤

V
𝑝

− 𝑡
𝑔
,

(1)

where 𝐺min is minimum green time in phase; 𝐺min V is
minimum green time for vehicles; 𝐺min𝑝 is safety time for
pedestrian crossing; 𝑆lagV is start-up loss time for vehicles
which is commonly set equal to 4 seconds; ℎ𝑡 is time headway,
equal to 2-3 seconds; 𝐿 is the distance between the stop line
and detector; 𝑆 is the time (distance) between two adjacent
vehicles, equal to 2-3 seconds (5-6 meters); 𝑆lag𝑝 is pedestrian
start-up loss time, equal to 5 seconds; 𝑤 is the crossing width
for pedestrians; V

𝑝
is pedestrian crossing speed; 𝑡

𝑔
is green

light time interval.

2.2. Maximum Green Time. Maximum green time is the
longest green time provided for a phase, which determines
whether green time can be effectively utilized, especially
when traffic is under moderate congestion level [7, 8]. Unlike
traditional fixed maximum green time, the maximum green
time proposed in this paper can change according to the

fluctuations in volume of traffic in each signal cycle. The
maximum green time is given by

𝐺max = Min [𝑔max, 𝑡𝑐] ,

𝑔max = (𝐶 − 𝑙)
𝐶𝑉

𝐶𝑆

,

𝐶 =

𝑙

1 − 𝐶𝑆/𝑅𝑆 × 0.9

,

(2)

where 𝐶𝑉 is flow rate of a particular phase (vehicles/h); 𝐶𝑆
is the traffic volume of a particular phase (vehicles/h); 𝑅𝑆
is the reference traffic flow (vehicles/h); 𝐶 is cycle length;
𝑅𝑆 performs a weighting factor of 0.9, which is designed to
operate at 90% of available capacity; 𝑙 is loss green time in
each cycle.

𝑔max is the coordination phase value. The number of
vehicles getting through the coordination phase is𝑁

𝑡V in each
cycle.The flow rate is𝑁

𝑡V/𝑆V, where 𝑆V is saturated flow in the
lane analyzed.

In order to equilibrate the flow rates of coordinated and
noncoordinated phase in one cycle, 𝑔max and 𝑡𝑐 in noncoor-
dinated phase take the minimum value for calculating the
maximum green time. 𝑡

𝑐
is the time when the flow rate

reaches 𝑁
𝑡V/𝑆V in noncoordinated phase. This approach can

improve effectiveness of signal intersections, especially when
traffic flows are seriously unbalanced in different directions
in the noncoordinated phase.

2.3. Unit Extension Time. Unit extension time is the mini-
mum time interval for interrupting the signal between two
successive vehicles. This parameter can directly influence
right-of-way for vehicles in the queue and vehicle arrivals. If
unit extension time is too short, the right-of-way in the phase
is not enough, leading to unnecessary delay and stops; if unit
extension time is too long, green time is not fully utilized.
In addition, to ensure that the detected vehicles can pass the
stop line, the distance between detector and stop line and the
vehicle speed should be taken into account [9].

In this paper, the distance between detector and stop line
is set equal to 20 meters. The minimum average speed is
6m/sec.Thus, the unit extension time is not less than 3.3.The
flow rate for a lane is 1200 vehicle/h and the average headway
is 3600/1200, that is, 3 seconds. Therefore, to multiply a
weighting factor to ensure traffic efficiency, unit extension
time is given by

𝑒 = 𝑘
0
×Max [𝑝

𝑡
, ℎ𝑡] ,

𝑝
𝑡
=

𝐿

V
𝑖

,

(3)

where ℎ𝑡 is headway, generally equal to 2-3 seconds, 𝐿 is the
distance between detector and stop line, V

𝑖
is average speed,

𝑝
𝑡
is the driving time from detector to stop line, and 𝑘

0
is the

flat peak time value, generally set equal to 1.1, depending on
road traffic characteristics.
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Figure 2: Illustration for parameters.

3. Green Wave Bandwidth

For convenience, we define the following symbols (as shown
in Figure 2). 𝑡𝑖

𝑚,𝑔,𝑗
is the green time in the noncoordinated

phase𝑚 for the intersection 𝑖of cycle 𝑗; 𝑡𝑖
𝑔,𝑗

is the green time in
the coordinated phase for intersection 𝑖 of cycle 𝑗; 𝑡𝑖

𝑔𝑏,𝑗
is the

starting green time in the coordinated phase for intersection 𝑖
of the cycle 𝑗; 𝑡𝑖

𝑔𝑒,𝑗
is the ending green time in the coordinated

phase for intersection 𝑖 of cycle 𝑗; 𝑡𝑖
𝑧𝑎,𝑗

is the starting time of
forward green wave in the coordinated phase for intersection
𝑖 of the cycle 𝑗; 𝑡𝑖

𝑧𝑏,𝑗
is the ending time of forward green wave

in the coordinated phase for intersection 𝑖 of cycle 𝑗; 𝑡𝑖
𝑓𝑎,𝑗

is
the starting time of reverse green wave in the coordinated
phase for intersection 𝑖 of cycle 𝑗; 𝑡𝑖

𝑓𝑏,𝑗
is the ending time of

reverse green wave in the coordinated phase for intersection
𝑖 of cycle 𝑗; 𝑡𝑖min𝑔,𝑛 is the minimum green time in the phase
𝑛 for intersection 𝑖; 𝑡𝑖max𝑔,𝑛 is the maximum green time in the
phase 𝑛 for intersection 𝑖:

𝑡
𝑖

begin,𝑗 = min (𝑡𝑖
𝑧𝑎,𝑗

, 𝑡
𝑖

𝑓𝑎,𝑗
) ,

𝑡
𝑖

end,𝑗 = max (𝑡𝑖
𝑧𝑏,𝑗
, 𝑡
𝑖

𝑓𝑏,𝑗
) .

(4)

We now investigate green wave bandwidth using graphi-
cal method with heuristics. The determination of green wave
bandwidth is given as follows [10, 11].

Step 1. Set an identical starting time for each intersection of
routes and let𝑁 be the number of intersections.

Step 2. Record the starting time 𝑡𝑖
𝑔𝑏,𝑗

and the ending time 𝑡𝑖
𝑔𝑒,𝑗

for each coordination phase in every cycle, and set up 𝑡1
𝑜
=

𝑡
1

𝑔𝑏,𝑚
for the coordination phase of the first intersection.

Step 3. Find the initial time 𝑡𝑖
𝑧𝑎,𝑗

for forward green wave
bandwidth. If 𝑡2

𝑜
= 𝑡
1

𝑔𝑏,𝑚
+𝐿
1,2
/𝑉
𝑧
is in the interval [𝑡2

𝑔𝑏,𝑗
, 𝑡
2
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]

of the second intersection from 𝑡
1

𝑜
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𝑜
=

t
3

ge,j

t
2

ge,j

t
1

ge,j

t
2

gb,j

t
3

gb,j

t
1

gb,j

t
2

1,re,j

Figure 3: The bound of green wave.

𝑡
2

𝑔𝑏,𝑗
+ 𝐿
2,3
/𝑉
𝑧
is in the interval [𝑡𝑖

𝑔𝑏,𝑛
, 𝑡
𝑖

𝑔𝑒,𝑛
] until the last

intersection. If all the conditions are satisfied, then 𝑡1
𝑧𝑎,𝑚

= 𝑡
1

𝑜
,

𝑡
2

𝑧𝑎,𝑗
= 𝑡
2

𝑜
,. . ., 𝑡𝑁
𝑧𝑎,𝑛

= 𝑡
𝑁

𝑜
, and 𝑡1

𝑜
= 𝑡
1

𝑜
+1; go to Step 4; otherwise,

𝑡
1

𝑜
= 𝑡
1

𝑜
+ 1; go back to Step 3, until 𝑡1

𝑜
= 𝑡
1

𝑔𝑒,𝑚
.

Step 4. Find the ending time 𝑡𝑖
𝑧𝑏,𝑚

of green wave. If 𝑡𝑖
𝑧𝑎,𝑚

=

𝑡
𝑖

𝑔𝑒,𝑚
, then green wave bandwidth is 0; otherwise, when 𝑡𝑖

𝑜
=

𝑡
𝑖

𝑔𝑒,𝑗
, set 𝑡1
𝑧𝑏,𝑚

= 𝑡
1

𝑜
, 𝑡2
𝑧𝑏,𝑗

= 𝑡
2

𝑜
, . . . , 𝑡

𝑁

𝑧𝑏,𝑛
= 𝑡
𝑁

𝑜
.

We now use the genetic algorithms to derive the max-
imum green wave bandwidth [12]. To ensure that the
bandwidths of both forward and backward directions are
consistentwith the corresponding trafficflow, the bandwidths
yield

min𝐵 = min{𝑏1 − 𝑘𝑏2
𝑏
1
+ 𝑘𝑏
2

} , (5)

where 𝑏
1
is forward green wave bandwidth; 𝑏

2
is reverse green

wave bandwidth; 𝑘 is unbalanced coefficient of traffic flows of
both directions; 𝐵 is public green wave bandwidth.

4. The Dynamic Lower Bound of
Arterial Green Wave

The lower bound of arterial green wave is the starting time
of an intersection to limit an increase in its bandwidth in
forward/reverse direction. As shown in Figure 3, the starting
time of forward green wave is the starting time of green light
intersection 1 in cycle 𝑗𝑡1

𝑔𝑏,𝑗
, which is the lower bound of the

forward greenwave since it is a binding constraint for forward
green wave bandwidth. Similarly, 𝑡3

𝑔𝑏,𝑗
is the lower bound of

the reverse green wave.
Under traffic-actuated control, the starting time, the

ending time, and the duration for coordination phase of each
intersection may vary with volume of traffic, leading to the
dynamic lower bounds of both forward and reverse green
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Figure 4: The determination of lower bound.

wave bandwidths [13]. The dynamic lower bounds can be
obtained as follows.

Step 1. Establish a unified timeline for each intersection of
the route and run until the ending green time 𝑡𝑖

𝑚,𝑟𝑒,𝑗
of the

noncoordinated phase of target intersection (𝑡𝑖
𝑚,𝑟𝑒,𝑗

< 𝑡
𝑖

𝑔𝑏,𝑗
).

If 𝑡𝑖
𝑚,𝑟𝑒,𝑗

> 𝑡
𝑖

𝑔𝑏,𝑗
then go to the control process in Section 6.

Step 2. From 𝑡
𝑖

𝑔𝑏,𝑗
, calculate

𝑂
𝑛
= 𝑡
𝑖

𝑔𝑏,𝑗
−

𝑛

∑

𝑚=1

𝐿
𝑖,𝑖−𝑚

𝑉
𝑧

(𝑛 = 1, 2, . . . , 𝑖 − 1) . (6)

If 𝑡𝑖
𝑚,𝑟𝑒,𝑗

> 𝑂
𝑖−1

, find the lower bound for the downstream
green wave in each coordinated phase of intersection 1 ∼ 𝑖

from 𝑡
𝑖

𝑚,𝑟𝑒,𝑗
; otherwise, find the lower bound from 𝑂

𝑖−1
, as

shown in Figure 4. Similarly, for the downstream green wave,
calculate𝑂

𝑝
= 𝑡
𝑖

𝑔𝑏,𝑗
−∑
𝑛

𝑚=𝑖+1
𝐿
𝑖,𝑖−𝑚

/𝑉
𝑓
, 𝑛 = 𝑖 + 1, 𝑖 + 2, . . . , 𝑁,

where 𝑁 is the number of the coordination intersections
of the route. If 𝑡𝑖

𝑚,𝑟𝑒,𝑗
> 𝑂
𝑖+1

, find a lower bound in each
coordinated phase of the upstream intersections 𝑖 + 1 ∼ 𝑁

from 𝑡
𝑖

𝑚,𝑟𝑒,𝑗
; otherwise, find a lower bound from 𝑂

𝑖+1
.

Step 3. Judgewhether𝑂
𝑛
(𝑛 = 1, 2, . . . , 𝑖−1) are in [𝑡𝑛

𝑔𝑏,ℎ
, 𝑡
𝑛

𝑔𝑒,ℎ
].

If 𝑡𝑛
𝑔𝑏,ℎ

< 𝑂
𝑛
≤ 𝑡
𝑛

𝑔𝑒,ℎ
, then 𝑡𝑛

𝑔𝑏,𝑗
is the lower bound of forward

green wave; if 𝑡𝑛
𝑔𝑒,ℎ−1

< 𝑂
𝑛
≤ 𝑡
𝑛

𝑔𝑏,ℎ
, it is not the lower bound.

Similarly, find the lower bound of forward green wave.

Step 4. If 𝑡𝑛
𝑔𝑏,𝑗

is neither the lower bound of the forward green
wave nor the reverse green wave, then 𝑡𝑛

𝑔𝑏,𝑗
is not the lower

bound; otherwise it is the lower bound of the green wave.

5. Early-Start Algorithm of Green Light for
Coordinated Phase

In the traffic-actuated green wave control, if the running time
of noncoordinated phase does not reach the initial design
time, the saved green time is assigned to the coordinated
phase for obtaining greater green wave bandwidth. Mean-
while, its start time of the green light in the coordinated

t
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Figure 5: The starting time of coordinated phase when 𝑡
𝑖

𝑔𝑒,𝑗
−

𝑡
𝑖

𝑚,𝑟𝑒,𝑗
≤ 𝑡
𝑖

max 𝑗,𝑛.

phase is moved up. However, the phase composition and
initial green time allocation of phases in intersections vary
with different traffic conditions. Adding the green time of
the unused noncoordinated phase to the coordinated may
cause such problems as the following: the green time of the
coordinated phase is greater than the maximum green time
and too early start of the green light in the coordinated phase
leads to traffic chaos.Therefore, this paper proposes an early-
start algorithm of green light in the coordinated phase, which
is given as follows [14, 15].

Step 1. Judge 𝑡𝑖
𝑔𝑒,𝑗

− 𝑡
𝑖

𝑚,𝑟𝑒,𝑗
> 𝑡
𝑖

max 𝑗,𝑛. If it is not true, then
replace the starting time by 𝑡𝑖

𝑚,𝑟𝑒,𝑗
, as illustrated in Figure 5;

otherwise, go to the next step.

Step 2. Judge 𝑡𝑖end,𝑗 − 𝑡
𝑖

𝑚,𝑟𝑒,𝑗
> 𝑡
𝑖

max 𝑗,𝑛. If it is true, then find
𝑡
𝑖,up
𝑚,𝑟𝑒,𝑗

and let 𝑡𝑖end,𝑗 − 𝑡
𝑖,up
𝑚,𝑟𝑒,𝑗

= 𝑡
𝑖

max 𝑗,𝑛, and replace the starting
time of the green light in the coordinated phase by 𝑡𝑖,up

𝑚,𝑟𝑒,𝑗
(as

shown in Figure 6); if 𝑡𝑖end,𝑗 − 𝑡
𝑖

𝑚,𝑟𝑒,𝑗
≤ 𝑡
𝑖

max 𝑗,𝑛, then go to the
next step.

Step 3. Set 𝑡𝑖
𝑜,𝑗
= 𝑡
𝑖

𝑔𝑏,𝑗
. If 𝑡𝑖
𝑜,𝑗

is the lower bound of green wave,
then find 𝑡𝑖,up

𝑚,𝑟𝑒,𝑗
and set 𝑡𝑖

𝑔𝑒,𝑗
−𝑡
𝑖,up
𝑚,𝑟𝑒,𝑗

= 𝑡
𝑖

max 𝑗,𝑛, and the starting
time of green light for coordinated phase becomes 𝑡𝑖,up

𝑚,𝑟𝑒,𝑗
, as

in Figure 7. Otherwise, find the direction of lower bounds
(forward green wave or reverse green wave), and then take
the forward. Afterwards, take the forward green wave as an
example; from 𝑡

𝑖

𝑜,𝑗
, set 𝑡𝑖
𝑜,𝑗

= 𝑡
𝑖

𝑜,𝑗
− 1, and judge whether 𝑂

𝑛
,

𝑛 = 1, 2, . . . , 𝑖−1, is in [𝑡𝑛
𝑔𝑏,ℎ

, 𝑡
𝑛

𝑔𝑒,ℎ
]. If 𝑡𝑛
𝑔𝑒,ℎ−1

< 𝑂
𝑛
≤ 𝑡
𝑛

𝑔𝑏,ℎ
, then

record the 𝑡𝑖
𝑜,𝑗

which can be regarded as the adjustable virtual
bound. Furthermore, compare 𝑡𝑖

𝑚,𝑟𝑒,𝑗
and 𝑡𝑖
𝑜,𝑗
. If 𝑡𝑖
𝑜,𝑗

< 𝑡
𝑖

𝑚,𝑟𝑒,𝑗
,

then the starting time of green light for coordinated phase
becomes 𝑡𝑖

𝑚,𝑟𝑒,𝑗
and the ending time becomes 𝑡𝑖

𝑚,𝑟𝑒,𝑗
+ 𝑡
𝑖

max 𝑗,𝑛;
if 𝑡𝑖
𝑜,𝑗
> 𝑡
𝑖

𝑚,𝑟𝑒,𝑗
, when 𝑡𝑖

𝑜,𝑗
+ 𝑡
𝑖

max 𝑗,𝑛 < 𝑡
𝑖

𝑔𝑒,𝑗
, the starting time of
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Figure 7: The case of starting time of coordinated phase is 𝑡𝑖,up
𝑚,𝑟𝑒,𝑗

.

green light for coordinated phase becomes 𝑡𝑖
𝑜,𝑗

and the ending
time becomes 𝑡𝑖

𝑜,𝑗
+𝑡
𝑖

max 𝑗,𝑛, and when 𝑡
𝑖

𝑜,𝑗
+𝑡
𝑖

max 𝑗,𝑛 ≥ 𝑡
𝑖

𝑔𝑒,𝑗
, then

the starting time is set equal to 𝑡𝑖
𝑔𝑒,𝑗

− 𝑡
𝑖

max 𝑗,𝑛 and the ending
time becomes 𝑡𝑖

𝑔𝑒,𝑗
, as shown in Figure 8.

6. Late-Start Algorithm of Green Light for
Coordinated Phase

Due to the randomness and variability of the traffic flow,
in terms of the noncoordinated phase in traffic-actuated
control, the initial allocation of green time may be lower
than the actuated green time. Therefore, it is necessary to
extend the green light time to meet the traffic demand in the
noncoordinated phase. When the sum of all the green times
for noncoordinated phase is larger than the sum of those at
the initial allocation time, the start time of green light in
coordinated phases will have to be postponed. Accordingly,
this paper proposes a late-start algorithm of green light in
coordinated phases for determining the maximum expand-
able capacity, coordinating the traffic capacity of phases after

t
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nated phases when 𝑡𝑖
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− 𝑡
𝑖

begin,𝑗 ≥ 𝑡
𝑖

min𝑔,𝑚.

green delay and assigning green time for coordinated phases
under the condition that arterials of green wave bandwidth
are satisfied.The algorithm is given in detail as follows [16, 17].

Step 1. Determine the initial maximum expandable capacity
of noncoordinated phases. With the above method of deter-
mining green wave bandwidth, find 𝑡𝑖begin,𝑗 and 𝑡

𝑖

end,𝑗 for each
intersection in each cycle. If 𝑡𝑖

𝑔𝑒,𝑗
− 𝑡
𝑖

begin,𝑗 ≥ 𝑡
𝑖

min𝑔,𝑚 (𝑚
denotes a particular coordinated phase), then the maximum
expandable capacity can be 𝑇𝑖

𝑗
= 𝑡
𝑖

begin,𝑗 − 𝑡
𝑖

𝑔𝑏,𝑗
, as shown

in Figure 9; otherwise, the maximum expandable capacity is
given by 𝑇𝑖

𝑗
= 𝑡
𝑖

𝑔𝑒,𝑗
− 𝑡
𝑖

min𝑔,𝑚, as demonstrated in Figure 10.

Step 2. Determine whether the green time should continue
to extend. If 𝑡𝑖

1,𝑔,𝑗
≥ 𝑡
𝑖

min𝑔,1 + Δ𝑡, then use the above
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𝑔𝑒,𝑗
− 𝑡
𝑖

begin,𝑗 < 𝑡
𝑖

min𝑔,𝑚.

method of green wave bandwidth to determine 𝑡𝑖begin,𝑗, 𝑡
𝑖

end,𝑗
and compute 𝑇𝑖

𝑗
. If 𝑇𝑖
𝑗
≥ Δ𝑡, then the maximum expandable

capacity is modified as 𝑇𝑖
𝑗
= 𝑇
𝑖

𝑗
− Δ𝑡; otherwise, continue to

determine to extend the green time by Δ𝑡 and modify the
maximum expandable capacities 𝑡𝑖begin,𝑗 and 𝑡

𝑖

end,𝑗 until it is
unnecessary to extend the green time, or𝑇𝑖

𝑗
< Δ𝑡, or the green

time in noncoordinated phase 1 exceeds 𝑡𝑖min𝑔,1.

Step 3. If there are no vehicles in the phase, switch to the next
noncoordinated phase in 𝑡𝑖min𝑔,1 and then go back to Step 1.
Set 𝑇𝑖
𝑗
= 𝑇
𝑖

𝑗
− (𝑡
𝑖

1,real𝑔,𝑗 − 𝑡
𝑖

1,𝑔,𝑗
), where 𝑡𝑖

1,real𝑔,𝑗 is the actual
green time for the former noncoordinated phase. If the all
noncoordinated phases are subsequently implemented, go to
Step 4.

Step 4. Implement the coordinated phase of green lights. If
𝑡
𝑖

end,𝑗 − 𝑡
𝑖,𝑓

end,𝑗 > 𝑡
𝑖

min𝑔,𝑛 (𝑡
𝑖,𝑓

end,𝑗 is the ending green time for the
noncoordinated phase), execute traffic-actuated control for
coordinated phase from time 𝑡𝑖end,𝑗; otherwise, execute from
time 𝑡𝑖,𝑓end,𝑗 + 𝑡

𝑖

min𝑔,𝑛. To ensure the green wave bandwidth in
the following period and the green time for noncoordinated
phase, the conditions are given by

𝑡
𝑖,𝑥

end,𝑗 < 𝑡
𝑖,𝑓

end,𝑗 + 𝑡
𝑖

𝑔,𝑗
,

𝑡
𝑖

𝑔𝑏,𝑗+1
− 𝑡
𝑖,𝑥

end,𝑗 ≤
𝑀

∑

𝑚=1

𝑡
𝑖

max𝑔,𝑚,

𝑡
𝑖

𝑔𝑏,𝑗+1
− 𝑡
𝑖,𝑥

end,𝑗 ≥
𝑀

∑

𝑚=1

𝑡
𝑖

min𝑔,𝑚,

(7)

where 𝑀 is the number of noncoordinated phases. If the
ending time for coordinated phase leads to a decrease in the
whole green time for the next noncoordinated one, then allo-
cate the whole decreased time to each noncoordinated phase

Table 1: The actual traffic signal timing of Guangshun North Street
in Wangjing North Road.

Program Phase
Cycle 1 2 3 4 Offset

Flat peak program 96 42 16 23 15 10
High peak program 140 59 24 38 19 10

Table 2: The actual traffic signal timing of Guangshun North Street
in Lize Middle Road.

Program Phase
Cycle 1 2 3 4 Offset

Flat peak program 96 40 14 24 18 25
High peak program 140 60 24 37 19 25

Table 3: The actual traffic signal timing of Guangshun North Street
in Heyin Middle Road.

Program Phase
Cycle 1 2 3 4 Offset

Flat peak program 96 66 30 0
High peak program 140 96 44 0

Table 4:The actual traffic signal timing of Guangshun North Street
in Hongtai West Road.

Program Phase
Cycle 1 2 3 4 Offset

Flat peak program 96 47 15 18 15 25
High peak program 140 70 17 27 26 25

and modify the initial green time 𝑡𝑖
𝑚,𝑔,𝑗

for noncoordinated
phase of the next cycle.

7. A Numerical Example

For eliminating the boundary conditions effect, we only
consider four intersections of the arterial in Wangjing
zone of Beijing Chaoyang District, which indeed includes
six intersections. Specifically, the four coordination-route
intersections are located in Guangshun North Street in
Wangjing North Road, Guangshun North Street in Lize
Middle Road, Guangshun North Street in Heyin Middle
Road, and Guangshun North Street in Hongtai West Road
respectively. These intersections and the corresponding dis-
tribution phase sequence are demonstrated in Figure 11. The
current existing traffic signal timings are as shown in Tables
1, 2, 3, and 4. The purpose of the example is to test the
effectiveness of the proposed algorithm by comparing with
the currently used traffic signal timing [18, 19].

Assuming vehicle speed is 40 km/h in flat peak period and
25 km/h in high peak period, the coordination effect along
the arterial from north to south is shown as in Table 5.
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Figure 11: Intersection spacing and distribution phase sequence.

Table 5: The actual timing bandwidths for 4 intersections.

Period Bandwidth
1-2 2-3 3-4 Public bandwidth

Flat peak program 28 17 35 17
High peak program 31 7 40 7

With VISSIM, we now establish a coordination-route
intersection model for simulation in the above four intersec-
tions with 20 cycles. The stochastic results are given in Tables
6, 7, 8, 9, and 10.

The comparison between the actual green wave band-
width and the simulated one is illustrated as in Figures 12(a)-
12(b). In Figures 12(a) and 12(b), 1-2 represents the bandwidth
between intersection 1 and intersection 2. Similarly, 2-3 and
3-4 represent the bandwidths between the corresponding
two intersections. 1-4 represents the public bandwidth of
the four intersections. Clearly, the green wave bandwidth of
each intersection in both flat peak and high peak has been
greatly improved. The public green wave bandwidths in two
periods along the arterial have increased by 7 seconds and
5 seconds, respectively. Therefore, our proposed method is
more effective than the original.

Average traffic flows in high peak period and in flat peak
period are given inTables 11 and 12, respectively.With original
program the corresponding average queuing vehicles are in
Tables 13 and 14, respectively.With the proposed program, the
corresponding average queuing vehicles are in Tables 15 and
16, respectively. Compared with the original program, with
the proposed program, the queuing length of coordinated
phase for each intersection decreases and approximately
equals zero.

8. Conclusion

Based on traffic-actuated control and green wave control,
this paper has proposed a coordinated control method for
variable cycle time green wave bandwidth optimization. In
the coordinated control, green split is optimized in real time
by themeasured presence of arriving and/or standing vehicles
in each intersection and simultaneously green waves along

Table 6: The simulation traffic signal timing of Guangshun North
Street in Wangjing North Road.

Program Phase
Cycle 1 2 3 4 Offset

Flat peak program 96 49 13 21 13 10
High peak program 140 72 23 30 15 10

Table 7: The simulation traffic signal timing of Guangshun North
Street in Lize Middle Road.

Program Phase
Cycle 1 2 3 4 Offset

Flat peak program 96 44 14 21 17 25
High peak program 140 70 20 32 18 25

Table 8: The simulation traffic signal timing of Guangshun North
Street in Heyin Middle Road.

Program Phase
Cycle 1 2 3 4 Offset

Flat peak program 96 71 25 0
High peak program 140 103 37 0

Table 9: The simulation traffic signal timing of Guangshun North
Street in Hongtai West Road.

Program Phase
Cycle 1 2 3 4 Offset

Flat peak program 96 53 13 18 12 25
High peak program 140 78 15 26 21 25

Table 10: The simulation using our proposed method for the 4
intersections.

Bandwidth period Intersection
1-2 2-3 3-4 Public bandwidth

Flat peak program 32 24 41 24
High peak program 41 12 48 12
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Figure 12: (a) Green wave bandwidth in flat peak period. (b) Green wave bandwidth in high peak period.

Table 11: Average traffic flow data in high peak period (unit: pcu/h).

Phase Intersection
1 2 3 4

PH1 1096 988 890 1187
PH2 332 289 262
PH3 476 408 483 367
PH4 190 168 192

Table 12: Average traffic flow data in flat peak period (unit: pcu/h).

Phase Intersection
1 2 3 4

PH1 774 702 679 810
PH2 260 224 242
PH3 352 316 337 281
PH4 156 129 166

Table 13: Average queuing vehicles in high peak period by original
program (unit: pcu).

Phase Intersection
1 2 3 4

PH1 9 5 0 7
PH2 0 0 2
PH3 4 0 0 0
PH4 0 3 1

arterials are guaranteed. Specifically, the dynamic bound of
green wave is firstly determined, and then green early-start
and green late-start algorithms are presented respectively to
accommodate the fluctuations in vehicle arrival rates in each
phase.

Table 14: Average queuing vehicles in flat peak period by original
program (unit: pcu).

Phase Intersection
1 2 3 4

PH1 6 3 0 6
PH2 2 0 1
PH3 3 4 0 0
PH4 0 1 2

Table 15: Average queuing vehicles in high peak period by present
program (unit: pcu).

Phase Intersection
1 2 3 4

PH1 4 1 0 3
PH2 1 1 2
PH3 2 0 0 1
PH4 0 1 0

Table 16: Average queuing vehicles in high peak period by present
program (unit: pcu).

Phase Intersection
1 2 3 4

PH1 3 2 0 4
PH2 0 1 0
PH3 0 0 0 1
PH4 1 0 0

Finally, we have used a real four-intersection arterial
in Wangjing zone of Beijing Chaoyang District to test
our proposed model. Comparing the original method and
our proposed method, we find that the proposed method
improves green time, expands green wave bandwidth, and
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reduces queuing, consequently leading to an increase in the
road network efficiency.
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To analyze the topological properties of hazardous materials road transportation network (HMRTN), this paper proposed two
different ways to construct the cyberspace of HMRTN and constructed their complex network models, respectively. One was the
physical network model of HMRTN based on the primal approach and the other was the service network model of HMRTN
based on neighboring nodes. The two complex network models were built by using the case of Dalian HMRTN. The physical
network model contained 154 nodes and 238 edges, and the statistical analysis results showed that (1) the cumulative node degree
of physical network was subjected to exponential distribution, showing the network properties of random network and that (2) the
HMRTN had small characteristic path length and large network clustering coefficient, which was a typical small-world network.
The service network model contained 569 nodes and 1318 edges, and the statistical analysis results showed that (1) the cumulative
node degree of service network was subjected to power-law distribution, showing the network properties of scale-free network and
that (2) the relationship between nodes strength and their descending order ordinal and the relationship between nodes strength
and cumulative nodes strength were both subjected to power-law distribution, also showing the network properties of scale-free
network.

1. Introduction

Complexity science is the kind of science of the 21st century.
Complex network has developed rapidly in the past few years
as an important part of the complexity science [1]. Its main
idea is to convert the various elements within the research
system into nodes of the network, and the relationship
between the elements into the edges to form a network in
order to describe the relationship among the various elements
within the research system. Exploring the essential properties
of the real system through the studies of the topological
properties of the network structure is an effective method to
research complexity science.

Mathematical theory basis of complex network theory
is graph theory. Euler’s study on “seven-bridge problem”
of Gurney Myers in 1736 was the beginning of the studies
into complex network theory. Since then people abstracted

a number of complex systems into networks to describe and
research from the perspective of the network topology, such
as the Internet network [2], the food chain network [3], neural
networks [4], and the citation network [5]. Milgram first
proposed small-world phenomenon of network in 1967 in
the analysis of network structure [6]. Based on this, Watts
and Strogatz proposed WS small-world network in the study
of small-world phenomenon generation process mechanisms
and presented the network generation algorithm for the first
time in 1998 [7]. Barabási and Albert found the scale-free
properties of real-world networks in 1999, which called BA
model, and presented the network generation algorithm [8].
The research results of Watts and Barabási et al. subverted
people’s awareness of the traditional network, causing many
scholars in the field of physics, economics, and computer
communications to focus on complex network [9–11].
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The normal operation of traffic and transportation sys-
tem is an important prerequisite for the steady and rapid
development of the national economic, and the complex
network theory has attracted wide attention of scholars in
transportation field. In current studies, scholars research the
topological properties of the transportation network mainly
by means of graph theory and network topology theory and
so on. Transportation network has growth and irregularity;
therefore, these theories can describe networks of simple
structure well, but not competent for complex transportation
network. The research results of application of complex
network theory to the transportation network topological
properties are mainly concentrated on the railway network
[12–14], airport network [15–20], and urban traffic network
[10, 21].

In the studies on topological properties of railway net-
work, Sen et al. [12] studied the Indian railway network in
the P space, which showed that it had a shorter average
path length and large clustering coefficient, presenting small-
world network properties. Li and Cai [13] researched China
railway passenger transportation network, and the results
showed that the physical railway network had the tree struc-
ture and the traffic flow network was a typical small-world
network. Kurant and Thiran [14] made an empirical study
on the three kinds of space forms P, R, and L of European
and Swiss railway networks and analyzed the similarities and
differences among the railway network topological properties
of different space forms.

In the studies on topological properties of airport net-
work, Guimerà et al. [15, 16] researched global airport
networks, and results showed that the airline network was
a small-world network, with average shortest path length of
4.4 and the network average clustering coefficient of 0.62.
Chi et al. [17] constructed a directed and weighted airport
network of USA, with similar research results to Guimerà et
al, that is, American airport network also presenting small-
world properties, with average shortest path length of 2.4
and the network average clustering coefficient of 0.618. Other
scholars have conducted similar studies, such as Bagler [18]
on India airport network, Guida and Maria [19] on Italy
airport network, and Li and Cai [20] on Chinese airport
network. Their results showed that the airport network was
small-world network, and the network average clustering
coefficient was similar. The only difference was that the
average shortest path length of global airport network was
greater than that of each national airport networks.

In the studies on topological properties of urban traffic
network, Latora and Marchiori [10] researched the complex
network properties of the Boston subway network by con-
structing an undirected and weighted subway network, and
results showed that the Boston subway network presented
small-world properties. Jiang and Claramunt [21] researched
urban road network, and results showed that it presented
small-world network properties.

In general, the studies on complex network are mainly
focused on the following areas: (1) to simulate the geometrical
statistics (such as the number of nodes, the number of
edges, the network average node degree) of real world by
using generation algorithm of random network, scale-free

network, and small-world network [7, 8]; (2) to research
dynamic problems of network topology structure [22]; (3) to
observe the change of its properties after the implementation
of different operation on the network, that is, to research
network survivability at different attack strategies [23]. Stud-
ies of applying complex network theory to researching the
transportation network can be divided roughly into two
categories: (1) to research the topological properties of the
transportation network, which mostly concentrated on the
railway network [12–14], airport network [15–20], urban rail
transit network [10], and urban road network [21]; (2) to study
how to improve the reliability and survivability of the network
under a deliberate or random attack, optimizing network
structure when the topological properties of the network are
known [24].

Compared with the common freight transportation, haz-
ardousmaterials transportation objects are flammable, explo-
sive, corrosive, and radioactive such as gasoline, explosive,
strong acid, and peroxide. So once an accident happens
during the transport process, it will cause serious damage to
the environment, the surrounding residents, and the normal
operation of economic activity. At present, China railway,
airport, and shipping are not perfect in hazardous materials
transportation infrastructure and management mechanism,
so road transportation is themainway of the hazardousmate-
rials transportation. According to statistics, road transports
cover about 80% of our hazardous materials [25]. In 2009,
China’s annual hazardousmaterials transport volume is more
than 4 million tons, and in the first half of 2013, the total
increase in main chemicals is about 6.3%, and more than
95% of the hazardousmaterials relate to offsite transportation
problem [25], so hazardous materials transportation in our
country presents properties of having a large volume, a high
growth rate, a single mode of transportation, a low safety
management level, and so on. Due to the increasing transport
volume of hazardous materials, both road mileage and den-
sity of road network of hazardous materials transportation
network increase significantly, and also the integration and
the complexity of the network are more obvious.

Compared to other transportation networks, hazardous
materials road transportation network (HMRTN) is a special
kind of transit network, whichmainly reflected on the follow-
ing points. (1) Different network planning concept: for com-
mon freight transport, the general intention of road network
planning is mainly reducing running costs or shortening the
distance between two places. Because of the particularity of
hazardous materials, transportation risk must be minimized.
So the basic principle of HMRTN planning is to minimize
risk, which also leads to differences between that and the
other road transportation network. (2) Different network
system composing elements: edges and nodes of HMRTN
should be far away from area of high network density,
such as population, schools, water, bridges, and government
agencies, which leads to its network structure different from
other transportation network. (3) Different network scale:
edges and nodes of HMRTN are composed of the city’s main
roads and intersections, which is a part of urban road network
but different from it. Considering the several factors above,
HMRTN must present different topological properties from
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the other transportation network.When hazardous materials
transportation vehicles encounter random attacks (such as
traffic accidents) or deliberate attacks (like terrorist attacks)
in the transport process, transportation network functionwill
be impaired. In particular, when the accident locates at the
network node or edge which is the most “fragile,” it may
paralyze the network. Therefore, applying complex network
theory to researching topological properties of HMRTN
helps to improve the understanding of the properties of
network and reduce the damage of the unknown risks to
network function.

Based on the above analysis, this paper researches the
topological properties of HMRTN. On the basis of con-
structing hazardous materials road transportation physical
network and service network structuremodels, and analyzing
the interaction between them, this paper constructs the phys-
ical networkmodel ofHMRTNbased on the primal approach
and the service network model of HMRTN based on the
neighboring nodes by applying complex network theory and
puts forward the research process of network topological
properties. The method is applied to the Dalian HMRTN.
This paper researches the complex network properties of
HMRTN through the statistical average shortest path length,
the network diameter, average network clustering coefficient,
node degree, strength, the strength parameters, and so on and
provides scientific basis for the planning and optimization of
HMRTN.

2. Methodology of Researching Topological
Properties of HMRTN

In order to get the network topological properties, the
following questions need to be focused on for the research
method of hazardous materials road transportation network
properties. (1) What is HMRTN? (2) What factors could
be used to judge the topological properties of a network?
(3) How to judge the type of a complex network? (4) How
to construct a HMRTN based on complex network theory?
(5) What is the research process of network topological
properties? In view of the above questions, the mainmethods
of this paper are explained through the following aspects.

2.1.The StructureModel of HMRTN. HMRTN system is com-
posed of nodes of different nature, the road network of
connection among the nodes, and the OD pairs’ information
with distribution tasks.Therefore, HMRTN includes physical
network and service network, and it has the double attributes.
Based on this, this paper constructs its network models,
respectively.

(1) Physical Network Space. The network 𝐺 = (𝑉, 𝐸) in
urban road network represents hazardous materials road
transportation physical network.𝑉 is a node set of network𝐺
that represents the places of actualmeaning like intersections,
and so forth. If |𝑉| = 𝑚

𝑎
, say network 𝐺 has 𝑚

𝑎
nodes,

𝑉 = {V
1
, V
2
, V
3
, . . . , V

𝑚𝑎
}; 𝐸 is the edge set of network 𝐺,

which represents the connection path between two nodes,
including expressway, national highway, and the urban road.

Physical network node 

Distribution and demand
Physical network edge Service network edge

Service network

Service network node

Physical network

Mapping relationship 
center of HMRTN between networks 

Figure 1: The spatial view of physical network/service network of
HMRTN.

If |𝐸| = 𝑛
𝑎
, representing 𝑛

𝑎
edges in network 𝐺, 𝐸 =

{𝑒
1
, 𝑒
2
, 𝑒
3
, . . . , 𝑒

𝑛𝑎
}; 𝑊 are the edge weights of network 𝐺,

which represents a set of path lengths between any two nodes;
that is, 𝑊 = {𝑤

1
, 𝑤
2
, 𝑤
3
, . . . , 𝑤

𝑛𝑎
}. Therefore, the physical

network constructed in this paper is an undirected, weighted,
and connected network.

(2) Service Network Space. In hazardous materials road
transportation physical network 𝐺 = (𝑉, 𝐸), where 𝑠

𝑖,𝑗
is

the minimum risk path between any two nodes V
𝑖
and V

𝑗
,

hazardous materials road transportation vehicles complete
the distribution task along the minimum risk path. In the
distribution process, transportation vehicles passing distribu-
tion center, demand center, and distribution route compose
another huge service network 𝐺 = (𝑉


, 𝐸

), where 𝑉 is the

places of actual meaning like hazardous materials distribu-
tion center, demand center, and so forth. If |𝑉| = 𝑚

𝑏
, which

represents𝑚
𝑏
nodes in network 𝐺, 𝑉 = {V

1
, V
2
, V
3
, . . . , V

𝑚𝑏
}.

𝐸
 is the network edge set formed by distribution route

passing two neighboring nodes. Because the distribution is
divided into upstream and downstream, the edges in network
𝐺
 are directed edges. If | ⃗𝐸| = 𝑛

𝑏
, which represents 𝑛

𝑏
edges

in network 𝐺, ⃗𝐸

= {𝑒
1,2
, 𝑒
2,1
, 𝑒
3,4
, . . . , 𝑒

𝑖,𝑗
}, 𝑖, 𝑗 ∈ 𝑚

𝑏
, 𝑖 ̸= 𝑗.

Therefore, the service network in this paper is a directed,
weighted, and connected network.

HMRTN model and spatial interaction are shown in
Figure 1.

2.2. Methodology of Establishing the Complex Network Model
of HMRTN. Based on the above analysis, the physical
network and service network of hazardous materials road
transportation complex network models are constructed as
follows.

2.2.1.The Physical NetworkModel of HMRTNBased on Primal
Approach. To ensure abstract network reflecting the spatial
relationship between the network topological properties and
road intersection utmost well, in this paper, a hazardous
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materials road transportation physical network model based
on the primal approach is constructed. The primal approach
refers to the road path abstracted to network edges and
the intersections to network nodes [26]. And the following
basic definitions and assumptions are made to the network
topology.

(1) Do not consider the properties and ranking differ-
ences of HMRTN edges and nodes.

(2) Do not consider the direction of the road, where the
HMRTN is an undirected graph.

(3) Regard the intersections as network nodes and the
paths between neighboring nodes as network edges.

(4) Regard the distance between two nodes as the net-
work edge weight.

According to the above analysis, hazardous materials
road transportation complex network model based on the
primal approach has the following properties: (1) network
model comes from the real world, so the network structure
is subjected to real network. (2) Nodes in network model
have clear spatial location and coordinate. (3) The number
of edges that network nodes can connect is influenced by
road condition and the surrounding environment, which
influences the distribution of node degrees.

2.2.2. The Service Network Model of HMRTN Based on Neigh-
boring Nodes. Service network is a complex network con-
sisting of a large number of OD pairs intersecting with each
other, which reflects the relationships among different nodes
and properties of HMRTN well. In this paper, a hazardous
materials complex network model based on the neighboring
nodes is constructed, and the following basic definitions and
assumptions are made to the network topology.

(1) Regard the places of actual meaning like hazardous
materials distribution center, demand center, and
so forth as network nodes and distribution routes
between neighboring nodes as the network edges.

(2) Regard the number of transportation vehicles passing
the edge as network edge weight.

(3) Vehicle distribution go-return routes affect the net-
work edge weight. For example, for a path from
the distribution center to the demand center passing
neighboring nodes V

𝑚
and V
𝑛
, there is an edge V

𝑚
→

V
𝑛
between them; in the same way, when returning

from the demand center to the distribution center,
there is another edge V

𝑛
→ V
𝑚
passing neighboring

nodes V
𝑚
and V
𝑛
.

(4) Do not consider the distribution volume of trans-
portation vehicles, that is, no great difference in
transport capacity of the transportation routes, and
neighboring nodes have the same network edge
weights.

(5) The tour-route distribution mode is used between
the distribution center and demand center, and
distribution center fully meets the demand of the
transportation needs of demand center.

The properties of hazardous materials complex network
model based on the neighboring nodes are as follows: (1)
network nodes are a part of the physical network; they
have accurate geographical location and spatial information;
(2) network structure is subjected to physical network; (3)
network node degree is the characterization of the service
network, and the change of distribution task will directly
affect the network degree distribution; (4) risk value, cost,
and time need to be considered when choosing network
distribution route, which has a direct influence on its complex
network properties.

2.3. Methodology. Basic information for the study of
HMRTN topological properties is network planning
map and land-use map, but it cannot be directly used in
calculation and analysis. Therefore, further calculation and
processing are needed, and the specific steps are as follows.

Step 1. Complete the data processing using Arc-GIS software
according to the city planningmap and land-usemap, and get
the structure model of HMRTN.

Step 2. Construct topological structure of distribution net-
work based on transportation network structure model
according to hazardous materials distribution route data.

Step 3. Find the network topological adjacency matrix
according to the distribution network topology data using
the construction method of hazardous materials complex
network model based on neighboring nodes.

Step 4. Calculate the network average node degree, average
clustering coefficient, and degree distribution using topolog-
ical adjacency matrix in the Matlab R2008a.

Step 5. Judge the complex network type and analyze the
network topological properties.

3. The Eigenvalues Calculation and
Topological Properties Analysis of
Complex Network of Hazardous Materials
Road Transportation

3.1. The Physical Network of HMRTN

3.1.1. The Basic Data of Physical Network of Dalian HMRTN.
The Dalian network planning data in December 2013 is
used in this paper, which contains 154 intersections and 238
paths. According to the construction method of hazardous
materials road transportation physical network model based
on the primal approach, Dalian hazardous materials road
transportation physical complex network model is finally
obtained by using Arc-GIS 10.0 to complete the process of
spatial data, which is shown in Figure 2.

3.1.2. The Eigenvalues Calculation. Combined with Dalian
hazardous materials road transportation physical complex
network model, based on obtaining the network topological
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Table 1: Parameters of Dalian HMRTN.

Network eigenvalues 𝑚
𝑎

𝑛
𝑎

⟨𝑘⟩ 𝐿 (km) 𝑇 (km) 𝐶 𝐿
𝑅
(km) 𝐶

𝑅

Calculation results 154 238 3.0909 64.4485 193.3871 0.1714 4.1871 0.0216
𝑚𝑎 is the number of hazardous materials road transportation physical network’s node, 𝑛𝑎 is the number of hazardous materials road transportation physical
network’s edge, ⟨𝑘⟩ is the average node degree of anetwork, 𝐿 is the network characteristic path length, 𝑇 is the network diameter, 𝐶 is the network average
clustering coefficient, 𝐿𝑅 is the characteristic path length of random network, and 𝐶𝑅 is network average clustering coefficient of random network.

Figure 2: Physical network model of Dalian HMRTN based on
primal approach.

adjacencymatrix and distance adjacencymatrix, the network
eigenvalues such as the number of nodes, the number of
edges, the network average node degree, characteristic path
length, and network average clustering coefficient values, as
well as the random network characteristic path length and
network average clustering coefficient of the same scale, are
calculated; the results are shown in Table 1.

The results in Table 1 show the following.

(1) There are 154 nodes and 238 edges inDalianHMRTN,
and the network average node degree is about 3.0909,
between 3∼4, which indicates that each intersection
in the physical network is connected directly with
an average of 3 paths. The average distance between
any two nodes is 64.4485 km, and the largest shortest
distance between two nodes is 193.3871 km.

(2) The physical network has a larger network average
clustering coefficient, but it is much smaller than that
of the urban road network [23].

(3) The characteristic path length 𝐿 and network aver-
age clustering coefficient 𝐶 of physical network are
greater than those of random network of the same
scale, which is consistent with the requirements 𝐿 ≥

𝐿
𝑅
and 𝐶 ≫ 𝐶

𝑅
[27]. Therefore, hazardous materi-

als road transportation physical network topological
structure presents small-world properties.

3.1.3. The Topological Properties Analysis

(1) The Nodes Degree Distribution. Analyzing the network
node degree distribution is helpful for understanding spatial
distribution of network nodes and the access rules of new

Table 2: The nodes degree statistics of physical network of Dalian
HMRTN.

Node degree 1 2 3 4 5
Node 16 2 90 44 2
Ratio/% 10.39 1.30 58.44 28.57 1.30

nodes. Through the statistics of Dalian hazardous materials
road transportation physical network model, the statistical
results of network node degree are shown in Table 2. By
calculating the network node degree and node degree cumu-
lative distribution probability, and usingMatlabCurve Fitting
toolbox for data fitting, the diagram is shown in Figure 3.

In Table 2, nodes with node degree value below 3
in Dalian road transportation physical complex network
account for 70.13% in the network, and nodes with node
degree value above 5 only account for 1.30% in the network,
which indicates that the network node degree distribution
is not uniform, and the majority node degrees are generally
small. The minimum value of node degree is 1, which is
induced by some nodes in the boundary of network. The
maximum value of node degree is 5, which shows that inter-
sections connect with up to 5 paths in hazardous materials
transportation network nodes.

In Figure 3, the network cumulative node degree distribu-
tion probability is subjected to exponential distribution, and
the imitative effect is good.Known from [27], the connections
among a newnode and existing nodes in physical network are
random, and network topological structure presents random
network properties. This shows that the physical network is
a tree network, and it is very easy to form isolated subgraphs
after attack. And the low percolation point of tree network
also means that the connectivity of physical network could
be easily destroyed after attack.

(2)TheNetwork Clustering Coefficient and Characteristic Path
Length. The network average clustering coefficient and the
characteristic path length are important indexes of network
topological properties. In this paper, network topological
structure properties of HMRTN are researched by observing
the relationship among network characteristic path length,
network average clustering coefficient, and network growth.
The statistical results are shown in Figures 4 and 5.

In Figure 4, the linear fitting between network character-
istic path lengths and the logarithm of nodes is good, and the
fitting curve presents positive relationship, which shows that
hazardous materials road transportation physical network
presents property of small path length in the growth process.

In Figure 5, the ratio increases with the network node
number increasing, and the fitting effect is very good.
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Figure 6: Service network model of Dalian HMRTN based on
neighboring nodes.

It shows that the larger the scale of hazardous materials road
transportation physical network is, the more obvious highly
clustering properties of network topology are.

From the above results, Dalian hazardous materials road
transportation physical network has small characteristic path
length and large clustering coefficient, and it is a typical small-
world network. Small characteristic path length shows that
the amount of information the physical network contains is
not complex although its scale may be large, which makes
it possible for people’s cognition of physical network space.
Large clustering coefficient shows that the physical network
has good connectivity.

3.2. The Service Network of HMRTN

3.2.1. The Basic Data of Service Network of Dalian HMRTN.
In all the impact factors of the planning for hazardous mate-
rials road transportation distribution route, safety is the most
important one, which is distribution route of minimum risk.
Therefore, hazardous materials road transportation service
network route is subjected to not only physical network but
also the network risk.

Matching with the operation data of Dalian hazardous
materials road transportation physical network, Dalian haz-
ardous materials distribution data in December 2013 is used
in this paper. The distribution network includes 1318 paths
and 569 network nodes. According to the construction
method of hazardous materials road transportation service
network model based on the neighboring nodes, Dalian
hazardous materials road transportation service complex
network model is finally obtained by using Arc-GIS 10.0,
which is shown in Figure 6.

3.2.2. The Eigenvalues Calculation and Topological Properties
Analysis. Known from Section 2.2.2, the service network
constructed in this paper is a directed network, so the node
degree is divided into out degree and in degree. Due to
the fact that the round-trip routes of hazardous materials
transportation vehicles are generally the same, there are no
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Table 3: The node degree statistics of service network of Dalian HMRTN.

Node degree 1 2 3 4 5 6 7 8 9 10 11 12
Node 180 175 70 30 11 6 6 5 13 3 5 3
Ratio/% 31.63 30.76 12.30 5.27 1.93 1.05 1.05 0.88 2.28 0.53 0.88 0.53
Node degree 13 14 15 16 17 18 19 20 21 22 23 24
Node 2 4 5 3 8 3 5 6 4 2 3 3
Ratio/% 0.35 0.70 0.88 0.53 1.41 0.53 0.88 1.05 0.70 0.35 0.53 0.53
Node degree 25 26 27 28 34 35 38 40 44 45 46 47
Node 2 2 1 1 1 1 1 1 1 1 1 1
Ratio/% 0.35 0.35 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18

obvious differences between network node out degree and
in degree in the service network. Based on this, network out
degree will be regarded as the research object in this paper.

(1) The Node Degree and Node Degree Distribution. For
hazardous materials road transportation service network
based on the neighboring nodes, the node degree 𝐷(V

𝑖
)

of any node V
𝑖
represents the number of such nodes as

distribution center, demand center, and so forth that are
directly connected with V

𝑖
.Therefore, it does not include edge

weight. The bigger 𝐷(V
𝑖
) is, the stronger the connectivity of

this node is. And in practice, this nodemay be demand center
or secondary distributor in great demand of category and
quantity.Through the statistics of Dalian hazardousmaterials
road transportation service network model, the statistical
results of network node degree are shown in Table 3, and
by using Matlab Curve Fitting toolbox for data fitting, the
network node degree and degree distribution probability
diagram are shown in Figure 7.

From the statistical results in Table 3, the maximum node
degree of Dalian hazardous materials road transportation
service complex network is 47, and the average is about 4.63,
which shows that one node connects with an average of
5 nodes in the distribution process. The nodes with node
degrees below 3 account for 74.69% in the network, and the
nodes with node degrees above 30 account for only 1.41% in
the total number of nodes, presenting uniform distribution.

In Figure 7, the node degree distribution 𝑝(𝐷) decreases
with the change of node degree 𝐷 in power-law exponential
forms, 𝑝(𝐷) ∝ 𝐷

−𝛽, and 𝛽 ≈ 1.156. Known from [27],
hazardous materials road transportation service network
based on the neighboring nodes is subjected to power-
law distribution, representing the properties of scale-free
network.

For further study on complex network properties of
the network nodes, the node degree and its cumulative
distribution are dealt with by double logarithmic processing,
and the fitting results are shown in Figure 8.

Through double logarithmic processing of node degree
and its cumulative distribution probability and linear regres-
sion fitting of the results, the equation can be obtained as
log(𝑝(𝐷)) = −1.481 log(𝐷)+5.651, where the coefficient𝑅2 =
0.8639. The statistical results show that hazardous materials
road transportation service network is subjected to power-
law distribution.
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Figure 7: The relationship between nodes degree and node degree
distribution of service network of Dalian HMRTN.

According to the above analysis, in hazardous materials
road transportation service network based on the neigh-
boring nodes, the relationship between node degree and
degree distribution, and the double logarithmic relationship
between node degree and cumulative node degree distribu-
tion probability are both subjected to power-law distribution
and present scale-free network properties.

(2) The Node Strength. Analysis on network node strength
distribution can help to understand not only the connected
relationship among network nodes but also the network
traffic density and the connectivity among network nodes.
Service network is a network of weighted edges, and the
weight represents the efficiency of paths between neighboring
nodes. Referring to [28], hazardous materials road trans-
portation service network node strength can be defined as
follows in this paper:

𝐷

(V
𝑖
) = ∑

V𝑗∈𝑉V𝑖

𝑤V𝑖V𝑗 , (1)

where 𝐷(V
𝑖
) is the node strength of node V

𝑖
, V
𝑗
∈ 𝑉


V𝑖 is node
V
𝑗
directly connected with node V

𝑖
, and 𝑤V𝑖V𝑗 = 0 or 1, where
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Table 4: The node strength statistics of service network of Dalian HMRTN.

Node strength 1 2 3 4 5 ⋅ ⋅ ⋅ 16 17 18 19 20
Node 50 18 16 11 9 ⋅ ⋅ ⋅ 6 4 3 2 6
Ratio/% 12.92 4.65 4.13 2.84 2.33 ⋅ ⋅ ⋅ 1.55 1.03 0.78 0.52 1.55
Node strength 68 69 70 71 72 ⋅ ⋅ ⋅ 155 194 195 223 289
Node 6 4 1 2 2 ⋅ ⋅ ⋅ 1 1 1 1 1
Ratio/% 1.55 1.03 0.26 0.52 0.52 ⋅ ⋅ ⋅ 0.26 0.26 0.26 0.26 0.26
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Figure 8: The relationship between nodes degree and cumulative
node degree.

an edge exists between nodes V
𝑖
→ V

𝑗
, 𝑤V𝑖V𝑗 = 1, and

otherwise 𝑤V𝑖V𝑗 = 0.
According to (1), the network node strength distribution

can be defined as follows:

∏(𝐷

(V
𝑖
)) =

𝐷

(V
𝑖
)

𝑁

, (2)

where ∏(V
𝑖
) is the distribution probability of node strength

equal to𝐷(V
𝑖
) and𝑁 is the sum of network node strengths.

Through the statistics of Dalian hazardous materials road
transportation service network, the statistical results of the
network node strengths are shown in Table 4.

Through the analysis of the data in Table 4, the average
node strength ⟨𝐷⟩ of the service network is 29.53, and the
maximum node strength is 289. This shows that about 30
distribution routes go through each node. With an average of
1 node connectedwith 5 nodes; therefore, the average strength
of two neighboring nodes is 6, which shows that an average
of 6 distribution routes go through two neighboring nodes.

In Table 4, the top 20% nodes contribute 52.20% of
accumulative node strength and the top 10% of cumulative
node strength has reached 38.50% in the 569 nodes of Dalian
hazardous materials road transportation service network.
This shows that the normal operation of the whole service
network is maintained by only a few nodes. Otherwise, the
cumulative node strength of nodes with node strength below
5 is up to 26.87%, which indicates that most of the nodes
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Figure 9: The relationship between nodes strength and nodes
strength distribution of service network of Dalian HMRTN.

in the service network are normal nodes. The distribution
task through these nodes is relatively small, but their presence
increases the coverage and density of the service network.

(3) The Node Strength Distribution. In order to research
the complex network properties of the of network node
strength, the statistics of Dalian hazardous materials road
transportation service network node strengths are carried
out in this paper, and the nodes strength and their strength
distribution probability are shown in Figure 9.

In Figure 9, the node strength distribution 𝑝(𝐷

)

decreases with the change of node strength 𝐷 in power-law
exponential forms, 𝑝(𝐷) ∝ 𝐷

−𝛽, and 𝛽 ≈ 0.7751. Known
from [27], hazardous materials road transportation service
network is generally subjected to power-law distributions
and represents the properties of scale-free network.

For further study on internal dynamics properties of the
network nodes, the relationship between service network
node strength with intensity sequence number and cumu-
lative node strength will be examined. Figure 10 shows the
nodes strength changing with its descending order ordinal,
and Figure 11 shows the node strength changing with the
cumulative node strength increasing.

In Figure 10, the node strength and its descending
order ordinal are dealt with by double logarithmic
processing. Using Matlab Curve Fitting toolbox for
linear regression fitting, the equation can be obtained as
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log(𝐷) = −0.9026 log(𝑄) + 6.9 and the coefficient as
𝑅
2
= 0.6506. The above statistical results show that the node

strength and its descending order ordinal are subjected to
power-law distribution on the whole.

In Figure 11, the nodes strength and cumulative nodes
strength are dealt with by double logarithmic processing.
Using Matlab Curve Fitting toolbox for linear regression
fitting, the equation can be obtained as 𝐿(log(𝐷)) =

−1.061 log(𝐷) + 6.694 and the coefficient as 𝑅2 = 0.7536.
The above statistical results show that the nodes strength and
cumulative nodes strength are also subjected to power-law
distribution on the whole.

According to the above analysis, in the hazardous materi-
als road transportation service network based onneighboring
nodes, node strength and its distribution probability, node

strength and its descending order ordinal, and node strength
and cumulative node strength distribution probability are all
subjected to power-law distribution and represent properties
of scale-free network. It presents that the production, circu-
lation, and distribution of hazardous materials are completed
by only a few nodes in the service network, which reflects
the internal dynamic properties and essence of the service
network.

4. Conclusions

To research the topological properties of HMRTN, this paper
proposes two different ways to construct the cyberspace of
HMRTN and constructs its complex networkmodels, respec-
tively. The Dalian HMRTN is regarded as a researching case.
Using the complex network theory and statistical analysis, the
main conclusions are as follows.

(1) By analyzing hazardousmaterials road transportation
physical network, its node degree distribution in
Dalian is very uneven.The cumulative node degree of
physical network is subjected to exponential distribu-
tion, showing the network properties of random net-
work; network characteristic path length and cluster-
ing coefficient change with the network scale, show-
ing small-world network properties. These results
reflect the complexity and the internal dynamic
properties of hazardousmaterials road transportation
physical network.

(2) The random network properties of physical network
show that each node of physical connection in Dalian
is random connection. It could be considered that,
in HMRTN planning, urban long and wide main
roads are typically preferred, and they should be away
from populated areas with high road network density,
which also leads to low connectivity between physical
network nodes. Therefore, we must strengthen the
construction of hazardous materials road transporta-
tion infrastructure and improve the network average
node degree to ensure the connection and reliability
of hazardous materials road transportation.

(3) The network average clustering coefficient represents
the structure properties of the physical network to
some extent; the greater its numerical value is, the
better the connectivity of the network would be.
Although the physical network presents small-world
properties, the network average clustering coefficient
is much smaller compared to other transportation
networks.When the network paralysis occurs in some
key nodes and edges, it would be very easy to make
the nodes isolated. Therefore, improving the network
average clustering coefficient of a physical network is
an effectiveway to optimize the topological properties
of hazardous materials road transportation physical
network.
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(4) By analyzing hazardousmaterials road transportation
service network, its node degree and node strength
distribution in Dalian are very uneven. The rela-
tionship between node degree and cumulative node
degree of service network is subjected to power-law
distribution, showing the network properties of scale-
free network.The relationship among nodes strength,
its descending order ordinal, and cumulative nodes
strength are all subjected to power-law distribution,
showing the network properties of scale-free network.
These results reflect the complexity and the inter-
nal dynamic properties of hazardous materials road
transportation service network. The results can also
be used as an example of scale-free network growth
model.

(5) The scale-free network properties presented by ser-
vice network node strength show that hazardous
materials in the whole process from production to
consumption are always completed by only a few
companies. And those companies’ transport once
blocked will cause the paralysis to the whole ser-
vice network transportation efficiency. Therefore, we
should try our best to reduce the pressure of the key
companies, which can enhance the survivability of the
whole network under the unexpected events.

(6) Service network node degree mainly emphasizes the
connectivity between network nodes, while node
strength presents distribution load. Therefore, there
is difference between service network node degree
and node strength ranking, and this difference reflects
the contradiction between the planned network and
distribution pressure. So service network node degree
and node strength can be used as reference to the
optimization of distribution.

This paper is only a preliminary study on hazardous
materials road transportation complex network topological
properties. HMRTN is a typical open complex network with
road system and distribution system, which are mutually
influenced and interdependent, and it is a super network
including physical network and service network. Therefore,
the coupling relationship between physical network and
service network of hazardous material road transportation
and network planning optimization will be the work of next
step.
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Public bicycle acts as a seamless feeder mode in combination with the citywide public transit, as well as a competitor for the inner-
city short trips. The primary objective of this study is to address the layout planning of public bicycle system within the attracted
scope of ametro station. Based on the land use function, population, and bicycle mode share, bicycle rental stations are divided into
three types, namely, the metro station, district station, and resident station, and later the quantity of bicycle facilities in each rental
station is estimated. Then, the service stations are selected from these bicycle rental stations to provide the service of periodical
bicycle redistribution. An improved immune algorithm is proposed to determine the number and locations of service stations and
the optimal route options for the implement of redistributing strategy. Finally, a case study of Nanjing Tianyin Road metro station
is conducted to illustrate the proposed model and clarify some of its implementation details.

1. Introduction

Public bicycle system, also known as bicycle sharing system,
has been introduced as both a competitor for one-way trips
and a seamless feeder service to public transit. In the past
decades, there has been a measureable increase in public
bicycle use (shown in Figure 1) for both commuting and
recreational trips in Europe [1–3], North America [4–8],
and Asia [9, 10]. At present there are an estimated 375
programs in approximately 165 cities worldwide with more
than 237,000 bicycles in May 2011 [11]. Since public bicycle
system was first launched in The Netherlands in 1965, its
evolution has been categorized into four key generations [12].
The first generation is called white bicycle plan. Bicycles
were unlocked and located haphazardly throughout the city.
They could be picked up and off anywhere in the city,
and their use was free of charge. The main disadvantage
of first-generation system is the serious result of bicycle
theft and vandalism. Second generation, the coin-deposit
system, made some improvement based on the problems
encountered in the first-generation program.The system was

characterized by bicycles with locks and specific docking
stations where bicycles were borrowed and returned. In a
third generation of public bicycle system (the so-called IT-
based system), advanced technology (e.g., magnetic-stripe
cards, smartcards, or mobile phones) was introduced for
check-in and check-out in docking stations. Information
technology could improve system service and hinder bike
theft. In this system, bicycles were in free use for a certain
period of time (usually half an hour or an hour) and then
were charged for the extra time to encourage short trips.
The fourth generation is a demand-responsive, multimodal
system, which is built on the technology of the third-
generation system by implementing enhanced features. The
most innovative feature is bicycle redistribution which can
facilitate system rebalancing. Based upon real-time demand,
bicycles are moved from one station to another to ensure that
bicycles and empty racks are always available for users pick-
up and drop-off at any station.

The history of public bicycle in China is relatively short.
The largest andmost famous public bicycle program in China
is in Hangzhou. As of March 2011, Hangzhou public bicycle
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Figure 1: Typical public bicycle use and docking facility.

operated 60,600 bicycles with 2,416 stations [13]. Despite
its limited experience, China is one of the fastest growing
markets for public bicycle today. At present, more than
sixty cities in China are developed or are developing public
bicycle system [14]. Currently, public bicycle service provided
in these cities is classified as the third-generation IT-based
system, because it uses distinct bicycles with locks, docking
stations, and smart cards for bicycle check-in and check-out.
As a complement to existing public transit, the success of
public bicycle system heavily depends on the locations of
bicycle rental stations. In China, bicycle rental stations are
usually constructed under the attractive scope of citywide
transportation stations (e.g., metro, BRT, or light rail transit;
the object of this study only refers to metro stations). Besides,
in the vicinity of a metro station, there are usually many
residential neighborhoods. They are the origins of current
and potential public bicycle users. If bicycle rental stations are
located in the entrance of each residential neighborhood, it is
highly likely to generate an increase in the number of public
bicycle users. However, few relative studies in the literature
focus on the layout planning of public bicycle rental stations
within the attracted scope of a specific public transit station.

In the future, the public bicycle system will evolve into
the demand-responsive, multimodal system. At present, only
some public bicycle systems are included in the category of
the fourth generation, such as Montreal, Canada [15], and
current research on the existing fourth-generation system
is limited. For instance, an online survey was conducted
in Montreal by Julie et al. [16] to determine the factors
influencing frequency of public bicycle use. Results show that
the proximity of home to docking stations had the greatest
effect on the likelihood for use of a public bicycle system. As
mentioned above, in the fourth-generation system, bicycles
are redistributed among docking stations based on the real-
time demand. Before implementing bicycle redistribution
strategy, it is crucial to find proper number and locations of
docking stations which can provide the service of dispatching
bicycles. However, previous studies did not consider how to
determine service stations in a public bicycle system. Besides,
these previous studies still did not focus on the route options
among various docking stations when redistributing public
bicycles.

The primary objective of this study is to investigate the
layout design of public bicycle rental stations within the
attracted scope of ametro station.More specifically, this study
includes the following two tasks: (1) to classify public bicycle
rental stations around a metro station into three types and
(2) to establish an improved immune algorithm to determine
appropriate bicycle service stations and to search the optimal
routes when redistributing public bicycles among various
docking stations. The remainder of this paper is organized
as follows. In Section 2, qualitative classification of public
bicycle docking stations is presented and methodology used
in this study to model the layout design of the public bicycle
system is proposed. Section 3 gives a case study to illustrate
the proposed model. The paper ends with brief concluding
remarks in Section 4.

2. Model Formulation

2.1. Problem Description. The public bicycle system is
designed within the attractive scope of a specific metro
station (see Figure 2). Many residential neighborhoods are
constructed around the metro station.These residential areas
are the main origins of public bicycle users, and hence public
bicycle rental stations are suitable to be placed at the entrance
of each residential neighborhood. These docking stations are
called resident stations, which are the main origin and desti-
nation of public bicycle in daily trips. Public bicycles from
these resident stations are usually served as both an inter-
modal transfer to existing public transit and a competitor for
the entire trip. Bicycle rental stations placed at the destination
can be categorized into two types. (1)Metro station: themetro
station is the most attractive location for public bicycle users
to citywide area and hence is regarded as a central station.
(2) District station: the flexibility of public bicycle makes it
especially suitable for an entire short-distance trip. Residents
can use public bicycles for commuting trips from home
to their workplaces or for recreational trips to neighboring
supermarkets, malls. Bicycle rental stations placed at these
places are named district stations. The service stations are
selected from these docking stations to provide the service
of periodical bicycle redistribution.
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Figure 2: Public bicycle system within the attractive scope of a
metro station.

The attractiveness of metro station (or district station)
differs from the proximity from resident station to the metro
station (or district station). Shan [17] proposed a bilevel
structuralmodel to get the relationship between bicyclemode
share and trip distance. In two stages, the rationalmode share
of bicycle is represented in Table 1.

Given a set of origins, destinations, the number of house-
holds in each residential neighborhood, and the stochastic
travel demands from origin to destination with known
parameters, we would like to determine bicycle facility placed
at each docking station and where to locate the service
stations. Specifically, resident stations should carry enough
bicycles to guarantee residents can find public bicycles
when needed, at least meeting the demand for morning
peak period. The metro station and district stations provide
corresponding bicycle racks for these public bicycles. Besides,
bicycle rental stations should be checked up periodically. As
the central station, the metro station mainly provides the
service of dispatching bicycles for district stations and service
stations. Each service station is responsible for some resident
stations which belong to its management.

2.2. Mathematical Model. To formulate the problem, vari-
ables and parameters are first introduced as follows.

Subscripts and Sets

𝑖 ∈ 𝐼 denotes the resident stations;
𝑗 ∈ 𝐽 denotes the district stations;
𝑘 ∈ 𝐾 denotes the service stations.

Input Parameters

𝑄 is the daily bicycle demand within the morning
peak period;
𝑄
𝐴
is the number of public bicycles in the metro

station;

𝑄
𝐵
is the number of public bicycles in the district

stations;

𝑄
𝐶
is the number of public bicycles in the resident

stations;

𝜔
𝑖𝐴

is the bicycle mode share from station 𝑖 to the
metro station;

𝜔
𝑖𝑗
is the bicycle mode share from station 𝑖 to station
𝑗;

𝑝
𝑖𝑗
is the ratio of bicycles (from station 𝑖 to station 𝑗)

to total bicycles in station 𝑖;

𝑘
𝑔
is the ratio of public bicycles to total bicycles;

𝑘
𝜔𝑖
is the bicycle mode share in station 𝑖;

𝑑
𝑖𝑘
is the distance from station 𝑖 to station 𝑘;

𝑑
𝑖𝐴
is the distance from station 𝑖 to the metro station;

𝑠 is the upper limit distance between two stations;

𝑛 is the number of service stations;

𝛿
𝑖𝑘
equals 1 if station 𝑖 is dominated by service station
𝑘 and is 0 otherwise;

𝜎
𝑖
equals 1 if station 𝑖 is a service station and is 0

otherwise.

Algorithm Variables

𝑢, V ∈ 𝑁 denotes the antibodies;

𝑁 is the capacity of a memory base;

𝑃
𝑢
is the expected antibody-production probability of

antibody 𝑢;

𝐹
𝑢
is the affinity between antigen and antibody 𝑢;

𝐹
𝑢V is the affinity between antibody 𝑢 and antibody V;

𝐶
𝑢
is the antibody concentration;

𝐶
𝑝
is the penalty coefficient when distance exceeds 𝑠;

𝛼 is a preset constant between 0 and 1;

𝛽 is a preset threshold value.

The number of public bicycles placed at each resident
station should at least meet the peak-hour travel demand
for each residential neighborhood. Accordingly, the metro
station and district stations should have enough empty
bicycle racks exclusively available for these public bicycles.
In other words, supply of public bicycle facility in the metro
station and district stations equals public bicycles in resident
stations, which is expressed as follows:

𝑄
𝐴
+∑

𝑗∈𝐽

𝑄
𝐵𝑗
= ∑

𝑖∈𝐼

𝑄
𝐶𝑖
. (1)
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Table 1: Bicycle mode share for different trip distance.

Trip distance (km) [0, 1) [1, 2) [2, 3) [3, 4) [4, 5) [5, 6) [6, 7) [7, +∞)
Two stages

User equilibrium (%) 19.97 56.77 72.78 54.18 42.33 18.8 12.28 2.33
System optimum (%) 19.97 53.32 62.5 33.45 19.18 3.82 2.8 0

The number of public bicycles in the resident stations and
the number of bicycles racks in the metro station and district
stations are described by the following:

𝑄
𝐴
= ∑

𝑖∈𝐼

𝜔
𝑖𝐴
𝑄
𝐶𝑖

𝜔
𝑖𝐴
+ ∑
𝑗∈𝐽
𝑝
𝑖𝑗
𝜔
𝑖𝑗

,

𝑄
𝐵𝑗
= ∑

𝑖∈𝐼

𝑝
𝑖𝑗
𝜔
𝑖𝑗
𝑄
𝐶𝑖

𝜔
𝑖𝐴
+ ∑
𝑗∈𝐽
𝑝
𝑖𝑗
𝜔
𝑖𝑗

,

𝑄
𝐶𝑖
= 𝑘
𝑔
⋅ 𝑘
𝜔𝑖
⋅ 𝑄
𝑖
,

𝑘
𝜔𝑖
=

𝜔
𝑖𝐴
+ ∑
𝑗∈𝐽
𝑝
𝑖𝑗
𝜔
𝑖𝑗

1 + 𝐽

.

(2)

When the public bicycle system is established, we need
service stations tomanage docking stations periodically, such
as inspecting the problems about theft or vandalism and
dispatching bicycles to redistribute bicycles among docking
stations. As the central station, the metro station will be a
service station responsible for managing the metro station
and district stations.Within resident stations, several docking
stations are selected to provide the service ofmanagement for
certain resident stations. Based on the abovementioned nota-
tion, the following service station model can be formulated:

min𝐹 = ∑
𝑖∈𝐼

∑

𝑘∈𝐾

𝑄
𝐶𝑖
𝑑
𝑖𝑘
𝛿
𝑖𝑘
+∑

𝑖∈𝐼

𝑄
𝐴
𝑑
𝑖𝐴
𝜎
𝑖
, (3)

subject to

𝑑
𝑖𝑘
≤ 𝑠 ∀𝑖 ∈ 𝐼, ∀𝑘 ∈ 𝐾, (4)

∑

𝑘∈𝐾

𝛿
𝑖𝑘
= 1 ∀𝑖 ∈ 𝐼, (5)

𝛿
𝑖𝑘
≤ 𝜎
𝑖
, ∀𝑖 ∈ 𝐼, ∀𝑘 ∈ 𝐾, (6)

𝛿
𝑖𝑘
∈ {0, 1} , ∀𝑖 ∈ 𝐼, ∀𝑘 ∈ 𝐾, (7)

𝜎
𝑖
∈ {0, 1} , ∀𝑖 ∈ 𝐼. (8)

The objective function (3) contains two terms. The first
term𝐹

1
is the sum of the product of travel demand of resident

station and proximity from resident station to the service
station.The second term𝐹

2
is the sum of the product of travel

demand ofmetro station and proximity frommetro station to
the service stations. Constraint (4) ensures that the proximity
from the resident station to the service station is nomore than
the upper limit distance 𝑠. Constraints (5) and (6) ensure that
each resident station is only dominated by one service station.
Constraints (7) and (8) are the integrality requirements for
the location variables of the service stations.
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Figure 3: Flow chart of immune algorithm.

The service station model is an integer nonlinear pro-
gram. In this paper, an improved immune algorithm (IIA) is
applied to determine the optimal number and locations of the
service stations within the resident stations. IIA is composed
of six steps shown in Figure 3.

The process of IIA is described below.

Step 1 (recognition of antigens). Input data, the objective
function (3) and constraints (4)–(8), operate as the antigens
of immune algorithm.

Step 2 (production of initial antibodies). Establish a memory
base, which contains𝑁 antibodies. Each antibody consists of
𝑛 service stations. Initially, antibodies are created randomly
from the resident stations.

Step 3 (calculation of affinities). Each antibody is estimated
by the expected antibody-production probability 𝑃. 𝑃 is
related with the affinity between antigen and antibody 𝐹

𝑢
and

antibody concentration 𝐶
𝑢
. Calculation of three variables is

expressed as follows:

𝐹
𝑢
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𝛿
𝑖𝑘
, 0))

−1

,

𝐶
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=

1

𝑁

∑

V∈𝑁
𝐹
𝑢V,

𝑃
𝑢
= 𝛼

𝐹
𝑢

∑V∈𝑁 𝐹V
+ (1 − 𝛼)

𝐶
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∑V∈𝑁𝐶V
,

(9)
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where 𝐹
𝑢V is calculated based on the method of R-contiguous

bits matching [18]. 𝐹
𝑢V equals 1 if 𝐹𝑢V is larger than 𝛽 and is 0

otherwise.

Step 4 (sequence of antibody-production). For advance of the
optimal performance, 𝑁 antibodies are descending ordered
based on their values of 𝑃.

Step 5 (production of new antibodies). In this step, new
antibodies will be produced by the operations of selection,
crossover, and mutation. Antibodies are selected into the
memory base, based on roulette wheel selection. Two anti-
bodies selected randomly are mutated by the predetermined
mutation rate. And the linear crossover is carried on each
other. These new antibodies will substitute initial antibodies
with low 𝑃.

Step 6 (termination criterion). If the termination criterion is
satisfied, this optimization procedure ends. The termination
criterion is the number of generations which attains the
predetermined iteration number, which is assumed to be 200.
If it is not satisfied, repeat from Step 3 to Step 5 until the
terminal condition is met.

3. Case Study Analysis

3.1. Data Collection and Settings. A small example was used
to illustrate the proposed model. In this paper, Tianyin Road
station, a stereotypical metro station fromNanjingmetro line
1, was selected as the central metro station. It is located in
Jiangning District, which is an important district of Nanjing
city and owns the largest population of all the districts.
Tianyin Road station has large daily travel demand for the
downtown district. Besides, many supporting facilities for
employment, living, and amusement are surrounded by this
area. 10 sites are selected as district stations, and these sites
are distributed from each direction around the metro station.
There are 31 residential neighborhoods within the radiation
scope of Tianyin Road station, and 31 district stations are set,
respectively.These district stations are located at the entrance
of each residential neighborhood. Locations of the bicycle
rental stations are shown in Figure 2.

Data about number of households in each residential
area were obtained. Initial planning of public bicycle system
should be conservative, and we assume the average number
of travel trips for each household is 1.The percentage of public
bicycles in total bicycles is assumed to be 0.2.The parameters
in the improved immune algorithm (IIA) are set as follows:
IIA is run with a population size of 50 and the number of
evolution generations is set to 200. Crossover probability and
mutation probability are set to be 0.7 and 0.3. 𝛼 and 𝛽 are set
to be 0.9 and 0.7, respectively. As shown in Table 1, the bicycle
mode share decreases when distance is over 3 km, and 𝑠 is set
to be 3 km. 𝐶

𝑝
equals threefold 𝑑

𝑖𝑘
.

3.2. Public Bicycle Facilities in Bicycle Rental Stations. The
problem was solved by Matlab R2008b, on a notebook
computer (Intel Core Duo and 1GB of memory) with a
Microsoft Windows XP operating system. Table 2 presents
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Figure 4: Relation between number of service stations and objective
function value 𝐹.

the number of public bicycles and corresponding racks in
three types of bicycle rental stations. Public bicycles in
resident stations will be allocated about 17 public bicycles
per thousand households. During the initial planning stage,
some resident stations (e.g., C

3
, C
7
, and C

20
) only set two

or three bicycles, which will be the initiation of advocating
residents understanding and utilizing public bicycles. When
residents get familiar with the public bicycle system, it will
be considered to gradually increase the number of public
bicycles in these resident stations.

3.3. Results of Service Stations Selection. When bicycle facil-
ities in each bicycle rental station are determined, service
stations are needed to manage docking stations regularly,
such as inspecting the problems about theft or vandalism
and dispatching bicycles to rebalance bicycles among docking
stations. As the central station, the metro station will be a
service station responsible for managing the district station
and service stations. Besides, IIA is utilized to determine the
optimal number and locations of the service stations from the
resident stations.

Figure 4 presents the relationship between the number of
service stations and two terms in function (3). The sum of
the product of proximity and demand in resident stations 𝐹

1

tends to be downward when the number of service stations
increases, whereas the sum of the product of proximity and
demand between the metro station and resident stations 𝐹

2

rises. When the number of service stations is 3, the value of
the objective function (3) reaches minimum. It means that
the most suitable number of service stations is three within
the attractive scope of Tianyin Road metro station.

Themetro stationmainly provides the service of dispatch-
ing bicycles for district stations and service stations. Each
service station is responsible for some resident stations which
belong to its management, as shown in Figure 5.
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Table 2: Bicycle facilities in bicycle rental stations.

Type Sum The number of public bicycle facilities in each station
Station Number Station Number Station Number Station Number

Metro station 147 A 147

District station 217
B1 12 B2 24 B3 19 B4 28
B5 27 B6 25 B7 20 B8 17
B9 24 B10 21

Resident station 364

C1 13 C2 21 C3 3 C4 6
C5 11 C6 19 C7 2 C8 36
C9 38 C10 7 C11 5 C12 4
C13 6 C14 25 C15 11 C16 6
C17 5 C18 10 C19 14 C20 3
C21 30 C22 18 C23 6 C24 4
C25 14 C26 10 C27 6 C28 6
C29 5 C30 13 C31 7

Metro station
District station

Resident station
Service station

200m

Figure 5: Public bicycle service stations and corresponding man-
aged docking stations.

3.4. Optimal Routes for Regular Redistribution. Once the
service stations are determined and the public bicycle system
is put into use, bicycles need to be regularly redistributed
from one station to another to ensure that bicycles and
empty racks are always available for residents pick-up and
drop-off at any station. The metro station mainly provides
the service of dispatching bicycles for district stations and
service stations. Each service station is responsible for certain
resident stations which belong to its management. Thus, it is
crucial to explore the optimal route options for implement-
ing periodical redistribution, which is a traveling salesman
problem (TSP). TSP is a NP-complete problem and it needs
to be solved by some intelligent algorithms [19–21].This paper
utilized the discrete particle swarm algorithm [22] to search
the optimal routes.

Metro station
District station

Resident station
Service station

200m

Figure 6: Optimal routes for the implement of redistributing
strategy.

Figure 6 illustrates the optimal fixed-routes for redis-
tributing services in Tianyin Road metro station. Three
yellow routes, respectively, present the optimal route option
for each service station and their managed resident stations.
The green route covers all district stations and service stations
and the redistributing strategy starts at the metro station and
finally returns to this central station.

4. Conclusions and Recommendations

In recent years, public bicycles have received a lot of attention.
Public bicycles serve as both a competitor for the inner-
city short-distance trips and a complementary feeder mode
with citywide transportation to solve the “last mile” problem.
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This study investigates the layout design of public bicycle
rental stations within the attracted scope of a metro station.
Public bicycle rental stations are qualitatively classified into
three types, namely, the metro station, district stations,
and resident stations. Initial planning of the number of
public bicycles placed at each resident station should meet
the peak-hour travel demand for each residential neigh-
borhood. Correspondingly, the metro station and district
stations provide enough bicycle racks for these public bicycles
docking. Besides, public bicycles in these bicycle rental sta-
tions should be redistributed periodically. The metro station
redistributes bicycles among district stations and service
stations. Meanwhile, service stations provide the dispatching
bicycle service for certain resident stations which belong to
their management. This paper has developed a mathematical
model that provides such an integrated view. A case study of
a typical metro station in Nanjing, China, is performed to
illustrate the proposedmodel.The contributions of this paper
to the literature are as follows: (1) most of current studies
on public bicycle system in the literature have focused on
better understanding and promotion policy issues, and we
have not found any study that has addressed the strategic
planning of the public bicycle rental stations based upon
the attractive scope of a metro station; (2) this paper first
proposes the service stations and establishes a model to
address the selection of service stations and optimal routes
for redistributing public bicycles. These findings will make
a preparation for the implement of the fourth demand-
responsive generation.

Future research would be useful in at least the three
following directions. First, more data could be collected from
various functional metro stations (e.g., dwelling, shopping,
and industry) in other cities of countries. The similar pro-
cedure can be followed to obtain different layout designs of
the public bicycle systems within the attractive scope of these
metro stations. Specific public bicycle facility design would
be implemented once the public bicycle system is established.
Second, the reuse of public bicycles is not considered, which
makes the calculation of the number of public bicycles at
rental stations conservative. It would be helpful to develop
a more accurate estimation through taking account of reuse
rate. Third, the travel demands may vary each day. Thus, it
would be helpful to develop a dynamic model to implement
redistributing strategy based on the real-time demand (e.g.,
update the optimal route options daily). The authors recom-
mend that future studies could focus on these issues.
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Traffic state estimation is a key problem with considerable implications in modern traffic management. A simple, general, and
complete approach to the design of urban network traffic state and phase estimator has been developed in this paper. A uniform
traffic state dynamic estimationmethod structure is designedwhich consists of three steps. (1) Floating-car data and radio frequency
identification data preprocessing method is proposed to remove the abnormal data and finish the map matching process. (2)
Section speed estimationmethod is proposed based on the degree of confidence. (3) Traffic phase identificationmethod is proposed
based on the estimated section speed. A number of simulation and field investigations have been conducted to test the estimator
performance. The investigation results indicate that the proposed approach is of high accuracy and smoothness on the section
speed estimation and effectively eliminates the influence of abnormal data fluctuations and insufficient data. And the traffic phase
identification method can effectively filter out the abnormal distortion of estimated section speed around the threshold value and
modify the phase step of traffic status caused by abnormal data.

1. Introduction

Real-time traffic state estimation is a fundamental task for
urban traffic management centers and is often a critical ele-
ment of Intelligent Transportation Systems (ITS). Intelligent
Transportation System (ITS) has been regarded as important
means to solve traffic jams in the city [1]. Traffic state esti-
mation for an urban network refers to estimating the traffic
congestion level of the network at the current time based
on available real-time traffic-aware data. For this purpose,
various sensors are used to collect traffic information. To
restore the real traffic conditions, raw traffic information
should be processed by various methods. By using multiple
traffic data sources we will make better inferences to obtain
the traffic-aware data. And this is a reproduction of real traffic
system that could not be achieved froma single source of data.
Furthermore, as sources of data are becoming increasingly
available, traffic status estimation needs to be applied not
only to realize these benefits, but also to use the data more
efficiently.

For traffic state estimation, a limited number of research
works produced and proposed corresponding estimation
algorithms that were almost exclusively based on the seminal
methodology of Kalman filtering [2] and its extensions
for nonlinear systems [3]. The Kalman filter is an optimal
state estimator applied to a dynamic system that involves
random noise and includes a limited amount of noisy real-
time measurements. Although it was originally derived for
linear systems, the Kalman filter can also be extended for its
application to nonlinear systems via specific on-line Taylor
expansions of the originally nonlinear systems. The Kalman
filter obtained in this way is called extended Kalman filter
(EKF).

Early applications of traffic state estimationwere reported
in traffic surveillance systems for short interdetector dis-
tances by Gazis and Knapp [4], Knapp [5], Szeto and Gazis
[6], Nahi and Trivedi [7], and Nahi [8]. In these and later
investigations, for example, Smulders [9] and Bhouri et al.
[10], only short freeway sections with a length below 2 km
were considered; see a review by Cremer [11]. The applied
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models were relatively simple (due to the short section
lengths). Later approaches started using more comprehen-
sive dynamic traffic flow models, which opened the way
to the consideration of longer freeway stretches (2–4 km);
see Cremer [12] and Cremer et al. [13], while more recent
investigations elaborated on some technical details based on
previously proposed basic ideas; see Kohan and Bortoff [14]
andMeier andWehlan [15]. Othermodeling approaches have
been used as well as the Kalman filter, such as the neural
networks (e.g., [16–20]) and others (e.g., [21, 22]). Karlaftis
andVlahogianni [23] compare statistical methods and neural
networks in transportation research, highlighting some of
the differences similarities of the two types of data analysis
tools.Wang et al. [24, 25] developed a general approach to the
real-time estimation of the complete traffic state in freeway
stretches based on the extended Kalman filter.

In China, several approaches have been proposed based
on the development of social economy and the technology:
Jia et al. [26] used the floating-car data in Beijing to identify
the traffic state based on average vehicle speed. Dou et al. [27]
proposed an algorithm of logistic regression for traffic state
probability forecast to obtain the accurate and objective traffic
state information to meet the demand of traffic guidance.
Wang and Guo [28] present the heterogeneous data fusion
methods and road traffic code model in Beijing.

As indicated above, while there has been substantial
progress in developing traffic state estimation technologies.
Compared with the research on freeway network, fewer
researches on the approaches of dynamically estimating
urban area network traffic states have been found in the
literature. Developing the dynamic estimation of urban road
network traffic states is of critical importance in managing
urban traffic. The primary objective of this paper is develop-
ing a traffic state dynamic estimationmethod based on degree
of confidence for urban road network.

This paper presents an urban road network traffic states
estimation approach that combines a section speed esti-
mation procedure based on confidence value and a traffic
phase identification method to provide the most reasonable
traffic phase identification results. The proposed method was
evaluated in part of the roads network in Nanjing, China,
and its effectiveness compared with the weighted average
algorithm.

This paper is organized as follows. The first part is
the introduction of traffic states estimation method. The
second part is the section speed estimation model based on
confidence value. The third part is traffic phase identification
methods based on section speed and performance evaluation.
Last part is conclusions.

2. Traffic State Estimation

There are some related terms used in the remainder of this
paper; in order to avoid any ambiguity or confusion between
them, they are clearly defined here based on existing research
[27]. (Traffic) state: the state in which traffic is at any given
time can be described by a number of parameters such as
flow, density, and speed; as these are continuous variables,

there can be an infinite number of traffic states. Traffic phase:
simple traffic flow theory models assume a small (usually
2 or 3) number of traffic phases, which have direct physi-
cal interpretations (e.g., congested or uncongested). Traffic-
aware data: a number of real-time estimated parameters
based on raw traffic data obtained from traffic sensors by big
data technology, which is used to describe traffic states.

Figure 1 shows the structure of traffic state estimation
method based on traffic-aware data developed in this study.

Input data include floating car data, radio frequency
identification data, video data, and network data. Floating car
data is generally updated at intervals ranged from 1 second
to 10 minutes and is delivered using GPRS sentence. After
interpreted and processed, the data includes information
about the terminal, time, longitude, latitude, speed, flag, rate,
and update time. Electronic license plates with RFID tags
are installed on part of vehicles, which enable the road side
RFID detectors to get the passing time, encrypted license
plate number, and other vehicle properties when they passing
by. Both the road side RFID detectors and video detectors
are installed at the top of intersection exit. And after being
interpreted and processed, the video data enables us to get
the section flow volume. Network geometry data are static
provided by government. After real-time raw data reading
and storage, the raw data will be preprocessed to amend
the errors. Degree of confidence calculation which is based
on data analysis will be started as soon as raw data is well
preprocessed. And historic data storage approach is proposed
to support section average speed estimation. Then traffic-
aware data is calculated based on the different input data
and degree of confidence. Next, degree of confidence based
section average speed estimation model is established to
calculate traffic phase identification parameters. At last, traffic
phase identification method is developed to get the section
traffic phase, and final outputs are traffic phase estimated
results.

3. Raw Traffic Sensors Data
Analysis and Preprocessing

Usually, the raw traffic sensors data is not good enough to be
used directly. In this section, raw data analysis results and raw
data preprocessing method are proposed.

To remove the abnormal data, floating car data prepro-
cessing is preliminary screening of raw floating car data.
Abnormal data mainly includes three categories: abnormal
velocity data, wrong direction data, and time duplicate data.

Based on the floating data collected between November
19, 2009, 7:00 to 19:00 inHangzhou, China, the abnormal data
is analyzed.The total number of floating car is 3839.The total
sample size is 2045574. Filter results are shown in Table 1.

As the positioning accuracy of GPS data is limited,
vehicles cannot be located on the road accurately most of
time (as is known to all, vehicles should be on the road).
Map matching algorithms integrate positioning data from a
Global Positioning System (or a number of other positioning
sensors) with a spatial road map with the aim of identifying
the road segment on which a user (or a vehicle) is travelling
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Figure 1: Structure of traffic state dynamic estimation method.

Table 1: Abnormal floating car data analysis results.

Categories Number of
abnormal data

Share of total
sample size

Abnormal velocity data 19408 1%
Wrong direction data 141403 7%
Time duplicate data 19591 1%

and the location on that segment. There are many researches
about map matching algorithms [29–34] in recent years.
Amongst the family of map matching algorithms consisting
of geometric, topological, probabilistic, and advanced, topo-
logical map matching algorithms are relatively simple, easy,
and quick, enabling them to be implemented in real-time.
Thus in this research topological map matching algorithms
are used to preprocess the floating car data.

Radio frequency identification data is a kind of fixed
single point detector data. Points matching algorithm is
proposed to filter out records of the same car when passing
the detectors installed at upstream and downstream of the
section. The algorithm is shown in Figure 2 to preprocess
the raw radio frequency identification data in traffic state
estimation.

Based on the pair of point record, section travel time
is calculated by the passing time. Then it is combined with
the section length between this pair of point to obtain travel
speed. In this step, abnormal data is removed from the
database. Abnormal velocity data is the main abnormal RFID
data.

Video data is preprocessed by license plate recognition
technology, only to provide the real-time traffic volume of
each section in this study because of the low precision of
recognition (less than 30%).

Raw traffic sensors data analysis and preprocessing is the
first step to estimate traffic state. In next section, section speed
estimation method is proposed.

4. Section Speed Estimation Method
Based on Degree of Confidence

4.1. AlgorithmOutline and Explanation of Parameters. In this
study, section speed is used to estimate the traffic phase
in each section. Floating car data and RFID data both are
collected from part of vehicles in road section. Considering
the characteristics of the floating cars and vehicles with
RFID tags, weighted average method based on the degree of
confidence is used to calculate the section speed. The degree
of confidence is obtained by sample size of floating car data
and RFID data as well as the data features of floating car data
and RFID data.

Concretely speaking, if the sample size of data is enough
to estimate the section speed, we adopt weighted average
method to calculate the section speed after map-matching.
If the sample size of data is not enough, recent data and
historic data of the same period fusion method are used.
There are some related terms used in the algorithm models
of this method; in order to avoid any ambiguity or confusion
between them, they are clearly defined here.
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Yes
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No

No

Figure 2: Radio frequency identification data points matching algorithm.

Single vehicle weight 𝑤: the method assigns different
weight for every piece of data (FCD and RFID) by an
algorithm proposed in this paper based on speed and sample
size of a section.

Degree of confidence𝑅: degree of confidence𝑅 is the sum
of sample weights in one section. It is an important parameter
in recent data and historic data of the same period fusion
method.

Sample size 𝑛 and minimum sample size 𝑛min: in order
to insure the estimated section speed to reflect the real-time
traffic state, sample size in one section should not less than
minimum sample size 𝑛min. If the real-time sample size is not
enough, we adopt recent data (e.g., 5 minutes ago data) and
historic data of the same period to estimate the section speed.
Value of 𝑛min is obtained by simulation experiments [35].

Count variable of small samples𝑚 and confidence atten-
uation parameter 𝑚max: continuous lack of sample times in
section 𝑖 is counted as 𝑚

𝑖
. When 𝑛 < 𝑛min, 𝑚

𝑡

𝑖
= 𝑚
𝑡−1

𝑖
+ 1

and when 𝑛 > 𝑛min, the value of 𝑚𝑖 returns to zero. 𝑚max is
confidence attenuation parameter, which indicates that recent
data before𝑚max data process cycles is invalid to estimate the
section speed.

4.2. Single Vehicle Weight and Degree of Confidence. In this
study, single vehicle weight is calculated based on FCD and
RFID speed data, sample size, and speed distribution in one
section. And the single vehicle weight is used to get the degree
of confidence. For each piece of RFID and FCD data, we
divide them by the speed: high speed data, medium speed
data, and low speed data, and separate weighting factors are

assigned to each group (high speed weighting factor: 𝐶
𝐻
;

medium speed weighting factor: 𝐶
𝑀
, low speed weighting

factor: 𝐶
𝐿
). At the same time, for each section, count the

number of data in each group. 𝑛
𝐻

is the number of high
speed data; 𝑛

𝑀
is the number of medium speed data; 𝑛

𝐿
is the

number of low speed data. Then we calculate the high speed
single vehicle weight as the following formula:

𝑤
𝐻
=

𝑛
𝐻

𝑛
𝐻
+ 𝑛
𝑀
+ 𝑛
𝐿

⋅ 𝐶
𝐻
. (1)

The same procedure may be easily adapted to obtain the
medium speed single vehicle weight and the 𝑤

𝑀
low speed

single vehicle weight 𝑤
𝐿
. Then the high proportion data will

be assigned a higher weight. At the same time, adjusting the
weighting factors can assign different weight to each group
data.

Based on the above method, degree of confidence is
calculated as the following formula:

𝑅 =

𝑛

∑

𝑖=1

𝑤
𝑖
. (2)

In (2), 𝑛 is the sample size of the section.
The next step is to estimate the section speed. Section

speed estimation process based on degree of confidence is
shown in Figure 3.

If the sample size is enough (𝑛 > 𝑛min), section speed is
estimated as

V =
∑ V
𝑖
⋅ 𝑤
𝑖

∑𝑤
𝑖

. (3)
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Table 2: Speed distribution by the speed threshold to identify the traffic phase in Nanjing.

Time Amount of data V = 0 0 < V ≤ 15 15 < V ≤ 30 V > 30
Proportion AVG (km/h) Proportion AVG (km/h) Proportion AVG (km/h) Proportion

7:00 9151 65% 6.23 10% 23.20 8% 49.58 17%
7:15 9297 60% 6.52 13% 23.25 11% 47.02 16%
7:30 9403 55% 6.88 15% 22.97 13% 48.18 17%
7:45 9311 52% 6.75 17% 22.94 13% 47.88 17%
8:00 8916 49% 6.92 18% 22.89 15% 47.87 18%
8:15 9010 47% 7.52 19% 22.74 15% 48.16 18%
8:30 8888 46% 7.25 18% 22.91 15% 48.27 21%
8:45 9380 45% 7.48 17% 22.96 15% 49.08 23%
9:00 9240 45% 7.52 17% 22.88 17% 48.54 21%

Calculate the weighted 
average of speed data

Recent data and historic 
data fusion

No

Yes
Yes

No

 Historic data fusion

Get sample size of section i

n > nmin ?
m

0
< mmax ?

m = m
0
+ 1 m = mmaxReset the counter m = 0

Go to next section i = i + 1

Figure 3: Section speed estimation process based on degree of confidence.

And if the sample size is not enough (𝑛 < 𝑛min), section
speed is estimated based on real-time data, recent data, and
historic data as the following formula:

V =
∑ V
𝑖
𝑤
𝑖
(1 − 𝑘) + 𝑘 ⋅ [V

0
𝑅
0
𝑗 + V
𝑠
𝑅
𝑠
(1 − 𝑗)]

∑𝑤
𝑖
(1 − 𝑘) + 𝑘 ⋅ [𝑅

0
𝑗 + 𝑅
𝑠
(1 − 𝑗)]

. (4)

In (4),

𝑘 =

{

{

{

1 −

𝑛

𝑛min
, 𝑛 < 𝑛min

0, 𝑛 ≥ 𝑛min,

𝑗 =

{

{

{

1 −

𝑚

𝑚max
, 𝑚 < 𝑚max

0, 𝑚 ≥ 𝑚max.

(5)

𝑅
0
is degree of confidence of last time period data. V

0
is

the estimated section speed in last data process cycle. 𝑅
𝑠
is

degree of confidence of historic data in the same period. V
𝑠

is the estimated section speed based on historic data in the
same period.

In (4), when 𝑘 takes value 0, formula (4) becomes the
same as formula (3). It reflects that when the sample size
of data is enough to estimate the section speed, we adopt
weighted average method to calculate the section speed.

When 𝑘 takes value 1 and 𝑗 takes value 1, it reflects that there
is no real-time data and recent data sample size is enough
to estimate the section speed, and thus recent data is used
to calculate the section speed. When 𝑘 takes value 1 and 𝑗
takes value 0, it reflects that there is no real-time data and
recent data sample size is not enough to estimate the section
speed, and thus historic data is used to calculate the section
speed. In (4), when each parameter takes the extreme value,
the formula corresponds to a special data status. And when
each parameter takes the other value, the formula estimates
the section speed by real-time data, recent data, and historic
data.

5. Traffic Phase Identification Method
Based on Section Speed

In this paper, we analyze the raw FCD and RFID data in
March 29, 2011, 7:00 to March 29, 2011, 7:00, Nanjing, China.
Table 2 shows some of our results about speed distribution by
the speed threshold to identify the traffic phase in Nanjing.

The proportion of each speed group is almost balanced
based on present traffic phase threshold. After removing
invalid data and zero speed data, the raw speed data that is
close to the threshold is analyzed, and the result is shown in
Table 3.
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Table 3: Near-threshold raw speed data analysis.

Time Amount of valid data 12 < V < 18 (km/h) 27 < V < 33 (km/h) Sum
Amount Proportion Amount Proportion

7:00 3216 280 8.7% 346 10.8% 19.5%
7:15 3735 385 10.3% 465 12.4% 22.8%
7:30 4240 490 11.6% 454 10.7% 22.3%
7:45 4475 500 11.2% 469 10.5% 21.7%
8:00 4578 529 11.6% 499 10.9% 22.5%
8:15 4746 658 13.9% 473 10.0% 23.8%
8:30 4834 564 11.7% 512 10.6% 22.3%
8:45 5156 585 11.3% 554 10.7% 22.1%
9:00 5074 600 11.8% 554 10.9% 22.7%

Section speed

Corrected traffic phase

Speed is close to threshold?

Step changes in speed? 

Traffic phase

F

T

Step change correcting methodNear-threshold speed 
correcting method

F

T

Traffic phase preidentified

Figure 4: The process of traffic phase identification method.

Table 3 shows that more than 20% of the original data
are close to traffic phase threshold. When using these data to
identify traffic phase, traffic phase results will vary between
two phases frequently. This result is not in accordance with
the traffic continuity, and thus traffic phase identification
method is proposed to make traffic phase identification
results more accurate.

The process of traffic phase identification method is
shown in Figure 4.

Speed threshold value and traffic phase are defined as
follows.

When section speed is below V
1
, preidentified traffic

phase 𝑆 = 0 in this section.When section speed is between V
1

and V
2
, preidentified traffic phase 𝑆 = 2 in this section. When

section speed is between V
2
and V
3
, preidentified traffic phase

𝑆 = 3 in this section. And when section speed is above V
𝑛
,

preidentified traffic phase 𝑆 = 𝑛 in this section. In the case
described above, we make 0 < V

1
< V
2
< V
3
< ⋅ ⋅ ⋅ < V

𝑛
. In

general, 𝑛 gets the value 2, which indicates that the section
has three traffic phases (free-flow phase, uncongested phase,
and congested phase).

Near-threshold speed correctingmethod and step change
correcting method are described as the following formula:

𝑆


𝑖
=

{
{
{
{

{
{
{
{

{

𝑆
0
,




V
𝑖
− V
0





< 𝛼,




V
𝑖
− V

< 𝛽

𝑆
0
+ 1, V

𝑖
− V
0
> 𝛾,




V
𝑖
− V

< 𝛽

𝑆
0
− 1, V

0
− V
𝑖
> 𝛾,




V
𝑖
− V

< 𝛽

𝑆
𝑖
, Other.

(6)

In (6), 𝑆
𝑖
is the estimated traffic phase in recent data

process cycle (estimated result). 𝑆
0
is the estimated traffic

phase in last data process cycle. And 𝑆
𝑖
is the preidentified
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Table 4: Error analysis.

Item Mean error
(Km/h)

Mean absolute
error (Km/h)

Mean percentage
error

Mean absolute
percentage error

Root absolute
error (Km/h)

Speed average method −3.40 6.39 −0.10 0.19 15.84
Method in this paper 1.37 4.21 0.05 0.13 7.58
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(a) The result of section speed estimation numerical test
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Figure 5: The test and verify result of section speed estimation method.

traffic phase in recent data process cycle. V
0
is the section

speed in last data process cycle, and V
𝑖
is the section speed

in recent data process cycle. V is the threshold that section
speed is close to in recent data process cycle. 𝛼 is a parameter
to judge whether the section speed changing in a data process
cycle is tiny. 𝛽 is a parameter to judge whether section speed
is close to the traffic phase threshold in recent data process
cycle. 𝛾 is a parameter to judge whether the section speed
changes obviously in a data process cycle.

When |V
𝑖
− V
0
| < 𝛼 and |V

𝑖
− V| < 𝛽, the section speed

changing is tiny and it is close to traffic phase threshold.
Because of the traffic continuity, 𝑆

𝑖
= 𝑆
0
.

When V
𝑖
− V
0
> 𝛾 and |V

𝑖
− V| < 𝛽, the section

speed accelerates significantly and it is close to traffic phase
threshold. It shows that the traffic phase changes obviously,
so 𝑆 = 𝑆

0
+ 1. The same procedure may be easily adapted

to obtain the estimated traffic phase when V
0
− V
𝑖
> 𝛾 and

|V
𝑖
− V| < 𝛽.
In other cases, for example, when V

𝑖
−V
0
> 𝛾 and |V

𝑖
−V| >

𝛽, the section speed accelerates significantly, and it is not close
to traffic phase threshold. The preidentified traffic phase can
reflect actual traffic phase, so 𝑆

𝑖
= 𝑆.

In (6), three parameters are calibrated by simulation test
in this study (see performance evaluation). And after the
traffic phase identification process, traffic phase is obtained
finally.

6. Performance Evaluation

In this study, FCD and RFID speed data are used to estimate
section speed, and data sample size, speed distribution,
and the continuity of the traffic flow are considered in the
estimation method to improve the accuracy and stability
of estimated results. In order to test the effect of section

speed estimation method, numerical test is performed by
using speed average method and the method in this paper
based on simulation data. In this experiment, speed above
30 km/h belongs to high speed data; speed between 15 km/h
to 30 km/h belongs to medium speed data; speed below
15 km/h belongs to low speed data. And speed weighting
factors are 𝐶

𝐻
= 0.4, 𝐶

𝑀
= 0.5, and 𝐶

𝐿
= 0.1. The result

is shown as in Figure 5(a).
As can be seen from the illustration, when the sample size

is small, section speed estimated by speed averagemethod has
a larger error, and the result has a relatively large fluctuation
as time goes on. However the result of method in this study is
more relevant to expectation value. This algorithm improves
the accuracy and stability of estimated results. In addition,
the real-time FCD and RFID data on January 19, 2009, is used
to conduct a field test in Nanjing, China. We use the data of
November 12, 2008, to November 14, 2008, to establish the
historic database. Experimental place is the section between
Ertiao Rd. and Yixian Bridge on Zhongshan East Rd. The
truth value of section speed is obtained by live video capture
and analysis. The result is shown in Figure 5(b).

In this experiment, accuracy of the section speed estima-
tion method in this paper is 87.25%, and trend of the result
is more relevant to truth value. Error analysis is shown in
Table 4.

Traffic phase identification method is also tested by a
numerical experiment. According to the MFD in the experi-
ment area section speed above 30 km/h belongs to free-flow
phase; section speed between 15 km/h to 30 km/h belongs to
uncongested phase; section speed below 15 km/h belongs to
congested phase. The traffic phase threshold is V

0
= 15 km/h,

V
1
= 30 km/h. And the parameter is 𝛼 = 5 km/h, 𝛽 =
2.5 km/h, and 𝛾 = 12.5 km/h.The experiment result is shown
in Figure 6(a).
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Figure 6: The test and verify result of traffic phase identification method.

In this experiment, 600 section speed results have been
identified by the method in this paper. 49 results have been
corrected (accounts for 8.1%). And 83 traffic phase changes
are fixed by this method (accounts for 13.8%). The results
show that the traffic phase identification method makes the
results more accurate and reasonable.

In addition, a case study based on the estimated section
speed data of March 18, 2009, is presented to verify the
effectiveness and feasibility of this method.The result is show
in Figure 6(b).

In this case study, 5 traffic phase identification results
have been corrected. By comparing the results revised and the
original one, it is found that the optimization result is more
reasonable.

7. Conclusions

Theprimary objective of this paper is developing a traffic state
dynamic estimation method based on degree of confidence
for urban road network. A simple, general, and complete
approach to the design of urban network traffic state and
phase estimator has been developed in this paper. A uni-
form traffic state dynamic estimation method structure is
designed which consists of FCD and RFID preprocessing
method to remove the abnormal data and finish the map

matching process. Then, section speed estimation method
was proposed based on degree of confidence. Traffic phase
identification method is proposed based on the estimated
section speed. A number of simulation and field investi-
gations have been conducted to test the estimator perfor-
mance. The investigation results indicate that the proposed
approach is of high accuracy and smoothness on the section
speed estimation and effectively eliminates the influence of
abnormal data fluctuations and insufficient data. And the
traffic phase identification method can effectively filter out
the abnormal distortion of estimated section speed around
the threshold value andmodify the phase step of traffic status
caused by abnormal data resulting in optimized results of
discrimination.

Now, this research is applied in Nanjing, China. A
transportation information service system is established to
provide a service to the government. Future research includes
the development of an efficient calibration method for the
parameters in this paper and the enhancement of the sim-
ulation model to evaluate the performance of the strategy in
large road network.
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The coordination between bus rapid transit (BRT) and feeder bus service is helpful in improving the operational efficiency and
service level of urban public transport system. Therefore, a coordinated operation model of BRT and bus is intended to develop in
this paper.The total costs are formulated and optimized by genetic algorithm.Moreover, the skip-stop BRT operation is considered
when building the coordinated operation model. A case of the existing bus network in Beijing is studied, the proposed coordinated
operationmodel of BRT and bus is applied, and the optimized headway and costs are obtained.The results show that the coordinated
operation model could effectively decrease the total costs of the transit system and the transfer time of passengers. The results
also suggest that the coordination between the skip-stop BRT and bus during peak hour is more effective than non-coordination
operation.

1. Introduction

In modern metropolises like Beijing, the demand of mass
transit has increased rapidly. Both bus rapid transit (BRT)
and bus system play a role in alleviating the urban traffic
congestion and pollution problems. Comparing BRT with
bus system, BRT system is a kind of transportation with
larger capacity and higher punctuality rate. However, bus is
more flexible, because it can run on more roads rather than
the separated bus lane. Thus, the coordinated operation of
BRT and bus can maximize their strengths. The coordinated
operation of BRT and feeder bus systems is very important
for an integrated mass transit system, which can improve
both operation efficiency and service level of the urban mass
transit system.

So far, many attempts have been made to solve the feeder
bus network design and scheduling problems. The first and
important step to solve the problem is network design for
feeder bus [1]. Therefore, researchers studied the network
design problem using various pieces of methods [2–7]. Once

the network is determined, the bus scheduling problems
are the most important part in operation. Wirasinghe et al.
[8] determined optimal transit service characteristics that
minimize the sumof the transit operating costs and passenger
time costs for a coordinated rail and bus transit system.
Shrivastava et al. [9] applied genetic algorithm for solving the
problems of scheduling and schedule coordination. Ngam-
chai and Lovell [10] proposed a new model showing how
genetic algorithms could be manipulated to help optimize
bus transit routing design, incorporating unique service
frequency settings for each route. In addition, Ting and
Schonfeld [11] used a heuristic algorithm to optimize the
headways and slack times for all coordinated routes and
minimized the total costs of operating a multiple-hub transit
network.

The previous review suggests that studies mainly focus
on the routing and scheduling problems, especially on the
cooperation between railway and bus. Fewer studies focus
on the coordinated operation between BRT and its feeder
bus. However, with the rapid development of BRT and bus
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in big cities in China, it is necessary to study the coordinated
operation problems of BRT and bus.Therefore, a coordinated
operation model of BRT and bus is established by analyzing
the operation characteristics of the BRT and bus system
in this paper. Considering that skip-stop BRT operation
can reduce operation costs and passengers’ in-transit travel
times without extra technological improvement, the skip-
stop operation of BRT is included in the model, which is not
considered in previous studies. In order to solve the model
and improve the computing efficiency, genetic algorithm
is applied in the paper. Finally, the proposed coordinated
operation model is applied in a real network of BRT in
Beijing. The minimum system cost is achieved by using
genetic algorithm to solve the coordinated operation model.
The results are significant for the construction and operation
of the integrated public transport.

2. Coordinated Operation
Model of BRT and Bus

Theobjective of the coordinated operationmodel of BRT and
bus is to minimize the total costs, including bus operation
costs and the passenger costs. The operation costs include
wages and welfare cost of drivers and daily vehicle operation
and maintenance costs. The costs of passengers contain
waiting costs, transfer costs, and in-vehicle costs. Then the
coordinated operation model of BRT and bus is formulated.

2.1. Operation Costs. Operation costs (𝐶
𝑜
) contain the

driver’s salary and welfare cost (𝐶
𝑝
) and the daily operation

and maintenance costs of vehicles (𝐶
𝑏
). The mathematical

formulation is expressed as follows:

𝐶
𝑜
= 𝐶
𝑝
+ 𝐶
𝑏
, (1)

where the driver’s salary and welfare cost is the product of
unit cost of driver driving time and vehicle operating time:

𝐶
𝑝
= 𝛼
𝑝
⋅

𝑖=𝑛

∑

𝑖=1

𝑓
𝑖
⋅ 𝑇
𝑖
, (2)

where 𝛼
𝑝
is unit cost of driver driving time, 𝑓

𝑖
is frequency of

BRT or bus, 𝑇
𝑖
is vehicle operating time, and 𝑛 is the number

of the BRT lines and bus lines.
Daily vehiclemaintenance costs contain the fixed cost and

variable cost. The equation is expressed as follows:

𝐶
𝑏
=

𝑖=𝑛

∑

𝑖=1

𝑓
𝑖
⋅ 𝐿
𝑖
⋅ (𝑐
0
+ 𝑐
1
⋅ 𝑁
𝑖
) , (3)

where 𝐿
𝑖
is the route length (km), 𝑐

0
is fixed cost (yuan/km),

𝑐
1
is variable cost (yuan/km⋅seat), and𝑁

𝑖
is the seats number

of a vehicle.

2.2. Passenger Costs. Passenger costs contain waiting cost,
transfer cost, and in-vehicle cost of passengers.

2.2.1. Waiting Costs. Waiting costs are the costs passengers
spend on the stop waiting for their first bus during their
trips. Assuming that the system consists of a BRT line and 𝑛
bus lines, the expectation for passengers’ waiting time is half
interval of the bus when the bus arrival interval is uniform.
Then the waiting cost can be formulated as follows:

𝐶
𝑊
= 𝐶
𝑊𝐵

+ 𝐶
𝑊𝑏

= (∑

𝑖,𝑗∈𝑆

𝐻
𝐵
𝑞
𝑜𝑖𝑗𝐵

2

+

𝑛

∑

𝑏=1

∑

𝑖,𝑗∈𝑆

𝐻
𝑏
𝑞
𝑜𝑖𝑗𝑏

2

) ⋅ 𝛼
𝑤
,

(4)

where 𝑆 is the stop set,𝐻
𝐵
,𝐻
𝑏
are BRT and bus interval (min),

𝑞
𝑜𝑖𝑗𝐵

is passenger flow from stop 𝑖 to stop 𝑗 (people), and 𝛼
𝑤

is the unit cost of passenger waiting time (yuan/min).

2.2.2. Transfer Costs. Transfer costs are caused by transfer
time when passengers transfer from a BRT stop/bus stop
to a bus stop/BRT stop. The time includes walking time
and transfer waiting time. Generally, transfer walking time
is a constant linked to the distance between the platforms.
In addition, the transfer waiting time relates to its feeder
bus’s arrival time distribution at the transfer stop. In the
system consisting of a BRT line and a number of buses lines,
passengers mainly transfer from BRT to bus or from bus to
BRT. Thus, the passenger transfer costs can be calculated as
follows:

𝐶
𝑇
= 𝐶
𝐵𝑏
+ 𝐶
𝑏𝐵
= (∑𝑇

𝐵𝑏
𝑞
𝐵𝑏
+∑𝑇

𝑏𝐵
𝑞
𝑏𝐵
) ⋅ 𝛼
𝑡
, (5)

where 𝑇
𝐵𝑏

and 𝑇
𝑏𝐵

are the transfer time for passengers
transferring from BRT stop/bus stop to bus stop/BRT stop
(min), 𝑞

𝐵𝑏
and 𝑞
𝑏𝐵

are passenger flow transferring from BRT
stop/bus stop (people), and 𝛼

𝑡
is the unit cost of passenger

transfer time (yuan/min).
Combined with the existing operation mode of BRT, all-

stop operation of BRT is widely used. However, duringmorn-
ing and evening peak hour, the skip-stop operation of BRT
has become an important way to improve the operational
efficiency. Both the all-stop and skip-stop operations are
considered during the peak hour to improve the operational
efficiency and decrease the total costs. Therefore, transfer
time at peak hour and off-peak hour is calculated separately.
(1) Transfer Time at Peak Hour
(a) Passengers Transfer from the BRT Stop to the Bus Stop
at All-Stop Stop. The minimum successful transfer time for
passengers transferring from a BRT stop to a bus stop is
𝑡
𝐵min = 𝑡

𝐵𝑜
+ 𝑡
𝑤
− 𝑠
𝑏
. 𝑡
𝐵𝑜

is the time for passengers getting
off from the BRT vehicle (min), 𝑡

𝑤
is the time for passengers

walking to the BRT stop (min), and 𝑠
𝑏
is the time for the bus

stopping at the stop (min). If a passenger transfers from 𝑡 bus
stop to a BRT stop successfully, 𝑡

𝑏
− 𝑡
𝐵
≥ 𝑡
𝐵min. 𝑡𝑏 and 𝑡

𝐵

are arrival time of the bus and BRT. Therefore, the successful
expected transfer time is formulated as follows:

𝑇
𝐵𝑏
= ∫

𝐻

−𝐻

𝑓 (𝑡
𝐵
) 𝑑𝑡
𝐵
∫

𝐻+Δ𝑡

𝑡𝐵=𝑡𝐵min

𝑓 (𝑡
𝑏
) (𝑡
𝑏
− 𝑡
𝐵
) 𝑑𝑡
𝑏
, (6)
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where Δ𝑡 is slack time of bus (at transfer point of the line, the
total costs of system allow the vehicle to arrange some “slack”
time to reduce the failed probability of transfer).
(b) Passengers Transfer from the BRT Stop to the Bus Stop
at Stop-Skip Stop. During the morning and evening peak
hour, except for the all-stop BRT line, skip-stop operation
will be used at some larger transfer stop to convey passengers.
Now the minimum transfer time from the BRT to the bus is
𝑡


𝐵min = min(𝑡
𝐵𝑜
+ 𝑡
𝑤
− 𝑠
𝑏
, 𝑡
𝑆𝐵𝑜

+ 𝑡
𝑤
− 𝑠
𝑏
). 𝑡
𝑆𝐵𝑜

is the time
for passengers getting off from a skip-stop BRT vehicle.Thus,
the condition for passengers transferring from the BRT to the
bus successfully is 𝑡

𝑏
− 𝑡
𝐵
≥ 𝑡


𝐵min. Therefore, the successful
expected transfer time for passengers transferring from BRT
to bus is formulated as follows:

𝑇
𝐵𝑏
= ∫

𝐻

−𝐻

𝑓 (𝑡
𝐵
) 𝑑𝑡
𝐵
∫

𝐻+Δ𝑡

𝑡𝐵=𝑡


𝐵min

𝑓 (𝑡
𝑏
) (𝑡
𝑏
− 𝑡
𝐵
) 𝑑𝑡
𝑏
. (7)

(c) Passengers Transfer from the Bus Stop to the BRT Stop
at All-Stop Stop. The minimum successful transfer time for
passengers transferring from the bus stop to the BRT stop is
𝑡
𝑏min = 𝑡𝑏𝑜 + 𝑡𝑤 − 𝑠𝐵. 𝑡𝑏𝑜 is the time for passengers getting off
from the bus (min), and 𝑠

𝐵
is the time for the BRT stopping

at the stop (min). If a passenger transfers from a bus stop to a
BRT stop successfully, 𝑡

𝐵
− 𝑡
𝑏
≥ 𝑡
𝑏min. Therefore, the success

expected transfer time is formulated as follows:

𝑇
𝑏𝐵
= ∫

𝐻−Δ𝑡

−𝐻−Δ𝑡

𝑓 (𝑡
𝑏
) 𝑑𝑡
𝑏
∫

𝐻

𝑡𝑏=𝑡𝑏min

𝑓 (𝑡
𝐵
) (𝑡
𝐵
− 𝑡
𝑏
) 𝑑𝑡
𝐵
. (8)

(d) Passengers Transfer from the Bus Stop to the BRT Stop
at Stop-Skip Stop. During the peak hour, the skip-stop
BRT alleviates the pressure to convey a large number of
passengers effectively at the large transfer stop and increases
the successful transfer probability for passengers at the same
time. At the moment, the minimum transfer time from the
bus to the BRT is 𝑡

𝑏min = min(𝑡
𝑏𝑜
+𝑡
𝑤
−𝑠
𝐵
, 𝑡
𝑏𝑜
+𝑡
𝑤
−𝑠
𝑆𝐵
).Then

the condition for passengers transferring from the bus to the
BRT successfully is 𝑡

𝐵
− 𝑡
𝑏
≥ 𝑡


𝑏min. Therefore, the successful
expected transfer time for passengers transferring from bus
to BRT is formulated as follows:

𝑇
𝑏𝐵
= ∫

𝐻−Δ𝑡

−𝐻−Δ𝑡

𝑓 (𝑡
𝑏
) 𝑑𝑡
𝑏
∫

𝐻

𝑡𝑏=𝑡


𝑏min

𝑓 (𝑡
𝐵
) (𝑡
𝐵
− 𝑡
𝑏
) 𝑑𝑡
𝐵
. (9)

(2) Transfer Time at Off-Peak Hour. The skip-stop BRT
operation is not applied during off-peak hour. Then the
expected transfer time is calculated as previous (a) and (c)
during off-peak hour.

According to the previous discussion, if transfer passen-
ger volumes and passenger transfer time costs are known, the
transfer costs can be achieved after calculating the expected
transfer time.

2.2.3. In-Vehicle Costs. In-vehicle costs are caused by the time
passengers spent in the bus. At the same bus system, the
passenger time costs are similar, and in-vehicle costs relate

to the operating time and passenger volume of the operating
section. In-vehicle costs can be calculated as follows:

𝐶
𝐼
= (∑

𝑖,𝑗∈𝑆

𝑛

∑

𝑙=1

𝑡
𝑙𝑖𝑗
𝑞
𝑙𝑖𝑗
+ ∑

𝑖,𝑗∈𝑆

𝑡
𝑖𝑗
𝑞
𝑖𝑗
) ⋅ 𝑎
𝑜
, (10)

where 𝑡
𝑙𝑖𝑗
and 𝑡
𝑖𝑗
are the operating time (min) from stop 𝑖 to

stop 𝑗 of bus and BRT, 𝑞
𝑙𝑖𝑗
and 𝑞

𝑖𝑗
are the passenger volume

(people) for the section 𝑖 to 𝑗 of bus and BRT, and 𝑎
𝑜
is the

unit cost of passenger in-vehicle time.

2.3. Mathematical Formulation of the Coordinated Operation
Model of BRT and Bus. To minimize the total costs of
coordinated operation of BRT and its feeder bus, the model
can be expressed as follows:

min 𝐶 = 𝐶
𝑂
+ 𝐶
𝑈
= 𝐶
𝑂
+ 𝐶
𝑊
+ 𝐶
𝑇
+ 𝐶
𝐼

s.t. 𝐻
𝐵
≤

60𝑃
𝐵
𝛽
𝐵

𝑞
𝐵max

𝐻
𝑏
≤

60𝑃
𝑏
𝛽
𝑏

𝑞
𝑏max

0 ≤ Δ𝑡 <

𝐻

2

,

(11)

where 𝑃
𝐵
and 𝑃

𝑏
are total vehicle capacity (people) of a BRT

vehicle and a bus, 𝛽
𝐵
and 𝛽

𝑏
are maximum allowable load

factors of a BRT vehicle and a bus, and 𝑞
𝐵max and 𝑞𝑏max are

the passenger volume (people/h) of the maximum section of
passenger flow of the BRT and the bus. Besides, 𝐶

𝑂
and 𝐶

𝑈

in the model can be obtained from Sections 2.1 and 2.2.

3. Genetic Algorithm Based Solution for
the Proposed Model

The proposed model for BRT and its feeder bus is a
nonlinear programming model with single objective and
multiple variables. A deterministic analytical method cannot
be used for such a model. However, the heuristic algorithm,
such as genetic algorithm, can solve the problem effectively.
In addition, from the literature review it is evident that
heuristic approaches have been very popular for solving
problems. These methods typically are examined when a
specific problem is created by a mathematical formula.
Heuristic methods have been used by Kuah and Perl [2] to
quickly search for approximately good solutions by means of
different sets of rules to generate routes in step-by-step and
iterative procedures. Shrivastav and Dhingra [12] developed
a heuristic algorithm applied in the model for integrating the
suburban stops and bus services. Besides, Chowdhury and
Chien [13] proposed a model seeking for better coordination
of the intermodal transit system. Kuan et al. [14] proposed the
design and analysis of twometaheuristics, genetic algorithms
and ant colony optimization, for solving the feeder bus net-
work design problem. Shrivastava and O’Mahony [15] used
genetic algorithms to develop feeder routes and frequencies
leading to schedule coordination of feeder buses with main
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transit simultaneously. Therefore, the genetic algorithm is
used in this paper. The steps of genetic algorithm are shown
as follows.

(1) Set the parameters of genetic algorithm based on the
objective function and constrains of the coordinated
operation model, including the population size 𝑀,
the number of variables 𝑛, crossover probability 𝑃

𝑐
,

mutation probability 𝑃
𝑚
, and stop evolution algebra

𝑇.
(2) Establish a regional scanner, according to the con-

straint condition (Formulation 12) of the coordinated
operation model of BRT and bus. The variable range
is set at the same time.

(3) Generate initial populations randomly in the variable
range of step (2). Then the initial total costs are
calculated by fitness function.

(4) Implement selection operation using proportional
selection operator.

(5) Perform crossover operation in accordance with the
crossover probability 𝑃

𝑐
. There is an average number

of 𝑃
𝑐
⋅ 𝑆 chromosome (the headway of BRT and bus

system) crossing every time for each population.
(6) In order to maintain the population diversity, define

𝑃
𝑚

as the mutation probability of genetic system.
There is an average number of 𝑃

𝑚
⋅ 𝑆 chromosome

(the headway of BRT and bus system) mutating each
time. Chromosome from 𝑖 = 1 to 𝑆 repeats the
following process: generate a random number𝑟 from
the interval [0, 1], if 𝑟 ≤ 𝑃

𝑚
, rebuild the chromosome

𝑖, and test its feasibility. If it is feasible, replace the
original chromosome with a new chromosome.

(7) Decode each individual to the real value and calculate
local optimal solution.

(8) Calculate the fitness value of each individual of the
local optimal solution set, and save the best headway
of BRT and bus system.

(9) Evaluate whether the stop evolution algebra 𝑇 is
satisfied. If it is satisfied, the calculation results are
outputted. If not, return to step (4).

4. A Case Study of the Network Analysis

In order to verify the effectiveness of the coordinated model,
a real transit network is analyzed in the paper. Considering
the data availability and the field investigation, BRT Line 1 in
Beijing and its 8 feeder buses are chosen as the case study.The
transit network is shown as in Figure 1.

4.1. Parameters Setting. As shown in Figure 1, numbers 1–
17 are the bus stops of BRT line 1, and stops 1–17 are the
transfer stops. Lines 1–8 are the feeder bus lines of BRT line 1.
According to the real operational data, the basic parameters
of the BRT line 1 and its feeder bus lines are assumed as
follows: total vehicle capacity of a BRT vehicle and a bus
is 160 and 90 people. The maximum allowable load factor

of a BRT vehicle and a bus is 120%. The passenger volume
(people/h) of each section during peak hour 7:00-8:00 and
off-peak hour 13:00-14:00 of the BRT line and the bus line
is obtained from the smart card data. And the transfer
passenger volumes, transfer walking time, and dwell time
of BRT and bus are also investigated. Thus, the maximum
departure interval is calculated based on Formulation 12 and
the maximum section of passenger flow. Besides, unit cost
of driver driving time 𝛼

𝑝
= 10.14 yuan/min, fixed cost per

kilometer 𝑐
0
= 1.5 yuan/km, and unit variable cost 𝑐

1
=

0.08 yuan/km⋅seat are used in calculating the operation costs.
The value of time of passenger is 1.5 yuan/min. Compared
with the bus, BRT is a kind of transportation with higher
punctuality rate, which runs on the exclusive bus lane. Thus,
the arrival time distribution of the BRT vehicle is assumed to
be a uniform distribution. And the arrival time distribution
of the bus is normal distribution as a result of the uncertainty
in the process of operation.

Then genetic algorithm is used to solve the coordinated
operation model of BRT and bus. Parameters of genetic
algorithm are set as follows:

population size𝑀 = 20,

crossover probability 𝑃
𝑐
= 0.90,

mutation probability 𝑃
𝑚
= 0.07,

number of generations 𝑇 = 1000.

4.2. Results Analysis. After setting the parameters, the genetic
algorithm is applied. The generation is shown as in Figure 2,
which shows that the convergence occurred well within 300
generations. The solution continuously improved with the
increase of the generation number.

The optimization results of off-peak hour and peak hour
are shown in Tables 1 and 2. hB and h

1–8 represent the
optimized headways of BRT line 1 and its 8 feeder buses.
A, B, C, and D represent four kinds of operation modes.
A is the coordinated operation of BRT and bus during off-
peak hour. B is the coordinated operation of all-stop BRT
and bus during peak hour.C is the coordinated operation of
all-stop BRT, skip-stop BRT, and bus during peak hour.D is
noncoordinated operation of BRT and bus during peak hour.

In order to compare the costs change between different
modes, rate of change is used in the paper. The rate is
calculated as follows:

The rate of change between B and C

=

the cost of B − the cost of C
the cost of B

,

The rate of change between B and D

=

the cost of D − the cost of B
the cost of D

.

(12)

The comparison results between different operation modes
are shown in Table 3.
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Figure 1: The transit network of BRT line 1 and its feeder bus lines.
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Figure 2: The generation history of system total costs.

Table 1: Optimization results of different operation modes.

Headway A B C D Slack time A B C

Headway
(min)

hB 8.07 2.19 3.83 (skip-stop)
3.86 (all-stop) 2.17

Δ𝑡 (min)

3.81 2.67 3.96

h1 22.50 11.69 6.41 11.85 3.81 2.67 3.96
h2 20.44 12.80 11.03 12.78 3.81 2.67 3.96
h3 13.77 10.40 6.67 5.54 3.81 2.67 3.96
h4 12.31 10.25 22.98 10.73 3.81 2.67 3.96
h5 16.11 7.78 8.33 10.15 3.81 2.67 3.96
h6 14.50 6.66 8.62 12.35 3.81 2.67 3.96
h7 20.42 9.10 9.94 8.02 3.81 2.67 3.96
h8 23.89 10.81 11.77 11.86 3.81 2.67 3.96

Table 2: Optimization costs of different operation modes.

Operation mode Operation costs (yuan) Passenger costs (yuan) Total costs (yuan)
Waiting costs Transfer costs In-vehicle costs

B 7365.4 514480 5654.6 9666500 10194000
C 7681.7 616760 239658.3 5844100 6708200
D 7249.8 526410 13440.2 9727900 10275000
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Table 3: Comparison results between different operation modes.

Operation costs (yuan) Passenger costs (yuan) Total costs (yuan)
Waiting costs Transfer costs In-vehicle costs

B 7365.4 514480 5654.6 9666500 10194000
C 7681.7 616760 239658.3 5844100 6708200
Difference −316.3 −102280 −234003.7 3822400 3485800
Rate of change −4.29% −19.88% −4138.29% 39.54% 34.19%
B 7365.4 514480 5654.6 9666500 10194000
D 7249.8 526410 13440.2 9727900 10275000
Difference −115.6 11930 7785.6 61400 81000
Rate of change −1.59% 2.27% 57.93% 0.63% 0.79%

5. Conclusions

Route generation and schedule coordination are two impor-
tant aspects for the operational integration of public transport
modes. This study focuses on schedule coordination and a
coordinated operation model is established. Then genetic
algorism is applied for solving the model effectively. The
following conclusions can be drawn from the model devel-
opment and results analysis.

(1) Optimized headways of the BRT and bus networks
can be obtained through the coordinated operation
model. Total costs decrease after implementing coor-
dinated operation.

(2) Coordinated operation can improve the efficiency of
transfer significantly. Comparing the coordinated and
noncoordinated operation of all-stop BRT and bus
during peak hour, passenger costs reduce significantly
during peak hour through coordinated operation. It
is because passengers waiting time decreases when
coordinated operation of all-stop BRT and bus is
implemented. However, the operation costs increase
caused by the larger number of vehicles needed after
implementing coordinated operation.

(3) In the paper, coordinated operation model is applied
in the operation of both all-stop BRT and skip-stop
BRT during peak hour. Comparing the coordinated
operation of all-stop BRT and bus during peak hour
and the coordinated operation of all-stop BRT and
skip-stop BRT and bus during peak hour, the total
costs of the system with skip-stop operation decrease
significantly. The reason is that, with skip-stop oper-
ation, the total travel time becomes shorter than the
one for all-stop operation, depending on the stopping
constraints. In-vehicle travel time becomes shorter
due to skipping stops, although waiting and transfer
times increase. However, the operation costs increase
due to the larger vehicle fleets after implementing the
skip-stop operation. Only when the stopping stops
are carefully coordinated can skip-stop service benefit
passengers and transit agencies.
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With the aim of supporting the process of adapting railway infrastructure and future traffic needs, we have developed a method
to insert additional trains efficiently to an existing timetable without introducing large consecutive delays to scheduled trains. In
this work, the problem is characterized as a job-shop scheduling problem. In order to meet the limited time requirement and
minimize deviations to the existing timetable, the modification that consists of retiming or reordering trains is implemented if
and only if it potentially leads to a better solution. With these issues in mind, the problem of adding train paths is decomposed
into two subproblems. One is finding the optimal insertion for a fixed order timetable and the other is reordering trains. The two
subproblems are solved iteratively until no improvement is possible within a time limit of computation. An innovative branch and
bound algorithm and iterative reordering strategy are proposed to solve this problem in real time. Unoccupied capacities are utilized
as primary resources for additional trains and the transfer connections for passengers can be guaranteed in the new timetable. From
numerical investigations, the proposed framework and associated techniques are tested and shown to be effective.

1. Introduction and Literature Review

This paper will give an account of how to reconstruct an exist-
ing train schedule by inserting additional train services. This
timetable-based extra train paths inserting (TETPI) problem
is an integration of railway dispatching and scheduling. Train
dispatcher bothmodifies the given timetable tomanage delay
in the running operation and establishes schedules for extra
trains.

1.1. Background. The primary motivation of this research
occurs as a result of the following application areas.

(1) The Demands of Extra Trains for Train Operating Com-
panies in European Railways. Pachl [1] describes the open
access networks in European railways. In the train paths
management, the train operating companies order train paths
from the infrastructure operator, and then the infrastructure

operator allocates these train paths on its lines in accordance
with the orders of the train operating companies. From the
view of scheduling, there is a distinction between regular
trains and extra trains. Regular trains are all trains that have a
schedule in the yearly timetable. Train paths for regular trains
have to be ordered several months before the yearly timetable
comes into effect. Extra trains are trains that have no schedule
in the yearly timetable. Train paths for extra trains can
be ordered at any time. Thus, when establishing the yearly
timetable, a lot of traffic is not yet known. It contains only
a part of the real traffic, mainly passenger trains and freight
trains that run on a regular basis. Nowadays, in order to
meet the needs of the shippers, an increasing share of freight
trains runs as extra trains. Train paths formany freight trains,
which do often not even appear in the scheduling systems,
are ordered in a very short time in advance, sometimes just a
few hours [1]. For this reason, the train operating companies
have to rise to the challenge that establishing conflict-free

Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2015, Article ID 289072, 12 pages
http://dx.doi.org/10.1155/2015/289072

http://dx.doi.org/10.1155/2015/289072


2 Mathematical Problems in Engineering

train paths for these trains in a short time and keeping the
disruptions to regular trains minimised or similarly within
acceptable levels.

(2) A key Concept for Noncyclic Timetable in China Railway
System.Thecyclic timetable has beenwidely adopted onhigh-
speed railways because of its obvious advantages in transport
marketing and train operation. However, it is not wise to
apply the complete cyclic timetablemodel onChinese railway
due to its own features. Recently, researchers have shown an
increased interest in an incomplete cyclic timetable model,
an integration model of cyclic and noncyclic timetables, on
China high-speed railways, such as [2, 3].When constructing
incomplete cyclic timetables, the trains of short (or medium
long) distances and high frequencies are scheduled as cyclic
trains, and then trains of long distances or low frequencies
need to be inserted into the planned cyclic timetable as
extra acyclic trains. Nowadays, the cyclic timetable models
have been well developed, and the time-based train insertion
technique without breaking the original cyclic structure is
still a significant demand for research.

In this paper, the TETPI problem via a job shop schedul-
ing approach is considered. More specifically the purpose of
the TETPI problem in this paper is to establish a new conflict-
free timetable for additional trains in a short time, guarantee
the necessary transfer connections between passenger trains,
and aim tominimize the delays incurred by additional trains,
where delay is defined as deviation of actual service schedules
and the initial schedules.

In order to meet the limited time requirement and
minimize deviations to the existing timetable, in practice
it is not necessary to take all of the scheduled trains into
consideration. The modification which usually consists of
retiming or reordering trains is implemented if and only if
it potentially leads to a better solution. With these issues in
mind the following process is possible for solving the TETPI
problem.

Phase 1 (FX strategy). Fix all previously scheduled services.

Phase 2 (RM strategy). The scheduled services can be re-
timed, but the relative order between trains is kept.

Phase 3 (RO strategy). The scheduled services can be reor-
dered.

Note that the TETPI process does not necessarily have to
be applied in the order shown above since not every phase is
required. For instance when track infrastructure utilisation is
light then Phase 1 would be applied. When track capacity is
already heavily utilised, additional trains can only be inserted
by disrupting existing services. Phase 1 will be inappropriate
and Phase 2 should be applied. In both Phase 1 and Phase 2,
additional train services may be added using a constructive
algorithm. In Phase 3, a decision is taken in this phase to
restate a priority order between trains, competing for the
same single track section, in order to get a better solution.

Based on the above analysis, the contributions of this
paper are as follows.

(1) An iterative procedure for inserting extra trains to an
existing timetable is defined in this paper. The TETPI

problem is decomposed into two subproblems; one
is finding the optimal insertion for a fixed order
timetable (Phase 1 and Phase 2) and the other is reor-
dering trains (Phase 3). The two subproblems are
solved iteratively until no improvement is possible
within a time limit of computation.

(2) An innovative branch and bound search algorithm is
introduced to solve the first subproblem. In this step,
the additional trains mainly utilize the unoccupied
capacities to be inserted in order to minimise the
deviations to existing trains.

(3) The order between trains is restated based on dis-
patching rules to get a better solution. Note that only
the change between train services which occur in the
critical path is propitious to decrease the makespan
(i.e., objective in the model) of the alternative graph.

1.2. Review of the Related Literature

1.2.1. Literature Review on Scheduling and Rescheduling Prob-
lem. TheTETPI problem is related to a variety of topics in the
literature. The first and foremost is rail timetable optimiza-
tion. Recently, train scheduling and rescheduling problems
have a great deal of attention. Corman et al. [4], for example,
present a list of foremost papers published on this area
between 1999 and 2007.There are variedmodels for formulat-
ing train operation problem. Since then we have observed
the following papers based on graph theory to solve these
problems efficiently: D’Ariano et al. [5] propose a fixed
speed model and variable speed model to find a conflict-free
timetable in real time after train operations are perturbed.
D’Ariano et al. [6] consider the problem of managing dis-
turbance in real time. In this paper, a real-time traffic man-
agement system called Railway trafficOptimization bymeans
of alternative graph (ROMA) is introduced. They model the
railway traffic optimization based no-store alternative graph,
including constraints of rolling stock and passenger connec-
tions.This problem is decomposed into two subproblems, one
is reordering which is solved by branch and bound algorithm
and the other is rerouting which is solved by a local search
algorithm. The two subproblems are then solved iteratively.
Cacchiani et al. [7] deal with the problem of timetabling non-
cyclic trains. A mixed-integer programming model (MIP) is
proposed to look for the maximum-weight path in a compa-
rability graph. Schachtebeck [8] considers the delay manage-
ment in public transportation. Based on graph theory he uses
integer programming model (IP) formulation and suggests
various heuristic solution approaches to solve large-scale
real-world instances to optimality. In addition, papers such
as [9–13] also present innovative models which are of certain
reference value in the field of railway operation optimization.

Furthermore, there are indications that some of the
previousmodels and techniques in job shop scheduling could
be modified and adapted to solve the TETPI problem. For
instance, Kis and Hertz [14] give for the classical job shop a
polyhedral description of the feasible job insertions and use
it to derive a lower bound for the minimum makespan job
insertion problem. Gröflin et al. investigate [15, 16] insertion



Mathematical Problems in Engineering 3

Table 1: Characteristics of adding paths problem and solution approaches.

Publication Background Model Objective Solution Real
time Connection Problem size

evaluated for

[17] (F) ILP
Maximizes the number of
additional trains and
minimize the violations to
the ideal insertion

(HA) No No
679/202/24-48-96,
520/202/24-48-96,

0/202/188-338-554-64

[18] (P) MIP
Minimizes the total
weighted time window
violations and the
makespan

(CA), (HA) No No

6/3/1-5, 6/5/1-5,
10/10/1-5, 24/10/1-5,
15/5/1-5, 54/30/1-5,
20/20/1-5, 20/12/1-5,

20/24/1-5

[19] (F/P) CSM Minimizes the average
traversal time of new train (DP), (PR) No No 81/65/20

[20] (F/P) LPM, CSM

Support railway planners
by computing a set of
Pareto optimal solutions
with respect to travel time
and expected delay to
additional trains

(SP) No No —/—/1

Our paper (F/P) MIP Minimizes consecutive
delay to existing timetable

(BB), (AG),
(SP), (PR) Yes Yes 36/60/1-15

(i) Background: passenger trains insertion (P); freight trains insertion (F).
(ii) Model: mixed integer programming (MIP); computer simulation model (CSM); integer linear programming (ILP); linear regression model (LPM).
(iii) Solution: constructive algorithm (CA); alternative graphs (AG); shortest path algorithm (SP); branch-and-bound (BB); heuristics algorithm (HA); dynamic
programming (DP); local search (LS); practical rules (PR).
(iv) Problem size evaluated for number of initial trains/number of stations or block sections/number of additional trains. —: between double / means missing
the information.

problems in a general disjunctive scheduling framework
capturing a variety of job shop scheduling problems and
inserting types. They propose a short cycle property for job
insertion problem. A polyhedral description of all the feasible
job insertions is derived to find the lower and upper bound
for the minimummakespan.

1.2.2. Literature Review on Problem of Adding Train Paths.
Although the adding extra train paths technology is very
important, there has been few direct related discussion about
adding paths problem. The only papers to our knowledge
are presented in Table 1 which summarizes the studies, like
ours, dealing with inserting passenger or freight trains into
an exiting timetable.

References [17, 19] solve the problem of inserting freights
trains with assumption that all of the initial trains can
not be changed. In [17], the additional trains are inserted
with predefined ideal departure/arrival time and minimum
stopping time at each station that must visit; meanwhile,
alternative routes are taken into account. In [19], additional
trains are inserted at a randomly fixed time belonging to the
time window at each iteration and priority rule is predefined
for each overtaking and meeting. Reference [20] computes a
set of Pareto optimal train schedules with respect to risk and
travel time. Their method aims to find robust train paths in
the sense that the additional train has a low risk of delay upon
arrival at its final station and supporting railway planners by
computing a set of recommended train paths for a given train
request.

Our study is different from the previous ones in two
things. Firstly, we guarantee the transfer connections during
insertion. Secondly, we solve the problem of adding train
paths in real time.The difficulty in this paper is that the time-
table scheduling and rescheduling are considered as two com-
plex and time-consuming problems and usually researched
independently. However, as introduced in Section 1.1, the
problem of adding train paths, an integration of railway
scheduling and rescheduling problem, is often required to be
solved within a short time in Germany.

The format of the paper in the following sections is as
follows. The model and algorithms for the TETPI problem
are described in Section 2. The details of a novel bound
search algorithm and an iterative reordering structure are
presented to get optimal decision. Numerical investigations
and case studies then demonstrate in Section 3 the quality of
solutions that are obtained from the proposed approaches. In
Section 4, the outcomes and the significance of the paper are
summarized and the future research directions are given.

2. Model and Algorithms for
the TETPI Problem

The job shop scheduling models with blocking and no-store
constraints have been used by many authors to formulate the
problem of scheduling train movements in railway networks.
With this model the sequence of block sections traversed by
a train is viewed as a set of machines in a job shop problem,
where trains correspond to jobs and the usage of a block
section by a train is called an operation.
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Figure 1: Two train operations to be processed on the same section.

2.1. Basic Railway Scheduling Model. For a basic railway
scheduling problem, its corresponding alternative graph
model is usually defined as a triple 𝐺 = (𝑉,𝐴, 𝐸), where
nodes set 𝑉 refers to a finite set of nodes, which correspond
to operations. 𝐴 is a set of direct conjunctive arcs modeling a
precedence relation between two consecutive operations. 𝐸 is
a set of pairs of alternative arcs representing all the potential
permutations of trains in common sections.

In Figure 1(a), operations 𝑖 and 𝑗 represent trains 𝑇
𝑎
and

𝑇
𝑏
entering the same section 𝑠.𝜎(𝑖) and𝜎(𝑗) are referred to the

subsequent operations of 𝑖 and 𝑗, respectively. Conjunctive
arcs are depicted with solid arrows, which are weighted with
running times 𝑝

𝑖
and 𝑝

𝑗
of the associated operations 𝑖 and 𝑗,

respectively. A conjunctive arc restricts the starting time for
an operation with respect to the starting of its predecessor
operation; that is,

𝑡
𝜎(𝑖)
≥ 𝑡
𝑖
+ 𝑝
𝑖
, 𝑡

𝜎(𝑗)
≥ 𝑡
𝑗
+ 𝑝
𝑗
. (1)

In a fixed block safety system, each block section can
host at most one train at a time; otherwise, some potential
conflicts occur whenever two ormore trains require the same
block section. Therefore, after processing, every train has to
wait on the current section and blocks it until the subsequent
section becomes available, thus preventing other trains from
entering the same section at the same time.This constraint is
formulated by a pair of alternative arcswhich defines different
processing order for every two trains in the common section.
A pair of alternative arcs ⟨(𝜎(𝑗), 𝑖), (𝜎(𝑖), 𝑗)⟩ are represented
with dashed lines in Figure 1(a). If (𝜎(𝑗), 𝑖) is selected, 𝑇

𝑏

precedes 𝑇
𝑎
. Conversely, if (𝜎(𝑖), 𝑗) is selected, 𝑇

𝑎
precedes

𝑇
𝑏
. The conflict between 𝑇

𝑎
and 𝑇

𝑏
must be solved choosing

exactly one of the two arcs. In practice, an additional safety
marginE, referred to in this paper as setup time, is introduced
to every alternative arc. It is a permutation based constant.
Then the alternative arcs can be formulated as follows:

𝑡
𝜎(𝑖)
≥ 𝑡
𝑗
+ 𝑝
𝑗
+E
𝑗𝑖

or 𝑡
𝜎(𝑗)
≥ 𝑡
𝑖
+ 𝑝
𝑖
+E
𝑖𝑗
. (2)

However, for fast trains, the model is slightly different.
Note that a fast train in a fixed safety system is only
allowed to enter a block section if the next two block

sections are not occupied by other trains. As shown in
Figure 1(b), the corresponding pair of alternative arcs lead
to ⟨(𝜎(𝑖), 𝑗), (𝜎(𝑗), 𝜑(𝑖))⟩, where 𝜑(𝑖) and 𝜑(𝑗) are the prede-
cessor operations of faster operation 𝑖 and slower operation
𝑗, respectively [21]. This can be seen as a multiprocessor job
scheduling problem, where operations have to be processed
simultaneously on a set of dedicated machines instead of a
single machine.

2.2. Model for the TETPI Problem. In this section, the TETPI
problem is formulated by means of an alternative graph
model. Combining the description of the basic scheduling
model and the features of inserting problem, the conjunctive
arcs 𝐴 and alternative arcs 𝐸 for the TETPI problem are
defined as follows:

(i) Conjunctive arcs set 𝐴 = 𝐴
𝑂
∪ 𝐴
𝑁

is composed
of original conjunctive arcs set 𝐴

𝑂
, which belongs

to existing trains, and new conjunctive arcs set 𝐴
𝑁
,

which belongs to additional trains. 𝐴 is fixed when
train routes are defined.

(ii) Alternative arcs set 𝐸 = 𝐸
𝑂
∪ 𝐸
𝑁
, where 𝐸

𝑂
repre-

sents permutation of original trains and predefined
sequence between additional trains and𝐸

𝑁
represents

all of the possible insertions for new trains set 𝑁. In
the TETPI problem, even though 𝐸

𝑂
is settled, it is

still a set of variables when some trains need to be
reordered, and then selection of 𝐸

𝑁
depends on the

choice of 𝐸
𝑂
.

For example, an alternative graph for a part of railway
lines is presented in Figure 2. It contains 10 block sections
numbered from𝑚

1
to𝑚
10
. Two existing trains labeled𝑇

𝑎
and

𝑇
𝑏
are using this part of tracks.The routes of trains 𝑇

𝑎
and 𝑇

𝑏
,

respectively, are as follows:

𝑇
𝑎
: {𝑚
4
→ 𝑚

5
→ 𝑚

3
→ 𝑚

6
→ 𝑚

7
→ 𝑚

10
}

𝑇
𝑏
: {𝑚
1
→ 𝑚

2
→ 𝑚

3
→ 𝑚

6
→ 𝑚

7
→ 𝑚

10
} .

(3)

One additional train denoted 𝑇
𝑛
with the route

𝑇
𝑛
: {𝑚
4
→ 𝑚

5
→ 𝑚

8
→ 𝑚

9
→ 𝑚

7
→ 𝑚

10
} (4)
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Figure 2: An alternative graph for the TETPI problem.

needs to be inserted. Let 𝜎 and 𝜏 be dummy start and
finish operations, having to be performed before and after all
operations, respectively. For the sake of clarity, the weights of
arcs which represent minimum running time and dwell time
of the associated operations are not showed.

In this alternative graph, 𝐴 is represented with solid
arrows, while 𝐸

𝑂
and 𝐸

𝑁
are depicted with dash-dotted

arrows and dashed arrows, respectively. To differ in that a
precedence constraint in 𝐴 always must hold, while an arc in
𝐸 must be selected if its corresponding alternative arc does
not hold. A selection in graph 𝐺 is an arbitrary subset of
alternative arcs; that is, 𝑆 ⊆ 𝐸. If for every alternative pair
at least one arc is selected, we called that 𝑆 is complete in 𝐺.
𝑆 is an acyclic selection if the graph 𝐺(𝑉,𝐴 ∪ 𝑆), denoted by
𝐺(𝑆), contains no positive length cycles. Finally, 𝑆 is a feasible
selection if it is complete and acyclic. In fact, a positive length
cycle causes a deadlock in a graph, which is infeasible. So the
TETPI problem is equivalent to the following problem: given
a set of trains 𝑇 and a selection 𝑆

𝑂
that is feasible for all trains

of 𝑇 − {𝑁}, where 𝑁 is a set of additional trains, then find a
selection 𝑆

𝑁
of alternative arcs incident to𝑁 such that among

all feasible selections selection 𝑆 = 𝑆
𝑂
∪ 𝑆
𝑁
minimizes the

length of the longest path 𝜋 from 𝜎 to 𝜏 in graph 𝐺(𝑆).
Furthermore, D’Ariano et al. [6] use an innovative way to

represent themaximumconsecutive delaywith themakespan
of the associated alternative graph by introducing the weights
of entry time and negative exit time on the start and end
operations, respectively. In this way, the objective for the
TETPI model is changed into minimizing consecutive delay.

In practice, extra freight trains may be set flexibly when
they will enter the planned system, but at most of time
passenger trains have to be set at predefined time or meet
transfer requirements with existing trains, and moreover
some trains may already be partly within the system at the
start of the schedule. In such cases, strategies like retiming
and reordering existing trains are unavoidable which may
cause scheduled connections to be dismissed. In order to
guarantee some scheduled connections or orders, the cor-
responding alternative arcs in 𝐸

𝑂
should not be changed.

Meanwhile, for the purpose of new connections between
additional trains and scheduled trains, the corresponding

alternative arcs in 𝐸
𝑁
should be preselected. A set of these

preselected and preforbidden alternative arcs are referred to
𝑄 and 𝐹, respectively, in this paper.

Then the basic constrained TETPI problem based on
alternative graph can be formulated as the model (M1):

(M1):

min 𝑡
𝜏
− 𝑡
𝜎

{
{
{
{
{
{
{
{
{

{
{
{
{
{
{
{
{
{

{

𝑡
𝑗
− 𝑡
𝑖
≥ 𝑝
𝑖

∀𝑖, 𝑗 ∈ 𝑉, (𝑖, 𝑗) ∈ 𝐴

𝑡
𝑗
− 𝑡
𝑖
≥ 𝑝
𝑖
+E
𝑖𝑗
or

𝑡
𝑘
− 𝑡
ℎ
≥ 𝑝
ℎ
+E
ℎ𝑘

∀𝑖, 𝑗, 𝑘, ℎ ∈ 𝑉,

⟨(𝑖, 𝑗) , (ℎ, 𝑘)⟩ ∈ 𝐸

𝑡
𝑗
− 𝑡
𝑖
≥ 𝑝
𝑖
+E
𝑖𝑗

∀𝑖, 𝑗 ∈ 𝑉, (𝑖, 𝑗) ∈ 𝑄

𝑡
𝑗
− 𝑡
𝑖
≤ 𝑝
𝑖
+E
𝑖𝑗

∀𝑖, 𝑗 ∈ 𝑉, (𝑖, 𝑗) ∈ 𝐹.

(5)

Besides the above constraints, the alternative graph allows
formulation of situations more general that the ones we have
mentioned. For example, Strotmann [21] introduces addi-
tional constraints modeled in terms of the alternative graph
model, including connection constraints between trains, out-
of-service intervals for certain block sections and so on.

2.3. Algorithms for the TETPI Problem. In our definition,
the TETPI problem is asked to develop a new conflict-free
plan compatible with the strict time limit for some real-
time traffic situations and modify the scheduled requests as
little as possible, including reordering as few as possible. In
order to meet these minimum deviation and limited time
requirements, it is not necessary to take all the scheduled arcs
𝐸
𝑂
into consideration, because only the change of alternative

arcs occurring in the critical path is propitious to decrease
the makespan of alternative graph. In this section, the TETPI
problem is decomposed into two subproblems:

(1) find the optimal insertion for a fixed order timetable:
in this phase, the additional services mainly utilize
unoccupied capacities to process. By this means, it
can not only minimize the deviation of scheduled
timetable, but also keep the existing transfer plans to
the fullest extent;
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Begin FinishSolve fixed
order TETPI

New set E
O

Yes

No

S(E
O
) Is stopping

criterion
reached?

Report the best
feasible solution

Evaluation and choice of a
reordering neighbor of E

O

E
O

Figure 3: Architecture of insertion.

(2) give a solution to subproblem (1) and define new
sequence of𝐸

𝑂
potentially leading to better schedules.

In this phase, unavoidable permutation changes are
introduced in order to set more additional restricted
services without leading to large deviation or consec-
utive delay to the existing timetable.

These two subproblems are then iteratively solved until no
improvement is possible within a time limit of computation.
The architecture of this inserting procedure is represented in
Figure 3.

2.3.1. Branch and Bound Search Algorithm with Fixed Per-
mutation. Let the length 𝜋𝑆(𝜎, 𝜏) be the critical path of the
graph𝐺(𝑆).This value can be reduced either bymodifying the
location of the new trains 𝑆

𝑁
or reordering the original train

sequencing 𝑆
𝑂
. In this subsection, we start from𝐺(𝑉,𝐴∪ 𝑆

𝑂
)

with fixed permutation of original trains 𝑆
𝑂
and then derive

a polyhedral description of all feasible insertions 𝑆
𝑁
for the

TETPI problem.
In order to formulate this problem, we will use the

following definitions and notions. For any directed arc 𝑒 =
(V, 𝑤), 𝑡(𝑒) = V is the tail node of arc 𝑒 and ℎ(𝑒) = 𝑤 is the
head node. Given an existing timetable 𝐺(𝑉,𝐴 ∪ 𝑆

𝑂
), insert

all operations of train set𝑁 into this schedule simultaneously.
A family of alternative arc pairs𝐸

𝑁
which are incident with𝑁

are composed of two distinct alternative edge sets𝐸−
𝑁
and𝐸+

𝑁
,

respectively, entering and leaving𝑁; that is, 𝐸
𝑁
= 𝐸
−

𝑁
∪ 𝐸
+

𝑁
,

where

𝐸
−

𝑁
= {𝑒 ∈ 𝐸

𝑁
, 𝑡 (𝑒) ∉ 𝑁, ℎ (𝑒) ∈ 𝑁}

𝐸
+

𝑁
= {𝑓 ∈ 𝐸

𝑁
, 𝑡 (𝑓) ∈ 𝑁, ℎ (𝑓) ∉ 𝑁} .

(6)

Insertion problem concerning how to reallocate the
resources then can be produced on determining which arc
should be selected from each pair of alternative arcs. Each
arc in the pair represents mutually exclusive permutation
between two operations. A core concept in the reduction of
the computational effort of the algorithm introduced in this
paper is the characterization of incompatible arcs pairs.

Proposition 1. Given a TETPI problem, for any selection 𝑆 ∈
𝐸, if 𝐺(𝑆) contains a cycle, then the selection 𝑆 must contain
at least one arc 𝑒 ∈ 𝐸−

𝑁
entering to and one arc𝑓 ∈ 𝐸

+

𝑁

e f

�
1

�
2

w
1

w
2

V
N

V
O

Figure 4: Arbitrary operation path with a cycle, where V
1
, V
2
∈ 𝑂𝑝
𝑁

and 𝑤
1
, 𝑤
2
∈ 𝑂𝑝
𝑂
.

leaving from the additional operations. This arcs pair ⟨𝑒, 𝑓⟩
is incompatible in a feasible inserting selection [15].

Proof. Given an operation path in graph 𝐺, let 𝑉
𝑁

and
𝑉
𝑂
denote the additional and exiting train operation sets,

respectively. Since existing timetable and additional timetable
are feasible separately, there is no cycle in 𝑉

𝑁
or 𝑉
𝑂
. If

a cycle arises in the given path (see Figure 4 as a simple
example), it must contain at least one arc 𝑒 entering V

1
from

𝑤
1
and simultaneously at least one arc 𝑓 leaving V

2
to 𝑤
2
,

where V
1
, V
2
∈ 𝑉
𝑁

and 𝑤
1
, 𝑤
2
∈ 𝑉
𝑂
. For this reason, the

corresponding alternative arc pair ⟨𝑒, 𝑓⟩ which composes a
cycle is incompatible in a feasible selection 𝑆

𝑁
.

Based on Proposition 1, let 𝑈 be the collection of all such
positive cyclic selections that visit additional trains𝑁 exactly
once. For example, in Figure 2,

𝐸
−

𝑁
= {(𝑎
5
, 𝑛
4
) , (𝑎
3
, 𝑛
5
) , (𝑎
10
, 𝑛
7
) , (𝑏
10
, 𝑛
7
)} (7)

indicates that existing trains precede additional trains in
common sections, while

𝐸
+

𝑁
= {(𝑛
5
, 𝑎
4
) , (𝑛
8
, 𝑎
5
) , (𝑛
10
, 𝑎
7
) , (𝑛
10
, 𝑏
7
)} (8)

represents that an additional train goes first and then an
existing train follows. Then the family of alternative arcs pair
is 𝜉 = {⟨𝑒, 𝑒⟩ : 𝑒 ∈ 𝐸−

𝑁
, 𝑒 ∈ 𝐸

+

𝑁
}, where

𝜉 = {⟨(𝑎
5
, 𝑛
4
) , (𝑛
5
, 𝑎
4
)⟩ ∪ ⟨(𝑎

3
, 𝑛
5
) , (𝑛
8
, 𝑎
5
)⟩

∪ ⟨(𝑎
10
, 𝑛
7
) , (𝑛
10
, 𝑎
7
)⟩ ∪ ⟨(𝑏

10
, 𝑛
7
) , (𝑛
10
, 𝑏
7
)⟩} .

(9)
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According to the definition of 𝑈, then

𝑈 = 𝜉 ∪ {⟨(𝑎
3
, 𝑛
5
) , (𝑛
5
, 𝑎
4
)⟩

∪ ⟨(𝑎
5
, 𝑛
4
) , (𝑛
8
, 𝑎
5
)⟩ ∪ ⟨(𝑏

10
, 𝑛
7
) , (𝑛
10
, 𝑎
7
)⟩} .

(10)

Cleary, 𝑈 is incompatible arc pairs set. Exactly only one
arc in each pair of 𝜉must be chosen in a feasible selection and
at most one arc (may be none of arc) could be selected in each
pair of𝑈/𝜉. Let 𝑥

𝑒
be a binary variable to identify whether arc

𝑒 is chosen or not; that is,

𝑥
𝑒
= {

1 if arc 𝑒 is chosen,
0 otherwise.

(11)

Then the TETPI problem can be described as model (M2):

(M2):

min𝐶

{
{
{
{
{
{
{
{
{
{
{

{
{
{
{
{
{
{
{
{
{
{

{

𝑥
𝑒
+ 𝑥
𝑓
≤ 1 ∀𝑒 ∈ 𝐸

−

𝑁
, 𝑓 ∈ 𝐸

+

𝑁
,

⟨𝑒, 𝑓⟩ ∈ 𝑈

𝑥
𝑒
+ 𝑥
𝑒
= 1 ∀𝑒 ∈ 𝐸

𝑁

𝑥
𝑒
= 1 ∀𝑒 ∈ 𝑄

𝑥
𝑒
= 0 ∀𝑒 ∈ 𝐹

𝑥
𝑒
= {0, 1} ∀𝑒 ∈ 𝐸

𝑁
− 𝑄 − 𝐹

𝜋 (𝑥) ≤ 𝐶.

(12)

Since the critical path 𝜋(𝑥) of the new timetable is
nonlinear in 𝑥, huge computational effort will be taken
to solve (M2). However, it can be observed that there are
three different circumstances for 𝜋(𝑥) in an arbitrary feasible
insertion [16].

(1) If 𝜋(𝑥) contains no operations of additional trains𝑁,
the corresponding makespan for the new graph holds
𝜋
0
= 𝜋
𝜎𝜏
, where 𝜋

𝜎𝜏
is the makespan for existing

timetable.

(2) If 𝜋(𝑥) contains exactly one arc in 𝐸
𝑁
, the corre-

sponding makespan for the new graph satisfies 𝜋
1
=

𝜋
𝜎,𝑡(𝑒)

+𝐶
𝑒
+𝜋
ℎ(𝑒),𝜏

, where 𝜋
𝑖𝑗
is the longest path from

node 𝑖 to node 𝑗 and 𝐶
𝑖
is the weight of arc 𝑖.

(3) If 𝜋(𝑥) contains exactly 𝑒 ∈ 𝐸−
𝑁

and 𝑓 ∈ 𝐸
+

𝑁
, the

corresponding makespan for the new graph is 𝜋
2
=

𝜋
𝜎,𝑡(𝑒)

+ 𝐶
𝑒
+ 𝜋
ℎ(𝑒),𝑡(𝑓)

+ 𝐶
𝑓
+ 𝜋
ℎ(𝑓),𝜏

.

Let𝜋(𝑥) denote themaximum length path for these three
circumstances. Clearly,𝜋(𝑥) ≤ 𝜋(𝑥) ≤ 𝐶.Then, the (M2) can
be released into

(M3):

min𝐶

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

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

{

𝑥
𝑒
+ 𝑥
𝑓
≤ 1 ∀𝑒 ∈ 𝐸

−

𝑁
, 𝑓 ∈ 𝐸

+

𝑁
,

⟨𝑒, 𝑓⟩ ∈ 𝑈

𝑥
𝑒
+ 𝑥
𝑒
= 1 ∀𝑒 ∈ 𝐸

𝑁

𝑥
𝑒
= 1 ∀𝑒 ∈ 𝑄

𝑥
𝑒
= 0 ∀𝑒 ∈ 𝐹

𝑥
𝑒
= {0, 1} ∀𝑒 ∈ 𝐸

𝑁
− 𝑄 − 𝐹

𝜋
0
≤ 𝐶

𝜋
1
𝑥
𝑒
≤ 𝐶 ∀𝑒 ∈ 𝐸

−

𝑁
∪ 𝐸
+

𝑁

𝜋
2
(𝑥
𝑒
+ 𝑥
𝑓
− 1) ≤ 𝐶 ∀𝑒 ∈ 𝐸

−

𝑁
, 𝑓 ∈ 𝐸

+

𝑁
.

(13)

Proposition 2. Given a TETPI problem with the makespan 𝐶
for the optimal insertion, if ⟨𝑒, 𝑒⟩ is a pair of alternative arcs
and 𝜋

1
= 𝜋
𝜎,𝑡(𝑒)

+ 𝐶
𝑒
+ 𝜋
ℎ(𝑒),𝜏

> 𝐶, then 𝑒 is forbidden and 𝑒 is
implied by the optimal inserting selection. In particular, 𝑥

𝑒
= 0

and 𝑥
𝑒
= 1, when 𝜋

1
> 𝐶 [5].

Proposition 3. Given a TETPI problem with the makespan 𝐶
for the optimal insertion, if there exists a path 𝜋

2
that contains

arcs 𝑒 and𝑓 and 𝜋
2
= 𝜋
𝜎,𝑡(𝑒)

+𝐶
𝑒
+𝜋
ℎ(𝑒),𝑡(𝑓)

+𝐶
𝑓
+𝜋
ℎ(𝑓),𝜏

> 𝐶,
then arcs pair ⟨𝑒, 𝑓⟩ is incompatible in the optimal inserting
selection. In particular, 𝑥

𝑒
+ 𝑥
𝑓
≤ 1, when 𝜋

2
> 𝐶.

Proof. Suppose that 𝑒 and 𝑓 are selected simultaneously in
the optimal selection 𝑆

𝑁
and there exists a path 𝜋

2
= 𝜋
𝜎,𝑡(𝑒)

+

𝐶
𝑒
+𝜋
ℎ(𝑒),𝑡(𝑓)

+𝐶
𝑓
+𝜋
ℎ(𝑓),𝜏

. Themakespan𝐶, the longest path
in this inserting alternative graph, should satisfy 𝐶 ≥ 𝜋

2
, but

then it is a contradiction to 𝜋
2
> 𝐶.

Based on Propositions 2 and 3, let

𝑈
𝑐
= {𝑒 : 𝑒 ∈ 𝐸

𝑁
, 𝜋
1
> 𝐶}

∪ {(𝑒, 𝑓) : 𝑒 ∈ 𝐸
−
(𝑁) , 𝑓 ∈ 𝐸

+
(𝑁) , 𝜋

2
> 𝐶} .

(14)

Then (M3) can be changed into

(M4) :

min𝐶

{
{
{
{
{
{
{

{
{
{
{
{
{
{

{

𝑥
𝑒
+ 𝑥
𝑓
≤ 1 ∀𝑒 ∈ 𝐸

−

𝑁
, 𝑓 ∈ 𝐸

+

𝑁
, ⟨𝑒, 𝑓⟩ ∈ 𝑈 ∪ 𝑈

𝑐

𝑥
𝑒
+ 𝑥
𝑒
= 1 ∀𝑒 ∈ 𝐸

𝑁

𝑥
𝑒
= 1 ∀𝑒 ∈ 𝑄

𝑥
𝑒
= 0 ∀𝑒 ∈ 𝐹 ∪ 𝑈

𝑐

𝑥
𝑒
= {0, 1} ∀𝑒 ∈ 𝐸

𝑁
− 𝑄 − 𝐹.

(15)

Then the lower bound LB for the TETPI problem can
be relaxed into finding a minimum 𝐶 to make (M4) have
existence of solution; that is,𝐶min = LB. It is evident that LB is
tight if and only if there is a critical path that contains exactly
one arc leaving 𝑁 and one arc entering 𝑁. The procedure of
inserting algorithmwith fixed train permutation is showed in
Procedure 1.

According to the above three propositions, let 𝑄∗ denote
arcs implied by the optimal insertion based on Propositions 2
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Input: existing timetable 𝐺(𝑉
𝑂
, 𝐴
𝑂
, 𝐸
𝑂
)

Output: lower bound and critical path
(1) Begin
(2) calculate reachable matrix 𝑅

𝑂
and 𝑅

𝑁
for original and additional operation respectively, where 1/0 represents that it

is (not) reachable from node 𝑖 to node,
(3) while 𝑠𝑒 ̸= 𝐿𝑎𝑠𝑡 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 do
(4) 𝑂

𝑂
= 𝐺𝑒𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝑇

𝑂
, 𝑠𝑒), 𝑂

𝑁
= 𝐺𝑒𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝑇

𝑁
, 𝑠𝑒)

(5) for 𝑂
𝑂
and 𝑂

𝑁
do

(6) 𝜎(𝑂
𝑂
) = 𝐺𝑒𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝑂

𝑂
), 𝜎(𝑂

𝑂
) = 𝐺𝑒𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝑂

𝑁
)

(7) 𝑒 = 𝑒 ∪ (𝜎(𝑂
𝑂
), 𝑂
𝑁
), 𝑓 = 𝑓 ∪ (𝜎(𝑂

𝑁
), 𝑂
𝑂
)

(8) end for
(9) 𝑠𝑒 = 𝑠𝑒 + 1

(10) end while
(11) for all 𝑒 and 𝑓 do
(12) if 𝑅

𝑂
(ℎ(𝑓), 𝑡(𝑒)) = 1 & 𝑅

𝑁
(ℎ(𝑒), 𝑡(𝑓)) = 1 then

(13) 𝑈(𝑒, 𝑓) = 1, i.e. 𝑒 and 𝑓 are incompatible arcs
(14) end if
(15) end for
(16) for all 𝑈 ̸= 1 do
(17) 𝜋

1
(𝑒) = 𝜋

𝜎,𝑡(𝑒)
+ 𝑝
𝑒
+ 𝜋
ℎ(𝑒),𝜏

, 𝜋
1
(𝑓) = 𝜋

𝜎,𝑡(𝑓)
+ 𝑝
𝑓
+ 𝜋
ℎ(𝑓),𝜏

(18) if 𝑅
𝑁
(ℎ(𝑒), 𝑡(𝑓)) = 1 then

(19) 𝜋
2
(𝑒, 𝑓) = 𝜋

𝜎,𝑡(𝑒)
+ 𝑝
𝑒
+ 𝜋
ℎ(𝑒),𝑡(𝑓)

+ 𝑝
𝑓
+ 𝜋
ℎ(𝑓),𝜏

(20) else if 𝑅
𝑂
(ℎ(𝑓), 𝑡(𝑒)) = 1

(21) 𝜋
2
(𝑓, 𝑒) = 𝜋

𝜎,𝑡(𝑓)
+ 𝑝
𝑓
+ 𝜋
ℎ(𝑓),𝑡(𝑒)

+ 𝑝
𝑒
+ 𝜋
ℎ(𝑓),𝜏

(22) end if
(23) end for
(24) 𝐶

1
= 𝜋
𝜎,𝜏
, 𝐶
2
= max(𝜋

1
, 𝜋
2
), 𝐶 = 𝐶

1
, 𝑈
𝑐
= 𝑈

(25) while 𝐶
1
̸= 𝐶
2
do

(26) if 𝜋
2
(𝑒, 𝑓) ≤ 𝐶 then

(27) 𝑈
𝑐
(𝑒, 𝑓) = 1, that is 𝑒 and 𝑓 are incompatible arcs

(28) end if
(29) if 𝜋

1
(𝑒) > 𝐶 & 𝑈

𝑐
(𝑒, 𝑓) = 1 then

(30) 𝑒, 𝑓 ∈ 𝑆𝑒𝑙𝑒𝑐𝑡 𝑓 𝑁𝑟

(31) end if
(32) if 𝜋

1
(𝑓) > 𝐶 & 𝑈

𝑐
(𝑒, 𝑓) = 1 then

(33) 𝑒, 𝑓 ∈ 𝑆𝑒𝑙𝑒𝑐𝑡 𝑓 𝑁𝑟

(34) end if
(35) if 𝑆𝑒𝑙𝑒𝑐𝑡 𝑒 𝑁𝑟 ∩ 𝑆𝑒𝑙𝑒𝑐𝑡 𝑓 𝑁𝑟 = 0 then
(36) 𝐶LB = 𝐶, 𝐶2 = 𝐶, 𝐶 = (𝐶1 + 𝐶2)/2
(37) end if
(38) if 𝐶

1
= 𝐶 then

(39) 𝐶 = (𝐶
1
+ 𝐶
2
)/2

(40) end if
(41) end while
(42) Return 𝐶LB and 𝜋

Procedure 1: Lower bound and critical path.

and 3 and let𝐻 be a set of alternative arc pairs which are still
not determined. Then insertion 𝑄∗ ∪ 𝐻− and 𝑄∗ ∪ 𝐻+ are
two feasible inserting selections; for example, if (𝑛

5
, 𝑎
4
) and

(𝑛
8
, 𝑎
5
) are implied in Figure 2, selections

𝑄
∗
∪ 𝐻
−
= {(𝑛

5
, 𝑎
4
) , (𝑛
8
, 𝑎
5
) , (𝑏
10
, 𝑛
7
) , (𝑎
10
, 𝑛
7
)} ,

𝑄
∗
∪ 𝐻
+
= {(𝑛

5
, 𝑎
4
) , (𝑛
8
, 𝑎
5
) , (𝑛
10
, 𝑛
7
) , (𝑛
10
, 𝑎
7
)} ,

(16)

are two feasible insert solutions.The better solution of the two
insertions yields an upper boundUB for this TETPI problem,
denoted by 𝑆UB.

2.3.2. Iteration of Reordering Optimization. The evaluation
and choice of a reordering neighbor of 𝑆

𝑂
are solved by a local

search approach.The sequence of operations which compose
critical path is modified if the new solution improves the
objective function.

It should be noticed that, in the circumstance of inserting
trains one by one, there are two types of orders to be ex-
changed, which occur between two original trains or between
one additional train and one original train. When inserting
trains simultaneously, rough permutation of additional trains
should be drafted based on predefined time and transfer
requirements. Then, besides orders between two original



Mathematical Problems in Engineering 9

Input: 𝑆LB, 𝐶LB and critical path 𝜋
Output: best solution found
(1) while (time limit not reached) & (consecutive delay > 0) do
(2) Reorder the permutation of operations on critical path according to the dispatching rules (ARI) in Section 2.3.2,

get 𝑆
𝑂

(3) Do Procedure 1 Lowerbound & Criticalpath, get 𝑆LB and 𝐶


LB
(4) if 𝐶LB < 𝐶LB then
(5) 𝑆

𝑂
= 𝑆


𝑂
, 𝐶LB = 𝐶



LB, 𝐶LB = 𝐶


LB, 𝑆LB = 𝑆


LB
(6) end if
(7) end while
(8) calculate 𝑆

𝑁
according to the current 𝑆LB

(9) Return 𝑆 = 𝑆
𝑂
∪ 𝑆
𝑁

Procedure 2: Local search and iterative step.

Hannover Hbf Lehrte Hbf
(passenger only)

Bft Peine Pbf
Vechelde

(passenger only) Gross Gleidingen
(freight only)

Braunschweig Hbf

(passenger only)
V ̈ohrum

H ̈amelerwald

Figure 5: Hannover-Braunschweig railway area.

trains, the order of additional trains also should be taken into
consideration.

Normally, the guarantee of original orders and connec-
tions plays an important factor in minimum consecutive
delay to existing timetable and in convenience for passengers.
It means that if there is no improvement found by exchanging
orders of additional trains, then switch between two original
trains is executed. Automatische Rijweg Instelling (ARI) is
used as a dispatching rule in this paper. This rule is used
in The Netherlands and is briefly introduced in Corman
et al. [4]. Procedure 2 represents the iterative optimization
procedure.

3. Computational Tests

We report on our computational experiments on a real-
life scenario. The experiments are based on the dispatching
area of Hannover-Braunschweig. The primary aim of the
numerical investigations is to identifywhether good solutions
can be obtained using the methodology and techniques
proposed in this paper. The bound search and permutation
refinement algorithms are implemented in MATLAB R2010b
and executed on a laptop equipped with a processor Intel
Core 2 Duo (2.4GHZ), 2GB Ram. Computational time and
delays are always expressed in seconds.

3.1. Description of Instances. The Hannover-Braunschweig
railway area consists of double tracks divided into one long
corridor for each traffic direction, one dedicated stop for
freight trains, and seven passenger stations, see Figure 5.

We evaluate a four-hour (8:00 am–12:00 pm) timetable of the
year 2003 in the direction of Braunschweig to Hannover. In
this experimental study, 9 freight trains and 27 passenger
trains, including 17 intercity trains and 10 regional trains, are
scheduled in 60 blocking sections in the existing timetable.
The total number of exiting operations is 2064. A setup time
E
𝑖𝑗
is set to a constant of 120 seconds for simplification.
This insertion problem increases in the number of

additional trains which contain a mixture of 120, 160, and
180 km/h trains in order to make the problem more chal-
lenging. In particular, the instances of simultaneity inserting
1 to 15 additional trains with various speed are tested in this
section.

For each instance, unoccupied capacity is used as main
resource for additional trains. If and only if consecutive
delays are inevitable, then iterative reordering optimizations
are executed within a computational time limit in order to
minimize consecutive delays to the existing timetable.

In this section, computational tests impose a strict time
limit of 90 seconds, which will be attained limiting the
execution of the iterative reordering optimizations and the
number of reordering possibilities.

3.2. Computational Results. The results for inserting addi-
tional trains to the existing timetable are summarized in
Table 2. In this phase, the relative order of exiting trains is
not allowed to change; that is, 𝐸

𝑂
are fixed, as described in

subproblem (1) in Section 2.3. Each row of Table 2 reports
the results for the insertion of one to fifteen additional trains,
respectively. It describes the performance of the innovative
search method in terms of lower bound, upper bound for
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Table 2: Results of inserting additional trains to a fixed order timetable (subproblem 1).

Number of additional trains Lower bound (LB) Upper bound (UB) Percentage of 𝑄∗ in 𝐸
𝑁

Time
1 0 0 100 0.02
2 0 0 100 0.26
3 0 0 100 0.27
4 0 0 100 0.29
5 0 0 100 1.26
6 0 0 100 1.56
7 0 0 100 1.93
8 0 0 100 2.90
9 0 0 100 3.38
10 1 143 87.22 3.67
11 1 143 87.29 4.14
12 1 143 87.37 4.62
13 1 423 93.10 16.20
14 2 423 92.91 17.82
15 2 423 93.00 24.17

Table 3: Results for the scenarios from Table 1 with Reordering strategy (sub-problem 2).

Number of
additional trains

Total number of
changed orders Lower bound (LB) Upper bound (UB) Objective value1 Time2

10 1 0 0 0 10.00
11 2 0 0 0 12.31
12 2 0 0 0 18.65
13 3 0 75 (75) (90)
14 3 0 75 (75) (90)
15 3 0 75 (75) (90)
1The numbers in the parentheses refer to the current best feasible solution (𝑆UB) found when the time limit of 90 seconds was exceeded without an optimal
solution being verified.
2The numbers in the parentheses refer to exceed the time limit of 90 seconds.

consecutive delay of exiting trains, percentage of essential
selected arcs, and computation time.

In particular, the percentage of essential selected arcs
implies the decrease of search space for an optimal solution.
It evaluates the proportion of the edges𝑄∗ in the initial edges
𝐸
𝑁
which need to be decided for an optimal insertion. 𝑄∗ is

the set of edges that must be selected and calculated with the
methodology proposed in this paper. It is calculated by

Percentage of𝑄∗ in𝐸
𝑁
=

the number of𝑄∗

the number of𝐸
𝑁

× 100. (17)

Clearly, it is equal to 100% when all of the arcs 𝐸
𝑁

are
determined in this phase. In such a case, there is no difference
between lower and upper bounds, which represents that the
bounds are tight and the exactly optimal insertion is 𝑆UB.

In the instances of inserting 1–9 trains, the search tech-
nique proposed in this paper allows these additional trains
to utilize the unoccupied capacities to be inserted without
introducing any consecutive delay to the existing timetable.
The optimal insertion does not introduce any disturbance
to the exiting timetable and it can be got in 0.02 seconds
for inserting a train and within 3.5 seconds even when 9
additional trains are added simultaneously.

For the scenarios of inserting 10–15 trains, iterative per-
mutation optimizations are executed for decreasing consecu-
tive delays to existing timetable and for narrowing the search
range for optimal insertion, as described in subproblem (2)
in Section 2.3. In each reordering iteration, a pair of trains
occurring on the critical path is exchanged and a new graph
is computed to find new feasible insertions.

Table 3 presents the results after reordering within the
time limits of 90 seconds. It is apparent that, in the instance
of 10 additional trains, the algorithm allows us to find the
best solution within 10 seconds and only a pair of additional
trains is exchanged to avoid delay for scheduled timetable.
For inserting 11 and 12 trains, the best insertions without any
consecutive delay also can be calculated efficiently within 20
seconds and two pairs of additional trains are exchanged.
The instances for adding 13 to 15 trains are significantly
harder. This result may be explained by two factors. Firstly,
the computational time required for bound search in each
iteration increased with the number of trains to be inserted,
as indicated in Table 2. Secondly, as previously analyzed in
Section 2, the lower bound is tight if and only if the longest
path consists of at most one alternative arc which entering
the additional trains𝑁 and at most one alternative arc which
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The decrease of upper bound
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Figure 6: The decrease of upper bound.

leaving the additional trains 𝑁. With the increase of 𝑁,
namely, the difference between the number of additional
and existing operations becoming smaller, critical path for
the new graph 𝐺 which consists of existing and additional
operations has more complicated status. Then the time for
the iteration of reorder also increased with the number of
trains which are inserted simultaneously. However, we can
get a good feasible solution 𝑆UB in a short time, which is
very important in real-time inserting. On the other hand,
since more than 87% of arcs are already determined by the
lower bound, the optimal insertions for instances 13–15 can
be found with minimal additional effort.

Figures 6 and 7 give a detailed view on the performance
of iteration procedure for inserting 10 to 15 trains. The upper
and lower bounds decrease with the iteration of reordering.

4. Conclusions

The problem of real-time scheduling additional trains with-
out leading to large deviation is considered in this paper. An
innovative branch and bound search method and an iterative
reordering structure have been developed for this aim. In the
fixed permutations phase, the additional trains are inserted
using unoccupied capacities to minimize deviation and keep
connections of scheduled trains. In the reordering phase,
certain permutations are exchanged to insertmore trainswith
acceptable consecutive delays to existing trains.

From numerical investigations on a real-life study, it is
observed that the lower bounds and upper bounds are very
tight for inserting a certain amount of trains simultaneously
relative to the number of existing trains. For relative large
number of additional trains, moderate amounts of reordering
actions are sufficient to handle the disturbances in the refer-
ence test cases, and the technique reduces the search space
allowing us to solve real and complex problems efficiently.

Further research is required on a number of issues.
From the computational point of view, the development
of bound search and iterative reordering algorithms, which
enable finding the optimal solutions for large instances
within acceptable computation time, is worthwhile. For the
theoretical and practical points of view, it would also be
interesting to be combined with rerouting strategies. This
can be modeled based on flexible job-shop problem which

Without reordering 1order changed 2order changed 3order changed

The decrease of lower bound

1 1 1 1 1 1 1 1

222

0 0 0 0 0 00 00 0 0 0 0

10 additional trains 13 additional trains
11 additional trains 14 additional trains
12 additional trains 15 additional trains

Figure 7: The decrease of lower bound.

involves many additional alternative machines and requires
more computational effort.
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In order to reflect influence of travel time reliability on route choosing, considering traffic accidents’ influence under random state,
we analyzed travel distance distribution regularity of each grade road, through traffic assignment. Travel time reliability model was
produced and modified, considering the randomness of accidents, delay time, and capacity. The maximum preponderant travel
range of each grade road was defined, and stochastic user equilibrium assignment was adopted to get travel turnover and distance,
based on the corrected model. And then regulation of distance distribution was analyzed. Conclusion shows that reasonable travel
distance of local way, distribution way, and primary way is 1 km, 2.28 km, and 3.54 km, respectively.

1. Introduction

Traditional research of travel distance was generally based
on ideal environment. Investigation and statistical analysis
have been applied to study the route choice of traveler
and then deduce the travel distance. With the surge in
the number of motor vehicles, traffic congestion is always
caused by accidents; therefore the reliability of road network
is particularly important. Under the principle, research on
route choice is different from the traditional study, and travel
distance on each grade road is also changed significantly.

The current study proposed some methods of travel dis-
tance from different perspective. Love and Morris [1] evalu-
ated the accuracy of a range of reasonable forms for distance
estimating functions using samples of urban and rural road
distances. Alpaydin et al. [2] proposed to use nonparametric
approaches using neural networks for estimating actual dis-
tances. Brimberg and Love [3] and Ballou et al. [4] estimated
the travel distance from the weighted one-two norm and
circuity factors, respectively. Schlossberg et al. [5] examined
the relationship between urban form, distance, and middle
school students walking and biking to and from four schools
in Oregon. Golob and van Wissen [6] proposed a dynamic
simultaneous equations model of car ownership and modal
travel distances. Zhang et al. [7] find that travel distance of

tourists to a destination is related to their demographic data,
but is not related to the tourist motivation.

In China, Zhou et al. [8] discussed the distance distribu-
tion regularity, according to the function and characteristic of
each grade road. The above study did not consider the actual
traffic situation and travel time reliability but only took the
ideal road network and travel environment into account.

In respect of time reliability, Chen et al. [9] presented
a degraded time reliability model considering the influence
of weather, congestion, and accidents. Clark and Watling
[10] proposed a technique for estimating the probability
distribution of total network travel time, in light of normal
day-to-day variations in the travel demand matrix over a
road traffic network. From the above, network reliability
affects traveler’s route choice, and travel distance is of major
difference from the past, under the premise of satisfying travel
demand.

However, in the current research of travel time reliability,
almost study took traffic capacity as indicator, rarely consid-
ering traffic accidents.This paper defines themaximum travel
distance according to the characteristic of auto-vehicle trip.
Then, incorporate traffic accidents into trip time reliability
model, and take this as the basis of route choice. After the
traffic assignment, analyze travel distance of each grade road
and the regularity.
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2. Research Procedures

(1) Build original network and define the maximum
travel distance of each grade road and traffic assign-
ment network.

(2) Construct travel time reliability function 𝑅(𝑥), and
study the results of traffic assignment, taking the
maximum 𝑅(𝑥) as target.

(3) Compare the travel distance under different net-
works, and get the maximum distance of each grade
road.

(4) According to the minimum and maximum travel
distance, deduce the distribution regularity of travel
distance.

3. Network Constructions

3.1. Origin Network. Suppose that road network is regular
grid.The grade of road is descending by one grade, and higher
roads encompass some lower roads. The space between same
grade roads in east-west direction is the same as south-north
direction. Travelers should first go by high grade roads and
then lower grade roads, conversely from lower roads to higher
roads. Step over is forbidden.

According to “Urban road traffic planning and design
specifications” [11] (GB50220-95), density of express way,
primary roads, distribution roads, and local roads in major
city is 0.4∼0.5 km/km2, 0.8∼1.2 km/km2, 1.2∼1.4 km/km2, and
3∼4 km/km2, respectively. Suppose that the average distance
between roads with grade 𝑖 is 𝑑

𝑖
(𝑖 = 1means local road, 𝑖 = 2

means distribution road, 𝑖 = 3means primary road, and 𝑖 = 4
means express way). In accordance with the specifications for
roads space, the origin road network is shown as Figure 1.

3.2. Maximum Preponderant Travel Distance. Obviously,
possible travel distance for each grade road is infinite. How-
ever, considering the convenience, preponderance for road
with grade 𝑖 will not exist, if roads with grade higher than
𝑖 exist in the network. That is, roads of grade 𝑖 cannot be
considered as the highest grade roads which travelers go
through.Therefore, preponderant travel distance of roadwith
grade 𝑖 means that, in the range covered by road with grade
𝑖 + 1, traveler’s trip distance which the highest grade road
travelers can go by is 𝑖. That is diagonal trip among the range
covered by road with grade 𝑖 + 1.

For local roads, themaximumpreponderant travel should
be the diagonal trip among the range covered by distribution
roads, which is shown as trip between node 𝐴 and node
𝐴
 in Figure 1 (nodes 𝐴 and 𝐴 are located in the center,

the same as below). Similarly, maximum preponderant travel
of distribution roads, primary roads, and express ways is
corresponding to node 𝐵 and node 𝐵, node 𝐶 and node 𝐶,
and node𝐷 and node𝐷.

3.3. Road Network Construction for Traffic Assignment. As
shown in Figure 1, for the maximum travel range of local
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Figure 1: Origin network.

roads, trip distance between nodes 𝐴 and 𝐴 is 𝐷
1
=

2𝑑
1
+ (𝑑
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)/2, no matter which route travelers choose.
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For the maximum travel range of distribution roads,
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For the maximum travel range of primary roads, travel
from node 𝐶 to 𝐶 can be decomposed into three stages,
concluding travel from node 𝐶 to 𝐶
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can be got by traffic assignment among the network covered
by nodes 𝐶

1
, 𝐶
2
, 𝐶
3
, and 𝐶

4
.

For express way, travel space can be viewed as the range
covered by nodes𝐷 and𝐷 (i.e., the whole network).

Based on what is mentioned above, traffic assignment
should only be adopted on the area of 𝐵

1
𝐵
2
𝐵
3
𝐵
4
, 𝐶
1
𝐶
2
𝐶
3
𝐶
4
,

and 𝐷𝐷
1
𝐷

𝐷
2
. Then, travel turnover on maximum travel

range of each grade road can be got.
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4. Reliability of Trip Time

4.1. Reliability of Trip Time. When choosing travel route,
travelers pay close attention to trip time. However, trip time is
related to road condition, but also the reliability of network.
Particularly, with the augment of vehicles, congestion caused
by traffic accidents frequently occurs. Therefore, traffic acci-
dents are introduced to the reliability model.

Reliability of trip time describes the probability of road
keeping unimpeded. Introducing the saturation and expecta-
tion, model of trip time reliability can be described as follows
[12]:

𝑅 (𝑥) = exp(ℎ − 𝑎

2√1 − V/𝑐 (1 + √1 − V/𝑐)
) , (1)

in which ℎ means roads’ condition, that is, the factors
influencing road reliability except traffic state. Maximum
value of ℎ is 𝑎/4, and at this moment trip time reliability is
only influenced by traffic state.

Parameter 𝑎 reflects traveler’s expectation. Higher expec-
tation means larger 𝑎. Consider 𝑎 = 𝑡

0
/𝐸(𝑡). 𝑡

0
indicates

travel time under free flow, and 𝐸(𝑡) indicates expectation
travel time. Generally, 𝐸(𝑡) is the minimum travel time in all
trip routes between OD pairs under free flow, that is, 𝐸(𝑡) =
{min(𝑡𝑖

0
, 𝑖 ∈ net}. 𝑡𝑖

0
means the free travel time for route 𝑖.

V/𝑐means the saturation of the road.

4.2. Probability of Accidents. Supposing that accidents are
event 𝑀, and congestion is event 𝑁, then probability of
congestion caused by traffic accidents is𝑃(𝑁𝑀) = 𝑃(𝑁 | 𝑀)⋅
𝑃(𝑀), in which 𝑃(𝑁 | 𝑀)means probability of congestion if
traffic accidents are occurring and𝑃(𝑀)means probability of
traffic accidents.

Traffic accidents are random and can be seen as obeying
normal distribution. Supposing that 𝑥 is the number of traffic
accidents, 𝑢

1
and 𝜎

1

2 are average and variance values of the
traffic accidents, respectively. Probability density function
𝑓(𝑥) can be described as

𝑓 (𝑥) =

1

√2𝜋𝜎
1

𝑒
−(𝑥−𝑢1)

2
/2𝜎1
2

𝑥 > 0. (2)

Supposing that 𝑘 is forecast value of traffic accidents
(number/year), then 𝑢

1
= 𝑘. According to probability statis-

tics theory, standard variance can be seen as one-third of
difference between average and minimum values [13]; then
𝜎
1
= (𝑢
1
− min(𝑥))/3 = 𝑢

1
/3 = 𝑘/3. Probability density

function 𝑓(𝑥) can be described as

𝑓 (𝑥) =

1

√2𝜋 × (𝑢
1
/3)

𝑒
𝑊1
=

1

√2𝜋 × (𝑘/3)

𝑒
𝑊2
, 𝑥 ≥ 0, (3)

in which𝑊
1
= −9(𝑥−𝑢

1
)
2
/(2×𝑢

1

2
),𝑊
2
= −9(𝑥−𝑘)

2
/(2×𝑘

2
).

Probability of traffic accidents is 𝑃(𝐴) = 𝑃(𝑥 > 0) = 1 −
𝑃(𝑥 = 0) = 1 − 𝑓(0) = 1 − (3/√2𝜋𝑘)𝑒

−4.5.

The number of accidents is related to traffic flow and road
characteristics. For road section, 𝑘

1
= 𝛼
1
𝑑
𝛽1
𝑞
𝛾1 , in which

𝑑 means length of road section (km), 𝑞 means traffic flow
(pcu⋅year−1), and 𝛼

1
, 𝛽
1
, and 𝛾

1
are parameters. According

to Sawalha and Sayed [14], 𝛼
1
= 0.0035, 𝛽

1
= 0.6724, and

𝛾
1
= 0.9679. For intersection, 𝑘

2
= 𝛼
2
𝐹
𝛽2

1
𝐹
𝛾2

2
, in which 𝐹

1

means traffic flow on primary road (pcu⋅year−1), 𝐹
2
means

traffic flow onminor road (pcu⋅year−1), and 𝛼
2
, 𝛽
2
, and 𝛾

2
are

parameters 𝛼
2
= 1.08 × 10

−4, 𝛽
2
= 0.53, and 𝛾

2
= 0.52 [15].

For road𝑚−𝑛, defining total traffic accidents as the traffic
accidents sum of section and intersection, then 𝑘 = 𝑘

1
+ 𝑘
2
.

4.3. Probability of Congestion Caused by Traffic Accidents.
Assume that, after traffic accidents, road capacity is decreased
to𝐶 (pcu⋅h−1). At this moment, traffic flow is 𝑞 (pcu⋅h−1) and
congestion probability 𝑃(𝑁 | 𝑀) is

𝑃 (𝑁 | 𝑀) =

{

{

{

1, 𝐶 < 𝑞

0, 𝐶 ≥ 𝑞.

(4)

Probability of congestion caused by accidents 𝑃(𝑁𝑀) is

𝑃 (𝑁𝑀) = 𝑃 (𝑁 | 𝑀) ⋅ 𝑃 (𝑀) =

{
{

{
{

{

1 −

3

√2𝜋𝑘

𝑒
−4.5
, 𝐶 < 𝑞

0, 𝐶 ≥ 𝑞.

(5)

Therefore, probability of normal traffic flow is (1 −
𝑃(𝑁𝑀)).When traffic accidents are taken into consideration,
ℎ = 𝑎/4∗ (1−𝑃(𝑁𝑀)). Function of travel time reliability can
be described as

𝑅 (𝑚, 𝑛)

= exp(𝑎
4

(1 − 𝑃 (𝑁𝑀)) −

𝑎

2√1 − V/𝑐 (1 + √1 − V/𝑐)
)

=

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

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

{

exp(1
4

(

𝑡
𝑚,𝑛

0

min {𝑡𝑖
0
, 𝑖 ∈ net}

)(

3

√2𝜋𝑘

𝑒
−4.5
)

−

𝑡
𝑚,𝑛

0
/min {𝑡𝑖

0
, 𝑖 ∈ net}

2√1 − 𝑞/𝐶 (1 + √1 − 𝑞/𝐶)

) ,

𝐶 < 𝑞,

exp(1
4

(

𝑡
𝑚,𝑛

0

min {𝑡𝑖
0
, 𝑖 ∈ net}

)

−

𝑡
𝑚,𝑛

0
/min {𝑡𝑖

0
, 𝑖 ∈ net}

2√1 − 𝑞/𝐶 (1 + √1 − 𝑞/𝐶)

) ,

𝐶 < 𝑞.

(6)

In 1996, traffic control system manual of FHWA put
forward the capacity influence of urgency accidents, as shown
in Table 1 [16].
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Table 1: Valid traffic capacity percentage under accidents.

Lanes in one way Lanes of congestion
1 2 3

2 0.35 0 /
3 0.49 0.17 0
4 0.58 0.25 0.13

Generally, lane occupied by traffic accidents is one, and
then capacity after accidents should be viewed as normal
capacity multiplied by percentage corresponding to total
lanes and lane of congestion in Table 1. For example, normal
capacity of distribution way for 4 lanes in both ways is
1185 pcu/h and average capacity after accidents is 𝐶 = 1185 ∗
0.35 = 415 pcu/h.

Travel time reliability model not only reflects the expec-
tation of travel time, but also influences the congestion
caused by accidents. Then, the amended model considers
comprehensive factor when choosing trip route. Travel time
reliability of one route is product of all road sections; that is,

𝑅route𝑗 =

𝑛𝑗

∏

𝑖=1

𝑅
𝑖
. (7)

5. Travel Distance Distribution

5.1. Traffic Assignment. Traffic assignment should be adopted
on the maximum travel range of distribution way 𝐵

1
𝐵
2
𝐵
3
𝐵
4
,

primary way𝐶
1
𝐶
2
𝐶
3
𝐶
4
, and express way𝐷𝐷

1
𝐷

𝐷
2
, through

which we can obtain the maximum travel distance. In traffic
assignment, suppose the origin and destination nodes are top
left corner and bottom right corner, respectively. Suppose that
OD volume is 𝑞

2
, 𝑞
3
, and 𝑞

4
for the above three assignment

networks.
Stochastic user equilibrium assignment is applied in traf-

fic assignment, and principle of route choosing is reliability
maximization. That is, for routes collection [𝑅OD], if route 𝑟
satisfies
𝑅route𝑟 = max(𝑅route𝑗, 𝑗 ∈ [𝑅]OD), then travelers will

choose route 𝑟.

(1) For network 𝐴–𝐴, travel turnover of local ways is
𝑄
𝐴,𝐴


1
= 𝑞
1
𝐷
1
= 𝑞
1
∗ (2𝑑
1
+ (𝑑
2
− 𝑑
1
)/2), and travel

distance is 𝐿𝐴,𝐴


1
= 𝑞
1
𝐷
1
/𝑞
1
= 2𝑑
1
+ (𝑑
2
− 𝑑
1
)/2.

(2) For network 𝐵
1
𝐵
2
𝐵
3
𝐵
4
, suppose that traffic turnovers

of local and distribution ways through assignment are
𝑄
𝐵1 ,𝐵3

1
, 𝑄𝐵1 ,𝐵3
2

. Among the range node 𝐵–𝐵, turnover
of local ways is 𝑄𝐵,𝐵



1
= 𝑄
𝐵1 ,𝐵3

1
, and travel distance is

𝐿
𝐵,𝐵


1
= 𝑄
𝐵1 ,𝐵3

1
/𝑞
2
. Travel turnover of distributionways

is𝑄𝐵,𝐵


2
= 𝑄
𝐵,𝐵1

2
+𝑄
𝐵1 ,𝐵3

2
+𝑄
𝐵3 ,𝐵


2
= 2𝑞
2
∗ (𝑑
3
−𝑑
2
)/4 +

𝑄
𝐵1 ,𝐵3

2
, and travel distance is 𝐿𝐵,𝐵



2
= 𝑄
𝐵,𝐵


2
/𝑞
2
= 2(𝑑

3
−

𝑑
2
)/4 + 𝑄

𝐵1 ,𝐵3

2
/𝑞
2
.

(3) For network𝐶
1
𝐶
2
𝐶
3
𝐶
4
, suppose that traffic turnovers

of distribution and primary ways through assignment
are 𝑄𝐶1,𝐶3

2
, 𝑄𝐶1 ,𝐶3
3

. Among the range node 𝐶–𝐶,
turnover of distribution ways is 𝑄𝐶1 ,𝐶3

2
= 𝑄
𝐶,𝐶1

2
+

𝑄
𝐶1 ,𝐶3

2
+𝑄
𝐶3 ,𝐶


2
= 2𝑞
3
∗ ((𝑑
4
−𝑑
3
)/2− (𝑑

3
−𝑑
2
)/2)/2+

𝑄
𝐶1 ,𝐶3

2
, and travel distance is 𝐿𝐶,𝐶



2
= 𝑄
𝐶,𝐶


2
/𝑞
3
= (𝑑
4
−

𝑑
3
)/2 − (𝑑

3
− 𝑑
2
)/2 + 𝑄

𝐶1 ,𝐶3

2
/𝑞
3
. Turnover of primary

ways is 𝑄𝐶,𝐶


3
= 𝑄
𝐶1 ,𝐶3

3
, and travel distance is 𝐿𝐶,𝐶



3
=

𝑄
𝐶1 ,𝐶3

3
/𝑞
3
.

(4) For network𝐷𝐷
1
𝐷

𝐷
2
, suppose that traffic turnovers

of distribution, primary, and express ways through
assignment are𝑄𝐷,𝐷



2
,𝑄𝐷,𝐷



3
, and𝑄𝐷,𝐷



4
. Then, among

the range node 𝐷–𝐷, travel distance for each grade
road is 𝐿𝐷,𝐷



2
= 𝑄
𝐷,𝐷


2
/𝑞
4
, 𝐿𝐷,𝐷



3
= 𝑄
𝐷,𝐷


3
/𝑞
4
, and

𝐿
𝐷,𝐷


4
= 𝑄
𝐷,𝐷


4
/𝑞
4
.

Maximum distance for local, distribution, primary, and
express ways is 𝐿𝑚

1
= max(𝐿𝐴,𝐴



1
, 𝐿
𝐵,𝐵


1
), 𝐿𝑚
2
= max(𝐿𝐵,𝐵



2
,

𝐿
𝐶,𝐶


2
, 𝐿
𝐷,𝐷


2
),𝐿𝑚
3
= max(𝐿𝐶,𝐶



3
, 𝐿
𝐷,𝐷


3
), and𝐿𝑚

4
= 𝐿
𝐷,𝐷


4
, respec-

tively.
For simplicity, suppose that minimum travel distance of

road with grade 𝑖 is maximum travel distance of road with
grade 𝑖 − 1. Therefore, the minimum travel distance of local
way, distributionway, primaryway, and expressway is𝐿𝑛

1
= 0,

𝐿
𝑛

2
= 𝐿
𝑚

1
, 𝐿𝑛
3
= 𝐿
𝑚

2
, and 𝐿𝑛

4
= 𝐿
𝑚

3
.

5.2. Travel Distance Distribution. Supposing that the average
travel distance of local way is 𝑟

1
, distribution way is 𝑟

2
, and

primary way is 𝑟
3
; then [8]

𝑟
1
=

∫

𝐿
𝑚

1

0
𝑝 (𝑟) 𝑟 𝑑𝑟

∫

𝐿
𝑚

1

0
𝑝 (𝑟) 𝑑𝑟

, 𝑟
2
=

∫

𝐿
𝑚

2

𝐿
𝑛

2

𝑝 (𝑟) 𝑟 𝑑𝑟

∫

𝐿
𝑚

2

𝐿
𝑛

2

𝑝 (𝑟) 𝑑𝑟

,

𝑟
3
=

∫

𝐿
𝑚

3

𝐿
𝑛

3

𝑝 (𝑟) 𝑟 𝑑𝑟

∫

𝐿
𝑚

3

𝐿
𝑛

3

𝑝 (𝑟) 𝑑𝑟

,

(8)

in which 𝑝(𝑟) is share ratio model of vehicles. According
to [17], proportion function of vehicle travel is 𝑃(𝑟) =

𝑐(exp(0.1𝑟) − 1). 𝑟 is travel distance, and 𝑐 is parameter.

6. Example

(1) According to the principle, assume road space of local
way, distribution way, primary way, and express way
is 𝑑
1
= 0.5 km, 𝑑

2
= 1.5 km, 𝑑

3
= 2.5 km, and

𝑑
4
= 5 km, respectively. The origin network and

traffic assignment network can be constructed.
(2) Calculate travel distance of each grade road. Suppose

that OD volumes are all the same; that is, 𝑞
1
= 𝑞
2
=

𝑞
3
= 𝑞
4
= 1000 pcu/h. Traffic turnover and distance

for each grade road are shown in Table 2.
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Table 2: Traffic turnover (pcu⋅km) and travel distance (km).

Range Local way Distribution way Primary way Express way
Turnover 𝑄

1
Distance 𝐿

1
Turnover 𝑄

2
Distance 𝐿

2
Turnover 𝑄

3
Distance 𝐿

3
Turnover 𝑄

4
Distance 𝐿

4

𝐴–𝐴 1500 1.5
𝐵–𝐵 452 0.452 2548 2.548 / / / /
𝐶–𝐶 / / 2946 2.946 4054 4.054 / /
𝐷–𝐷 / / 1427 1.427 2610 2.61 5963 5.963
Max. distance 1.5 2.9 4.1 6.0
Min. distance 0 1.5 2.9 4.1

Primary way
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Local way 

Express
way 

Travel distance (km) 

Tr
av

el
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ist
an

ce
 (k

m
) 

r
3
= 3.54

r
2
= 2.28

r
1
= 1.0

1 2 3 4 5

1

2

3

4

5

Figure 2: Travel distance distribution.

(3) Travel distance distribution:

distance of local way is 𝑟
1

= ∫

1.5

0
𝑐(𝑒
0.1𝑟

−

1)𝑟 𝑑𝑟/ ∫

1.5

0
𝑐(𝑒
0.1𝑟
− 1)𝑑𝑟 = 1.0, distance of distribu-

tionway is 𝑟
2
= ∫

2.9

1.5
𝑐(𝑒
0.1𝑟
−1)𝑟 𝑑𝑟/ ∫

2.9

1.5
𝑐(𝑒
0.1𝑟
−1)𝑑𝑟 =

2.28, and distance of local way is 𝑟
3
= ∫

4.1

2.9
𝑐(𝑒
0.1𝑟
−

1)𝑟 𝑑𝑟/ ∫

4.1

2.9
𝑐(𝑒
0.1𝑟
− 1)𝑑𝑟 = 3.54.

Travel distance distribution is shown in Figure 2.

7. Conclusions

In this paper, influence of traffic accidents on travel time reli-
ability was considered, and a modified reliability model was
proposed. According to vehicle characteristic, the maximum
preponderant travel rang was defined, and four traffic assign-
ment networks for each grade road were constructed. On the
basis of new reliability model, regulation of route choosing
was defined. Through traffic assignment, the maximum and
minimum travel distance of each grade road were calculated.
At last, an example was applied to confirm the feasibility of
the model. However, only grid network was discussed, and
other patterns should be considered further.
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Bicycle traffic has heavy proportion among all travel modes in some developing countries, which is crucial for urban traffic control
and management as well as facility design.This paper proposes a real-time multiple bicycle detection algorithm based on video. At
first, an effective feature calledmultiscale block local binary pattern (MBLBP) is extracted for representing themoving object, which
is a well-classified feature to distinguish between bicycles and nonbicycles; then, a cascaded bicycle classifier trained by AdaBoost
algorithm is proposed, which has a good computation efficiency. Finally, the method is tested with video sequence captured from
the real-world traffic scenario. The bicycles in the test scenario are successfully detected.

1. Introduction

In the past two decades, China’s motorization was developed
rapidly with the economic growth. The motor vehicle has
become one of the most important travel tools. However,
national economy and per capita GDP are still lower than
most developed countries. In some underdeveloped cities in
China, many people yet select bicycles as travel tools [1].
Motor vehicles and bicycles are sharing the same roadway.
Cycling has heavy proportion among all travelmodes in these
cities. In the developed countries, bicycle travel is recognized
as “green traffic,” which has low energy consumption, is
healthy to the users, and does not damage the health of
others. It is relatively fast over short distances and provides
a reliable and affordable form of transport for most sectors of
the population [2]. Therefore, cycling is still one of the most
sustainable travel modes [3] around the world.

In relation to the bicycle traffic, it is crucial for control
and management as well as facility design of mixed traffic.
Scholars have done much research work on it. Unfortunately,
deficiencies and limitations in the existing sources of data
often hamper these efforts. And several current data collec-
tion techniques for bicycle study still depend on observer-
basedmanual operations, which remain time-consuming and

resource intensive. With the emergence of a wide variety of
automated detection technologies, a few applications have
been developed for bicycle detection in recent years, includ-
ing inductive loops, microwave, infrared, and vision-based.
In previous works, most scholars [4–6] utilized inductive
loops or their improved forms to design detection systems
for acquiring bicycle parameters. But limited by the detection
range, it is difficult to solve problems of multiple bicycles
passing together or vehicles and bicycles passing together. In
addition, although microwave detector can detect the occu-
pying area of an object, the affordable automotive detector
can only detect reflectors. As a result, it has no ability to
recognize object’s category reliably which is the same to the
infrared detector.

The vision-based method has the advantages of large
detection range and high scalability compared to other
methods and therefore is one of the most reliable techniques
used for bicycle detection. However, in existing literatures
of vision-based detection methods in ITS, vehicles and
pedestrians remain the primary objects focused on [7, 8].
Bicycles have so far been limited. Messelodi et al. [9]
presented a feature-based bicycle recognition algorithm.The
algorithm extracts some visual projective features focusing
on the wheel regions of the targets. And then support
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vector machine (SVM) is applied to distinguish bicycles
from motorcycles in real-world traffic scenes. Rogers and
Papanikolopoulos [10] detected moving objects through the
scene by means of a background differencing technique.
They localized the wheels by searching for ellipses using the
generalized Hough-Transform in the edge map to recognize
bicycles. In a similar way, in Dukesherer and Smith’s method
[11], Hough-Transform is utilized to locate wheel regions
of bicycles, and then the Hausdorff distance is used for
matching the candidates with simple bicycle templates. A
bicycle is recognized as two arcs of a circle separated by an
approximately known distance. David et al. [12] developed
and tested a bicycle detection and classification algorithm by
active-infrared overhead vehicle imaging sensor technology.
In the method, several message concepts are defined derived
from four stages of the movement of a target underneath the
sensor. A bicycle could be accurately detected and classified
using the sequence of messages.

As can be seen from the literature review, some achieve-
ments of vision-based bicycle detection have already been
made. Nevertheless, an individual or a small number of
bicycles are considered as the research object to be detected
in most methods, which do not adapt to the case of bicycles
in large numbers. Since cycling has heavy proportion among
all travel modes in China, there is always a great volume of
bicycles in rush hour. In addition, due to the low speed, low
occupancy in space, and the flexibility of bicycle travelling,
cyclists often move together in groups. Therefore, it is very
necessary to design a multiple bicycle detection method,
which could provide real-time bicycle’s traffic information
(the volume, the velocity, etc.) for traffic control andmanage-
ment.

This paper aims to propose a real-time multiple bicycle
detection algorithm based on video. The remainder of this
paper is arranged as follows: in Section 2, an effective feature
called multiscale block local binary pattern is provided for
bicycle feature representation; followed by the recognition
task of bicycle, a cascaded classifier trained by AdaBoost
algorithm is proposed. Lastly, the validity of the proposed
approach with video sequence captured from realistic traffic
scenario is tested and conclusions are drawn.

2. MBLBP Feature Representation

The LBP operator was first introduced as a complementary
measure for local image contrast [13]. It is a gray-scale invari-
ant texture primitive statistic, which has shown excellent
performance in the classification of various kinds of textures
[14]. A texture 𝑇 in a local neighborhood of a monochrome
texture image is defined as the joint distribution of the gray
levels of 𝑃 (𝑃 > 1) image pixels:

𝑇 = 𝑡 (𝑔
𝑐
, 𝑔
0
, . . . , 𝑔

𝑝−1
) , (1)

where 𝑔
𝑐
corresponds to the gray value of the center pixel

of the local neighborhood and 𝑔
𝑝
(𝑝 = 0, 1, . . . , 𝑃 − 1)

correspond to the gray values of 𝑃 equally spaced pixels on

a circle of radius 𝑅 (𝑅 > 0) that form a circularly symmetric
neighbor set. If the coordinates of 𝑔

𝑐
are (0, 0), then the coor-

dinates of 𝑔
𝑝
are given by (−𝑅 sin(2𝜋𝑝/𝑃), 𝑅 cos(2𝜋𝑝/𝑃)).

Much information of the joint gray level distribution about
the textural characteristics can be conveyed by the joint
difference distribution [15]:

𝑇 ≈ 𝑡 (𝑔
0
− 𝑔
𝑐
, . . . , 𝑔

𝑝−1
− 𝑔
𝑐
) . (2)

For each 𝑔
𝑝
, a binary code can be produced by thresholding

its neighborhood with the value of 𝑔
𝑐
:

𝑇 ≈ 𝑡 (𝑠 (𝑔
0
− 𝑔
𝑐
) , 𝑠 (𝑔

1
− 𝑔
𝑐
) , . . . , 𝑠 (𝑔

𝑃−1
− 𝑔
𝑐
)) , (3)

where

𝑠 (𝑥) {

1, (𝑥 ≥ 0) ,

0, (𝑥 < 0) .

(4)

By assigning a binomial factor 2𝑝 for each 𝑠(𝑔
𝑝
− 𝑔
𝑐
), a

unique LBP
𝑃,𝑅

can be constructed that characterizes the
spatial structure of the local texture:

LBP
𝑃,𝑅
=

𝑃−1

∑

𝑝=0

𝑠 (𝑔
𝑝
− 𝑔
𝑐
) 2
𝑝
. (5)

When 𝑃 = 8 and 𝑅 = 1, LBP
8,1

can be obtained, which is the
basic LBPdescriptor. An illustration of the basic LBPoperator
is shown in Figure 1. In this way, a 256-bin histogram can
be created to collect up the occurrences of different binary
patterns over an image.

The basic LBP is defined for each pixel by thresholding
the 3∗3 neighborhood pixel value with the center pixel
value. MBLBP is the extendable descriptor of the basic LBP,
with respect to neighborhoods of different sizes. In MBLBP,
the comparison operator between single pixels in LBP is
replaced with the comparison between average intensities of
subregions. Each subregion is a block containing neighboring
pixels. AMBLBP descriptor is composed of 9 blocks, which is
shown in Figure 2. In this way, an output value of theMBLBP
can be obtained:

MBLBP
𝑤,ℎ
=

7

∑

𝑝=0

𝑠 (𝑏
𝑝
− 𝑏
𝑐
) 2
𝑝
,

𝑠 (𝑥) {

1, (𝑥 ≥ 0) ,

0, (𝑥 < 0) ,

(6)

where 𝑏
𝑐
is the average gray values of the center block (size

𝑤×ℎ,𝑤 is the width of the block; ℎ is the height of the block);
𝑏
𝑝
(𝑝 = 0, 1, . . . , 7) are those of its neighborhood blocks.

Particularly, when 𝑤 = 1, ℎ = 1, MBLBP is in fact the basic
LBP.Comparedwith the basic LBP,MBLBP can capture large-
scale structures that may be the dominant features of images.
In addition, MBLBP could be calculated fast using integral
image method [15], which incurs a little more cost than the
basic 3∗3 LBP operator.
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Figure 1: The basic LBP operator.

Figure 3 gives some examples of MBLBP with different
sizes for bicycle and nonbicycle images. From this figure we
can see that, for a small scale, local, micropatterns of a bicycle
structure are well represented, which may be beneficial for
discriminating local details. But using average values over the
blocks could reduce noise and make the representation more
robust.

3. AdaBoost Learning

A cascaded classifier is constructed for obtaining pos-
sible bicycle candidates. It can effectively remove most
nonbicycle subimages and accelerate the detection algorithm.
The MBLBP features are adopted as the basic elements to
construct the cascaded classifiers, and each layer is trained
by AdaBoost algorithm [16].

The basic idea of AdaBoost algorithm is to use large
capacity of general classification of the weak classifier by a
certain method of cascade to form a strong classifier.The cas-
cade structure containing 𝑁 stages is illustrated in Figure 4,
where 𝐴

𝑖
is referred to as an AdaBoost classifier in the 𝑖th

stage. As can be seen from the structure, the cascade classifier
is a degenerated decision tree. At each stage, a classifier is
trained to detect almost all bicycle candidates while rejecting
a certain fraction of nonbicycle objects. Therefore, negative
subimages that do not contain bicycles can be abandoned in
some early stages of the cascade [17, 18]. Only the subimage
passing all stages can be identified to be the bicycle. Detailed
procedure of the cascadedAdaBoosting classifier is described
as follows.

(a) Give training samples 𝑆 = {(𝑥
1
, 𝑦
1
), (𝑥
2
, 𝑦
2
), . . . ,

(𝑥
𝑀
, 𝑦
𝑀
)}, where 𝑦

𝑖
= {0, 1} corresponds to the

types (nonbicycle and bicycle, resp.). The training set
consists of 𝑘nonbicycle samples and 𝑙 bicycle samples.

(b) Initialize the 𝑖th sample’s weights 𝑤
1,𝑖

= 𝐷(𝑖). If
the sample is a nonbicycle object, the weight is
represented as 𝐷(𝑖) = 1/2𝑘; if the sample is a bicycle,
the weight is represented as𝐷(𝑖) = 1/2𝑙.

(c) For each training stage (where 𝑁 is the number of
training stages):

A normalize the weights

𝑞
𝑛,𝑖
=

𝑤
𝑛,𝑖

∑
𝑀

𝑗=1
𝑤
𝑛,𝑗

. (7)
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Figure 2: 9∗9 MBLBP operator (including 9 blocks, 3∗3 pixels in
each block).

B For each feature, the corresponding weak
classifier is trained as

ℎ
𝑗
(𝑥) = {

1 𝑝
𝑗
𝑓
𝑗
(𝑥) < 𝑝

𝑗
𝜃
𝑗
,

0 otherwise,
(8)

where 𝑝
𝑗
denotes the direction of the inequality

sign, its value only refers to 1 or−1,𝑓
𝑗
(𝑥) denotes

the feature value, and ℎ
𝑗
is the threshold.

C Choose the simple classifier ℎ
𝑛
(𝑥) with the

lowest error 𝜀
𝑛
:

𝜀
𝑗
= min
𝑓,𝑝,𝜃

∑𝑞
𝑖






ℎ
𝑗
(𝑥
𝑖
) − 𝑦
𝑖






. (9)

D Update the weights according to the best
simple classifier ℎ

𝑛
(𝑥) :

𝑤
𝑛+1,𝑖

= 𝑤
𝑛,𝑖
𝛽
1−𝑒𝑖

𝑛
, (10)

where 𝑒
𝑖
= 0 if sample 𝑥

𝑖
is classified correctly,

𝑒
𝑖
= 1; otherwise, 𝛽

𝑛
= 𝜀
𝑛
/1 − 𝜀

𝑛
.

(d) At last, a strong classifier is formed as

𝑅 (𝑥) =

{
{

{
{

{

1

𝑁

∑

𝑛=1

𝜕
𝑛
ℎ
𝑛
(𝑥) ≥

1

2

𝑁

∑

𝑛=1

𝜕
𝑛
,

0 otherwise,

where 𝜕
𝑛
= log 1

𝛽
𝑛

.

(11)

As can be seen from the process proposed above, a strong
classifier based on a set of weak classifiers by reweighting the
training samples can be constructed using the boosting idea.
At each stage of boosting, the feature-based classifier that best
classifies the weighted training samples is used. Because the
classifier should achieve the desired false alarm rate at a given
hit rate, the number of weak classifiers should be increased.
Lastly, all the weak classifiers are combined to form a strong
classifier by different weights [16].
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(a) Bicycle’s MBLBP calculation
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(b) Nonbicycle’s MBLBP calculation

Figure 3: MBLBP calculation with different sizes for bicycle and nonbicycle images.
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Figure 4: The cascade structure of the AdaBoost classifier.

4. Experimental Results

For bicycle recognition in urban road environment, a number
of bicycle images are selected manually and a bicycle sample
dataset is constructed. In the sample dataset, the positive sam-
ples are typical bicycles with different size, pose, and cycler’s
clothing. Some preexperimental studies have shown that the

selection of negative samples is particularly important for
reduction of false alarms. Thus, boles, trash cans, telegraph
poles, and bushes, which are likely to bemistaken for bicycles,
as well as some normal objects such as roads, vehicles, and
other infrastructures are selected to form negative samples.
A total of 4650 hand labeled samples were adopted to train
the cascaded classifiers. They include 1650 positive samples
and 3000negative samples. In the bicycle dataset, each sample
image is normalized to 16 × 64 pixels for training. Figure 5
shows some samples of the bicycle dataset.

Based on the cascaded classifier with 50 stages, 600 test
samples (the first 300 samples are positives; the rest are
negatives) are recognized. From Figure 6 we can see that
feature outputs of bicycles and nonbicycles are obviously
different. That means the MBLBP is an effective feature for
bicycle detection.

A 9∗9 mode MBLBP is used for feature representation
of the training data. And then, multiple bicycles of the test
set are recognized by an AdaBoost classifier trained. The
results (2 examples) show a relative high false positive rate in
Figure 7. In order to achieve a better detection performance,
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Figure 5: Samples of the bicycle dataset: (a) positive samples; (b) negative samples.
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Figure 6: Output values of test samples (the first 300 samples are positives; the rest are negatives).

a two-layer detection strategy is operated in this paper. In
the first layer, 9∗9 mode MBLBP features of samples are
calculated. Some not well-recognized samples are selected
(false positives and false negatives) to compose a new training
set. Multiple modes of MBLBP with 3∗3 and 9∗9 modes
are calculated for feature representation in this layer. And
then, an additional AdaBoost classifier is constructed for
the second round recognition. In this way, false positive
rate could be improved (Figure 8). In addition, the two-
layer detection has better timewise performance than that
of one-layer detection with 3∗3 mode MBLBP calculation.
Through our test, the average detection time is around 0.1 s
with 10 detection scales, which could be used for the real-
time application of intelligent urban traffic management and
control.

5. Conclusions

According to this paper, a multiple bicycle detection algo-
rithm for intelligent urban traffic management and control
has been developed. The research conclusions are as follows:

an extended LBP descriptor called MBLBP is proposed for
feature representation,which is awell-classified feature to dis-
tinguish between bicycles and nonbicycles; then a cascaded
bicycle classifier is constructed based onAdaBoost algorithm,
followed by testing from real-world traffic scenarios. Reliable
and timewise performances are shown on vision-based bicy-
cle recognition.The processing speed could reach 10 frames/s
which could satisfy the real-time requirement. In futurework,
we will further study the key technologies for the analysis of
cyclist motion characteristics and behaviors.
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Due to relatively low passenger demand, headways of suburban bus route are usually longer than those of urban bus route. Actually
it is also difficult to balance the benefits between passengers and operators, subject to the service standards from the government.
Hence the headway of a suburban bus route is usually determined on the empirical experience of transport planners. To cope with
this problem, this paper proposes an optimization model for designing the headways of suburban bus routes by minimizing the
operating and user costs. The user costs take into account both the waiting time cost and the crowding cost. The feasibility and
validity of the proposed model are shown by applying it to the Route 206 in Jiangning district, Nanjing city of China. Weightages
of passengers’ cost and operating cost are further discussed, considering different passenger flows. It is found that the headway and
objective function are affected by the weightages largely.

1. Introduction

“Suburban” here is termed as the nonmetropolitan areas out-
side the territory of any incorporated or unincorporated city,
town, or village. Traditionally, the suburban bus routes are
operated in the region between the city and rural areas, com-
muting on the urban roads and highways, with fixed routes
and a unique route number/name. Usually only fewer trunk
suburban bus routes are operated in rural areas, so the trunk
route is very important for residents of rural areas.The trunk
suburban bus routes with stable passenger flows operate
similarly with urban bus routes as discussed by Cook et al. [1].
This paper focuses on the headway design of trunk bus routes.

There are a number of studies on the headway design of
bus route. Vuchic [2] proposed themethod ofmaximum load
section (MLS), aiming to support enough vehicle capacity for
the maximum load section. Furth andWilson [3] mentioned
four common approaches for determining the headways.
Ceder [4, 5] proposed four formulas based on 16 countries’
practices in Europe, using the method of MLS. Koutsopoulos
et al. [6] developed a programming problem for determining
frequencies in a transit network with a demand that varies
along daily periods. LeBlanc [7] introduced a model for
determining frequencies, using a modal-split assignment

programming model with distinct transit routes. Banks [8]
presented a model for setting headways in a transit-route
system. Wirasinghe [9] examined the validity of a traditional
method, formulated by Newell, for determining frequencies.
Larsen and Sunde [10], Chang and Hsu [11], and Luethi
et al. [12] discussed the waiting time. And some robust
optimization models of schedule design for a fixed bus route
were discussed elsewhere [13–15].

The objective function proposed by exciting studies fo-
cused on minimizing the operating cost and passengers’
waiting time cost. Uncomfortability due to crowding in
vehicle is usually neglected. As a matter of fact, passengers
of suburban bus routes always carry many large items, such
as farm products and devices, which occupy large room area
per person and make passengers feel crowded. It is necessary
to consider the additional crowding cost, as discussed by Li
et al. [16]. TCRP report 100 [17] proposed the LOS thresholds
for passenger load.

Moreover, how to determine the weightages of the pas-
sengers’ cost and the bus company’s operating cost of sub-
urban bus routes is also a complex problem. The passenger
flow decreases from downtown to townships and villages.
Generally, bus companies are unwilling to operate the routes
with low ridership, and they always expect a longer headway
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to reduce operating costs. In contrast, passengers expectmore
efficient service (i.e., high frequency) to reduce the waiting
time. In addition, transit administrators require operators to
engage in suburban bus routes and offer basic service for
passengers, in order to increase area coverage and frequency.
Therefore, it is necessary to discuss the cost weightages of the
passengers and the bus company.

Hence, the optimization model is to reach the mini-
mization of the total costs, including the waiting time cost,
the uncomfortability due to crowding in vehicle, and the
operating cost of bus companies. Genetic algorithm is used
to calculate the model. Finally, a case study is taken to further
testify the applicability and feasibility of this model. The
weightages of passengers’ cost and bus company’s operating
cost are also discussed, considering different passenger flows.

2. Mathematical Model

2.1. Notation and Assumptions. Theproposedmodel is devel-
oped based on a dedicated suburban bus route. The trip
demand is assumed to be constant and known. Arrival of
passengers at the bus stop is considered to be random. The
waiting time that passengers are willing to bear is not long.
Assume that the value of trip time for each passenger is the
same, and all buses on the road drive at the same average
speed. Occasional accidents that might be caused by traffic
congestion will not be considered. All buses are not allowed
to overtake and skip stops.

For the sake of presentation, the following notations are
introduced:

𝑖: optimization time period, 𝑖 = 1, 2, . . . , 𝑙,
𝑗: bus stop of bus line, 𝑗 = 1, 2, . . . , 𝑚,

𝐻
𝑖
: headway during the optimization time period 𝑖,

𝑇
𝑖
: length of the optimization time period 𝑖,

𝑞
𝑖𝑗
: number of passengers boarding at stop 𝑗 during time
period 𝑖,

𝑄
𝑖𝑗
: number of passengers in vehicle at stop 𝑗 during time
period 𝑖,

𝑆
𝑠𝑖𝑗
: standing area per person.

2.2. Total Costs. Thetotal costs include the costs of passengers
and bus companies. The passengers’ costs consist of waiting
time cost at the bus stop and uncomfortability cost in vehicle.

2.2.1. Waiting Time Cost. Waiting time cost depends on the
interval between consecutive vehicles. Ceder [4] gave the for-
mula of waiting time during the optimization time period 𝑖:

WT
𝑖𝑗

=

𝐻
2

𝑖
+ 𝜎
2

2𝐻
𝑖

, (1)

whereWT
𝑖𝑗
is the waiting time at the stop𝑗. 𝜎 is the deviation

factor related with operation reliability. In rural areas, high-
way impedance rarely happens. The value of 𝜎 is 0. The aver-
age waiting time can be assumed to be half of the headway.

Assume 𝑐
𝑤
is the value of waiting time for one passenger.

The waiting time cost of all bus stops could be expressed as
follows:

𝑊 = 𝑐
𝑤

𝑙

∑

𝑖=1

𝑚

∑

𝑗=1

𝑞
𝑖𝑗
⋅

𝐻
𝑖

2

. (2)

2.2.2. CrowdingCost inVehicle. Because of large items carried
by passengers, the uncomfortability for crowding in vehicle
is considered as additional trip cost. The cost for crowding in
vehicle is determined by LOS thresholds for passenger load.
The standing passenger area is used to reflect LOS. According
to “Transit Capacity and Quality of Service Manual” [17], the
LOS thresholds for passenger load and crowding cost per
person are shown in Table 1.

The total cost for crowding in vehicle could be calculated
by

𝑌 = 𝑐
𝑦

𝑙

∑

𝑖=1

𝑚

∑

𝑗=1

𝑄
𝑖𝑗
, (3)

𝑐
𝑦
=

{
{
{
{
{
{
{
{
{

{
{
{
{
{
{
{
{
{

{

0, 𝑆
𝑠𝑖𝑗

> 1.00

2, 0.76 < 𝑆
𝑠𝑖𝑗

< 1.00

4, 0.51 < 𝑆
𝑠𝑖𝑗

< 0.75

8, 0.36 < 𝑆
𝑠𝑖𝑗

< 0.50

16, 0.20 < 𝑆
𝑠𝑖𝑗

< 0.35

32, 𝑆
𝑠𝑖𝑗

< 0.20,

where 𝑆
𝑠𝑖𝑗

=

𝑆
𝑤𝑠

(1 + 𝑎) ⋅ 𝑄
𝑖𝑗
⋅ (𝐻
𝑖
/60) − 𝑁


,

(4)

where 𝑆
𝑤𝑠

is the total standing area in vehicle.𝑁 is the num-
ber of seat. Using the factor 𝑎, the additional occupied room
of large items is converted in terms of number of passengers.

2.2.3. Bus Company’s Operating Cost. For rural bus routes, the
bus company’s operating cost is always more than operating
benefit. Hence, the operation profit is a negative value. Here,
the operating deficit is taken to express the value of operation.
Supposing the operating cost per cycle is 𝑐

𝑐
and the operating

benefit per passenger is 𝑐
𝑠
, the operation deficit could be

calculated as

𝐷 = 𝑐
𝑐

𝑙

∑

𝑖=1

𝑇
𝑖

𝐻
𝑖

− 𝑐
𝑠

𝑙

∑

𝑖=1

𝑚

∑

𝑗=1

𝑞
𝑖𝑗
. (5)

2.3. Normalization of Target Variables. Thedimensions of the
passenger waiting time cost, crowding cost in vehicle, and bus
operating deficit are different. Hence, three cost variables are
normalized by linear function transformation as follows:

𝑋
∗

=

𝑋 − Min Value
Max Value − Min Value

. (6)

The maximum waiting time cost 𝑊max and minimum
waiting time cost 𝑊min can be calculated based on the maxi-
mum headway and minimum headway, respectively.
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Table 1: Passenger load LOS and crowding cost of suburban bus routes.

LOS Standing passenger area (m2/person) Crowding cost in vehicle per person (RMB/person) Comments
A >1.00 0 No passenger needs to sit next to another
B 0.76∼1.00 2 Passengers can choose where to sit
C 0.51∼0.75 4 All passengers can sit
D 0.36∼0.50 8 Comfortable standee load for design
E 0.20∼0.35 16 Maximum schedule load
F <0.20 32 Crush load
At LOS “A” load levels, passengers are able to spread out and can use empty seats to store parcels and bags rather than carry them on their laps, while at LOS
“E,” a bus vehicle is full, and passengers could normally tolerate the full vehicle. LOS “F” represents crush loading levels. Hence, the crowding cost per person,
denoted by 𝑐𝑦, varies from 0 to 32, when LOS decreases from “A” to “F.”

Themaximum crowding cost 𝑌max andminimum crowd-
ing cost 𝑌min can be calculated based on the minimum and
maximum standing area per person, respectively.

𝐷min and 𝐷max are defined as the reasonable ranges of
operation deficit for bus companies.

2.4. Objective Function. For a multiobjective optimization
problem, converting it to a single objective model is com-
monly used in the literature. The objective function for
this model is the sum of the three cost items, namely, the
operation deficit severity, evaluation value of passenger wait-
ing time cost, and crowding cost, respectively:

min 𝐼 = min [𝛼𝐷
∗
+ 𝛽𝑊

∗
+ (1 − 𝛼 − 𝛽)𝑌

∗
] ,

S.t. 𝐻
𝑖min < 𝐻

𝑖
< 𝐻
𝑖max (𝐻

𝑖
-integer) ,

(7)

where𝐷
∗,𝑊∗, and𝑌

∗ are the normalized values of each cost
variable. 𝛼 and 𝛽 are the nonnegative weightages which could
be adjusted for different bus routes with different passenger
demand. Since transit administrators require operators to
engage in suburban bus routes to increase area coverage and
frequency, the average headway should not be higher than the
maximum value. Also, the minimum headway is determined
by passenger flow.

2.5. Solution Algorithm. The proposed minimization model
is a mixed nonlinear integer programmingmodel.The objec-
tive function is not convex or concave, which is a NP-hard
problem and difficult to be solved by any exact algorithm.
Thus, according to the existing studies by Goldberg [18],
Chambers [19] and Liu and Meng [20], a Genetic Algorithm
is used to solve the model.

3. Case Study

3.1. Data. Route 206 is in Jiangning district, and it connects
the center of Jiangning district and Hushu Township. It is 21
kilometers long with 28 bus stops. The demand of boarding
passengers and passengers in vehicle at each stop along the
day are investigated and known.The passenger flows of Route
206 during each time period are shown in Figure 1.

As the maximum demand of boarding/alighting passen-
ger is only 220 passengers/hour, the minimum headway is set
as 2 minutes. The maximum headway is 30 minutes followed
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Figure 1: Passenger flow of Route 206 along the day.

by the administrators’ requirement. The operation time is
divided into 12 time periods. The upper limit of operating
deficit is 10,000 RMB. 𝑐

𝑤
is 0.5 RMB/min. 𝑐

𝑐
is 2 RMB. 𝑐

𝑠
is

150 RMB/cycle.

3.2. Results. A Genetic Algorithm is used to solve the model.
Generate 100 individuals randomly as the initial population.
Set the maxim generation numbers as 500, elite count as 10,
crossover fraction as 0.8, and fitness function as 𝑙𝑒 − 100.
The algorithm is calculated by the “Genetic Algorithm and
Direct Search Toolbox” of Matlab 2012(b) and implemented
on a personal computer with Inter Core i5-3470 CPU @
3.20GHz, 3.20GHz and 4.00G RAM. A convergence trend
of the solution algorithm can be clearly seen from Figure 2.

3.2.1. Sensitivity Analysis for Different Weightages. Figure 3
compares the optimal headways and objective function values
of different weightages. With relative importance of pas-
sengers’ costs growing, the average headways decline; the
objective function values also decline, except the case when
𝛼 is 0.6. When 𝛼 is 0.6, the average headway is highest, while
the relative importance of passengers’ cost is low. Thus, the
optimal headway is confirmed when 𝛼 is 0.2.

3.2.2. Sensitivity Analysis with Different Passenger Flows. The
following section focuses on how to determine theweightages
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Figure 2: Convergence trend of the solution algorithm.
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Figure 3: Optimal headways and objective function values with
different weightages.

of operating cost and passengers’ cost, considering different
passenger flows.

Figures 4 and 5 show the optimal headways and objective
function values of different weightages when passenger flows
increase to 1.5 times and 2 times, respectively. Here, the
upper limits of operation deficit increase to 15,000 RMB
and 20,000 RMB, respectively. Obviously, average headways
decline with the passenger flow growing. The lowest average
headway declines from 11 minutes to 5 minutes. Besides, the
average headway declines when the relative importance of
passengers’ cost grows, which indicates the same trend shown
in Figure 3.

Figure 6 contains a sensitivity analysis of objective func-
tion values with different weightages of operating cost and
passengers’ cost and different passenger flows.The case with a
factor of 1 is used as the benchmark. Aweightage greater (less)
than 1 means either that operating costs are higher (lower) or
passengers’ costs are lower (higher) than those assumed in
the benchmark. Results displayed in Figure 5 suggest that the
more dominant are operating costs, the more optimized are
the objective function values. Here passengers’ cost should be
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thought higher. Moreover, when 𝛼 is 0.2, all of the optimal
headways are confirmed for the 1.5 times and 2 times of OD
matrix. The average headways and three evaluation values
are shown in Table 2. It is seen that the evaluation values of
crowding costs are close to zero, due to the low passenger flow
and few passengers’ need to stand in vehicle.

4. Conclusions

Theheadway design problem for the trunk routes of suburban
bus was addressed. A multiobjective optimization model was
proposed. The objective is to minimize the weighted sum of
operating cost, passengers’ waiting time cost, and crowding
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Table 2: Optimization headway and evaluation values of original OD, 1.5 times OD, and 2 times OD.

Passenger flows Weightages Time period
5:30∼7:00 7:00∼8:00 8:00∼9:00 9:00∼10:00 10:00∼11:00 11:00∼12:00 12:00∼13:00 13:00∼14:00

Original 𝛼 = 0.2, 𝛽 = 0.4 13 12 12 11 14 13 12 12
1.5 times 𝛼 = 0.2, 𝛽 = 0.4 10 8 10 7 11 11 9 9
2 times 𝛼 = 0.2, 𝛽 = 0.4 6 5 6 5 7 7 6 6

Passenger flows Weightages Time period
𝐼 𝐷

∗
𝑊
∗

𝑌
∗

14:00∼15:00 15:00∼16:00 16:00∼17:00 17:00∼18:30
original 𝛼 = 0.2, 𝛽 = 0.4 13 13 12 14 0.2419 0.5043 0.3526 0
1.5 times 𝛼 = 0.2, 𝛽 = 0.4 10 10 8 11 0.175 0.3975 0.2394 0.0005
2 times 𝛼 = 0.2, 𝛽 = 0.4 6 6 5 7 0.1342 0.3384 0.1102 0.056
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Figure 6: Sensitivity analysis of operating cost/passengers’ cost.

cost. The crowding cost is calculated by standing passenger
area. A case study of Route 206 is taken to testify the feasi-
bility of the proposed methodology. The objective function
values decline with passenger flow growing. As the relative
importance of costs of passengers grows, the average headway
declines. The more dominant is the operating cost, the more
optimized is the objective function value. For all of the
optimal headways for the original ODmatrix, 1.5 times and 2
times of OD matrix are confirmed when 𝛼 is 0.2. This model
is very helpful in determining the headway of trunk bus
routes of suburban transit. The cost for crowding in vehicle
is used to evaluate the comfortability. In this case study, the
costs for crowding in vehicle are close to zero because of
relatively low passenger flow. This variable has a little impact
on evaluating passengers’ cost. Thus, more data of passenger
flows of suburban bus routes should be collected to modify
the parameter of crowding cost.
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This paper presents amixed integer linear programmingmodel (MILP) for optimizing the hybrid hub-and-spoke network operation
for a less-than-truckload transportation service. The model aims to minimize the total operation costs (transportation cost and
transfer cost), given the determined demand matrix, truck load capacity, and uncapacitated road transportation. The model also
incorporates an incremental quantity discount function to solve the reversal of the total cost and the total demand. The model is
applied to a real case of a Chinese transportation company engaged in nationwide freight transportation. The numerical example
shows that, with uncapacitated road transportation, the total costs and the total vehicle trips of the hybrid hub-and-spoke network
operation are, respectively, 8.0% and 15.3% less than those of the pure hub-and-spoke network operation, and the assumed capacity
constraints in an extension model result in more target costs on the hybrid hub-and-spoke network. The two models can be used
to support the decision making in network operations by transportation and logistics companies.

1. Introduction

Transportation companies usually have their own physical
operation network with facilities located in different levels
of nodes. Generally there are three kinds of physical opera-
tion network: direct transportation network, pure hub-and-
spoke network, and hybrid hub-and-spoke network. It is a
great challenge for transportation companies to make daily
decisions about optimal network operations on an existing
physical network, especially on a hub-and-spoke one.

A direct transportation network is a fully connected
network which has the advantage of short transport distance
and fast speed [1]. However, in terms of LTL (less-than-
truckload) transportation, it is faced with the risk of losing
economies of scale since not every origin-destination (OD)
flow can stably satisfy the effective truck load capacity. The
fact is that some small and unstable OD flows result in
high operation cost, and even a high risk of partial loss.
Overcoming the above disadvantages, the hub-and-spoke
network makes use of economies of scale on trunk road

transport by collecting goods to pivots [2, 3]. Although it
inevitably sometimes produces bypass transportation and
transfer processing costs, in order to cover a widermarketing,
some transportation and logistics companies prefer to adopt
the hub-and-spoke network [4].

To help with daily operational decision making, a lot
of research has been done to optimize the hub-and-spoke
network operation. In these research works, mathematical
models and algorithms are used to optimize pure hub-and-
spoke network operations in three aspects: hub location
optimization, routing optimization, and both [5–12]. In a
pure hub-and-network, all OD flows in between nonhub
nodes need a transfer operation at least once. Demand
flows between different OD pairs usually increase unevenly;
however, some of the OD flows may achieve the effective
scale of direct transport or need a transfer operation only
once. This unnecessarily produces more transportation and
transfer costs and delays the arrival time. Thus, a hybrid
hub-and-spoke network is used to overcome these problems.
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To optimize the hybrid hub-and-spoke network oper-
ation, different models, formulations, and algorithms have
been addressed in numerous papers in the literature.
Liu and colleagues investigated amixed truck delivery system
that allows both hub-and-spoke and direct shipment and
used a heuristic algorithm to determine the delivery modes
and vehicle routings [13]. Zapfel and Wasner presented a
mathematical model to optimize the mixed hub-and-spoke
network by minimizing the total costs of transportation
cost and variable sorting cost based on a physical network
[14]. Barcos and colleagues designed an LTL cargo operation
network by minimizing the total transportation costs and
transfer processing costs, guaranteeing a certain service level
and allowing for vehicle routes with multiple unloading
stations [15]. The latter two papers show that hybrid hub-
and-spoke networks are more efficient and economical than
pure hub-and-spoke networks as they do not consider the
reconstruction and renovation cost of the physical network.
More specifically, Adler investigated hub-spoke network
operations in a competitive environment [16]. Elhedhli and
Hu designed a hybrid hub-and-spoke network which took
congestion into account [17]. Matsubayashi and colleagues
studied the cost allocation problem in a hybrid hub-and-
spoke network system [18]. These works showed that the
hybrid hub-and-spoke network has advantages in terms of
cost savings and equipment efficiency over the pure hub-and-
spoke network.

Another noteworthy fact is that, in order to attract
more order volumes, different price discount policies are
used by transportation companies [19]. The most commonly
used discount policy is unified discount. The larger the
order volume is, the higher the price discount is. It allows
customers to adjust their order volumes to reach a higher
price discount point. One shortcoming of this pricing policy
is that it leads to a reversal of the total cost and the total
flownear some discount points, which often causes confusion
or even conflict among transportation companies and their
customers.

This paper aims to design and optimize the operation of
a hybrid hub-and-spoke network by employing an existing
physical hub-and-spoke network. Direct transport between
different nodes is allowed if the OD flow reaches an effective
scale. Otherwise the OD flows in between nontransfer nodes
need to be transferred at hubs at least once. Vehicle routes are
optimized and an incremental quantity discount function is
embedded tomake sure that the total cost is increasing strictly
by total demand.

The remainder of this paper is organized as follows.
Section 2 presents a mixed integer linear programming
model (MILP) to optimize the LTL transportation operation
of a hybrid hub-and-spoke network with uncapacitated road
segments taking into account the incremental quantity dis-
count. Section 3 shows an application of thismodel to the real
case of a Chinese logistic company engaged in nationwide
freight transportation. Section 4 formulates an extension
model considering capacitated road segments, namely, links,
and presents numerical results. Conclusions are drawn in
Section 5.

2. Model Formulation

Themodel focuses on the optimization of an existing physical
network in which less-than-truckload freight transportation
services are provided by a transportation company. This
physical network consists of a set of transfer nodes and a set
of nontransfer nodes, namely, hubs and nonhub nodes in this
paper. Let a complete graph𝐺(𝑁,𝐴) be the physical network,
where𝑁 is the set of all nodes (specifically, 𝑆 is the set of hubs,
which is a subset of 𝑁) and 𝐴 is the set of links. Given the
ODmatrix and a discount policy, the model aims to generate
an optimal operational network based on the graph 𝐺(𝑁,𝐴).
Before the model is constructed, some assumptions are made
as follows.

(1) The OD flows are determined, splittable and allowed
to be directly transported, and transferred once or
twice.

(2) The load capacity of each truck is fixed. The service
frequency is determined by the goods flows and
subject to a promised service level.

(3) The total operation costs consist of transportation
cost and transfer cost. Transportation cost is related
to the flow, which is characterized by an incremental
quantity discount function 𝑓(⋅). Transfer cost at hubs
usually consists of two parts: fixed transfer cost and
variable transfer cost. In this paper, since we focus
on the optimization problem of an existing physical
network, the fixed transfer cost is ignored and the
transfer cost is equal to the variable transfer cost,
denoted by function 𝑔(⋅).

(4) The hubs and road segments are uncapacitated.
Other notations are as follows:

ℎ
𝑖𝑗
: total flow (by weight) from node 𝑖 to node 𝑗;

𝑐
𝑘𝑚
: unit transportation cost (per kilogram per kilo-

meter) of link 𝑘-𝑚;
𝐹
𝑟

𝑘𝑚
: flow of link 𝑘-𝑚 that adopts discount of interval

𝑟, namely, link flow.Thedomain of thewhole discount
function is divided into 𝑅 intervals, 𝑟 = 1, 2, . . . , 𝑅;
𝑑
𝑘𝑚
: distance from node 𝑘 to node𝑚;

𝐹
𝑘
: flow transferred at node 𝑘, namely, transfer flow;

𝜆
𝑘
: unit transfer cost at node 𝑘;

𝑦
𝑟

𝑘𝑚
: switch function, valued as one or zero, respec-

tively, means link 𝑘-𝑚 uses discount of interval 𝑟 or
not;
𝑋
𝑘𝑚

𝑖𝑗
: proportion of goods flows which take the route

𝑖-𝑘-𝑚-𝑗 to all goods flows from node 𝑖 to 𝑗. Thus,
𝑖-𝑖-𝑖-𝑗, 𝑖-𝑖-𝑗-𝑗, and 𝑖-𝑗-𝑗-𝑗 are all equal to the direct
route 𝑖-𝑗. 𝑖-𝑖-𝑘-𝑗, 𝑖-𝑘-𝑘-𝑗, and 𝑖-𝑘-𝑗-𝑗 are all equal to
the route 𝑖-𝑘-𝑗.

In this study, the optimization target is to minimize the
total operation costs𝐶, which can be denoted as the following
objective function:

min𝐶 = ∑

𝑘∈𝑁

∑

𝑚∈𝑁

∑

𝑟

𝑓 (𝐹
𝑟

𝑘𝑚
) + ∑

𝑘∈𝑆

𝑔 (𝐹
𝑘
) . (1)
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In the right side of (1), the first part is the total transporta-
tion cost, which is a function of the link flow 𝐹

𝑟

𝑘𝑚
; the second

part is the total transfer cost at hubs, which is a function
of the transfer flow 𝐹

𝑘
. In order to solve the reversal of the

total cost and the total flow, an incremental quantity discount
𝛼 is used in this paper, which is distinct from threshold-
based discounting [19]. The incremental quantity discount 𝛼
is decided by

𝛼 =

{
{
{
{
{
{

{
{
{
{
{
{

{

𝛼
1
, 𝑙
1
≤ 𝐹
1

𝑘𝑚
≤ 𝑢
1

𝛼
2
, 𝑙
2
≤ 𝐹
2

𝑘𝑚
≤ 𝑢
2

.

.

.

𝛼
𝑅
, 𝑙
𝑅
≤ 𝐹
𝑅

𝑘𝑚
≤ 𝑢
𝑅
,

(2)

where 𝑙
𝑟
and 𝑢

𝑟
are the lower and upper bound of interval

𝑟, respectively, and 𝑙
1
= 0, 𝑢

1
= 𝑙
2
, . . . , 𝑢

𝑅−1
= 𝑙
𝑅
; 𝛼
𝑅
is

the discount rate of interval [𝑙
𝑅
, 𝑢
𝑅
]. Commonly, a decreasing

discount rate is used to attract more freight volumes; thus let
𝛼
𝑅
< 𝛼
𝑅−1

< ⋅ ⋅ ⋅ < 𝛼
1
. Then we can obtain the average unit

discount 𝛼 in

𝛼 =

{
{
{
{
{
{
{
{
{
{
{

{
{
{
{
{
{
{
{
{
{
{

{

𝛼
1
, 𝑙

1
≤ 𝐹
1

𝑘𝑚
≤ 𝑢
1

𝛼
1
(𝑢
1
− 𝑙
1
) + 𝛼
2
(𝐹
2

𝑘𝑚
− 𝑙
2
)

𝐹
2

𝑘𝑚

, 𝑙
2
≤ 𝐹
2

𝑘𝑚
≤ 𝑢
2

.

.

.

(𝛼
1
(𝑢
1
− 𝑙
1
) + 𝛼
2
(𝑢
2
− 𝑙
2
)

+ ⋅ ⋅ ⋅ + 𝛼
𝑅
(𝐹
𝑅

𝑘𝑚
− 𝑙
𝑅
)) × (𝐹

𝑅

𝑘𝑚
)

−1

, 𝑙
𝑅
≤ 𝐹
𝑅

𝑘𝑚
≤ 𝑢
𝑅
.

(3)

In (3), 𝛼 is the weighted average unit discount rate of one
customer’s total freight volume. When 𝛼

𝑅
< 𝛼
𝑅−1

< ⋅ ⋅ ⋅ < 𝛼
1

and the discount interval is set properly, the larger the total
volume is, the smaller the weighted average unit discount
rate will be. Under this discounting policy, transportation or
logistics companies can use quantity discounting to attract
more order volume; while customers could adjust their order
volume to obtain a self-satisfied average unit discount point
to save cost, but their total cost will still rise along with the
rising total volume.

Note that transportation cost also has a relation with the
transportation distance. By incorporating the average unit
discount rate 𝛼, we can formulize the transportation cost as

𝑓 (𝐹
𝑟

𝑘𝑚
) = 𝛼𝑐

𝑘𝑚
𝐹
𝑟

𝑘𝑚
𝑑
𝑘𝑚
. (4)

For simplicity, the transfer cost is assumed to be propor-
tional to the transfer flow at hubs. The transfer cost at node 𝑘
is formulized as

𝑔 (𝐹
𝑘
) = 𝜆
𝑘
𝐹
𝑘
. (5)

Thus, we can rewrite objective function (1) into

min𝐶 = ∑

𝑘∈𝑁

∑

𝑚∈𝑁

∑

𝑟

𝛼𝑐
𝑘𝑚
𝐹
𝑟

𝑘𝑚
𝑑
𝑘𝑚

+∑

𝑘

𝜆
𝑘

{

{

{

∑

𝑖,𝑗

ℎ
𝑖𝑗
[∑

𝑚

(𝑋
𝑘𝑚

𝑖𝑗
+ 𝑋
𝑚𝑘

𝑖𝑗
) − 𝑋

𝑘𝑘

𝑖𝑗
]

}

}

}

(6)

Table 1: Hubs and nonhub nodes.

Hubs Nonhub nodes

Beijing (BJ)
Tianjin (TJ), Shijiazhuang (SJZ), Jinan
(JN), Harbin (HEB), Changchun (CC),
and Shenyang (SY)

Zhengzhou (ZZ) Taiyuan (TY) and Xi’an (XA)
Wuhan (WH) Changsha (CS)
Guangzhou (GZ) Chengdu (CD)

Shanghai (SH) Nanjing (NJ), Hangzhou (HZ), and
Fuzhou (FZ)

subject to

∑

𝑟

𝐹
𝑟

𝑘𝑚
= ∑

𝑖,𝑗

ℎ
𝑖𝑗
𝑋
𝑘𝑚

𝑖𝑗
+∑

𝑖,𝑗

ℎ
𝑘𝑖
𝑋
𝑚𝑗

𝑘𝑖
+ ∑

𝑖 ̸=𝑘∪𝑗 ̸=𝑚

ℎ
𝑖𝑚
𝑋
𝑗𝑘

𝑖𝑚
, ∀𝑘,𝑚,

(7)

𝐹
𝑟

𝑘𝑚
− 𝑦
𝑟

𝑘𝑚
𝑙
𝑟
≥ 0, ∀𝑘,𝑚, 𝑟, (8)

𝐹
𝑟

𝑘𝑚
− 𝑦
𝑟

𝑘𝑚
𝑢
𝑟
≤ 0, ∀𝑘,𝑚, 𝑟, (9)

∑

𝑟

𝑦
𝑟

𝑘𝑚
= 1, ∀𝑘,𝑚, (10)

∑

𝑘

∑

𝑚

𝑋
𝑘𝑚

𝑖𝑗
= 1, ∀𝑖, 𝑗, (11)

𝑋
𝑘𝑚

𝑖𝑗
≥ 0, ∀𝑖, 𝑗, 𝑘, 𝑚, (12)

𝑋
𝑘𝑚

𝑖𝑗
= 0, 𝑘 ∉ S ∪ 𝑚 ∉ S, (13)

𝑦
𝑟

𝑘𝑚
= {0, 1} ∀𝑘,𝑚. (14)

Constraint (7) ensures that, if 𝑚 = 𝑘, the route 𝑖-𝑘-𝑘-𝑗
will be calculated just once. Constraints (8) and (9) ensure
that 𝐹𝑟

𝑘𝑚
will be located in the interval [𝑙

𝑟
, 𝑢
𝑟
]. Constraint

(11) ensures the equilibrium of all flows. Constraint (12)
ensures that the goods flows are nonnegative. Constraint (13)
ensures that the transferred flows can just be transferred at
hubs. Constraints (10) and (14) ensure the consistency of the
discount rate.

3. Model Application and Solution

3.1. Sample Data. The data come from a transportation com-
pany in China which is engaged in LTL freight transportation
in 18 cities. Of those cities, five have transfer hubs and the rest
are nonhub nodes. All nodes of cities in the physical network
are shown in Table 1. We extract sample data covering all the
business in the 18 cities for 2011, comprising 128018 records.
The summed OD flows by weight are shown in Table 3. We
take an average capacity of 28 tons for each truck in the
following calculation.
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Table 2: Comparison of total cost and computing time of different
hub sets.

Hubs Cost/Yuan Time/s
1 1.63304𝑒7 17
2 1.19642𝑒7 93
3 1.08919𝑒7 404
4 9.66232𝑒6 7543
5 7.99414𝑒6 36453

The incremental quantity discount policy is given as
follows:

𝛼 = (𝛼
1
𝛼
2
𝛼
3
𝛼
4
𝛼
5
𝛼
6
𝛼
7
)

= (1 0.97 0.94 0.91 0.88 0.85 0.8) ;

𝑙
𝑟
= (𝑙
1
𝑙
2
𝑙
3
𝑙
4
𝑙
5
𝑙
6
𝑙
7
)

= (0 20 40 60 80 100 120) ;

𝑢
𝑟
= (𝑢
1
𝑢
2
𝑢
3
𝑢
4
𝑢
5
𝑢
6
𝑢
7
)

= (20 40 60 80 100 120 999999) ,

(15)

where 𝑢
7
= 999999 means a very large value for running

the calculations correctly.This incremental quantity discount
policy is characterized by an incremental quantity of 20 tons
with a decreasing discount rate of 0.03 with an exception
of 0.05 for 𝛼

7
, which is adjusted according to the sample

company’s marketing pricing strategy.

3.2. Calculations. The model of formulae (6) to (14) is a
mixed integer linear programming model. An exponential
algorithm in Lingo 11.0 can be used to solve thismixed integer
programming problem.The computational results are shown
in Table 4.

As regards the pure hub-and-spoke network and the
hybrid hub-and-spoke network, respectively, the total costs
are 8686950 and 7994138 Yuan, and the total trips are 145974
and 123601. Reductions of 8.0% and 15.3% in costs and trips
apply to the hybrid hub-and-spoke network compared with
the pure hub-and-spoke network. The optimized operation
network is shown in Figure 1.

Lingo 11.0 is executed by a desktop with the CPU
environment of AMDAthlon 64∗2Dual-Core Processor TK-
53. The computing time increases greatly as the number of
hubs increases. The results are listed in Table 2.

4. Model Extension: Capacitated
Hybrid Hub-and-Spoke Network Operation
for LTL Freight Transportation

When goods flow is increasing, the capacity constraint should
be taken into consideration. We take the road capacity,
hub capacity, and truck capacity as one unified capacity
constraint, namely, link capacity on a graph, because these
kinds of capacity in a physical network finally restrain the
flows in the link. Consequently, an extension model based

on the model in Section 2 is constructed. Mathematically, we
obtain the following extension model:

min𝐶 = ∑

𝑘∈𝑁

∑

𝑚∈𝑁

∑

𝑟

𝛼𝑐
𝑘𝑚
𝐹
𝑟

𝑘𝑚
𝑑
𝑘𝑚

+∑

𝑘

𝜆
𝑘

{

{

{

∑

𝑖,𝑗

ℎ
𝑖𝑗
[∑

𝑚

(𝑋
𝑘𝑚

𝑖𝑗
+ 𝑋
𝑚𝑘

𝑖𝑗
) − 𝑋

𝑘𝑘

𝑖𝑗
]

}

}

}

(16)

subject to

∑

𝑟

𝐹
𝑟

𝑘𝑚
= ∑

𝑖,𝑗

ℎ
𝑖𝑗
𝑋
𝑘𝑚

𝑖𝑗
+∑

𝑖,𝑗

ℎ
𝑘𝑖
𝑋
𝑚𝑗

𝑘𝑖
+ ∑

𝑖 ̸=𝑘∪𝑗 ̸=𝑚

ℎ
𝑖𝑚
𝑋
𝑗𝑘

𝑖𝑚
, ∀𝑘,𝑚,

(17)

∑

𝑟

𝐹
𝑟

𝑘𝑚
≤ 𝐶
𝑘𝑚
, ∀𝑘,𝑚, (18)

𝐹
𝑟

𝑘𝑚
− 𝑦
𝑟

𝑘𝑚
𝑙
𝑟
≥ 0, ∀𝑘,𝑚, 𝑟,

𝐹
𝑟

𝑘𝑚
− 𝑦
𝑟

𝑘𝑚
𝑢
𝑟
≤ 0, ∀𝑘,𝑚, 𝑟,

∑

𝑟

𝑦
𝑟

𝑘𝑚
= 1, ∀𝑘,𝑚,

∑

𝑘

∑

𝑚

𝑋
𝑘𝑚

𝑖𝑗
= 1, ∀𝑖, 𝑗,

𝑋
𝑘𝑚

𝑖𝑗
≥ 0, ∀𝑖, 𝑗, 𝑘, 𝑚,

𝑋
𝑘𝑚

𝑖𝑗
= 0, 𝑘 ∉ S ∪ 𝑚 ∉ S,

𝑦
𝑟

𝑘𝑚
= {0, 1} ∀𝑘,𝑚.

(19)

In (18),𝐶
𝑘𝑚

is the upper limit of the flow in link 𝑘-𝑚. Since
the road segments are not subject to any capacity constraint
in the sample enterprise, all the segments are assumed to have
an upper limit of 3.1 million tons per month. The optimized
network is presented in Figure 2.

Compared with the uncapacitated model, when the flow
exceeds the link capacity and these kinds of links are few, the
operational network does not change very much. The goods
flows sent by each link computed by the twomodels are listed
in Tables 4 and 5. However, the total costs have changed. The
total costs are 8065921 Yuan, 0.90% higher than those of the
uncapacitated network. The main reason is that the goods
flow exceeding the road capacity is sent by other links because
of insufficient capacity. In the example, each link has an upper
capacity of 3.1 million tons per month, and only four links
are fully used in the optimized network (see the red links in
Figure 2).

5. Conclusions

Operation optimization is critical for reducing operation
costs for transportation companies engaged in nationwide
LTL freight transportation in an existing physical hub-and-
spoke network. In this paper, a MILP model for LTL trans-
portation operation optimization of a hybrid hub-and-spoke
network is proposedwhich takes into account an incremental
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quantity discount function in order to solve the reversal of
the total costs and the total flow. In fact, for a company
engaged in nationwide transportation in an existing hub-and
spoke network, when the OD flows are not big enough for
direct transport, a hub-and-spoke system can help to obtain
economies of scale. The results of the model application for
the sample enterprise indicate that 56.21% of the goods flows
are sent by direct transport, 32.15% of which are sent from
one depot to another; 27.95% of the goods flows are sent and
transferred once at a hub, and only 15.84% are transferred
twice; the hybrid hub-and-spoke network operation saves
8.0% more on total costs and 15.3% more on total trips
than the pure hub-and-spoke network does. Furthermore, the
incremental quantity discount price policy can eliminate the
reversal of the total cost and the total transport volume.

In daily management, trucks are seldom dispatched
between different pairs of OD except in case of emergency
or by request. Thus, we have to take capacity constraint into
account. In the extension model in this paper, the assumed
capacity constraint increases the total costs. The main reason
is that the excess OD flow has to be sent via bypass transport,
at higher cost. This extension model can be used to support
business owners in making decisions on optimizing facilities.

Theproposedmodels can be applied to logistic companies
and cargo transportation companies with an existing physical
hub-and-spoke network. The models adapt well to different
numbers of hubs and the OD flow matrix. They can be used
to support daily decision-making in the case of changing OD
flow matrices.

Appendix

See Tables 3, 4, and 5.
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Evaluating safety performance of first-class highways in China is important due to their high mortality rates. Traditional models
for statistical crash prediction and traffic conflict techniques require long periods of data collection which is time-consuming and
labor-intensive. This paper introduces a safety evaluation method based on catastrophe theory for highways in China.The method
firstly divides the highway into multiple road sections and uses video-based road detection (VRD) system to collect video data of
existing road conditions. Then, experienced drivers and experts are invited to watch the collected videos to establish a multilayer
safety index system and assign values to bottom indexes. By applying catastrophe theory, a general safety index is derived, which
indicates the relative safety level of a road section. Finally, all road sections can be ranked based on the general safety index. A case
study shows encouraging results where (1) the safety index is highly correlated with real mortality rates and (2) the safety index
successfully identifies most dangerous road sections.The proposed method can be considered as a promising supplementary safety
evaluation method that could help traffic engineers to better understand safety implications of first-class highways in China.

1. Introduction

Themortality rates (deaths per 100 km per year) of highways
are unevenly distributed in China. First-class highways that
only account for 1.79% of the total highway mileage have
the highest mortality rate (36.16 deaths per 100 km per year),
followed by second-class highways (16.18 deaths per 100 km
per year) and expressways (15.53 deaths per 100 km per year).
Thus, first-class highways can be considered as the most
dangerous roadway type in China, which certainly deserves
careful safety evaluations.

Safety evaluations can help to develop effective safety
countermeasures to lower crash rates and reduce crash
severity. Figure 1 shows the scope of safety evaluations that
can be applied in different time stages including design,
construction, and operation and can be evaluated at different
levels (i.e., macro-, meso-, and microlevels) [1]. Different
evaluation methods are utilized depending on specific pur-
poses. This paper will be focused on the mesolevel safety

evaluations on first-class highways in China at the operation
stage.

Table 1 demonstrates the scope and objective of safety
evaluations on first-class highways in China at three levels.
Macrolevel safety evaluations focus on an entire highway
to improve overall road safety. Microlevel safety evaluations
examine detailed information including road characteristics,
human behaviors, and traffic flows, in order to evaluate safety
of a specific location or traffic facility (e.g., an intersec-
tion). A first-class highway generally goes through multiple
provinces and administrative regions, which could have
significantly different land-use, demographic, and social-
economic characteristics. Therefore, examining the overall
safety of a first-class highway (i.e., macrolevel safety eval-
uations) is not enough to understand the safety issues of
different areas and road sections. On the other hand, a
first-class highway generally has long length and enormous
traffic facilities, which makes it time-consuming and labor-
intensive to evaluate every single traffic facility (microlevel
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Table 1: Safety evaluations on first-class highways in China at different levels.

Evaluation level Evaluation scope Primary objective
Macrolevel The entire highway Understand the overall safety of the entire highway

Mesolevel Road sections Understand the safety of road sections and identify
dangerous road sections for further in-depth analysis

Microlevel Certain facility and road spot Find out safety issues of the specific locations/traffic facilities
and provide countermeasures

Space

Macrolevel

Mesolevel

Microlevel

TimeDesign
stage

Construction
stage

Operation
stage

Figure 1: The scope of safety evaluations.

evaluations). Consequently, evaluating road sections (i.e.,
mesolevel evaluations) could be considered as a more cost-
effective way to provide enough useful information that can
allow traffic professionals to further conclude overall road
safety or identify dangerous road sections that require further
in-depth safety analysis.

Traditional safety evaluations are mostly based on histor-
ical crash data or traffic conflict data. However, it is difficult
to obtain sufficient reliable crash data for a highway which
basically has long length and runs across multiple regions. A
study performed by Turner and Mansfield in 1983 indicates
that about 25% of urban traffic crash records and 20% of
rural traffic crash records in Alabama State in USA were
mistakenly recorded [2]. Traffic conflict techniques have been
attempted to analyze traffic safety performance of roadway
intersections in recent years [3–7]. But one limitation of
such techniques is that the identification of traffic conflicts
and their type relies on the experiences and knowledge
of observers, which could easily generate human bias and
adversely affect data reliability. Besides, collecting conflict
data of an entire highway is a very challenging task even
using automated video techniques. In recent years, some
comprehensive evaluation methods have been developed by
researchers. In 2008, Lu et al. introduced the concept of
level of safety service and developed a noncrash based model
for safety evaluation [8]. Yuan and Lu also presented a
diagnostic approach for safety evaluation which is based on

Mesolevel road division

Data collection

Derivation of a general safety index

Classification of safety levels of road sections

Identification of dangerous road sections

Figure 2: The flow process of the mesolevel safety evaluation
method for first-class highways in China.

road characteristics [9]. Most of these methods can only be
applied to intersections which limit their usage in highway
safety evaluations.

Notably, some risk-based approaches were also utilized
to evaluate road safety. The Highway Safety Manual provides
quantitative information for decision making based on safety
performance of road and facilities. It assembles currently
available information andmethodologies onmeasuring, esti-
mating, and evaluating roadways in terms of crash frequency
(number of crashes per year) and crash severity (level of
injuries due to crashes) [10]. The U.S. Road Assessment
Program has developed a protocol to assign ratings to roads
on the basis of the presence or absence of key design features
related to safety. This protocol rates roads by assigning
them one to five stars according to approximately 20 key
roadway safety features [11]. However, these methods, such
as safety performance functions (SPFs) of HSM or the iRAP
methodology, still require crash modification factors (CMF)
that were derived based on historical data. As stated earlier,
reliable crash data in China are severely lacking, which
prevents these methods from being applied in practice.

To fill this gap, a new comprehensive method will be
introduced to evaluate the safety of first-class highways in
China at the mesolevel. Also, the method requires neither
historical crash data nor time-consuming field observations.

2. Methodology

Figure 2 shows the whole process of the proposed safety
evaluation method. Firstly, a first-class highway is divided
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(b) The limitation of the fixed-length division in identifying a road
section with the unique geometrics

Figure 3: The limitation of the fixed-length division method.
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Figure 4: The video-based road detection (VRD) System.

into multiple road sections (i.e., mesolevel). Then, the road
information (e.g., geometrics, pavements, etc.) of each high-
way section is recorded in video data. After that, experienced
drivers and experts are invited to watch the collected videos
and determine the safety impacts of various variables on each
road section. Next, a catastrophemodel is applied to generate
a safety index, which indicates the relative safety level of each
road section. Finally, all road sections are ranked by their
safety levels based on the safety index and dangerous road
sections are identified.The following subsections will address
each step of the process in detail.

2.1. Mesolevel Road Division. The first step of the method is
to divide a highway into multiple sections based on certain
criteria. The fixed-length division method and the nonfixed
division method are the two commonly used methods for
road divisions [12]. The fixed-length division method is easy
to conduct but has obvious limitations: roads are subjectively
divided into the same length without considering factors
such as traffic volumes, road geometrics, and traffic crashes.
Thus, when used in practice for special purposes (e.g., safety
evaluations), this method is not capable of identifying the
crucial road sections or road sections with similar features.

In Figure 3(a), the nonfixed division method fails to identify
a road section with extremely high crashes. In Figure 3(b),
the nonfixed division method fails to identify a unique road
section that has different curve radius from all other sections.

The nonfixed division method has been considered to
have advantages over the fixed-length division method [13–
15]. It is based on the internal links among road character-
istics such as traffic volume, speed limit, lane allocations,
horizontal/longitudinal curves, and cross-section types. A
highway can be divided into different lengths according
to road characteristics for certain purposes. Expert panels
and cluster analysis method are commonly used to conduct
nonfixed road divisions.

2.2. Data Collection. All required video data are collected by
a video-based road detection (VRD) system that consists of a
video capture terminal, a system server, and a client terminal,
as is shown in Figure 4. The video capture terminal consists
of 3 high-speed cameras which record road/traffic conditions
from different angles. A sensor installed in a vehicle will
transmit videos and data (including time, road stake number,
and vehicle speed) to the system server. The system server
is equipped with the vehicular industrial computer system,
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(a) Median and horizontal curves and shoul-
ders and barriers

(b) Traffic controls and pavement markings (c) Traffic signs and road surface

Figure 5: The examples of video data collections.

which is used to save and process the data.The client terminal
shows the real-time road videos.

The VRD system captures road and traffic videos from
the perspective of road users (i.e., drivers). Video data can
be watched repeatedly to ensure that all important details are
examined. Thus, compared to traditional field-based obser-
vations, the VRD system significantly improves efficiency
and accuracy of road data collections. Figure 5 shows some
examples of video images extracted from the VRD system.

2.3. Derivation of a General Safety Index Based on Catas-
trophe Theory. Catastrophe theory, proposed by the French
mathematician René Thom in the book “Structural Stability
and Morphogenesis,” addresses the process of how a series
of small internal changes could result in a significant and
sudden external change [16].Thomregards the overall “jump”
process as a catastrophe. This theory can be used to analyze
and predict complex dynamical systems.

A traffic catastrophe means that the internal changes in
a traffic system cause the unbalance of the system and thus
result in external changes. A traffic system can be described
by a group of variables including road alignment, pavement,
signs, markings, control, and signals. If any small changes
happen to one of those variables, the system balance could
be broken and external changes (e.g., traffic crashes) could
happen.

Catastrophe theory only requires the ranks of variables
according to their importance to the system. Therefore,
assigning weights to variables is unnecessary, which are
mostly required by other fuzzy methods such as the analytic
hierarchy process (AHP) and the fuzzy interval method
(FIM) [17]. The derivation of a general safety index based on
catastrophe theory can be conducted by the following 3 steps.

2.3.1. Step 1: Establish a Multilayer Index System. In order
to apply catastrophe safety evaluation models, a multilayer
index system needs to be established firstly. The top-layer
index should be a general safety index that indicates the
overall safety level of the specific road section under safety
evaluation. We first come up with the initial indexes based
on literature and field research. And 15 experts are invited
to give each index a score within the range 1 to 5 according

to its practical influence on the overall safety. According
to clustering analysis and expert panels, traffic conditions
of intersections, geometric designs, road facilities, and road
environment are selected as the four second-layer indexes
that significantly influence the safety of first-class highways in
China. The four second-layer indexes are further subdivided
into 13 third-layer indexes according to experts. Table 2 shows
the multilayer index system of first-class highways. In order
to apply catastrophe theory, subindexes in the same group are
ranked in a top-downmanner, according to their importance
to the main index. For example, the bottom-layer indexes
A41, A42, A43, and A44 need to be ranked according to their
importance to the second-layer index A4. The ranks can be
determined by various methods such as statistical analysis
and expert based scoring. Notably, for different road sections,
the ranks of indexes can be determined to be different,
depending on the characteristics of road sections.

The following briefly address the four indexes at the
second layer.

(1) Intersections. Highway intersections have much more
crashes compared to other road sections, due to complex
traffic control strategies and numerous vehicle interactions
(i.e., conflicts). According to historical crash data, in theUSA,
about 55% of total traffic crashes and 23% of fatal traffic
crashes in urban areas happened at intersections and about
32% of total traffic crashes and 16% of fatal traffic crashes in
rural areas happened at intersections [18]. In China, about
30% of urban traffic crashes happened at intersections and
about 47% of rural traffic crashes happened at intersections
[19]. These indicate that the intersection characteristics need
to be carefully examined.

(2) Road Environment. Attractive road environment could
make drivers feel comfortable and influence drivers’ actual
behaviors in a positive way including driving aggressiveness,
speed choice, and conformity to traffic rules [20].

(3) Geometric Designs. Previous studies have shown that inap-
propriate geometric highway designs are highly associated
with increased crash risks. For example, an inappropriate
design of road alignment and sight distance could confuse
drivers and increase their workloads and driving risks [21].
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Table 2: The multilayer index system of first-class highways.

The general safety index Second-layer index Bottom-layer index

The safety level of a road section

Intersections 𝐴
1

Traffic flows 𝐴
11

Traffic controls 𝐴
12

Channelization 𝐴
13

Road environment 𝐴
2

Road surface condition 𝐴
21

Minor access point density 𝐴
22

Roadside design/obstacle 𝐴
23

Geometric designs 𝐴
3

Quality of curve 𝐴
31

Sight distance 𝐴
32

Lane width and shoulder width 𝐴
33

Road facilities 𝐴
4

Medians 𝐴
41

Barriers 𝐴
42

Street lightings 𝐴
43

Delineation 𝐴
44

A wide median can effectively reduce the likelihood of head-
on crashes [22]. Therefore, geometric elements need to be
examined to ensure that they are properly designed.

(4) Road Facilities. Road facilities such as barriers, lightings,
and signs play very important roles in highway safety.
Functional road facilities will effectively provide drivers with
guidance and protection. Thus, functional road facilities can
ensure the safety performance of a highway.

2.3.2. Step 2: Assign Original Values to Bottom-Layer Indexes.
Three steps need to be conducted: (1) experienced drivers
and road safety professionals are invited to watch the video
data of each road section collected by the VRD system; (2)
experts evaluate each road section and assign an initial value
{𝑎
𝑖𝑗
} to each bottom index based on their knowledge and

experiences; (3) standardize {𝑎
𝑖𝑗
} to get the standardized value

{𝐴
𝑖𝑗
} of each index.
A higher value {𝑎

𝑖𝑗
} indicates a safer condition. For

example, if an expert gives 0 to the index of road surface
condition for a certain road section (score ranges from 0
to 10), he/she considers the surface condition of this road
section to be extremely unsafe to road users.

The standardized value can be calculated by

𝐴
𝑖𝑗
=

𝑎
𝑖𝑗
− 𝑎min

𝑎max − 𝑎min
, (1)

where 𝐴
𝑖𝑗
is the standardized value of the 𝑗th important

bottom index that is a subdivision of the 𝑖th second-layer
index; 𝑎max are the maximum values that can be assigned to
a bottom index; 𝑎min are the minimum values that can be
assigned to a bottom index.

2.3.3. Step 3: Calculate the Value of the Top-Layer Index.
With known values of bottom-layer indexes, the intermediate
catastrophe values can be calculated according to

𝑋
𝑖𝑗
= 𝐴
1/(𝑗+1)

𝑖𝑗
, (2)

where𝑋
𝑖𝑗
is the intermediate catastrophe value of 𝑗th impor-

tant bottom index that is a subdivision of the 𝑖th second-layer
index.

After the intermediate catastrophe values are determined,
“complementary” and “noncomplementary” rules should be
considered when deciding the original higher-level values.
The “complementary” rule means that the impact of an index
on its higher-level index can be replaced by other indexes. For
those indexes, the original values of second-layer indexes can
be derived by

𝐴
𝑖
=

𝑋
𝑖1
+ ⋅ ⋅ ⋅ 𝑋

𝑖𝑗
⋅ ⋅ ⋅ + 𝑋

𝑖𝑘

𝑘

, (3)

where 𝐴
𝑖
is the original value of the 𝑖th second-layer index

and 𝑘 is the total number of bottom indexes that belong to
the 𝑖th second-layer index.

“Noncomplementary” indexes are the indexes with sig-
nificant impact on the higher-level index, which cannot be
ignored. For those bottom indexes, the original values of the
second-layer indexes can be calculated by

𝐴
𝑖
= min {𝑋

𝑖1
, . . . , 𝑋

𝑖𝑗
, . . . , 𝑋

𝑖𝑘
} . (4)

When the second-layer indexes are known for their
original values, formula (2) can be utilized again to derive
the intermediate catastrophe values of the second layer.
Thus, the catastrophe value of the top-layer index (i.e., the
general safety index) can be derived through this recursive
algorithm. For first-class highways, the value of the top-layer
index (i.e., the general safety index) can be derived using
the “noncomplementary” rule since the four second-layer
indexes are all very important factors that cannot be ignored.

2.4. Safety Levels Classification. Calculate the values of the
top-layer index when all bottom-layer values are assigned.
Table 3 shows the top-layer values, assuming that all bottom-
layer indexes have the same values from 0 to 1 with the
increment of 0.1.
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Table 3: Bottom-layer values and catastrophe values of the general safety index.

Bottom-layer values 0 0.1 0.2 0.3 0.4 0.5
Top-layer value 0 0.669 0.753 0.808 0.849 0.884
Bottom-layer values 0.6 0.7 0.8 0.9 1
Top-layer value 0.913 0.938 0.961 0.981 1

Table 4: Classification and description of mesolevel safety levels of first-class highways.

Level Value Qualitative description

Excellent (0.981, 1) A highway section with excellent safety performance which does not
require safety improvement.

Good (0.938, 0.981) A highway section with good safety performance which has some
safety issues that need to be examined and improved.

Fair (0.884, 0.938)
A highway section with fair safety performance which has a
considerable number of safety issues that need to be carefully
examined.

Poor (0, 0.884) A highway section with poor safety performance that needs to be
thoroughly examined.

Based on experts, the safety of a first-class highway
section is determined to be four levels from poor to excellent
(shown in Table 4).

Identification of Dangerous Road Sections. According to the
safety level classifications, each road section’s relative safety
level can be determined. The road sections with low safety
levels need to be carefully examined through in-depth safety
evaluations to identify safety issues and develop countermea-
sures.

3. Experimental Validations

In our experimental validations, the mesolevel safety evalua-
tion method was applied to evaluate the safety performance
of National Highway G205 in Jiangsu province (Figure 6).
G205 is 318 km in total length, including 263 km of a first-
class highway section across Xuzhou, Suqian, Huaian, and
Nanjing city in Jiangsu. It is an important part of the
north-to-south transportation corridor in China, connecting
multiple expressways and highways. As an open highway,
G205 has complex traffic environment, heavy mixed traffic,
and frequent access points.

3.1. Mesolevel Road Division. G205 in Jiangsu province runs
acrossmultiple cities which have various road characteristics,
traffic conditions, and land environments. After expert panel
discussions, the first-class highway was finally divided into 10
different road sections by the demarcation of administrative
zones.

3.2. Data Collections. TheVRD system was utilized to record
data of G205 Jiangsu section. Then, 10 experienced drivers
and 10 traffic professionals were invited to evaluate safety of
each road section according to video data and assign initial
values (from 0 to 1) of bottom-layer indexes for each road
section.

Shandong province

Xuzhou city

Suqian city

Anhui province Jiangsu province

Huaian city

Nanjing city

Figure 6: National Highway G205 in Jiangsu province.

3.3. Derivation of the General Safety Index. Taking Section 4
as an example, by applying catastrophe safety evaluation
models, the catastrophe values at all layers and the general
safety index can be derived. Table 5 shows the catastrophe
values of Section 4.

3.4. Determination of Safety Ranks and Identification of Dan-
gerous Road Sections. Likewise, the general safety indexes
of the other 9 road sections can also be derived. All road
sections’ safety is ranked based on their general safety
indexes. Table 6 shows the safety rank of 10 sections based
on the general safety index as well as the safety rank based on
mortality rates (deaths per 100 km per year).
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Table 5: Catastrophe values at all layers and the general safety index (Section 4).

Third-layer index Intermediate index Second-layer index Intermediate index General safety index
𝐴
11

0.70 𝑥
11

0.837
𝐴
1

0.896 𝑥
1

0.947

0.944

𝐴
12

0.73 𝑥
12

0.900
𝐴
13

0.82 𝑥
13

0.952
𝐴
21

0.72 𝑥
21

0.849
𝐴
2

0.842 𝑥
2

0.944𝐴
22

0.45 𝑥
22

0.766
𝐴
23

0.69 𝑥
23

0.911
𝐴
31

0.79 𝑥
31

0.889
𝐴
3

0.819 𝑥
3

0.951𝐴
32

0.55 𝑥
32

0.819
𝐴
33

0.50 𝑥
33

0.841
𝐴
41

0.70 𝑥
41

0.837

𝐴
4

0.837 𝑥
4

0.965𝐴
42

0.72 𝑥
42

0.896
𝐴
43

0.56 𝑥
43

0.865
𝐴
44

0.70 𝑥
44

0.931

Table 6: Safety ranks based on mesolevel safety evaluations and historical crash data.

Section Mesolevel safety evaluations Historical crash data
General safety index Safety level Rank Mortality rate (death per 100 km per year) Rank

Number 1 0.956 Good 3 23 5
Number 2 0.963 Good 2 14 2
Number 3 0.981 Excellent 1 10.5 1
Number 4 0.944 Good 4 17.86 3
Number 5 0.938 Fair 8 90 10
Number 6 0.939 Good 7 19.22 4
Number 7 0.943 Good 5 38.43 9
Number 8 0.941 Good 6 29.17 7
Number 9 0.881 Poor 10 31.25 8
Number 10 0.933 Fair 9 25 6

Spearman rank tests were carried out between the general
safety index and mortality rates. The Spearman coefficient is
0.709, which indicates significant rank correlation between
the two variables. Moreover, the general safety index success-
fully identifies 4 of the top 5 crash-prone road sections.

4. Discussion and Conclusions

This paper proposes a mesolevel safety evaluation method
based on the video-based road detection (VRD) system for
first-class highways in China. The method firstly divides a
first-class highway into multiple road sections and uses the
VRD system to collect video data of existing road conditions.
Then, experienced drivers and experts are invited towatch the
collected videos to establish a multilayer safety index system
and assign values to bottom indexes. By applying catastrophe
theory, a general safety index (i.e., the top index) is derived,
which indicates the relative safety level of a road section.
Finally, all road sections’ safety can be ranked and dangerous
road sections are thus identified, based on the general safety
index. The experimental validations show that (1) the safety
index is highly correlated with real mortality rates and (2)
the safety index successfully identifies most dangerous road
sections.

Although the validations have shown encouraging results,
there are still some issues that need to be addressed here.
Firstly, this method can only estimate the relative safety of
each road section.The general safety index cannot be directly
used as a predictor of mortality rates or crash rates. Thus, the
method can only be used as a supplementary safety evaluation
method when crash/conflict data are lacking or missing. The
second issue is that there is no widely accepted criterion for
mesolevel road divisions. Expert panels need to be estab-
lished to determine the criteria of road division. However,
even experienced experts could have very different opinions
on selecting certain criteria to divide highways. Thus, the
mesolevel road division needs to be carefully conducted.
Besides, this evaluation method is only developed for first-
class highways in China. Thus, the usage of this method
is limited. Future studies can be conducted to improve the
method to allow for safety evaluations on other highway types
in China.

Another issue that needs to be addressed is that the
method is based on catastrophe theory that requires human
decisions on ranks/values of indexes. Although twenty expe-
rienced experts were invited to reduce human bias and
catastrophe theory does not require index weights compared
to other fuzzy methods, the method still needs to be further
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validated and the index system needs to be improved to
include more contributing factors.

Although the proposed method requires human judg-
ment, the introduction of advanced data collection tech-
nology (i.e., the VRD system) allows experts to thoroughly
examine road/traffic details according to video data which
could reduce human errors. Catastrophe theory avoids the
process of subjectively determining index weights compared
to other fuzzymethods, which further reduces human bias. In
general, this approach has shown its strength and potential
to be used as a supplementary safety evaluation method
that could help traffic engineers to better understand safety
implications of first-class highways in China and to identify
dangerous road sections that require further in-depth safety
analysis, when reliable crash/conflict data are missing or
lacking.
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This paper deals with the problem of scheduling additional train unit (TU) services in a double parallel rail transit line, and amixed
integer programming (MIP) model is formulated for integration strategies of new trains connected by TUs with the objective of
obtaining higher frequencies in some special sections and special time periods due to mass passenger volumes. We took timetable
scheduling and TUs scheduling as an integrated optimization model with two objectives: minimizing travel times of additional
trains and minimizing shifts of initial trains. We illustrated our model using computational experiments drawn from the real rail
transit line 16 in Shanghai and reached results which show that rail transit agencies can obtain a reasonable new timetable for
different managerial goals in a matter of seconds, so the model is well suited to be used in daily operations.

1. Introduction

Transit scheduling is the processes of computing the fre-
quency of services, the number of required vehicles, the
timing of their travel, and other related operating elements.
The outcomes of scheduling include graphical and numerical
schedules for operators and supervisors, timetables for the
public, and operating data for a line [1]. The rail transit
timetable is aimed to meet the passenger demand, which
varies during the hours of a day, the day of a week, from one
season to another, and so forth [2]. On rail transit lines, due to
the high frequencies and strict stock capacities in terminals,
the timetable scheduling and the TUs scheduling should be
considered simultaneously. Inserting some new train services
into an initial timetable is one of the important methods in
the process of redeveloping a timetable.

The primary motivation of this research based on addi-
tional demands occurrence in the rail transit lines of Shang-
hai. These additional demands, causing timetabling prob-
lems, have been determined by the Shanghai ShentongMetro
Operation Company which is the responsible authority for
the daily operations. The authority thinks it is an important

problem and needed to be solved more efficiently, accurately,
and fast. Up toMarch 2014, there have been 14 rail transit lines
(with an operating route length of 538 kilometers and 329
stations) operated in Shanghai. On a normal weekday more
than 8 million people use the Shanghai rail transit network.
Planning of the rail transit operations primarily concerns the
timetable and two other main resources: the rolling stocks
and the crews. Planning of these resources undergoes two
main phases (tactical and short-term planning) before the
actual operation.The planning horizon in tactical planning is
from one month up to one year. The steps conducted during
this planning phase are constructing several initial timetables
(for working days, weekend days, holidays, etc.) which satisfy
different service demands and allocating the rolling stocks
and the crews to the initial timetables. On the other hand, the
short-term planning phase refers to planning taskswith a time
horizon of a fewdays up to onemonth. In this phase the initial
plans are adapted to the demands of the corresponding days.
Special holidays and events that attract a lot of people, such
as exhibitions, concerts, and major sports events, generally
require an offered capacity in different times and positions.
Consequently, some train services are required to be inserted
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to improve the capacity of some special sections with time
windows.Themost commonway is inserting additional train
services into the initial timetables.

The problem, which is called scheduling additional train
unit services (SATUS) problem, is a problem in which new
trains connected by a number of TUs start their trip from a
depot or reversing tracks; after collectively visiting a number
of routes, they return to the starting points. The SATUS
problem is a complicated one, because the efficient circulation
of TUs is an important consideration for operators of rail
transit trains; additionally the large number of trips, links,
and paths to be considered rapidly increases the number
of variables and constraints in any model developed. The
SATUS problem is not a real-time rescheduling problem,
since themain difference between it and timetable reschedul-
ing in short-term planning or in disruption management
is the absence of uncertainty, and the fact that the latter is
much less time-critical, while the first is often thought as a
temporary redevelopment strategy of an initial timetable.

This paper deals with the problem of SATUS in a double
parallel rail transit line, and a MIP model is formulated for
integration strategies of new trains connected by TUs with
the objective of obtaining higher frequencies in some special
sections and special time periods due to mass passenger
volumes.

The study contributes a number of new features to
capture the influence of specific elements that have not been
considered in studies on the SATUS problem in the related
literature. First of all, the approach decides on timetables
and TUs schedules using an integrated optimization model
according to sections and turnback capacities. Second, a
maximum deviation for arrival or departure times of trains
in an initial timetable, all-station-stopping policy and express
service strategy, linking orders, and time windows of new
inserted trains are also considered. Finally, thismodel has two
objectives: minimizing travel times of additional trains and
minimizing shifts of initial trains.

The paper is organized as follows. In Section 2, a short
review related to the SATUS problem is provided. After
that, Section 3 introduces a brief summary of the relevant
concepts in the model description. A MIP model, including
sets, parameters, decision variables, and objective functions
is presented in Section 4. Section 5 illustrates the proposed
model with an example. The conclusions and future studies
are summarized in Section 6.

2. Literature Review

The SATUS problem is related to a variety of topics in the
literature. The first and foremost is railway transportation.
Train scheduling, rescheduling, and routing problems have
had a great deal of attention in recent years. There are two
main timetable variants. One of the variants is the periodic
(or cyclic) timetable that is repeated every given time period,
for example, every hour, with only slight differences between
peak hours and off-peak hours. The other variant is the
nonperiodic timetable, which allows following the passenger
demands with the frequencies of the trains. In both cases

timetables are usually repeated every day, although theremay
be differences between weekdays and weekend.

Cacchiani et al. [3, 4] gave a detailed review of the
literature on timetable scheduling. The timetable scheduling
problem in a rail transit system, in which TUs, crews, and
passengers are incorporated into a single planning frame-
work science, is complex: various constraints and objectives
should be considered simultaneously. Due to its importance
and complexity, which have been acknowledged in various
publications, topics related to this issue have attracted consid-
erable attention in the literature. A multiphase, semiregular
timetable, which divides a day into several time periods and
even applies the vehicle-departing interval for each period,
may somehow help to accommodate peak-hour demand
while maintaining a certain level of service for passengers
boarding at nonpeak hours. Guihaire and Hao [5] presented
a global review of the crucial strategic and tactical steps of
transit planning and also discussed the scheduling problem
with phase regular for a transit corridor. Ceder [6] provided a
comprehensive modeling framework for determining vehicle
departure time with either even headways or even average
loads, with a special focus on smoothing the transitions
between time periods. These studies provide useful methods
for optimizing frequency for a particular time period, while a
unified framework is critically needed for scheduling meth-
ods that can consider uneven headways and time-dependent
demand patterns. Jiang et al. [7, 8] presented a computational
timetable scheduling method in rail transit line with mul-
tiroutes or circle route, and a timetable designing software
named Train Plan Maker (TPM) was developed and applied
bymanymetro operation companies in China. Niu and Zhou
[9] focused on optimizing a passenger train timetable in
a heavily congested urban rail corridor. A binary integer
programming model incorporated with passenger loading
and departure events was constructed to provide a theoretic
description for the problem under consideration. Freyss et al.
[10] focused on the skip-stop operation for rail transit lines
using a single one-way track, and the system was modeled by
using a continuous approximation approach.

Once the timetable scheduling has been defined, the
rolling stock and TUs assignments must be done. An integer
programming model was considered by Alfieri et al. [11] to
determine the rolling stock circulation for multiple rolling
stock types on a single line and on a single day, and thismodel
was extended by Fioole et al. [12] by including combining and
splitting trains, as it happens at several locations in the Dutch
timetables. Cadarso et al. [13] studied the disruptionmanage-
ment problem of rapid transit rail networks. Besides optimiz-
ing timetable and rolling stock schedules, they explicitly dealt
with the effects of disruption on the passenger demands.They
proposed a two-step approach that combines an integrated
optimization model (for the timetable and the rolling stock)
with a model for the behaviors of passengers. Lin and Kwan
[14] proposed a two-phase approach for the TUs scheduling
problem.Thefirst phase assigned and sequenced train trips to
TUs temporarily ignoring some station infrastructure details,
which was modeled as an integer fixed-charge multicom-
modity flow (FCMF) problem. The second phase focused on
satisfying the remaining station detailed requirements, which
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was modeled as a multidimensional matching problem with
a mixed integer linear programming (MILP) formulation.
Eberlein et al. [15] studied a real-time deadheading problem
in transit operations control. Haghani and Banihashemi [16]
proposed an innovative multiple depot vehicle scheduling
with route time constraints (MDVSRTC) model to solve bus
transit vehicle scheduling problems. After that they derived a
single depot vehicle scheduling with route time constraints
(SDVSRTC) model to solve the same problem [17]. Yu et
al. [18] presented a partway deadheading strategy for transit
operations to improve transit service of the peak directions of
transit routes.

Inserting additional train into an existing timetable is
a common technique used in railway systems. Burdett and
Kozan [19] considered techniques for scheduling additional
train services integrated into current timetables and involving
general time window constraints, fixed operations, mainte-
nance activities, and periods of section unavailability. Flier
et al. [20] addressed the recurring problem of adding a train
path, that is, a schedule for a single train in terms of track
allocation in space and time, to a given dense timetable on a
corridor which is an important subnetwork in form of a path
between two major stations.

The SATUS problem includes the timetable scheduling
and the TUs circulation problems; therefore it is usuallymuch
more complex and difficult to solve than the models dealing
with a single phase. Cadarso and Maŕın [2] proposed an
integrated MIP model to adapt the frequencies in a timetable
together with rolling stock circulation in order to deal with
increased passenger demands and traffic congestion in a rapid
transit network. They also took into account the shunting
of rolling stocks in depots. Canca et al. [21] proposed a
tactical model to determine optimal policies of short-turning
and nonstopping at certain stations, considering different
objectives such as minimizing the passenger overload and
preserving certain level of quality of service.

Our study contributes a number of new features to
capture the influence of specific elements which have not
been studied in the related literature as given in previous
section.

3. Problem Description

In this section, the SATUS problem in rail transit lines
is described in detail. Firstly, the rail transit line and the
routes are introduced. After that, we describe the timetable
and the TUs circulation problems. Then, headway and train
traveling times are introduced, and finally, how the capacity
of turnback operation is modeled has been explained.

3.1. Rail Transit Network and Route. The rail transit line with
branch linking depots is considered to be a simple network
with a collection of stations and sections, as illustrated in
Figure 1. A rail transit network𝐺 is defined by a set of stations
𝑆 that are connected to each other by a set of sections 𝐵. The
rail transit line in the model consists of parallel double lines
where trains follow a loop running from a certain station
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denoted as a starting point to an end station with right-hand
running rule.

A train route is a group of trains that run bidirectional
between two stations on the rail transit line. All trains in
the same route have the same size, capacity, and operating
characteristics and additionally they always visit the same
sequence of stations. We define 𝑟

𝑠𝑖 ,𝑠𝑗
as a route linked by the

stations 𝑠
𝑖
and 𝑠
𝑗
. Rail transit line can be characterized by two

main train route styles: (1) normal cyclic routes and (2) depot
linking routes. The first one comprises the daily operations
of fixed train cyclic running paths, with trains stopping and
providing passenger loading services (𝑟

𝑠1 ,𝑠5
, 𝑟
𝑠5 ,𝑠1

,𝑟
𝑠1 ,𝑠4

, and
𝑟
𝑠4 ,𝑠1

in Figure 1). The latter refers to the route linking depot
with a main turnback station, in which trains sometimes do
not stop and cannot provide passenger services (𝑟

𝑠6 ,𝑠1
, 𝑟
𝑠1 ,𝑠6

,
𝑟
𝑠6 ,𝑠2

, and 𝑟
𝑠2 ,𝑠6

in Figure 2).
A train track path is defined as the detailed train running

path from an original station to a destination station, includ-
ing the specified tracks in all stations. Let 𝑠

𝑖
(tr
𝑗
) describe the

track tr
𝑗
of the station 𝑠

𝑖
; then the train track path from 𝑠

1
(tr
4
)

to 𝑠
5
(tr
1
) in Figure 2 can be expressed by

tp1
𝑠1 ,𝑠5

= {𝑠
1
(tr
4
) , 𝑠
1
(tr
2
) , 𝑠
2
(tr
2
) , 𝑠
3
(tr
2
) , 𝑠
4
(tr
2
) , 𝑠
5
(tr
1
)} .

(1)

3.2. Timetable and TUs Circulation. In rail transit lines, a
time-distance diagram has the line (distance) plotted on
the vertical and time on the horizontal axes. As shown in
Figure 3, the line is divided in sections with uniform speeds.
The plot of every run of a train and TUs, indicated by a
number, shows all scheduled elements (travel time, speed,
etc.) of the train on each section and at each terminal.
The horizontal axis also shows headways as time distances
between subsequent train runs and cycle time (𝑇

𝑐
) as time

distances between two successive departures related to the
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Figure 3: Time-distance diagram for a rail transit line.

same TUs from a terminal. The whole diagram shows train
arrivals/departures at each reference point along the line,
layover time, as well as locations and times where trainsmeet.
Time-distance diagram can also show pull-outs and pull-
ins of trains from depots for operations on some sections,
different stopping times, and so forth.

In our model, the set of trains considered is given by 𝑇 =

𝑇
ini

∪𝑇
add, where𝑇ini denotes the set of initial trains that have

a prescribed timetable and 𝑇
add denotes the set of additional

trains that need to be inserted to the original timetable.
For each train 𝑖 ∈ 𝑇

ini, a timetable is specified, consisting
of the following:

(i) an ordered sequence of trains 𝑡
𝑖
,

(ii) an ordered sequence of TUs 𝑈
𝑗
,

(iii) an ordered sequence of trains linked byTU 𝑗 and𝑢
𝑗
:=

{𝑡
𝑖
, . . . , 𝑡

𝑝
},

(iv) an ordered sequence of stations 𝑆
𝑖
:= {𝑓
𝑖
, . . . , 𝑙
𝑖
} ∈ 𝑆

that the train 𝑖 visits, where 𝑓
𝑖
is the first (origin)

station and 𝑙
𝑖
is the last (destination) station,

(v) the departure time from 𝑓
𝑖
, the arrival time to 𝑙

𝑖
, and

the arrival and departure times for the intermediate
stations in 𝑆

𝑖
\ {𝑓
𝑖
, 𝑙
𝑖
} of the train 𝑖,

(vi) the exact track path 𝑘
𝑖
that is allocated to the train 𝑖

on each station,
(vii) themaximumdeviation for arrival or departure times

of trains,
(viii) the minimum and the maximum dwell times at each

station in 𝑆
𝑖
\ {𝑓
𝑖
, 𝑙
𝑖
} and the trip time at each section

𝑏 = {𝑗, 𝑗

}, with 𝑗, 𝑗


∈ 𝑆
𝑖.

For each train 𝑖 ∈ 𝑇
add, a timetable is specified, consisting

of the following:

(i) a sequence of TUs 𝑢add
𝑗

,

(ii) an ordered sequence of new trains 𝑡add
𝑖

,
(iii) an ordered sequence of trains linked by TU 𝑗 and

𝑢
add
𝑗

:= {𝑡
add
𝑖

, . . . , 𝑡
add
𝑝

},

(iv) an ordered sequence of stations 𝑆
𝑖
:= {𝑓
𝑖
, . . . , 𝑙
𝑖
} ∈ 𝑆

that the train 𝑖 visits, where 𝑓
𝑖
is the first (origin)

station and 𝑙
𝑖
is the last (destination) station,
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Figure 4: Illustration of headways and train traveling times.

(v) the exact track path 𝑘
𝑖
that is allocated to the train 𝑖

on each station,
(vi) the desired departure time window from 𝑓

𝑖
, the

minimum and the maximum dwell times at each
station in 𝑆

𝑖
\ {𝑓
𝑖
, 𝑙
𝑖
}, and the trip time at each section

𝑏 = {𝑗, 𝑗

}, with 𝑗, 𝑗


∈ 𝑆
𝑖.

3.3. Headways and Train Traveling Times. The minimum
headway on a line is determined by the physical charac-
teristics of the system (technology, methods of driving and
control, and required degree of safety) and station operations
(rate of boarding/alighting, departure control, etc.). In our
model, we consider the express service strategy, so the
headways need to be defined separately for departing and
arriving. Set ℎ

𝑑𝑑
to be the minimum headway of two suc-

cessive trains departing from stations and ℎ
𝑎𝑎

the minimum
headway of two successive trains arriving to stations, as
shown in Figure 4. Each time when an intermediate station is
passed by a train, the spent times in decelerating, stopping,
and accelerating of the vehicle are saved at the successive
station. So this model considers acceleration time (𝑡ac) and
deceleration time (𝑡de), as shown in Figure 4. There are four
execution modes for train traveling at section 𝑏

𝑘
, namely, (1)

bypassing stations 𝑠
𝑗
and 𝑠
𝑗+1

(𝑟
𝑝𝑝
), (2) bypassing station 𝑠

𝑗

but stopping at station 𝑠
𝑗+1

(𝑟
𝑝𝑠
), (3) stopping at station 𝑠

𝑗
but

bypassing station 𝑠
𝑗+1

(𝑟
𝑠𝑝
), and (4) stopping at both stations

𝑠
𝑗
and 𝑠
𝑗+1

(𝑟
𝑠𝑠
). So 𝑟

𝑝𝑠
, 𝑟
𝑠𝑝
, and 𝑟

𝑠𝑠
can be calculated by the

following, respectively:

𝑟
𝑝𝑠

= 𝑟
𝑝𝑝

+ 𝑡de,

𝑟
𝑠𝑝

= 𝑟
𝑝𝑝

+ 𝑡ac,

𝑟
𝑠𝑠

= 𝑟
𝑝𝑝

+ 𝑡ac + 𝑡de.

(2)

3.4. Layover Time and Turnback Operation. Layover time is
the time between the scheduled arrival and departure of a
vehicle at a transit terminal. Minimum layover time includes
the dwell time for alighting and boarding of passengers,
the time for changing the train operator and conducting
any necessary inspections and brake tests, and the time for
moving and locking the crossover switches and the time for
recovery of the schedule if it is needed. Maximum layover
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Figure 5: Track occupation of turnback operation process at a terminal.

time is a function of terminal capacity (number of reversing
tracks and platform clearance time) and train arrival rate.

There are two typical turnback operations according to
the terminal types: turnback operationwith crossover located
in (1) advance of a station (TAS) and (2) back of a station
(TBS), as illustrated in Figure 5. On the condition of TAS, if
all trains occupy the same turnback track, the second arriving
train (V

3
in Figure 5(a)) arrival to the station must insure

that the first departing train (V
2
in Figure 5(a)), which linked

with the first arrival train (V
1
in Figure 5(a)), has left from

the station. Let 𝑡𝑅st be the minimum separation time of trains
that are occupying the same turnback track; the occupation
time of each train pair (V

𝑖
, V
𝑗
), in which the train V

𝑖
and the

consecutive train V
𝑗
share the same TUs, at a terminal can be

calculated by

tbTASV𝑖 ,V𝑗 ∈ [𝑡
𝑎

V𝑖 , 𝑡
𝑑

V𝑗 + 𝑡
𝑅

st] , (3)

where 𝑡
𝑎

V𝑖 , 𝑡
𝑑

V𝑗 are the arrival time of train V
𝑖
and the departure

time of train V
𝑗
at the terminal, respectively. So the capacity

constraint with TAS can be transferred to this problem: at
any time, the number of TUs (same value of the number of
crossing points, as shown in Figure 5(a)) staying in a terminal
cannot be more than one.

On the other hand, on the condition of TBS, the arriving
train pulls into one platform and then pulls into one of the
tail tracks, changes direction, and then returns to pick up
passengers from the other platform. So there is no conflict
between departing and arriving trains. But the maximum
number of existing TUs at any time in the terminal depends
on the number of tail tracks. So the capacity constraint with
TBS turnback operation can be transferred to this problem:
at any time, the number of TUs staying in a terminal cannot

be more than three (only one tail track can be selected), as
shown in Figure 5(b). And the occupation time of each train
pairs (V

𝑖
, V
𝑗
) at the terminal can be calculated by

tbTBSV𝑖 ,V𝑗 ∈ [𝑡
𝑎

V𝑖 , 𝑡
𝑑

V𝑗] . (4)

4. Model Description

The model of the SATUS problem is developed as a MIP
model. It aims at computing a new timetable accompanied
with a TUs schedule for a rail transit line and balances several
objective criterions.

4.1. Sets. The sets below contain the basic information for our
mathematical model:

𝑆: set of stations in the rail transit line,
𝐵: set of sections between two stations 𝑏 = (𝑠

𝑖
, 𝑠
𝑗
) in

the rail transit line, with 𝑠
𝑖
, 𝑠
𝑗
∈ 𝑆,

𝑆
𝑇: set of turnback stations,

𝑇 = 𝑇
ini

∪ 𝑇
add: set of all trains, consisting of

additional trains 𝑇add and initial trains 𝑇ini,
𝑈 = 𝑈

ini
∪𝑈

add: set of all TUs, consisting of additional
TUs 𝑈add and initial TUs 𝑈ini,
𝑅
𝑗: set of all train pairs (𝑖, 𝑖


), with 𝑖 < 𝑖

, when the
train 𝑖 and the consecutive train 𝑖

 share the same TUs
at the station 𝑗, 𝑖, 𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆

𝑇,
𝑆
𝑖
∈ 𝑆: set of stations that the train 𝑖 visits,

𝐵
𝑖
∈ 𝐵: set of sections that the train 𝑖 travels along,

𝑃: set of time slot in the planning horizon,
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𝑓
𝑖
: set of first (starting) travelling station of the train

𝑖, 𝑖 ∈ 𝑇,
𝑙
𝑖
: set of last (ending) travelling station of the train 𝑖,

𝑖 ∈ 𝑇.

4.2. Parameters. The model uses the following parameters,
which are all assumed to be integer valued:

𝑡
min
𝐻

: the minimum time of the planning horizon,
𝑡
max
𝐻

: the maximum time of the planning horizon,

𝑥
𝑎,ini
𝑖,𝑗

: the departure time of the train 𝑖 from the station
𝑗, 𝑖 ∈ 𝑇

ini, 𝑗 ∈ 𝑆
𝑖,

𝑥
𝑑,ini
𝑖,𝑗

: the arrival time of the train 𝑖 at the station 𝑗,
𝑖 ∈ 𝑇

ini, 𝑗 ∈ 𝑆
𝑖,

ℎ
𝑑𝑑
: the minimum headway time between two con-

secutive departures,
ℎ
𝑎𝑎
: theminimumheadway time between two consec-

utive arrivals,
𝑡ac: the acceleration time,
𝑡de: the deceleration time,
𝑟
𝑏
: the traveling time of a train without any stops at

stations 𝑠
𝑖
and 𝑠
𝑗
, 𝑏 = (𝑠

𝑖
, 𝑠
𝑗
) ∈ 𝐵,

dwmin
𝑖,𝑗

: the minimum dwell time of the train 𝑖 if it has
a loading service at the station 𝑗, 𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆; = 0,
otherwise,
dwmax
𝑖,𝑗

: the maximum dwell time of the train 𝑖 at the
station 𝑗, 𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆

𝑖,
𝐶
min
𝑗

: the minimum layover time at the terminal 𝑗, 𝑗 ∈

𝑆
𝑇,

𝐶
max
𝑗

: themaximum layover time at the terminal 𝑗, 𝑗 ∈

𝑆
𝑇,

𝑀: a sufficiently large positive constant (here given
the value 3600 × 24, that is, the length of the largest
considered time horizon in seconds),
𝜆
𝑖,𝑖
 : binary variable = 1, if the train 𝑖

 shares the same
TUs after the end of the train 𝑖, 𝑖, 𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆

𝑇, (𝑖, 𝑖) ∈

𝑅
𝑗; = 0, otherwise,

𝑡𝑐
𝑗
: the maximum number of TUs at the same time at

the terminal 𝑗, 𝑗 ∈ 𝑆
𝑇,

𝑡
ini
max 𝑆: the maximum deviation of arrival or departure
times of the initial train 𝑖, 𝑖 ∈ 𝑇

ini.

4.3. Decision Variables. The following variables are used in
the model:

𝑥
𝑎

𝑖,𝑗
: the departure time of the train 𝑖 at the station 𝑗,

𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆
𝑖,

𝑥
𝑑

𝑖,𝑗
: the arrival time of the train 𝑖 at the station 𝑗, 𝑖 ∈ 𝑇,

𝑗 ∈ 𝑆
𝑖,

𝜑
𝑖,𝑗
: binary variable = 1, if the train 𝑖 stops at the station

𝑗, 𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆
𝑖; = 0, otherwise,

𝜋
𝑑

𝑖,𝑖

,𝑗
: binary variable = 1, if the train 𝑖 departures

before the train 𝑖
 at the station 𝑗, 𝑖, 𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆

𝑖;
= 0, otherwise,
𝜋
𝑎

𝑖,𝑖

,𝑗
: binary variable = 1, if the train 𝑖 arrives before

the train 𝑖
 at the station 𝑗, 𝑖, 𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆

𝑖; = 0,
otherwise,
𝜃
𝑝,𝑟,𝑗

: binary variable = 1, if the time slot𝑝 is within the
occupation time (see (3) and (4)) of the train pairs 𝑟 at
the terminal 𝑗, 𝑝 ∈ 𝑃, 𝑗 ∈ 𝑆

𝑇, 𝑟 = (𝑖, 𝑖

) ∈ 𝑅
𝑗, 𝑖, 𝑖 ∈ 𝑇;

= 0, otherwise,
𝑛
TU
𝑝,𝑗

: the number of TUs at the station 𝑗 in the time
slot 𝑝, 𝑗 ∈ 𝑆

𝑇, 𝑝 ∈ 𝑃.

4.4.Objective Functions. Weconsider twodifferent objectives
in the view of the following two aspects:

(1) high quality for the operation of additional trains,
which can be represented by minimizing the travel
time of the additional trains

min𝐹
𝑡
,

𝐹
𝑡
= ∑

𝑖∈𝑇
add

(𝑥
𝑎

𝑖,𝑙𝑖
− 𝑥
𝑑

𝑖,𝑓𝑖
) ,

(5)

(2) less deviation to existing trains in the original
timetable, this can be represented by minimizing the
shift of the initial trains

min𝐹
𝑠
,

𝐹
𝑠
= ∑

𝑖∈𝑇
ini
,𝑗∈𝑆
𝑖

[






(𝑥
𝑎

𝑖,𝑗
− 𝑥
𝑎,ini
𝑖,𝑗

)






+






(𝑥
𝑑

𝑖,𝑗
− 𝑥
𝑑,ini
𝑖,𝑗

)






] .

(6)

4.5. Constraints. In this section, we will focus on the con-
straints associated with the SATUS problem; they are listed
as follows.

4.5.1. Timetable Constraints. Consider the following:

𝑥
𝑎

𝑖,𝑗
 = 𝑥
𝑑

𝑖,𝑗
+ 𝑟
𝑏
+ 𝑡
𝑎𝑎

⋅ 𝜑
𝑖,𝑗

+ 𝑡
𝑎𝑑

⋅ 𝜑
𝑖,𝑗
 ,

𝑏 = (𝑗, 𝑗

) ∈ 𝐵
𝑖
, 𝑖 ∈ 𝑇,

(7)

𝑥
𝑑

𝑖,𝑗
− 𝑥
𝑎

𝑖,𝑗
≥ dwmin
𝑖,𝑗

⋅ 𝜑
𝑖,𝑗
, 𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆

𝑖
, (8)

𝑥
𝑑

𝑖,𝑗
− 𝑥
𝑎

𝑖,𝑗
≤ dwmax
𝑖,𝑗

⋅ 𝜑
𝑖,𝑗
, 𝑖 ∈ 𝑇, 𝑗 ∈ 𝑆

𝑖
. (9)

Constraints (7) define the arrival time to the station 𝑗


from the departure time at the station 𝑗 adding the traveling
time at section 𝑏, which includes the bypassing running time
(𝑟
𝑏
), the acceleration time (if a train stops at the station 𝑗), and

the deceleration time (if a train stops at the station 𝑗
). At each

station, the dwell time at the station should not be less than
theminimumdwell time and not bemore than themaximum
dwell time if the train needs to stop. This fact is depicted in
constraints (8) and (9).
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4.5.2. Headway Constraints. Consider the following:

𝑥
𝑑

𝑖,𝑗
− 𝑥
𝑑

𝑖

,𝑗
≥ ℎ
𝑑𝑑

⋅ 𝜋
𝑑

𝑖,𝑖

,𝑗
− 𝑀 ⋅ (1 − 𝜋

𝑑

𝑖,𝑖

,𝑗
) ,

𝑖, 𝑖

∈ 𝑇, 𝑗 ∈ 𝑆

𝑖
,

(10)

𝑥
𝑑

𝑖

,𝑗
− 𝑥

𝑑

𝑖,𝑗
≥ ℎ
𝑑𝑑

⋅ (1 − 𝜋
𝑑

𝑖,𝑖

,𝑗
) − 𝑀 ⋅ 𝜋

𝑑

𝑖,𝑖

,𝑗
,

𝑖, 𝑖

∈ 𝑇, 𝑗 ∈ 𝑆

𝑖
,

(11)

𝑥
𝑎

𝑖,𝑗
− 𝑥
𝑎

𝑖

,𝑗
≥ ℎ
𝑎𝑎

⋅ 𝜋
𝑎

𝑖,𝑖

,𝑗
− 𝑀 ⋅ (1 − 𝜋

𝑎

𝑖,𝑖

,𝑗
) ,

𝑖, 𝑖

∈ 𝑇, 𝑗 ∈ 𝑆

𝑖
,

(12)

𝑥
𝑎

𝑖

,𝑗
− 𝑥
𝑎

𝑖,𝑗
≥ ℎ
𝑎𝑎

⋅ (1 − 𝜋
𝑎

𝑖,𝑖

,𝑗
) − 𝑀 ⋅ 𝜋

𝑎

𝑖,𝑖

,𝑗
,

𝑖, 𝑖

∈ 𝑇, 𝑗 ∈ 𝑆

𝑖
,

(13)

𝜋
𝑎

𝑖,𝑖

,𝑗
 = 𝜋
𝑑

𝑖,𝑖

,𝑗
, 𝑏 = (𝑗, 𝑗


) ∈ 𝐵
𝑖
, 𝑖, 𝑖


∈ 𝑇, (14)

𝜋
𝑑

𝑖,𝑖

,𝑗
= 𝜋
𝑎

𝑖,𝑖

,𝑗
, 𝑗 ∈ 𝑆

𝑖
, 𝑖, 𝑖

∈ 𝑇. (15)

The headway constraints (10)–(13) describe theminimum
headway requirements between the departure time and the
arrival time of the consecutive trains at the same station.
Constraints (14) and (15) enforce the order of the consecutive
trains in all sections meaning that a train is not allowed to
overtake another train.

4.5.3. Time Deviation Constraints. Consider the following:

𝑥
𝑎

𝑖,𝑗
− 𝑥
𝑎,ini
𝑖,𝑗

∈ [−𝑡
ini
max 𝑆, 𝑡

ini
max 𝑆] ,

𝑏 = (𝑗, 𝑗

) ∈ 𝐵
𝑖
, 𝑗 ∈ 𝑆

𝑖
, 𝑖 ∈ 𝑇,

𝑥
𝑑

𝑖,𝑗
− 𝑥
𝑑,ini
𝑖,𝑗

∈ [−𝑡
ini
max 𝑆, 𝑡

ini
max 𝑆] ,

𝑏 = (𝑗, 𝑗

) ∈ 𝐵
𝑖
, 𝑗 ∈ 𝑆

𝑖
, 𝑖 ∈ 𝑇.

(16)

Constraints (16) define the deviation for the arrival or
departure times of a train from its preferred arrival or
departure times in the initial timetable.

4.5.4. Layover Time and Turnback Operation Constraints.
Consider the following:

𝑥
𝑑

𝑖

,𝑗
− 𝑥
𝑎

𝑖,𝑗
∈ [𝐶

min
𝑗

, 𝐶
max
𝑗

] ,

(𝑖, 𝑖

) ∈ 𝑅
𝑗
, 𝑗 ∈ 𝑆

𝑖
, 𝑖, 𝑖

∈ 𝑇,

(17)

𝑛
TU
𝑝,𝑗

= ∑

𝑟=(𝑖,𝑖

)∈𝑅
𝑗

𝜃
𝑝,𝑟,𝑗

,

𝑝 ∈ 𝑃, 𝑗 ∈ 𝑆
𝑇
, 𝑖, 𝑖


∈ 𝑇,

(18)

𝑛
TU
𝑝,𝑗

≤ 𝑡𝑐
𝑗
, 𝑝 ∈ 𝑃, 𝑗 ∈ 𝑆

𝑇
. (19)

Constraints (17) determine the minimum and the max-
imum layover times between two consecutive trains linked

by the same TU at the same station. In (18) the total number
of TUs is calculated on the condition that the time slot 𝑝

is within the occupation time of the train pairs 𝑟 at the
terminal 𝑗 (see Figure 5). Constraints (19) indicate that the
total number of TUs in the time slot 𝑝 at the terminal 𝑗must
be equal to or less than the given value based on turnback
operation style.

5. Computational Experiments

5.1. Simulation Example. Our experiments are based on real
cases drawn from Shanghai rail transit line 16. This line is
52.85 km long, composed of one main line and one depot
linking line, with 11 stations and one depot. This line has
double tracks on all sections, as shown in Figure 6. It is the
unique rail transit line in Shanghai that has two different
stopping services: (1) slow services in which trains stop at all
stations and (2) express services in which trains stop only at
LSR, XC, HN, and DSL stations.

We implemented the models in Visual Studio 2012 using
IBM ILOG CPLEX 12.5 as a black-box MIP solver and
running on a personal computer with an Intel Core i7-3520M
CPU at 2.90GHz and 4GB of RAM. This model was run
underWindows 8 64-Bit, and default solver values were used
for all parameters. The new time-distance diagram obtained
from computation can be displayed by the train plan maker
(TPM) software [7, 8]. In order to reduce the scale of the
variant and the computation time, in our model, the time
step (e.g., every 1 sec, 5 sec, 10 sec, 30 sec, and 60 sec) can be
defined by the users. In this case, we define the time step as
30 sec and all the time lengths in parameters are the integer
multiple of 30 sec.

The initial timetable is an actual weekday operation
timetable of the line 16 in March 2014. This timetable, which
is named 1601-2, is operated in the interval of 10min by the
cyclic trips between LSR and DSL. In this case, the planning
horizon is defined from 5:00 to 10:00 o’clock, covering the
morning peak hours with 56 trains and 12 TUs. Additionally,
the possibility of attending 10 different train routes and track
paths into initial and additional timetables is considered.
These routes and track paths are defined by their original
station, destination station, and occupied tracks in every
station, as shown in Table 1. The turnback operation mode in
EHN and DSL is TAS, and on the other hand in DSL is TBS.

The computation parameters, additional trains with one
TU linking, and time windows of the new trains are defined
in Tables 2, 3, and 4.

5.2. Scenarios. In our computation analysis 10 scenarios are
studied, and each of them differs from the others mainly
in the points of (1) objective function and (2) maximum
deviation in the arrival or departure times of the initial trains.
The value of maximum deviation should not be too much
(better to use less than half of the headways) because the
initial timetable is regularly used by commuter passengers,
and if there is a big change in it, it may cause inconvenience
for the passengers. Within these scenarios, we also change
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Figure 6: Infrastructure of Shanghai rail transit line 16.

Table 1: Train routes and track path information in line 16.

Route ID Route information Route track path ID Detail track path information

R1 LSR → DSL R1-1 LSR (T4, T2) → DSL (T1), T4 in EHT, WAP and EHN,
T2 in the other stations

R2 DSL → LSR R2-1 DSL (T1) → LSR (T1–T4), T3 in EHT, WAP and EHN,
T1 in the other stations

R3 DEP → EHN R3-1 DEP (T2) → EHN (T4)
R4 EHN → DEP R4-1 EHN (T3) → DEP (T1)
R5 EHN → DSL R5-1 EHN (T4) → DSL (T1), T2 in the other stations
R6 DSL → EHN R6-1 DSL (T1) → EHN (T3), T1 in the other stations

R7 DEP → LSR R7-1 DEP (T1) → EHN (T3) → LSR (T1, T4), T3 in EHT,
WAP, T1 in the other stations

R8 LSR → DEP R8-1 LSR (T4, T2) → EHN (T4) → DEP (T2), T4 in EHT,
WAP, T2 in the other stations

R9 LSR → EHN R9-1 LSR (T4, T2) → EHN (T3), T4 in EHT, WAP, T2 in the
other stations

R10 EHN → LSR R10-1 EHN (T3) → LSR (T1, T4), T3 in EHT, WAP, T1 in the
other stations

Table 2: Computation parameters in line 16.

Parameter Value
𝑡
min
𝐻

5:00
𝑡
max
𝐻

10:00
ℎ
𝑑𝑑

180 sec
ℎ
𝑎𝑎

180 sec
𝑡ac 30 sec
𝑡de 30 sec
dwmin
𝑖,𝑗

30 sec
dwmax
𝑖,𝑗

60 sec
𝐶

min
𝑗

DSL (180 sec), LSR (270 sec), EHN (60 sec)
𝐶

max
𝑗

600 sec
𝑡𝑐
𝑗

2 at DSL, 1 at LSR and EHN

the time window of starting time for the new trains. Table 5
summarizes the studied scenarios.

5.3. Results. Table 6 exhibits the computational results of the
scenarios carried out on the rail transit line 16 in Shanghai
with parameters and inputs defined as explained above. The
solution times are less than 1 minute.

As summarized in Table 6, the scenarios 1 and 2 have the
same objective value and the computational times are not
very high. Inserting the new trains to the initial timetable
is mainly restricted by the departure and arrival headways
since the initial trains are fixed and the express trains cannot
overtake all the other trains. Figures 7 and 8 show the time-
distance diagram obtained by scenarios 1 and 2, respectively,
in which inserting the new trains linked by U2 to the initial
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Figure 7: Time-distance diagram obtained by the scenario 1.

Table 3: Parameters of the new trains with one TU linking.

New TU ID Train sequence Train number Route ID Track path ID Stopping scheme
U1 1 101 R3 R3-1

Original and destination stations (60 sec),
HN (45 sec), and other stations (30 sec)

U1 2 102 R5 R5-1
U1 3 103 R2 R2-1
U1 4 104 R3 R3-1
U1 5 105 R6 R6-1
U1 6 106 R4 R4-1
U2 1 201 R7 R7-1

Original and destination stations (60 sec),
XC & HN (30 sec), and other stations
(0 sec)

U2 2 202 R9 R9-1
U2 3 203 R10 R10-1
U2 4 204 R8 R8-1

Table 4: Time windows of the new trains.

Time window scheme ID Time window
TW1 Train “101”: 5:30–6:00, others: 5:00–10:00
TW2 Train “103”: 6:00–6:10, others: 5:00–10:00
TW3 Train “201”: 5:30–6:00, others: 5:00–10:00
TW4 Train “202”: 6:00–6:10, others: 5:00–10:00

timetables results in the same total traveling times. And all
the new trains cause some additional stopping times at some
stations. For instance let us look at train “201” in scenario 1;
as seen additional stops at EHN (30 sec) and HSH (30 sec)

have happened, and the stopping time at HN is 60 sec, which
is longer than the scheduled one (30 sec).

The objective values in scenarios 3 and 4 are different,
and it is noticed that scenario 3 needs a higher computation
time due to the wider time window for the pull-out train
“201.” Figures 9 and 10 illustrate the time-distance diagram
obtained by scenarios 3 and 4, respectively; the actual effected
trains and moving time from the initial timetable are quite
different because of the fact that the start time windows of
the new trains are different. The restrictions of the headway
and the turnback capacity (at DSL) cause some trains tomove
forward or backward and cause more dwell times at some
stations.



10 Mathematical Problems in Engineering

U2

U2 U2001 003 004

002

0
0
3

2
0
1

005 009

0
1
5

0
1
7

007

006

0
2
1

0
1
3

0
2
3

0
2
7

2
0
3

0
0
1

0
0
2

003

0
0
4

005

0
0
6

0
0
7

0
0
5

008

0
0
9

007

010

011

009

012

0
1
1

012

0
1
0

0
1
4

0
1
8

011

5:00 5:10 5:20 5:30 5:40 5:50 6:00 6:10 6:20 6:30 6:40 6:50 7:00 7:10 7:20 7:30 7:40 7:50 8:00 8:10 8:20 8:30 8:40 8:50 9:00
003 005 007 009 011 012 001 002 004 006 008 010 003 005 007 009 011 012 001

0
3
7

0
6
1

0
3
9

0
1
9

0
4
9

0
2
5

0
5
1

0
4
5

0
3
1

0
5
5

0
4
1

0
4
7

0
2
9

0
5
3

0
4
3

0
3
3

0
5
7

0
3
5

0
5
9

DSL

LGA

SY

EHN

HN

WAP

XC

EHT
HSH

EZP

LSR

DEP

0
0
8

0
3
8

2
0
2

0
4
0

0
1
2

2
0
4

0
2
6

0
5
0

0
2
8

0
2
2

0
4
6

0
3
2

0
1
6

0
4
2

0
2
4

0
4
8

0
3
0

0
2
0

0
4
4

0
3
4

0
3
6

5:00 5:10 5:20 5:405:30 5:50 6:00 6:10 6:20 6:30 6:40 6:50 7:00 8:10 8:20 8:30 8:40 8:50 9:007:10 7:20 7:30 7:40 7:50 8:00

001 002 004 006

U2

008 010 003 005 007 009 011 012

U2

001 002 004 006 008 010 003

Figure 8: Time-distance diagram obtained by the scenario 2.

Table 5: Different scenarios.

Scenarios ID Objectives (𝐹
𝑡
or 𝐹
𝑠
) Maximum deviation (𝑑𝑡

𝑖
) New TU ID Time window scheme ID

1 min 𝐹
𝑡

0 sec U2 TW3
2 min 𝐹

𝑡
0 sec U2 TW4

3 min 𝐹
𝑠

300 sec U1 TW1
4 min 𝐹

𝑠
300 sec U1 TW2

5 min 𝐹
𝑠

270 sec U1 TW2
6 min 𝐹

𝑠
240 sec U1 TW2

7 min 𝐹
𝑠

210 sec U1 TW2
8 min 𝐹

𝑠
180 sec U1 TW2

9 min 𝐹
𝑠

150 sec U1 TW2
10 min 𝐹

𝑠
120 sec U1 TW2

Table 6: Computation results of the scenarios.

Scenario ID Objective value Solution time (second)
1 265 3
2 265 2
3 119 52
4 139 10
5 139 12
6 139 13
7 139 15
8 146 9
9 160 8
10 No solution

Scenarios 4–7 have the same objective values and output
the same new timetable from computation; also the maxi-
mumdeviation time of initial timetable is not less than 210 sec
in the case of adding U1 at the time window TW2. The
objective value of scenario 9 is 160 sec. Scenario 10 has no
solution, which means that no new train can be inserted in
the initial timetable, since themaximum turnback capacity of
DSL has been reached; that is, the maximum deviation time
approaches 120 sec.

It implies that 150 sec is the minimum deviation time
on the condition of successfully inserting the trains of U1.
Figure 11 shows the detailed train line in DSL of scenarios 4
and 9; these figures illustrate that train “004” moves to the
right for 210 sec and train “019” moves to the left for 60 sec at
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Figure 9: Time-distance diagram obtained by the scenario 3 (the dotted lines are the initial trains).
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Figure 10: Time-distance diagram obtained by the scenario 4 (the dotted lines are the initial trains).
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Figure 11: Time-distance diagram obtained by the scenarios 4 (a) and 9 (b) (the dotted lines are the initial trains).

DSL as the maximum deviation time is 300 sec (scenario 4),
but in scenario 9 (the maximum deviation time is 150 sec),
train “004” needs to move right for 120 sec and train “019”
needs to move left for 150 sec at DSL.

6. Conclusions and Future Work

In this paper, a model and problem formulation for schedul-
ing additional TU services have been proposed. The main
contribution of the paper is consideration of the timetable
scheduling and the TUs scheduling together as an integrated
optimization model with two objectives according to section
and terminal capacities. Additionally a maximum deviation
for arrival or departure times of trains in initial timetable,
the strategy of slow services stopping at all stations and
express services stopping only at some special stations, the
linking order, and time window of new inserted trains are
also considered in the model. The developed model is a
generic one that can be easily modified to adapt any changes
in initial timetable or any new scheme of inserting trains
linked by TUs. The given example illustrates that rail transit
agencies can obtain a reasonable new timetable for different
administrative goals in amatter of seconds and shows that the
model is well suited to be used in daily operations.

However, the proposedmodel is not amultiobjective one;
inmany real situations, creating an appropriate new timetable
means finding a balance between several objectives such as
the composition ofminimum𝐹

𝑡
and𝐹
𝑠
(𝐹
𝑡+𝑠

= 𝐹
𝑡
⋅𝛼
1
+𝐹
𝑠
⋅𝛼
2
),

where the coefficients of 𝛼
1
and 𝛼

2
are hard to evaluate. On

the other hand, long planning horizon and large number of
new trains needed to be inserted will make the computation
time longer. In order to improve the service level, another
objective that should be taken into account is how to obtain
a regular timetable which has equal intervals between trains
after adding newones.These issueswill be addressed in future
researches.
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This paper applies the random parameters negative binominal model to investigate safety impacts of push-button and countdown
timer on pedestrians and cyclists at urban intersections. To account for possible unobserved heterogeneity which could vary
from one intersection to another, random parameters model is introduced. A simulation-based maximum likelihood method
using Halton draws is applied to estimate the maximum likelihood of random parameters in the model. Dataset containing
pedestrians’ and cyclists’ crash data of 1,001 intersections from Chicago is utilized to establish the statistical relationship between
crash frequencies and potential impact factors. LIMDEP (Version 9.0) statistical package is utilized for modeling. The parameter
estimation results indicate that existence of push-button and countdown timer could significantly reduce crash frequencies of
pedestrians and cyclists at intersections. Increasing number of through traffic lanes, left turn lanes, and ratio of major direction
AADT to minor direction AADT, tend to increase crash frequencies. Annual average daily left turn traffic has a negative impact
on pedestrians’ safety, but its impact on cyclists’ crash frequency is statistically insignificant at 90% confidence level. The results
of current study could provide important insights for nonmotorized traffic safety improvement projects in both planning and
operational levels.

1. Introduction

Nonmotorized traffic plays an important role in urban trans-
portation system. The major types of nonmotorized traffic
refer to pedestrians and cyclists. As traffic congestion and
air pollution become increasingly serious in many cities,
nonmotorized traffic has drawn much more attention over
the last decades. A number ofmetropolitan planning agencies
have proposed transportation demand management strate-
gies to encourage nonmotorized traffic mode utilization as a
countermeasure to congestion and environmental problems.
In order to promote the development of nonmotorized
traffic, it is crucial to conduct in-depth study with regard to
pedestrian and cyclist safety issues.

Urban intersections have received lots of attention in
terms of their signal’s timing optimization to minimize
vehicles’ delay only [1, 2] or simultaneously minimizing
delays of both vehicles and pedestrians [3]. Compared to
vehicles, pedestrians and cyclists are much more vulnerable

in road crashes. Pedestrians comprise more than 22% of the
1.24million people killed in traffic accidents [4].That is, more
than 270,000 pedestrians lose their lives on the roads every
year globally. According to National Highway Traffic Safety
Administration [5], 677 cyclists were killed and additional
48,000 were injured in traffic crashes in 2011 in US. Some
researchers [6] compared fatality rates per mile of travel by
different modes in the US. Based on their work, pedestrians
are 23 timesmore likely to get killed in crashes than car occu-
pants, and cyclists are 12 times more likely. In order to reduce
the high risk of pedestrians’ and cyclists’ fatalities/injuries,
researchers have studied various factors which might con-
tribute to nonmotorized crash rates and injury severity.These
factors include pedestrians’/cyclists’ characteristics, vehicle
driver characteristics, vehicle attributes, roadway features,
environmental factors, and crash characteristics [7] which
can be modeled for both through traffic movements and also
turning movements at intersections [8]. Compared to other
methods (developing new leg form impactors, increasing
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numbers of law enforcement officers, or enhancing safety
education), installing push-button and countdown timer at
intersections is a relatively economic approach to improve the
safety of pedestrians and cyclists. Nevertheless, only a handful
of papers paid close attention to impacts of push-button and
countdown timer on nonmotorized traffic safety.

The present study applied the random parameters neg-
ative binominal model to explicitly assess impacts of push-
button and countdown timer on pedestrians’ and cyclists’
safety at intersections within an urban network. Dataset
including traffic accident information from 1,001 intersec-
tions of Chicago in 2010 was utilized for modeling purpose.
As an extension of Poisson model, negative binominal model
overcomes the overdispersion in data. Additionally, in order
to interpret possible heterogeneity which could vary from
one intersection to another, random parameters model was
introduced.

The rest of this paper is organized as follows. Next section
discusses relevant previous research regarding nonmotorized
safety analysis; details about methodology and modeling
procedures are presented in methodology section; empirical
setting part describes dataset used in the current study;
estimation results summarize modeling results and impacts
of various factors on pedestrians’ and cyclists’ safety; the final
section provides summary and conclusions.

2. Related Work

Nonmotorized traffic safety has drawn lots of attentions from
both developed and developing countries in last decades.
Researchers have conducted various studies to evaluate the
possible factors affecting safety of pedestrians and cyclists.
A mixed generalized ordered response model for examining
pedestrians’ and cyclists’ injury severity level was proposed
[7]. The study suggested that most important factors con-
tributing to the nonmotorized injury severity are ages of
individual, speed limits, locations, and time of day. Bayesian
spatial framework was utilized to investigate effects of spatial
correlation on pedestrian and cyclist crashes [9]. Signifi-
cant differences were found between the predictor sets for
pedestrian and cyclist crashes. In addition, Bayesian models
with spatial correlation outperformed models that did not
consider spatial correlation among TAZs. A logistic regres-
sion model was performed to analyze odds of pedestrians
crossing intersections safely [10]. It was revealed that the
most significant risk was the time gap, which could be easily
misjudged from the speed of oncoming vehicles. In order
to prevent lower extremity injuries of pedestrians in car
collisions, LS-DYNA software was used to investigate the
collision mechanism between a GMT bumper and the leg
form impactor model [11]. The study suggested developing
special leg form impactors for different countries with differ-
ent average person height. A methodology was developed to
quantify pedestrian safety effects related to existing site char-
acteristics on urban and suburban arterials [12]. The study
revealed that vehicle-pedestrian crash frequency was highest
when the ratio ofminor roadAADT tomajor roadAADTwas
the highest. And intersections with more lanes had highest
vehicle-pedestrian crashes. In 2011, Hamann and Peek-Asa

[13] conducted a site-control study of 147 bicycle crash sites
in Iowa. They examined crash risk by on-road bicycle facility
present and by facility type. It was concluded that bicycle-
specific pavement markings and signage could reduce the
number of cyclist-vehicle crashes and related injuries and
fatalities. Moore et al. [14] developed a mixed logit model
(MXL) to analyze cyclist injury severity resulting frommotor
vehicle crashes. Based on this study, driver recognition of
cyclists is a serious problem which could increase both
frequency of bicycle-vehicle crashes and the degree of injury
severity. Agbelie and Roshandeh [15] applied a random-
parameters negative binomialmodel to investigate impacts of
the signal related factors on crash frequency. Results showed
that increasing the number of signal phases and traffic volume
at intersection would increase the crash frequency in all
intersections, whereas increasing the number of approach
lanes and the maximum green time have an ambiguous
effect: on one hand, increasing the crash frequency at some
intersections and on the other hand, decreasing the crash
frequency at some other intersections. Ibrahim et al. [16]
conducted a study in Malaysia to investigate impacts of
countdown timer on drivers’ behavior. They found that
intersections with countdown timer have significant effect on
queue discharge headway.

Although lots of studies have been conducted with
regard to nonmotorized traffic safety problems, very few of
them considered presence of push-button and countdown
timer at intersections in their proposed models. The major
contribution of the current study is to specifically evaluate
safety impacts of push-button and countdown timers on
pedestrian and cyclist safety at intersections. Compared to
abovementioned work, the proposed random parameters
negative binominal model takes account of not only major
and minor road AADTs, left turn AADT, number of left turn
lanes, and number of through lanes, but also presence of
push-button and countdown timer devices at intersections.
The finding of current study could provide valuable guidance
for decision-making of nonmotorized traffic safety improve-
ment at intersections.

3. Methodology

3.1. Model Description. There are different approaches such
as lognormal and loglinear methods for statistical modeling
of crashes. When data distribution is skewed, lognormal
regression modeling could be used [17]. This is a distribution
where random variable 𝑥 has mean 𝜇 and variance 𝜎2. For
lognormal distribution, the density function can be written
as

𝑓 (𝑥) =

EXP (−[ln (𝑥) − 𝜇]2/2𝜎2)

𝑥(2𝜋)
1/2
𝜎

; 𝑥 > 0, (1)

where 𝜇 and 𝜎 are location and scale parameters of the
lognormal distribution [18]. The mean and variance of the
lognormal distribution are EXP(𝜇+𝜎2/2) andEXP[2(𝜇+𝜎2)]
− EXP[2𝜇 + 𝜎2], respectively.

In lognormal distribution, the assumption is that the
natural log of the crash frequency has a normal distribution
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with mean 𝜇 and variance 𝜎2. This model is especially
used when the mean is relatively large. Compared to log-
normal regression models, loglinear regression approaches
have extensively been applied for crash modeling purposes.
Poisson andnegative binomial are twomain types of loglinear
models. In a Poisson regression model, the probability of
occurring 𝑦

𝑖
crashes at intersection 𝑖 during a given time

interval, 𝑃(𝑦
𝑖
), is given by

𝑃 (𝑦
𝑖
) =

EXP (−𝜆
𝑖
) 𝜆
𝑖

𝑦𝑖

𝑦
𝑖
!

, (2)

where 𝜆
𝑖
is the expected number of crashes at intersection

𝑖 per period, 𝐸[𝑦
𝑖
]. Poisson regression models are estimated

by determining 𝜆
𝑖
(Poisson parameter) as a function of

explanatory variables. The relationship between explanatory
variables and the Poisson parameter is the loglinear model as

𝜆
𝑖
= EXP (𝛽𝑋

𝑖
) , (3)

where𝑋
𝑖
is a vector of explanatory variables and 𝛽 is a vector

of estimable parameters.
Although the Poisson model has been used in many

crash-frequency analyses, it does not handle over- and
underdispersion and can produce biased results [19]. In other
words, Poisson distribution restricts themean and variance to
be equal, where, in some cases, the analysis could not produce
correct solutions. If the mean and variance are not equal,
the data is said to be either underdispersed (mean greater
than variance) or overdispersed (mean less than variance). A
number of studies already concluded that traffic accident data
are generally significantly overdispersed. Hence, applying
Poisson model could result in incorrect estimation.

Another loglinear regression model is negative binomial
model. It is an extension of the Poisson model and can
overcome overdispersion in the data. Unlike Poisson distri-
bution where it assumes the mean and variance are equal, the
negative binomial distribution does not hold this assumption.
The negative binomial model for each observation 𝑖 can be
written as

𝜆
𝑖
= EXP (𝛽𝑋

𝑖
+ 𝜀
𝑖
) , (4)

where 𝜆
𝑖
is expected number of crashes at intersection 𝑖, 𝛽 is

a vector of estimable parameters,𝑋
𝑖
is a vector of explanatory

variables, andEXP(𝜀
𝑖
) is a gamma-distributed error termwith

mean and variance of 1 and 𝛼2, respectively. It allows the
variance to differ from the mean as

VAR [𝑦
𝑖
] = 𝐸 [𝑦

𝑖
] + 𝛼𝐸[𝑦

𝑖
]
2

. (5)

The parameter 𝛼 is referred to as overdispersion param-
eter. The negative binomial model utilizes a distribution
function as shown in

𝑃 (𝑦
𝑖
) =

Γ ((1/𝛼) + 𝑦
𝑖
)

Γ (1/𝛼) 𝑦
𝑖
!

[

1/𝛼

(1/𝛼) + 𝜆
𝑖

]

1/𝛼

[

𝜆
𝑖

(1/𝛼) + 𝜆
𝑖

]

𝑦𝑖

, (6)

where Γ is a gamma function, 𝑦
𝑖
is crashes at intersection

𝑖, 𝛼 is overdispersion parameter, and 𝜆
𝑖
is expected crashes

at intersection 𝑖. It needs to be mentioned that the negative
binomial model is the most commonly used approach for
crash frequency modeling.

In order to account for possible heterogeneity which
could vary from one intersection to another, random param-
eters model can be introduced. To develop a random-
parameters model that accounts for possible unobserved
heterogeneity across intersections, the individual estimable
parameters are written as [20]

𝛽
𝑖
= 𝛽 + 𝜔

𝑖
, (7)

where 𝜔
𝑖
is a randomly distributed term for each signalized

intersection 𝑖 and it can take on a wide variety of distributions
such as Weibull, Erlang, logistic, lognormal, and normal.
In the current study, all selected random parameters are
normally distributed.

3.2. Model Evaluation. Model evaluation involves two steps.
The first step is to evaluate the significance of variables
included in the proposed model. Estimated coefficients for
each explanatory variable should be statistically significant.
The current study applies 𝑡-test to examine the significance
of coefficient with 90% confidence interval. Additionally, it
is necessary to use goodness-of-fit measures to evaluate if
the proposed model has sufficient explanatory and predictive
power.The present study adopts ratio of log-likelihood index
as goodness-of-fitmeasures, which could be calculated by the
following equation:

𝜌
2
= 1 −

𝑙 (𝛽)

𝑙 (0)

, (8)

where 𝑙(𝛽) refers to the log-likelihood value at convergence
and 𝑙(0) is log-likelihood value with constant only. As sug-
gested by Ben-Akiva and Lerman [21], 𝜌2 could be used to test
if the model has sufficient explanatory and predictive power.

A simulation-based maximum likelihood method using
Halton draws is used to estimate maximum likelihood of the
random-parameters in the model. Halton draws has been
shown to provide a more efficient distribution of draws for
numerical integration than purely random draws [20]. In
order to assess the impacts of one unit change of each variable
on either pedestrians’ or cyclists’ crash frequency, marginal
effects are computed [21]. LIMDEP (Version 9.0) statistical
package is utilized for modeling purposes [20].

4. Empirical Setting

The dataset available for this study includes crash data
from 1,001 intersections from Chicago, collected in 2010.
Data consists of pedestrians’ and cyclists’ crash frequencies,
average annual daily left turn traffic, average annual daily
traffic for major and minor approaches, number of left turn
lanes, number of through traffic lanes, and availability of
push-button and countdown timer. All of these observations
have been collected for each intersection. Table 1 summarizes
description of each variable and associated mean and stan-
dard deviation values.
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Table 1: Descriptive statistics of crash-related variables.

Variables Mean Std. deviation

Average annual pedestrians’ crash
frequency at each intersection
(crashes/intersection)

4.98 3.90

Average annual cyclists’ crash frequency
at each intersection (crashes/intersection)

1.23 1.57

Average annual daily left turn traffic
(number of vehicles)

11,869.73 5,180.01

Average ratio of major AADT to minor
AADT

2.03 2.12

Average number of left turn lanes
(number of lanes)

1.90 0.83

Average number of through traffic lanes
(number of lanes)

0.64 0.50

Percentage of intersections with
push-button device (%)

58.3

Percentage of intersections with
countdown timer (%)

43.7

5. Estimation Results

The parameter estimation results and the corresponding
average marginal effects are shown in Tables 2 and 3.
Table 2 that shows random parameters negative binomial
model estimation indicates 4 significant fixed parameters,
including 3 variables (annual average daily left turn traffic,
ratio of major direction AADT to minor direction AADT,
and number of through traffic lanes) and a constant, while
there are 3 significant random parameters (push-button
availability, countdown timer availability, and number of left
turn lanes). Talking about each variable, it has been found
that existence of push-button at intersection will significantly
reduce average annual number of pedestrians’ crashes. This
is, obviously, expected given that pedestrians can use push-
button and somehow push traffic signal to turn to green.
The marginal effects in Table 2 show that a 1-unit increase in
push-button could decrease themean number of pedestrians’
crashes per year at intersections by 4.03. Similarly, availability
of countdown timer has also positive impact on pedestrians’
crashes reduction. Furthermore, as expected, increases in the
left turn traffic volume, ratio of major direction AADT to
minor direction AADT, and number of left turn and through
traffic lanes increase the frequency of pedestrians’ crashes at
intersections. Although marginal effects are small, however
still they are tangible and need to be counted in planning
and operational levels. As these results indicate, any increase
in the mentioned variables (traffic volume and number of
lanes) can adversely affect safety of crossing pedestrians.
The log-likelihood ratio index 𝜌2 is 0.35, indicating that
proposed model could explain relationship between number
of pedestrian crashes and selected variables sufficiently.

Turning to impacts of different variables on cyclists’ crash
frequency, almost the same trend as was obtained in case
of pedestrians was observed. The estimated parameter for
the average annual left turn traffic was found to be with
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Figure 1: Average marginal effects of different parameters on
pedestrians’ and cyclists’ crash frequencies.

a slightly negative but insignificant effect on average cyclists’
crash frequency at intersections.Thismight be due to, among
other factors, the fact that local drivers are more cautious for
cyclists while making left turns. Additionally, it can also be
interpreted in another way, that cyclists can cross the road
faster than pedestrians and do not get involved in a crash due
to left turn traffic. However, this statement does not hold for
through traffic which has significant effect on cyclists’ crash
frequency. Based on the average marginal effects, cyclists are
less sensitive to selected parameters compared to pedestrians.
This is shown in Figure 1. Again, the log-likelihood ratio
index 𝜌2 was found to be 0.31, indicating that the model has
adequate explanatory and predictive power.

6. Summary and Conclusions

This study provides an empirical evaluation of the safety
impacts of push-button and countdown timer on frequency
of pedestrians’ and cyclists’ crashes at intersections within
an urban network. Several variables including number of
left turn and through traffic lanes, average annual daily
left turn as well as through traffics on major and minor
directions at intersection, existence of push-button, and
countdown timer at each intersection have been considered
formodeling. A randomparameters negative binomialmodel
was utilized to establish the statistical relationship between
pedestrians’/cyclists’ crash frequency and selected variables.
The proposed model could overcome the overdispersion
(mean less than variance) in the crash data, which is a general
situation for traffic accident data analysis.

The estimation results show push-button and countdown
timer unambiguously decrease the frequency of pedestrians’
and cyclists’ crashes. However, based on average marginal
effect values, their effects are more significant and tangible
on pedestrians’ crash frequency, compared to crash frequency
of cyclists. Number of left turn and through traffic lanes
have negative impacts on both pedestrians’ and cyclists’ crash
frequencies, although they produced higher 𝑡-stat values in
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Table 2: Model estimation results for random parameters negative binomial model of pedestrians’ crash frequency at intersections (all
random parameters are normally distributed).

Variable Parameter coefficient estimate 𝑡-stat (90% CI) Average marginal effect
Constant 1.33 16.28
Push-button (1 if intersection has push-button; 0
otherwise) (standard deviation of parameter
distribution)

−0.81 (−0.34) −10.03 (−3.69) −4.03

Countdown timer (1 if intersection has countdown
timer; 0 otherwise) (standard deviation of parameter
distribution)

−0.25 (−0.87) −4.09 (−12.82) −1.24

Average annual daily left turn traffic (vehicle per day) 0.06 1.71 0.30
Ratio of major direction AADT to minor direction
AADT 0.09 2.69 0.45

Number of through traffic lanes 0.07 2.45 0.35
Number of left turn traffic lanes (standard deviation of
parameter distribution) 0.18 (1.49) 4.29 (27.64) 0.90

Dispersion parameter, 𝛼 0.32 13.45
Number of observations 1001
Log-likelihood with constant only, LL(0) −2850.78
Log-likelihood at convergence, LL(𝛽) −2538.02
𝜌
2
= [1 − LL(𝛽)/LL(0)] 0.35

Table 3: Model estimation results for random parameters negative binomial model of cyclists crash frequency at intersections (all random
parameters are normally distributed).

Variable Parameter coefficient estimate 𝑡-stat (90% CI) Average marginal effect
Constant 0.07 5.50
Push-button (1 if intersection has push-button; 0
otherwise) (standard deviation of parameter
distribution)

−0.45 (−0.43) −3.67 (−3.57) −0.56

Countdown timer (1 if intersection has countdown
timer; 0 otherwise) (standard deviation of parameter
distribution)

−0.28 (−0.31) −3.23 (−3.82) −0.35

Average annual daily left turn traffic (vehicle per day) 0.05 1.54 0.06
Ratio of major direction AADT to minor direction
AADT 0.03 1.91 0.04

Number of through traffic lanes 0.01 1.69 0.01
Number of left turn traffic lanes (standard deviation of
parameter distribution) 0.17 (0.23) 2.11 (4.28) 0.21

Dispersion parameter, 𝛼 0.70 8.76
Number of observations 1001
Log-likelihood with constant only, LL(0) −1629.23
Log-likelihood at convergence, LL(𝛽) −1123.03
𝜌
2
= [1 − LL(𝛽)/LL(0)] 0.31

case of pedestrians than cyclists. Similarly, left turn and
through traffic volumes, as expected, have also considerable
effects on crash frequencies. The findings of current study
could provide valuable insights for pedestrians’ and cyclists’
safety improvement projects in both planning and opera-
tional levels. The other variables, such as weather conditions,
vehicle types, and land use conditions, could be considered
in future research in order to make the analysis results more
robust.
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The stated preference experimental design can affect the reliability of the parameters estimation in discrete choice model. Some
scholars have proposed somenew experimental designs, such asD-efficient, BayesianD-efficient. But insufficient empirical research
has been conducted on the effectiveness of these newdesigns and there has been little comparative analysis of the newdesigns against
the traditional designs. In this paper, a new metro connecting Chengdu and its satellite cities is taken as the research subject to
demonstrate the validity of theD-efficient andBayesianD-efficient design. Comparisons between these newdesigns and orthogonal
design were made by the fit of model and standard deviation of parameters estimation; then the best model result is obtained to
analyze the travel choice behavior. The results indicate that Bayesian D-efficient design works better than D-efficient design. Some
of the variables can affect significantly the choice behavior of people, including the waiting time and arrival time. The D-efficient
and Bayesian D-efficient design for MNL can acquire reliability result in ML model, but the ML model cannot develop the theory
advantages of these two designs. Finally, the metro can handle over 40% passengers flow if the metro will be operated in the future.

1. Introduction

The stated preference has become the primary way of acquir-
ing travelers’ preference data regarding different transport
services. In the survey process, respondents choose their
preferred travel mode in some hypothetical scenarios. The
designs of these hypothetical scenarios depend on the exper-
imental design. Thus, the stated preference questionnaire
design is based on the experimental design method [1].
Currently, the widely used experimental designs for stated
preference questionnaire are the random fractional facto-
rial design and orthogonal design [2–4]. Although random
fractional factorial design can effectively reduce the number
of combinations, the method is likely to produce statis-
tically inefficient or suboptimal designs. To overcome the
deficiencies associated with the random fractional factorial
design, the orthogonal design was introduced into the stated
preference questionnaire design. The orthogonal design was

aimed at ensuring independence among the attributes to
avoid parameter estimation bias, which tends to result from
multicollinearity [5]. However, a major shortcoming of the
orthogonal design exists: due to the restriction of orthogo-
nality among these attributes, the orthogonal design cannot
determine the number of experimental combinations accord-
ing to the research need. If too many alternative attributes
and attribute levels are selected, the number of experimental
combinations obtained by the orthogonal design becomes
very large. Moreover, some scholars have questioned the
effect of the reliability of estimating the model parameters
based on the orthogonal design [6]. Some researchers have
recognized that the experimental design would significantly
impact the parameter estimation. They construct theoretical
basis for some experimental designs in order to improve
the reliably of parameter estimation results [7–9]. The most
common ones are the D-efficient and Bayesian D-efficient
design. Both designs have the same theoretical basis.The only
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difference between the two designs is determined by whether
the values of the prior parameters are fixed. The effectiveness
of these new experimental designs was demonstrated by sim-
ulations data, but little empirical research has been performed
in actual environments. Bliemer validated the theoretical
advantages of the Bayesian D-efficient design in an actual
environment, showing that this design can be effectively
applied in practice [10]. Louviere believed that the D-efficient
design may cause significant errors in the estimation of
parameter variance [11]. This notion is pending validation in
follow-up studies. Although there has been few comparatives
analyses of the traditional designs [4, 12], there has been
little comparative analysis of the new designs against the
traditional designs. Although insufficient empirical research
has been conducted on the effectiveness of these new designs,
a few researchers have started using these new experimental
designs in relevant studies [13, 14].

There are some limitations in the existing papers on
experimental investigations of the stated preference experi-
mental design. In these works, the predominantly usedmodel
is the multinomial logit (MNL) model [8, 10]. However,
the MNL model exists with a significant defect. That is,
the traveler preferences heterogeneity and the correlation in
attributes are not considered. However, in the experimental
combinations obtained by the D-efficient and Bayesian D-
efficient design, there exist certain correlations in the alter-
native attributes, and the Bayesian D-efficient design even
considers the differences in individual preferences. There
lacked adequate studies about whether these designs which
were generated for the MNL model could work well in the
advanced models, for example, the mixed logit (ML) model.
TheMLmodel takes into account the traveler preference het-
erogeneity and the correlation in attributes. Some researchers
illustrated this problem through simulation data. They noted
that the design generated specifically for the MNL model
tends to perform well when more advanced models are used
[15]. However, whether this conclusion holds with actual data
still requires further validation.

Therefore, in this paper, the newmetro between the city of
Chengdu and one of its satellite cities is taken as the research
subject. From an empirical point of view, comparative analy-
sis of the newdesigns against the orthogonal designwasmade
for an estimation of themodel parameters; the validities of the
D-efficient and Bayesian D-efficient design are empirically
verified under different sample sizes. We would demonstrate
whether these designs generated specially for theMNLmodel
could work well in ML model based on the actual data.

2. The Experimental Design for
the Stated Preference Questionnaire

2.1. Orthogonal Design. As a traditional stated preference
experimental design, orthogonal design has been widely
used in discrete choice model. The orthogonal design can
reduce the number of combinations. By selecting mutually
orthogonal combinations, the orthogonal design avoids the
model parameter estimation errors that are caused by the
correlation among the attributes [5]. The combinations that

are independent, nonrepeatable, and representative were
taken as the questionnaire. For example, suppose there are
two available alternatives, A and B, for the travelers and that
each alternative contains the attributes 𝐾and L (e.g., waiting
time and cost). Although the attributes of each alternative
are the same, the level of each corresponding attribute is
different. According to the principle of orthogonal design, all
of the orthogonal and nonrepeated combinations are selected
as the questionnaire content. Each column is orthogonal
with respect to the other columns in the combination that is
ultimately obtained; that is, corr(𝐾A, 𝐾B) = 0, corr(𝐾A, ⃗𝐿B) =

0, corr(𝐾A, ⃗𝐿A) = 0, and corr( ⃗𝐿B, 𝐾B) = 0 However,
a major shortcoming of orthogonal design exists: because
the orthogonal design is restricted by the condition of
orthogonality, it cannot select the number of combinations
based on the research need. The number of combinations
obtained by the orthogonal design is related to the number
of alternatives and attribute levels. Hence, orthogonal design
lacks flexibility when choosing the number of combinations.

2.2. D-Efficient Design. The theoretical basis of the D-
efficient design is to obtain the minimum value of the
determinant of the asymptotic-covariance matrix (AVC) of
the model. The essence of this design resides in the goal
of obtaining minimum values of the estimated standard
deviations of the model parameters, thereby obtaining more
reliable parameters estimation results. This design explicitly
considers the importance of alternative attributes to ensure
that the combinations can present more trade-off informa-
tion in the selection process, with the goal of maximizing
the respondents’ preference information [16]. Typically, the
determinant of the AVC is expressed using D-error.The AVC
represents the reliability of the model parameter estimation
results. Therefore, the D-error value reflects the efficiency of
the experimental design. Smaller values of D-error indicate
higher reliability of the estimated parameter results.

According to the theoretical basis of the D-efficient
design, when using this method, first, a prior AVC or prior
parameter estimation results must be obtained to determine
the experimental combination iteratively, using theminimum
D-error value. Usually, we identify the previously obtained
model AVC or model parameter estimate value as the prior
information. How this prior information is obtained before
the stated preference questionnaire is designed remains an
issue that must be overcome when adopting this method.
To overcome this issue, researchers collect data using a
pilot survey. The pilot survey data are used to estimate
the model parameter. The parameter estimation values are
used as the prior information for questionnaire design. The
mathematical derivation of the D-efficient design, based on
related theory, is as follows:

D-error = det (Ω)
1/𝐾

, (1)

whereΩ is the AVCmatrix for the discrete choice model and
𝐾 is the number of model parameters.
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The AVC matrix is the inverse matrix of the Hessian
matrix of the maximum likelihood function for the discrete
choice model, as shown below:

Ω = 𝐼
−1
. (2)

The specific formof theHessianmatrix is given as follows:
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where each element in the Hessianmatrix is calculated by the
following equation:
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(4)

where 𝐿(𝑋, 𝛽) is the maximum likelihood function for the
discrete choice model and 𝛽

𝑗𝑘
is the parameter value of the

𝑘th attribute for the 𝑗th alternative.
Themaximum likelihood function for the discrete choice

model is shown below:

𝐿 (𝑋, 𝛽) =

𝑁

∑

𝑛=1

𝐼

∑

𝑖=1

𝑦
𝑛𝑖
log𝑃
𝑛𝑖
, (5)

where 𝑦
𝑛𝑖
represents the choice result of the respondents,

𝑦
𝑛𝑖
= {

1, the travel 𝑛 chose the alternative 𝑖
0, other,

(6)

and 𝑃
𝑛𝑖
represents the choice probability of alternative 𝑖. The

formula used to calculate 𝑃
𝑛𝑖
is as follows:

𝑃
𝑛𝑖
=

exp (𝑉
𝑛𝑖
)

∑
𝐽

𝑗=1
exp (𝑉

𝑛𝑗
)

, (7)

where 𝐽 is the alternative set.
𝑉
𝑛𝑖

represents the utility function of alternative 𝑖 for
traveler 𝑛. It is calculated as follows:

𝑉
𝑛𝑖
= 𝜕
𝑛𝑖
+ 𝛽
𝑛𝑖1
𝑋
𝑛𝑖1

+ 𝛽
𝑛𝑖2
𝑋
𝑛𝑖2

+ ⋅ ⋅ ⋅ + 𝛽
𝑛𝑖k𝑋𝑛𝑖𝑘, (8)

where 𝑋
𝑛𝑖𝑘

represents the 𝑘th attribute for the 𝑖th alternative
and 𝛽

𝑛𝑖𝑘
is the unknown parameter in the utility function for

the 𝑘th attribute for the 𝑖th alternative.
It can be observed that the D-efficient design is actually

the inverse of the process that is used for parameter estima-
tion in the discrete choice model. The theoretical bases for
Bayesian D-efficient and D-efficient are identical. The only
difference is that, in the Bayesian D-efficient design process,
the prior values of the attribute parameters obey a certain
distribution [17]. This type of experimental design takes into
account the differences in travelers’ preference.

Table 1: The definition table of the alternative attribute levels.

Alternative Attributes Level1 Level2 Level3

Bus

In-vehicle time (min) 60 90 120
Cost (¥) 2 4

Waiting time (min) 5 10
Arrival time (min) 5 10

Off-vehicle time (min) 5 10

Coach

In-vehicle time (min) 40 60
Cost (¥) 6 8 10

Waiting time (min) 15
Arrival time (min) 20

Off-vehicle time (min) 15

Metro

In-vehicle time (min) 30 40
Cost (¥) 4 6

Waiting time (min) 3
Arrival time (min) 10 30

Off-vehicle time (min) 10

Taxi
In-vehicle time (min) 40 60

Cost (¥) 50 70
Waiting time (min) 5

Car In-vehicle time (min) 40 60
Cost (¥) 20 40

3. Method Validation and Empirical Analysis:
A Case Study

In this paper, the newmetro betweenChengdu andLongquan
(a satellite city) is used as the research subject. Based on the
MNL model, the influence of different experimental design
on model parameter estimation is verified. Additionally,
whether the design generated specifically for theMNLmodel
is able to obtain reliable parameter results in a more complex
ML model is verified. At present, the existing modes of
transportation between the cities include bus, taxis, private
cars, and coach. With the continued development of the two
cities, Chengdu is ready to introduce the metro to meet the
diverse travel needs of its residents.

3.1. Design of the Stated Preference Questionnaire. The inten-
tion of this stated preference questionnaire is to investigate
the travelers’ choice preference when introducing a subway
system. Therefore, the alternative set in the stated prefer-
ence questionnaire design process contains five alternatives,
namely, the metro, bus, taxis, private cars, and coach. The
alternative attributes include “arrival time (the time of arriv-
ing at the station),” “waiting time,” “cost,” “in-vehicle time,”
and “off-vehicle time (travel time from getting off the vehicle
to the destination).” Finally, the alternative attributes and
attribute levels are formed as presented in Table 1.

3.1.1. Orthogonal Stated Preference Questionnaire. Orthogo-
nal design was used to design the stated preference question-
naire. According to the alternative attributes and the number
of attributes shown in Table 1, there are a total of 32 mutually
orthogonal combinations which were obtained by Negene
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(a kind of experimental design software). The number of
combinations obtained from the orthogonal design is related
to the alternative attributes and the number of attribute
levels. Therefore, this design cannot select the number of
experimental combinations according to the research need.
If we only used a part of combinations that maybe leads to
a lack of orthogonality, the lack of orthogonality will cause
the multicollinearity among attributes, thereby affecting the
accuracy of the model results. Therefore, all 32 combina-
tions were brought into the stated preference questionnaire.
Using a block experimental design, under the premise of
ensuring orthogonality, the 32 combinations were divided
into 8 blocks. Each respondent attended to one block. Finally,
the investigation instructions, filling instructions, attribute
combinations, and personal attributes should be added; the
complete orthogonal stated preference questionnaire was
formed.

3.1.2. D-Efficient and Bayesian D-Efficient Stated Preference
Questionnaires. The theoretical bases for the D-efficient and
Bayesian D-efficient design are the same. The only difference
lies in the form of prior parameter. The value of prior
parameter is fixed in the D-efficient design. The prior values
in the Bayesian D-efficient design are subject to normal
distribution. As stated earlier, before the D-efficient design
can be applied, the researcher must obtain prior information.
The MNL model parameter estimation values obtained from
the pilot survey data are set as the prior information for
the D-efficient and Bayesian D-efficient design. The stated
preference questionnaire used for the pilot survey also is
designed by the orthogonal design. Using the pilot survey,
192 observations were obtained. The MNL model parameter
values obtained from the pilot survey data are shown in
Table 2. The prior values of the attribute parameters for
D-efficient design are equal to the parameter estimation
results in the MNL model. However, some differences exist
in the process of setting the prior values of attribute for
the Bayesian D-efficient design. The prior values for the
significant attribute parameters are all subject to the𝑁(𝛽, 𝜎)

normal distribution, and the nonattribute parameters are
all subject to the 𝑁(0, 𝜎) normal distribution; the standard
deviation (𝜎) is equal to the standard error of the parameter
estimations.

According to the prior values for the parameters shown
in Table 2, the stated preference questionnaire based on
the D-efficient design was completed. For comparison with
the orthogonal design, the number of combinations also
was determined to be 32. Ultimately, the obtained D-error
was 0.227. Similarly, according to the blocking experimental
design, the 32 combinations were divided into eight blocks,
and each respondent was assigned to one block. Finally, after
incorporating the additional investigation instructions, filling
instructions, attribute combinations, and personal attributes,
a complete D-efficient stated preference questionnaire was
formed.

The prior values of attribute parameter for the Bayesian
D-efficient design are subject to normal distribution, but the
values of the mean and variance are different. According

to the prior values provided in Table 2, the number of
combinations was also defined as 32. The corresponding D-
error was 0.225. Similarly, using the blocking method, the 32
combinationswere divided into eight blocks.TheBayesianD-
efficient stated preference questionnaire was formed.

3.2. Data Analysis. In this paper, three types of question-
naires were utilized. Face-to-face survey was conducted.
The preference data for travelers in different scenarios were
obtained. Meanwhile, the respondents also were asked to
provide personal information regarding their ages, income,
and so forth. The overall survey sample size was 960. The
gender rate between male and female is 1.03. The average
age of overall samples is 36. The monthly average income of
overall samples is 3556 (¥). By establishing four age intervals,
each questionnaire was able to collect the age information
from the surveyed sample. Of four groups, the 25–50 age
range occupied the highest proportion. Similarly, five income
ranges were established to evaluate the income levels of
the respondents.The corresponding survey sample attributes
of each questionnaire are shown in Table 3. According to
Table 3, there are no significant differences between the
general characteristics of the three survey samples, indicating
that the general characteristics of the survey sample should
not significantly influence the model parameter estimation
results. Among the three groups, the rate of car ownership is
relatively high and is a result of the fact that the rate of vehicle
possession in Chengdu ranks first in the whole nation.

4. Analysis of the Results of Different Models

4.1. Error Term Variance of the Different Experimental Design
Methods. First, we analyze whether a difference exists in the
variance of the error term for the three types of experimental
designs. The model result is shown in Table 4. In the model
results,𝜇

1
represents the ratio of the variance of the error term

based on the orthogonal design over the variance of the error
termbased on theD-efficient design.𝜇

2
represents the ratio of

the variance of the error term based on the Bayesian design
over the variance of the error term based on the D-efficient
design. Similarly, 𝜇

3
represents the ratio of the variance of

the error term based on the orthogonal design over the
variance of the error term based on the Bayesian method.
All three values are equal to 1; no significant difference is
found between the three experimental designs with respect
to the variance of error term. This conclusion also supports
the conclusion made by Bliemer and Rose.

4.2. MNL Model Results Based on the Different Experimental
Design Methods. Table 5 shows the MNL model parameter
estimation results for different experimental designs. Accord-
ing to the results of the model parameters shown in Table 5,
the goodness of fit (𝜌2) for the model based on the Bayesian
D-efficient design is 0.189, which is superior to that of the D-
efficient design. The goodness of fit 𝜌2 for the model based
on the D-efficient design is 0.145, which is superior to the
value of 0.14 obtained for the orthogonal design. Comparing
the parameter estimation standard deviation (𝜎) values of the
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Table 2: The prior values of the attribute parameters.

Attributes Parameter 𝛽 (𝑇) Prior parameter Prior parameter
(D-efficient) (Bayesian D-efficient)

In-vehicle time −0.036 (−4.458) −0.036 𝑁 (−0.036, 0.008)
Cost −0.038 (−2.058) −0.038 𝑁 (−0.038, 0.018)
Waiting time −0.027 (−0.361) −0.027 𝑁 (0, 0.076)
Arrival time −0.117 (−6.874) −0.117 𝑁 (−0.117, 0.017)
Egress time −0.048 (−0.604) −0.048 𝑁 (0, 0.080)

Table 3: Statistical results of the surveyed sample population.

Orthogonal D-efficient Bayesian D-efficient
Sex

Man: 1 162 50.6% 164 51.2% 163 50.9%
Female: 0 158 49.4% 156 48.8% 157 49.1%

Car ownership
Yes: 1 100 31.3% 104 32.5% 102 31.8%
No: 0 220 68.7% 216 67.5% 218 68.2%

Age
18∼24 55 17.2% 56 17.5% 55 17.2%
25∼50 251 78.4% 250 78.1% 252 78.7%
51∼60 8 2.5% 8 2.5% 8 2.5%
>60 6 1.9% 6 1.9% 5 1.6%

Income
<2000 54 16.9% 55 17.2% 54 16.9%
2000∼4000 102 31.9% 103 32.2% 103 32.2%
4001∼6000 95 29.7% 97 30.3% 96 30%
6001∼8000 42 13.1% 40 12.8% 41 12.8%
>8000 27 8.4% 25 7.8% 26 8.1%

Total 320 320 320

three experimental designs, it was found that the standard
deviations of the model parameters based on the Bayesian
D-efficient design were the smallest, followed by that of
the D-efficient design. The estimated standard deviation
of the model parameters based on the orthogonal design
was the biggest. This suggests that both the D-efficient and
Bayesian D-efficient design can achieve the theoretical goals
in practice. According to the parameter estimation results,
the D-error values of the three types of experimental designs
were obtained, for which the orthogonal design gave a value
of 1.06 × 10−4, the D-efficient design was 9.56 × 10−5, and the
Bayesian D-efficient design was 8.22 × 10−5. By comparison
with the D-error value, it can be observed that the reliability
of the parameter estimates based on the Bayesian D-efficient
design is higher than the D-efficient design, while the D-
efficient design was higher than the orthogonal design.

The D-efficient and Bayesian D-efficient design can
realize the theoretical goals in the real situation, namely,
minimizing the standard deviations of the estimated model
parameters. To further validate the use of these two experi-
mental designs in actual environments, this paper compared
the MNL model estimated parameter standard deviations

based on the three experimental designs under different
sample sizes, as shown in Figure 1.

From Figure 1, it can be observed that when using
different sample sizes, the standard deviation of the estimated
model parameters based on the Bayesian D-efficient design is
the smallest, followed by the D-efficient design.The standard
deviation of the parameters based on the orthogonal design
is the biggest. These findings validate the use of the D-
efficient and Bayesian D-efficient design in practice, which
further verifies the conclusions made by Bliemer and Rose.
TheBayesianD-efficient design can produce smaller standard
deviations of parameter than D-efficient because Bayesian
prior parameter is subject to certain distribution which
means uncertainty by the analyst as to what the true pop-
ulation parameters will be empirically; the prior parameter
is fixed which assumes the analyst has exact knowledge of
the true population parameters when using the D-efficient
design.

4.3. ML Model Results Based on the Different Experimental
Design Methods. In this paper, the data are collected by
the three stated preference questionnaires, which generated
specifically for MNL model. The survey data was used to
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Figure 1: The standard deviation of the parameter estimates for different sample sizes. (a) Cost, (b) in-vehicle time, (c) waiting time, (d)
arrival time, and (e) off-vehicle time.
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Table 4: The NL model results based on the three experimental design methods.

Variables Parameter (𝛽
𝑘
) Standard deviation (𝜎) 𝑇

Cost −0.024 0.0036 −6.685
Waiting time −0.123 0.0164 −0.752
Arrival time −0.095 0.0034 −27.922
In-vehicle time −0.022 0.0014 −15.550
Off-vehicle time −0.013 0.0165 −0.764
𝜇1 1.0
𝜇2 1.0
𝜇3 1.0
Number of observances 3840
LL (𝜗) −4010.982
𝜌
2 0.351

Table 5: The MNL model results based on the different experimental design methods.

Variables Orthogonal D-efficient Bayesian D-efficient
Parameter

(𝛽
𝑘
)

Standard
deviation (𝜎)

Parameter
(𝛽
𝑘
)

Standard
deviation (𝜎)

Parameter
(𝛽
𝑘
)

Standard
deviation (𝜎)

Cost −0.033 0.0067 −0.018 0.0063 −0.023 0.0062
(−4.870) (−2.882) (−3.788)

Arrival time −0.102 0.0063 −0.096 0.0060 −0.096 0.0058
(−16.012) (−16.07) (−16.376)

Waiting time −0.044 0.0297 −0.003 0.0297 −0.014 0.0281
(−1.480) (−0.120) (−0.498)

In-vehicle
time

−0.032 0.0031 −0.031 0.0028 −0.013 0.0022
(−10.580) (−11.004) (−5.884)

Off-vehicle
time

−0.001 0.0306 −0.004 0.0296 −0.018 0.0280
(−0.031) (−0.168) (−0.673)

Number of
observance 1280 1280 1280

LL (𝜑) −1354.658 −1302.555 −1294.455
𝜌
2 0.140 0.145 0.189

estimate theMLmodel parameters.TheMLmodel results are
shown in Table 6.

In the ML model “cost,” “in-vehicle time,” and “arrival
time” are set as the random variables in the utility functions
and are subject to the𝑁(𝛽, 𝛿) distribution.The model results
obtained based on the three experimental designs represent
the travelers’ preference differences in only one variable, as
shown in the ML model results given in Table 6. The symbol
of estimated parameter for the attribute “off-vehicle time”
in the ML model results based on the orthogonal design
is wrong, but this parameter was both correct and logical
in the results given by the MNL model. The ML parameter
estimation symbols based on the D-efficient and Bayesian
design were correct. The chi-square test between the MNL
and ML model based on the two experimental designs was
obtained. The chi-square test values were 10.796 and 30.253,
respectively (e.g., −2[LL(𝜑) − LL(&)] = −2[−1302.555 −

(−1297.157)] = 10.796). Both values were greater than the
chi-square distribution critical value of 7.815 under the 5%

confidence interval, indicating that the ML model results
based on the D-efficient and Bayesian D-efficient design were
better than MNL model. This indicates that these designs
which were generated specifically for theMNLmodel may be
not applicable to the ML model, for example, the orthogonal
design. This conclusion is inconsistent with the conclusions
made by Bliemer and Rose based on model simulation. They
both concluded that the design generated specifically for
MNL model tends to perform reasonably well when more
advanced models are used. However, in this paper, it was
verified based on the use of actual data that the orthogonal
designmay be not applicable to the complexMLmodel, while
the D-efficient and Bayesian D-efficient design achieved
accurate parameter estimation results in more complex ML
model.

Based on the above analysis, the D-efficient and Bayesian
D-efficient design also can achieve good parameter esti-
mation results in the ML model. Comparing the standard
deviations based on the two experimental methods in ML
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Table 6: The ML model results based on the different experimental design methods.

Variables Orthogonal D-efficient Bayesian D-efficient

Parameter (𝛽
𝑘
) Standard

deviation (𝜎) Parameter (𝛽
𝑘
) Standard

deviation (𝜎)
Parameter

(𝛽
𝑘
)

Standard deviation
(𝜎)

Cost

𝛽
1

−0.053 (−4.265) 0.0125 −0.042 (−3.111) 0.0136 −0.033
(−2.947) 0.0112

𝛿1 0.042 (3.440) 0.0121 0.042 (3.505) 0.012 0.025 (1.794) 0.0141
Arrival time

𝛽
2

−0.114 (−13.607) 0.0083 −0.104 (13.577) 0.0076 −0.229
(−6.767) 0.0339

𝛿
2

0.005 (0.350) 0.1465 0.0011 (0.034) 0.0318 0.169 (4.845) 0.0349

Waiting time −0.054 (−1.675) 0.0322 −0.005 (−0.166) 0.0321 −0.021
(−0.598) 0.0357

In-vehicle
time

𝛽
3

−0.038 (−8.136) 0.0047 −0.033 (−8.536) 0.0038 −0.013
(−4.925) 0.0027

𝛿
3

0.013 (2.337) 0.0055 0.007 (1.035) 0.007 0.004 (0.826) 0.0047
Off-vehicle
time 0.008 (0.250) 0.0328 −0.008 (−0.249) 0.0321 −0.015

(−0.459) 0.0345

Number of
observance 1280 1280 1280

LL (&) −1350.245 −1297.157 −1279.329
𝜌
2 0.143 0.147 0.134

model, the conclusions drawn for the MNL model are not
reflected. A degree of bias was present in some parameters,
for example, the waiting time. To further investigate the
validity of the theoretical advantages of these two experi-
mental designs in different models under different sample
sizes. The standard deviations of the estimated parameters
between the MNL model and the ML model were compared
based on the D-efficient design. As shown in Figure 2, it
can be observed that the standard deviations of the ML
model parameters were significantly higher than the MNL
model. This shows that when using the D-efficient design,
specifically for the MNLmodel, parameter estimation results
also can be obtained accurately in the ML model; however,
the theoretical advantages of the D-efficient design were not
fully shown in the ML model.

4.4. Travel Choice Behaviors Analysis from Chengdu to
Longquan. Through the above analysis, the reliability of the
parameter estimation results obtained from the Bayesian
D-efficient design was better. Therefore, the survey data
obtained from the Bayesian D-efficient design could be
chosen to calibrate the MNL model, in order to analyze the
traveler behavior in the Chengdu-Longquan corridor. The
model results are shown in Table 7.

The key factors affecting the traveler choice behavior
in Chengdu-Longquan corridor include “cost,” “in-vehicle
time,” and “arrival time.” Currently, the distance between

Chengdu and Longquan is 23 kilometers, but the average in-
vehicle time for the bus is relatively long (approximately 1
hours), and the in-vehicle time for the coach is 40 minutes.
Therefore, neither of these travel modes is time efficient,
making “in-vehicle time” a significant factor. In the current
corridor status, the number of bus lines is limited.The distri-
bution of the bus lines is not even. Additionally, the coach is
not convenient because a traveler must go to certain stations
to ride the coach. However, the Chengdu subway system has
not been formed into a network, so there remain significant
limitations associated with riding the metro. Therefore, the
variable “arrival time” became a key factor on traveler choice
behavior. In the model results, the alternative constant was
very significant, showing that some factors that cannot be
quantified also impact the traveler choice behavior.

The personal attributes of travelers also significantly
impact their choice behavior. Men exhibit a weak preference
for public transport, such as the bus and metro. Compared
to public transport, men prefer the use of private cars. High-
income groups tend to choose private cars and taxis. In
particular, private car owners tend to travel with private cars,
while low-income groups are more inclined to use public
transport, which has relatively low costs.

Ultimately, according to the model results, it was pre-
dicted that the rate of sharing of the five alternatives in the
corridor after the opening of the metro would be 0.48% for
coach, 24.47% for bus, 1.64% for taxis, 28.69% for private
cars, and 44.72% for the metro.Themetro is expected to take
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Figure 2:The standard deviation for the estimated parameter of the alternative attribute under different sample sizes. (a) Cost, (b) in-vehicle
time, (c) waiting time, (d) arrival time, and (e) off-vehicle time.
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Table 7: The MNL model results for analyzing the choice behavior from Chengdu to Longquan.

Variables Parameter 𝑇 Variables Parameter 𝑇

Passenger bus constant 5.163 2.734 Sex-taxi (male: 1) −0.027 −0.047
Public bus constant 5.956 5.571 Sex-metro (male: 1) −1.327 −5.255
Taxi constant 0.005 0.003 Age-passenger bus −1.215 −1.182
Metro constant 7.866 7.628 Age-public bus 0.538 1.119
Cost −0.028 −2.795 Age-taxi −0.553 −0.751
Arrival time −0.127 −17.106 Age-metro −0.392 −0.856
Waiting time −0.016 −0.486 Income-passenger bus −0.225 −0.330
In-vehicle time −0.024 −8.213 Income-public bus −0.828 −4.197
Off-vehicle time −0.018 −0.515 Income-taxi 1.138 4.371
Sex-passenger bus

−1.001 −0.515 Income-metro −0.166 −1.082
(Male: 1)
Sex-public bus

−0.604 −2.130 Car ownership 6.211 14.894
(Male: 1) (Yes: 1)
LL (&) −737.560
Number of observances 1280
𝜌
2 0.481

on a significant amount of traffic demand, demonstrating the
strong appeal of metro for travelers in this corridor.

5. Conclusion

The experimental design is a key factor affecting the relia-
bility of the parameters estimation in discrete choice model.
There are some new experimental designs, for example,
D-efficient design, but insufficient empirical research has
been conducted on the effectiveness of the new designs
and a little comparative analysis of the new designs against
the traditional design. In the paper three kinds of stated
preference questionnaires can be designed based on the three
types of experimental designs, respectively. The preference
data of travelers can be achieved by these stated preference
questionnaires. Based on the preference data we analyze
whether a difference exists in the variance of the error
term for the three types of experimental designs through
the application of a NL model hierarchical division. We
found there is no significant difference between the three
experimental designs with respect to the variance of error
term. This conclusion also supports the conclusion made by
Bliemer and Rose.

The MNL model parameter estimation results based on
the preference data were compared. According to the results,
we can demonstrate the validity of D-efficient and Bayesian
D-efficient design. Bayesian prior parameter is subject to
certain distribution which means the analyst is uncertain
about what the true parameters will be. The prior parameter
is fixed which assumes the analyst has exact knowledge of the
true parameters when using the D-efficient design, but the
true population parameters are not known accurately. So the
Bayesian design may contain the true population parameters
which performs better than the D-efficient design.

According to ML model results, these designs which
were generated specifically for the MNL model may be not

applicable to the advanced ML model, for example, the
orthogonal design. This conclusion is inconsistent with the
conclusions made by Rose and Bliemer based on model
simulation. Compared to the parameter estimation results of
the MNL model based on the D-efficient design with the ML
model under different sample sizes, we find the theoretical
advantages of the D-efficient design were not fully shown in
theMLmodel. But in this paper, we only usedMLmodel; the
other advanced model is not considered.

The preference data obtained from the Bayesian D-
efficient design can be chosen to estimate the MNL model
parameters. The traveler choice behavior in Chengdu-
Longquan corridor was analyzed. These attributes, such
as “cost,” “arrival time,” “in-vehicle time,” and “income,”
can impact significantly the traveler choice behavior. These
results reflect that there are some shortcomings of bus on
convenience and timeliness. Finally, we predict themetro can
handle over 44% passenger flow if the metro will be operated
in the future.
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Vehicles are often caught in dilemma zone when they approach signalized intersections in yellow interval.The existence of dilemma
zone which is significantly influenced by driver behavior seriously affects the efficiency and safety of intersections. This paper
proposes the driver behavior models in yellow interval by logistic regression and fuzzy decision tree modeling, respectively, based
on camera image data. Vehicle’s speed and distance to stop line are considered in logistic regression model, which also brings in
a dummy variable to describe installation of countdown timer display. Fuzzy decision tree model is generated by FID3 algorithm
whose heuristic information is fuzzy information entropy based onmembership functions.This paper concludes that fuzzy decision
tree is more accurate to describe driver behavior at signalized intersection than logistic regression model.

1. Introduction

Yellow interval plays a significant role in the operation and
security of signalized intersections. Traffic accidents in yellow
interval account for more than half of the whole traffic
accidents at signalized intersections according to statistics.
When vehicles approach intersection in the initiation of
yellow, drivers need to make a decision to stop or cross
through according to the state of vehicle, distance to stop line,
vehicle speed, road condition, and other information. The
process is a complexly fuzzy and uncertain decision-making
process belonging to uncertain decision problems.

In recent years, increasing attention has been given to
driver behaviors and decision-making process research in
yellow interval at signalized intersections. Elmitiny et al. [1]
used classification tree models to analyze the probabilities of
stopping or crossing and red-light running associated with
the observed traffic data and concluded that the distance
from the intersection at the onset of yellow, operating
speed, and position in the traffic flow were the most impor-
tant predictors for both the stopping/crossing decision and

red-light running violation. Köll et al. [2] proposed a parking
discrete model, emphasizing the impact of speed, distance,
and time on decision. Through researching, they found
stopping probability was a function of the time a driver
expected he would take to stop line. Papaioannou [3] divided
drivers into conservative, ordinary, and adventurous three
categories and built a binary choice model which calculated
the probability of stopping and crossing considering vehicle
speed, drivers’ age, and gender as well as dilemma zone.
Elmitiny et al. [4] studied driver behavior by decision-making
tree modeling and made correlation analysis with traffic flow
parameters based on camera data including drivers’ decision,
lane position, vehicle type, speed, and weather through a red
light. Moore and Hurwitz [5] proposed fuzzy logic as a tool
for modeling driver behavior in the dilemma zone and three
models related to the speed and position of the vehicles were
developed which could predict driver behavior with a very
high accuracy. Chiou and Chang [6] researched the effects
of green and red vehicle signal countdown display on drivers’
responses and on safety and efficiency aspects which included
late-stopping ratio, start-up delay, and discharge headway.
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Long et al. [7] investigated the impact of countdown timer
on driver behavior after the onset of yellow at signalized
intersections in China. Binary logistical regression analysis
was introduced to compare the difference of driver’s stopping
or crossing decisions at intersections with and without
countdown timer display. Gates andNoyce [8] researched the
influences of vehicle type on various aspects of dilemma zone
driver behavior, including brake response time, deceleration
rate, and red light running occurrence. Hurwitz et al. [9]
characterized driver behavior to understand how and where
drivers made their decision to stop or proceed approaching
a signal and comprehension related to type 2 dilemma zones
for the purpose of defining these boundary conditions.

This paper analyzes the problem of dilemma zone and
researches driver behavior in yellow interval at signalized
intersections based on camera image data. Logistic regression
and fuzzy decision tree are applied to describe driver behavior
in yellow interval, respectively, based on the distance to stop
line, vehicle speed, and installation of countdown timer. The
results show that fuzzy decision tree model is more accurate
to predict drivers’ decision in yellow interval at signalized
intersections. With the knowledge of driver behavior in yel-
low interval, traffic engineers can optimize the signal timing
and decrease the influence of dilemma zone to improve the
efficiency and operations of intersections.

2. Driver Behavior in Yellow
Interval Modeling

The research of driver behavior in yellow interval has sig-
nificant effect on preventing dilemma zone, increasing the
safety and optimizing the signal timing of intersections.
This paper utilizes logistic regression and fuzzy decision tree
methods considering the characteristic of driver behaviors
and compares the prediction precision of the two methods.

2.1. Problem Description. When vehicles approach the sig-
nalized intersections in yellow interval, they are often easily
caught in an area where vehicles can neither stop safely nor
cross through smoothly which is defined as “dilemma zone.”
The notion of dilemma zone was first referenced by Gazis et
al. [10] in their paper in 1960. The zone is often referred to
as type 1 dilemma zone. The reason of this scenario is poor
design of intersections mainly associated with inappropriate
signal timing and unreasonable detector placement.

The second category of dilemma zone was formally
proposed by the Southern Section of ITE [11] in the technical
committee report in 1974. Type 2 dilemma zone is often
referred to as “indecision zone.” Two types of dilemma zone
can be described in Figure 1.

The research of dilemma zone is so important because
the existence of dilemma zone negatively influences the safety
of the intersection. The size of dilemma zone has a close
relationship with vehicle speed, vehicle position, acceleration
and deceleration of vehicles, road conditions, drivers’ own
decisions, and other factors. The choice of drivers has a
greater influence and also has certain relevance with other
factors. Therefore, researching driver behavior models in

Type 1
dilemma zone

Type 2
dilemma zone

Likely
cross

Indecision
zone Likely stop

Max clearing distance

Min stopping distance

Figure 1: Two types of dilemma zone diagram.

yellow interval has great significance for avoiding dilemma
zone and safety of the whole signalized intersections.

2.2. Driver Behavior Models Formulation

2.2.1. Data Collection. In good weather conditions, the data
about related influencing factors of drivers’ behaviors at
the signalized intersection during workday rush hours was
collected with video camera. Firstly, two intersections that
were similar in traffic flow, signal control program, and
geometric condition of roads were chosen in Changchun
which locates in northeast China, but one of them was
installed with a countdown timer display and the other
without. Both of the intersections are on the major arterials
and bicycles and pedestrians have little impact on the vehicle
flow. Only through movements data was considered in this
paper. Signal phases of the intersections are four and yellow
interval is 3 s. Secondly, an approach based on video was used
to collect driver behavior data in yellow interval. The video
camera was placed at a high point contributing to collect
related data. Thirdly, reference lines were marked with 5m
clearance in each intersection approach to acquire accurate
location and speed of the vehicles [7]. Field observation was
made from 7:00 a.m. to 10:00 a.m. on two weekdays at the
intersections.

After the collected data being processed, the distance
from the vehicles to the stop line, the speed, and drivers’
decisionwhen the signal turned yellow at the signalized inter-
section were collected. The scatter diagrams of the collected
data at signalized intersections without and with countdown
timer are shown in Figures 2 and 3, respectively. Drivers’
decision is divided into two categories: cross and stop. It
depends on several factors of which the most important are
the distance to stop line, vehicle speed, and the installation
situation of countdown timer of the intersections.

It is obvious that the distance to stop line is the most
significant factor of driver behaviors in yellow interval from
the collected data. Drivers will choose to cross the intersec-
tion when the distance is less than 10m, whether there is
countdown timer or not. With the increase of distance, the
number of vehicles which choose to pass through intersec-
tions with countdown timer increases. When the distance
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Table 1: Variables in the equation.

𝐵 S.E. Wald df Sig. Exp(𝐵)
Step 1a

V −0.050 0.019 6.885 1 0.009 0.952
𝑑 0.151 0.028 29.759 1 0.000 1.163
𝑡𝑑 −0.082 0.020 16.361 1 0.000 0.921
Constant −1.552 0.445 12.173 1 0.000 0.212

aVariable(s) entered on Step 1: V, 𝑑, and 𝑡𝑑.
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Figure 2: Drivers’ decisions at signalized intersection without
countdown timer in yellow interval.

is farer than 30m, the vehicles which stop behind stop line
increase, especially at intersectionswithout countdown timer.

2.2.2. Binary Logistic Regression Model. The previous stud-
ies [12–14] have shown that drivers’ choice behaviors are
resulting from the joint efforts of various factors during the
yellow phase at the signalized intersection, which presents
a nonlinear relation. Based on the actual data, this paper
builds the drivers’ choice model by means of analyzing statis-
tics, introducing a dummy variable and generating logistic
regression model. The dependent variable is driver’s choice
behavior at yellow signal’s period which is represented by 𝑦,
where 𝑦 = 1 represents that the vehicle chooses to stop and
𝑦 = 0 means that the vehicle is driving into the intersection.
Due to the limitations of data collecting means, only three
main factors are taken into consideration including 𝑑, the
distance from the vehicles to the stop line when the yellow
signal’s turns on, and V representing the vehicle speed and 𝑡
whichmeans the installation of countdown timer display.The
regression model can be represented as follows:

Logit (𝑃) = ln( 𝑃

1 − 𝑃

) = 𝛽
0
+ 𝛽
1
𝑑 + 𝛽
2
V + 𝛽
3
𝑡𝑑, (1)
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Figure 3: Drivers’ decisions at signalized intersection with count-
down timer in yellow interval.

where 𝑃 represents the probability of a driver’s choice of
stopping and𝛽

0
represents the constant of themodel, where𝑑

represents the distance from the vehicle to the stop line and V
is the vehicle’s speed at the moment of yellow signal’s turning
on. Yet 𝑡 is a dummy variable [6] of which 𝑡 = 1means there is
a countdown timer at the signalized intersection while 𝑡 = 0

indicates there is no countdown timer at the intersection.
𝛽
1
∼𝛽
3
are the regression coefficients of each factor.

The probability of vehicle stopping at the moment the
yellow signal is being on at the signalized intersection can be
calculated by

𝑃 (𝑦 = 1) =

𝑒
𝛽0+𝛽1𝑑+𝛽2V+𝛽3𝑡𝑑

1 + 𝑒
𝛽0+𝛽1𝑑+𝛽2V+𝛽3𝑡𝑑

. (2)

Similarly, the probability of vehicle crossing through can
be calculated as

𝑃 (𝑦 = 0) =

1

1 + 𝑒
𝛽0+𝛽1𝑑+𝛽2V+𝛽3𝑡𝑑

. (3)

The logistic regression analysis of collected data could be
observed by employing SPSS 16.0 software. Table 1 shows the
determination of the regression coefficients for each factor in
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(1). It is determined that 𝛽
0
= −1.552, 𝛽

1
= 0.151, and 𝛽

3
=

−0.082 with statistical significance (𝑃 < 0.001). 𝛽
2
= −0.050

is determined with significance 𝑃 < 0.05. These factors all
comply with the validity check under the confidence level
of 5%, suggesting that they all significantly influence drivers’
decision-making.

Therefore, the binary logistic regression model of driver
behavior in yellow interval after calibration can be expressed
with the following formula:

Logit (𝑃) = ln( 𝑃

1 − 𝑃

)

= − 1.552 + 0.151𝑑 − 0.050V − 0.082𝑡𝑑.
(4)

According to the variables in Table 1, drivers’ decisions to
stop behind stop line without and with countdown timer can
be represented using the following two functions:

Without countdown timer:

Logit (𝑃) = −1.552 + 0.151𝑑 − 0.050V.

With countdown timer:

Logit (𝑃) = −1.552 + 0.069𝑑 − 0.050V.

(5)

The probability of vehicle stopping in yellow interval at
signalized intersections can be calculated by (6). Therefore,
the probability of stopping at signalized intersections without
and with countdown timer display can be calculated as in (7)
and (8), respectively:

𝑃 (𝑦 = 1) =

𝑒
−1.552+0.151𝑑−0.050V−0.082𝑡𝑑

1 + 𝑒
−1.552+0.151𝑑−0.050V−0.082𝑡𝑑 .

(6)

Without countdown timer:

𝑃 (𝑦 = 1) =

𝑒
−1.552+0.151𝑑−0.050V

1 + 𝑒
−1.552+0.151𝑑−0.050V .

(7)

With countdown timer:

𝑃 (𝑦 = 1) =

𝑒
−1.552+0.069𝑑−0.050V

1 + 𝑒
−1.552+0.069𝑑−0.050V .

(8)

Vehicles’ stopping probabilities based on vehicle speed
and distance to stop line at intersections without and with
countdown timer are plotted in Figures 4 and 5. We can
conclude that the probability of stopping at intersections
without countdown timer is higher than that with countdown
timer in yellow interval when the vehicles are at the same
distance and speed.

2.2.3. Fuzzy Decision Model. Firstly, we classify the influ-
encing factors according to the principle of fuzzy decision
tree and then set the membership functions [5, 15, 16] of
each category based on the survey data and subsequently
obfuscate the collected data [16]. Therefore, fuzzy rules could
be established and finally the decision tree of driver behavior
combined with fuzzy information entropy principle could be
got.
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Figure 4: Vehicle stopping probability at the intersection without
countdown timer.
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Figure 5: Vehicle stopping probability at the intersection with
countdown timer.

In fact, the data is randomly divided into two groups
of which one is for model generation and the other is for
model prediction. First of all, the data is preprocessed and the
nonnormal data is excluded. Obfuscating the data, the paper
sets up three attributes, namely, installing countdown timer
or not and the speed of the vehicle and its distance away from
the stop line.The fuzzy sets are characterized by membership
functions as in (9). A fuzzy set can be defined as (10):

𝜇
𝐴
(𝑥) :𝑋 → [0, 1] , (9)

𝐴 = {(𝑥, 𝜇
𝐴
(𝑥)) | 𝑥 ∈ 𝜒} . (10)

Membership function is represented by idealized straight
line. Based ondifferent purposes, there are usually three kinds
of membership functions, that is, triangular membership
function, trapezoidal membership function, and Gaussian
membership function. The paper adopts the triangle mem-
bership function according to the survey results because of
its easy implementation and mathematical simplicity.
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The main idea of fuzzy logic is using a value to represent
the truth on the closed interval, where the classical true value
is represented by 1 and the classical false value is represented
by 0. The varying of truth degrees is indicated by values in
(0, 1).

The vehicle speed is divided into three categories: low
speed, medium speed, and high speed in the development
process. Fuzzy variable is uncertain which means it is not
a fixed number to describe low, medium, and high but an
interval. The concerned speed domain is 55 km/h and it is
divided into 11 subsets of which each interval is 5 km/h. The
interval we define to describe low speed is (0, 30), similarly
(10, 40) for medium speed and (30, 45) for high speed. The
distance to stop line is also divided into three categories:
close distance, medium distance, and far distance [5]. The
concerned distance domain is 45m and is divided into 9
subsets of which each interval is 5m. The interval defined to
describe close distance is (0, 20), (5, 25) for medium distance,
and (20, 35) for far distance.

The fuzzy subsets and memberships of vehicle speed and
distance to stop line at the moment yellow light starts are
developed in Tables 2 and 3. The membership functions
of the vehicle speed and distance are listed in Figures 6
and 7, respectively, formulating the triangular membership
function.

Drivers’ decision can be divided into two cases that
stop behind stop line and cross through intersection which
are represented by 𝐷

1
and 𝐷

2
, respectively. The attribute

of countdown timer’s installing situation is 𝐵1; possessing
two attributes and their attribute sets is marked by {𝐾

1
, 𝐾
2
},

where 𝐾
1
represents the intersection without countdown

timer while𝐾
2
means conversely of which the corresponding

membership functions are represented by 𝜇
𝐾1

and 𝜇
𝐾2
,

respectively. The vehicle speed is recorded by attribute 𝐵2
which is divided into three cases, namely, slow, medium, and
high, according to the survey data and experience marked
as {𝑇
1
, 𝑇
2
, 𝑇
3
} whose corresponding membership functions

are 𝜇
𝑇1
, 𝜇
𝑇2
, and 𝜇

𝑇3
separately. The attribute of the vehicle

distance to the stop line is 𝐵3 denoted by three descriptions
(close, medium, and far) and expressed as {𝑀

1
,𝑀
2
,𝑀
3
}

whose corresponding membership functions are 𝜇
𝑀1

, 𝜇
𝑀2

,
and 𝜇

𝑀3
.

It is easy to get driver decision-making index based on the
collected samples using membership functions, partly shown
in Table 4. According to the definition of fuzzy information
entropy, calculate fuzzy information entropy of each attribute
and generate the decision tree model.

Given a data set 𝐶 with associated fuzzy attributes
set {𝐵

1
, 𝐵
2
, 𝐵
3
}, the value of attribute 𝐵

𝑖 is 𝑇(𝐵
𝑖
) =

{𝑇
𝑖

1
, 𝑇
𝑖

2
, . . . , 𝑇

𝑖

𝑚𝑗
}. The fuzzy information entropy of 𝐵𝑖 related

to 𝐶 is represented by FE(𝐶, 𝐵𝑖) which can be calculated by
(11). The fuzzy information entropy of fuzzy subset 𝐶

𝐹𝑗
can

be calculated by (12):

FE (𝐶, 𝐵𝑖) =
𝑚𝑖

∑

𝑗=1

𝑀(𝐶 ∩ 𝑇
(𝑖)

𝑗
)

∑
𝑚𝑖

𝑗=1
𝑀(𝐶 ∩ 𝑇

(𝑖)

𝑗
)

FE (𝐶
𝐹𝑗
) , (11)

Table 2: Fuzzy subsets and membership function for vehicle-speed.

Fuzzy subsets Membership function

Low speed 𝑓
𝑣
=

{
{
{
{

{
{
{
{

{

1.0 (𝑣 ≤ 10)

1.5 −

1

20

𝑣 (10 < 𝑣 ≤ 30)

0 (𝑣 > 30)

Medium speed 𝑓
𝑣
=

{
{
{
{
{
{
{

{
{
{
{
{
{
{

{

0 (𝑣 ≤ 10)

−0.67 +

1

15

𝑣 (10 < 𝑣 ≤ 25)

2.67 −

1

15

𝑣 (25 < 𝑣 ≤ 40)

0 (𝑣 > 40)

High speed 𝑓
𝑣
=

{
{
{
{

{
{
{
{

{

0 (𝑣 ≤ 30)

−2 +

1

15

𝑣 (30 < 𝑣 ≤ 45)

1 (𝑣 > 45)

Table 3: Fuzzy subsets and membership function for vehicle-
distance.

Fuzzy subsets Membership function

Close distance 𝑓
𝑑
=

{
{
{
{

{
{
{
{

{

1.0 (𝑑 ≤ 5)

1.33 −

1

15

𝑑 (5 < 𝑑 ≤ 20)

0 (𝑑 > 20)

Medium distance 𝑓
𝑑
=

{
{
{
{
{
{
{

{
{
{
{
{
{
{

{

0 (𝑑 ≤ 5)

−0.5 +

1

10

𝑑 (5 < 𝑑 ≤ 15)

2.5 −

1

10

𝑑 (15 < 𝑑 ≤ 25)

0 (𝑑 > 25)

Far distance 𝑓
𝑑
=

{
{
{
{

{
{
{
{

{

0 (𝑑 ≤ 20)

−1.33 +

1

15

𝑑 (20 < 𝑑 ≤ 35)

1 (𝑑 > 35)

FE (𝐶
𝐹𝑗
) = −

𝐿

∑

𝑙=1

𝑀(𝐶
𝐹𝑗
∩ 𝐷
𝑙
)

𝑀(𝐶
𝐹𝑗
)

𝑙𝑏(

𝑀(𝐶
𝐹𝑗
∩ 𝐷
𝑙
)

𝑀(𝐶
𝐹𝑗
)

) . (12)

We use𝑀(𝐶 ∩ 𝑇
(𝑙)

𝑗
) to represent the sum of membership

degrees where the value of attribute 𝐵𝑖 is 𝑇(𝑙)
𝑗

and 𝑀(𝐶
𝐹𝑗
)

indicates the base of fuzzy subset 𝐶
𝐹𝑗

which is the sum of
all membership degrees. The steps of building decision tree
using the theory of fuzzy information entropy are as follows.

Step 1. According to the collected data, calculate the fuzzy
information entropies of each attribute and fuzzy subset.
The fuzzy information entropy computation results of fuzzy
subset 𝐶

𝐹𝑗
are shown in Table 5.
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Table 4: Fuzzy data set of driver decision index.

Number 𝐵
1

𝐵
2

𝐵
3

𝐷

𝐾
1

𝐾
2

𝑇
1

𝑇
2

𝑇
3

𝑀
1

𝑀
2

𝑀
3

1 0 1 1.00 0.00 0.00 0.80 0.30 0.00 𝐷
1

2 1 0 1.00 0.00 0.00 0.40 0.90 0.00 𝐷
2

3 0 1 0.75 0.33 0.00 0.93 0.10 0.00 𝐷
1

Table 5: The fuzzy information entropy of fuzzy subset.

Attribute 𝐵
1

𝐵
2

𝐵
3

𝐾
1

𝐾
2

𝑇
1

𝑇
2

𝑇
3

𝑀
1

𝑀
2

𝑀
3

FE(𝐶
𝐹𝑗
) 0.9896 0.7950 0.9245 0.8469 0.9370 0.6749 0.8836 0.9962
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Figure 6: The membership function of vehicle speed.

Then the fuzzy information entropy of every attribute
related to the data set can be calculated. The results are as
follows:

FE (𝐶, 𝐵1) = 0.8680,

FE (𝐶, 𝐵2) = 0.8905,

FE (𝐶, 𝐵3) = 0.8250.

(13)

Step 2. Choose the attribute, the distance to stop line 𝐵3
which has the minimum fuzzy information entropy as the
root node of the whole decision tree.

Step 3. Select the element whose membership degree is
greater than the threshold value 𝛼 decided by membership
functions to constitute a new fuzzy subclass set which gener-
ates a child node of the current node from the corresponding
fuzzy set of the current attribute description for each node.
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Figure 7: The membership function of vehicle distance from stop
line.

Step 4. The fuzzy decision tree is complete if all the elements
in their fuzzy subclass sets possess the same class attribute or
all the nodes from the root node to the current branch are
set to the leaf nodes for each child node of the current node.
Otherwise, choose the attribute unused which possesses the
minimal information entropy as the child node and set the
child node as the current node and return to Step 3.

We can get the fuzzy decision tree based on the above
steps in Figure 8. From Figure 8, part of the fuzzy rules can
be easily concluded as follows.

Rule 1. If 𝐵3 attaches to 𝑀
1
(𝜇
13
> 𝛼) and 𝐷 attaches to 𝐷

1
,

the vehicle will cross the intersection.

Rule 2. If 𝐵3 attaches to 𝑀
2
(𝜇
22

> 𝛼) and 𝐵
1 attaches to

𝐾
2
(𝜇
12
= 1),𝐷will attach to𝐷

1
whichmeans that the vehicle

will cross the intersection.
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Figure 8: Fuzzy decision tree of driver behavior in yellow interval.

Table 6: Prediction of logistic regression model.

Predicted
Observed 𝑦 Percentage correct

0 1

Step 1 𝑦

0 (cross) 125 12 91.2
1 (stop) 27 36 57.1

Overall percentage 80.5

Rule 3. If 𝐵3 attaches to𝑀
2
(𝜇
22
> 𝛼), 𝐵1 attaches to𝐾

1
(𝜇
11
=

1), and 𝐵
2 attaches to 𝑇

1
(𝜇
31

> 𝛼), 𝐷 will attach to 𝐷
2

which means that the vehicle will stop behind stop line at the
intersection.

3. Comparison of Two Models

To summarize, the prediction accuracy of the two models
above is compared.The prediction result of logistic regression
model is shown in Table 6 and fuzzy decision tree model is
shown in Table 7 in view of the test sample.

From the two result tables of twomodels, it could be easily
concluded that the prediction accuracy of the fuzzy decision
tree model is two percent higher than that of the logistic
regression model which suggests the fuzzy decision tree
model can better reflect driver’s decision-making behavior
during the yellow interval on the whole. However, the logistic
regression model is better in predicting vehicles’ crossing
through behavior at the intersections than fuzzy decision
tree model which is more accurate in predicting drivers’
stopping decision. Both of the two models perform badly in
predicting stopping behavior of vehicles which fully suggests
that stopping behavior is more discrete.

4. Conclusions

Thispaper builds the drivers’ choice behaviormodels by using
logistic regression and fuzzy decision method during the
yellow interval based on the collected data. A dummyvariable
is introduced as well as two basic factors, namely, the distance
of vehicles’ position to the stop line and the speed taken
into consideration to build the logistic regression model.
The probability of vehicles’ stopping at the intersection
without countdown timer display is greater than that of the

Table 7: Prediction of fuzzy decision tree model.

Predicted
Observed 𝑦 Percentage correct

0 1

𝑦

0 (cross) 122 15 89.1
1 (stop) 20 43 68.3

Overall percentage 82.5

intersection with countdown timer display. By building the
decision tree model, it is found that distance from the vehicle
to the stop line has the greatest influence on drivers’ decision-
making. Besides, the prediction accuracy of fuzzy decision
tree model is higher than that of logistic regression model
after comparing two models. The study on drivers’ behavior
model enables engineers’ better understanding about drivers’
decision in yellow interval so as tomake a better optimization
in the signal timing of signalized intersection and take
measures to reduce the influence of dilemma zone.

In this paper, only leading vehicles approaching the
intersections in yellow phase are researched in order to get
rid of the influence of car following and other interference
from other vehicles. Because of the limitations, it is advisable
to take car following behavior and more factors into consid-
eration with more field data collection efforts in the future
research.
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Capacity is an important design parameter for roundabouts, and it is the premise of computing their delay and queue. Roundabout
capacity has been studied for decades, and empirical regression model and gap-acceptance model are the two main methods to
predict it. Based on gap-acceptance theory, by considering the effect of limited priority, especially the relationship between limited
priority factor and critical gap, amodifiedmodel was built to predict the roundabout capacity.We then compare the results between
Raff ’s method and maximum likelihood estimation (MLE) method, and the MLE method was used to predict the critical gaps.
Finally, the predicted capacities from different models were compared, with the observed capacity by field surveys, which verifies
the performance of the proposed model.

1. Introduction

Roundabouts are popular in recent years, according to
statistics; there are over 2000 roundabouts in the US and
Canada as of April 2010 [1]. And more and more scholars
have paid their attention to roundabouts fromdifferent views,
such as capacity, safety, and performance. Capacity is the
maximumpossible throughput of the traffic facility [2], and it
is a determinant parameter for other performance measures,
such as delay and queue.Thus, there are a lot of researches on
this, especially on capacity model [3–8].

The entry capacity is the maximum throughput of the
entry vehicles under specific geometric and traffic conditions.
Until now, there have been lots of capacity models, which
could fall into two categories: empirical regression model
and gap-acceptance model [9]. According to previous anal-
ysis, the former has good applicability in locality but poor
transferability, and its establishment needs mass data. Al-
Madani [10] established an empirical model during heavy
demand conditions, which considered eight factors such as
number of entry lanes and radius of central island, whilst
the latter has a systematic and theoretical basis, but usually
oversimplifies the field conditions, and is dependent on some
assumptions (e.g., the headway distribution of the major
road). Kimber [11] analyzed the gap-acceptance model in

major-minor priority junction and summarized the merits
and drawbacks of thismethod. Chung et al. [12] compared the
capacity model in SR45 and SIDRA, which were both based
on gap-acceptance theory. Considering the pseudo-conflicts,
Fortuijn [13] revised the conflict volumes by introducing
some proportion of exiting vehicles and derived a new gap-
acceptancemodel for turbo-roundabout. Bymodifying Raff ’s
method, Guo and Lin [14] updated the capacity model on the
basis of gap-acceptance theory.

In gap-acceptance theory, critical gap is one of the most
important parameters, which impacts the predictive accuracy
directly. And numbers of researchers have discussed the
estimationmethods and critical values fromdifferent aspects.
Considering the punch size of the follow-up vehicles, Khatib
[15] built a regression model for the critical gap by field
data at multilane roundabouts. Flannery and Datta [16] used
log-normal distribution to depict the gap-acceptance process
and discussed the different distribution patterns. Besides, the
probability method was used in the critical gap estimation
at roundabout, and move-up times were collected according
to the dominant entry lane and subdominant entry lane
[3]. Some studies showed that the number of lanes has an
influence on the performance [17–19]. Hainen [20] obtained
the critical headway of roundabouts by means of wireless
magnetometers. Abrams et al. [21] collected the spatial and
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Figure 1: Gap-acceptance process in the different type of intersections.

temporal headway and estimated the critical gap from these
two aspects. Moreover, others considered the effect of the
influence factors on critical gap. Considering the percentages
of trucks, Lee [22] adjusted the critical gap and follow-
up time by distinguishing different vehicles type, which is
more accurate. Then an investigation was made as four-year
period, it was found that the critical gap reduced because
of higher driver familiarity [23]. Polus [24] put forward the
critical gapmodel that considered the effect of waiting time at
roundabouts and improved the entry capacity model. Xu and
Tian [25, 26] found that the circulating flow rate and speed
are the main factors influenced by the critical gap and follow-
up time. And by data collecting at roundabouts, the result
showed that the critical gap of the left-turning lane is larger
than the right-turning lane’s.

Under high flow conditions, some minor vehicles may
force their way into the major streams; meanwhile the major
vehicles would slow, which was named limited priority by
Troutbeck [27]. And Troutbeck and Kako found that the
limited priority merge has a significant effect on the entry
capacity at two-lane roundabouts [28]. The limited priority
term was derived. Ma et al. [29] also studied the limited
priority merge in the major-minor intersections.

Although the studies on roundabouts overseas are quite
a lot, it is still in its infancy in China. In recent years, more
and more domestic scholars have studied the roundabouts,
but the research was limited in a small range, that is, signal
timing at roundabouts, and the operational characteristics at
roundabouts. Wang et al. [30–32] discussed the capacity of
roundabouts and provided some reference for future studies.
Considering the limited priority in capacity prediction at
modern multilane roundabouts and through analyzing the
relation between limited priority factor and critical gap,
the comprehensive effects of the two on capacity would be
obtained. The headway distribution of the circulating lanes
will be discussed by considering the limited priority. Then,
combining the number of the circulating lanes, a new capacity
model could be derived.

This paper is designed as follows. Section 2 introduces
the gap-acceptance theory in the unsignalized intersections
and the limited priority under high volume conditions. Then
the relation analysis between the limited priority term and
critical gap at roundabouts is discussed in Section 3. And the
headway distribution of the circulating lanes is also discussed;
then the capacity model is derived based on gap-acceptance
theory. Following the estimation methods to the critical gap
are compared in Section 4. Then the proposed model is
compared with some classical capacity model and discussed
with the field observations in Section 5. Finally, Section 6
gives the conclusions and points out the future works.

2. Applicability Analysis of Fundamental
Theories on Multilane Roundabouts

This part mainly depicts two theories at roundabout, that
is, gap-acceptance theory and limited priority theory. Com-
bined with the operational characteristics of the multilane
roundabouts, an applicability analysis was conducted to
verify the suitability of the two theories.

2.1. Gap-AcceptanceTheory at Roundabouts. Gap-acceptance
theory was originally applied to traditional unsignalized
intersections. Generally, there aremajor road andminor road
for the two-way stop-controlled (TWSC) or two-way yield-
controlled (TWYC) intersections. And the vehicles from the
minor road enter the intersection during the gaps formed
by the major streams. Because there are “give-way” rules at
the roundabouts, it is analogous to the TWSC intersections.
But the geometries of the roundabouts are different from
traditional intersections, so it may have some difference in
entry process, shown as in Figure 1.

As shown in Figure 1(a), the vehicles in the minor road
need to cross over the major flows. But, in Figure 1(b), the
entry vehicles only need to converge into the circulating
streams, which is similar to the convergence behavior on the
ramp. Assuming that the mean speed of vehicles at TWSC
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Figure 2: Limited priority percentage under different traffic status.

intersection is V
1
and the distance between stop line and

conflict line is 𝑆
1
, thus, the cross time is (𝑆

1
+ 𝐿)/V

1
(𝐿 is the

vehicle length). For the same analysis tomodern roundabout,
the entry time is (𝑆

2
+ 𝐿)/V

2
(𝑆
2
is the distance between stop

line and merging point at roundabout, and V
2
is mean entry

speed of vehicles at roundabout). Clearly, the difference in
geometry leads to the different travel distance. Meanwhile,
the entry speed from the stop line is different.Thus, the entry
time of the two types of intersections is different. Of course,
there will be inserting behaviors if there are two or more
circulating lanes. Thus, at a micro level, the critical gap may
have some differences, and it shows the necessity to calibrate
parameters by field observations additionally.

2.2. Limited Priority at Roundabouts. Troutbeck proposed
that the minor-stream vehicles forced the major-stream
vehicles to slow in the high volumes, and it will occur in the
roundabout by filed observations [28]. The results showed
that the ratio of forced gap was more than 9% under high
volumes and less than 3%under low ones. Because the drivers
in different countries have different driving behaviors, a field
survey is made in Changchun, China, consequently.The data
were collected at a three-lane roundabout in Changchun
city during peak hours. There are three circulating lanes
in the roundabout, and the condition during survey period
was normal. Fifteen-minute data sets were extracted for
this analysis. If the circulating vehicles decelerate before the
conflict area, there is a limited priority event. Summing up
the statistic results, the percentages of the limited priority in
different traffic status are obtained, as shown in Figure 2.

As can be seen from Figure 2, when circulating flow rate
reach a certain degree, the percentage of limited priority
will rise with the circulating volumes increasing. And from
the field observation, it is found that there exist some
adventurous drivers in Changchun city, which often forced
the circulating vehicles to slow, even if the circulating flow
rate is low. Although this verifies the existence of limited
priority phenomenon, a comprehensive influence coefficient
needs to be established, which can change with the varied
conditions. To prove this phenomenon further, the speed and

headway before and after merging were surveyed; the differ-
ence distribution could be obtained as shown in Figure 3. It
is noted that the data were collected in one lane, and one is
obtained in the upstream of the circulating lane; another is
obtained in the merging area.

From Figure 3, it can be seen that the speed and headway
between the upstream and merging area both have some
changes. In Figure 3(a), the most of the speed difference
centers on zero, and some are located on the right side.
Similarly, the headway also has the same effect; however, it
has left truncation. Both of them reflected that some vehicles
in circulating lane slow before the merging area.

Above all, by analyzing and observing the multilane
roundabout, applicability of limited priority gap-acceptance
theory is verified.

3. Capacity Modeling

Considering the limited priority at multilane roundabouts,
some parameters were analyzed in this part. Then combined
with limited priority gap-acceptance theory, a modified
model is derived.

3.1. Relation Analysis. From the above, it is known that
the limited priority phenomenon existed in the round-
abouts. By field observations, the limited priority percentage
was obtained, but it did not suit accurate calculation and
lacked portability for other roundabouts. Assuming that the
upstream of themajor stream obeys Cowan’sM3 distribution,
the model of limited priority term (𝐶) was derived by
Troutbeck [27], as shown in (1). From this, 𝐶 is mainly
determined by three parameters, that is, critical gap (𝑡

𝑐
),

follow-up time (𝑡
𝑓
), and the minimum headway (𝜏). He also

pointed that the limited priority will occur when the critical
gap is less than the sum of follow-up time and the minimum
headway. Among them, 𝑡

𝑓
and 𝜏 are usually measured during

the saturation periods, or the continuous queue occurs at the
entry approach. But the critical gaps could not be measured
directly, which is usually estimated with some estimation
methods. And another parameter in (1) is 𝜆, which depicts
the intensity of proportion of free vehicles on the traffic flow
in Cowan’s M3 model, also named decay constant. In order
to obtain the interrelations among these parameters, assume
that the 𝑡

𝑓
and 𝜏 are constant; then analyze the relations of

other parameters based on (1), and we obtained the changes
of 𝐶 with 𝜆 and 𝑡

𝑐
. The result was shown as in Figure 4:

𝐶 =

1 − 𝑒
−𝜆𝑡𝑓

[1 − 𝑒
−𝜆(𝑡𝑐−𝜏) − 𝜆 (𝑡

𝑐
− 𝑡
𝑓
− 𝜏) 𝑒

−𝜆(𝑡𝑐−𝜏)]

, (1)

where 𝜆 is decay constant, usually equal to 𝛼𝑞/(1 − 𝜏𝑞), and
𝛼 is the proportion of free vehicles.

In Figure 4, the tendency of 𝐶 is varied with 𝜆 and 𝑡
𝑐
. On

the one hand, when 𝑡
𝑐
is relatively large (of course, it will not

exceed the sum of 𝑡
𝑓
and 𝜏), the decrease of 𝐶 is not obvious.

With the reduction of the 𝑡
𝑐
, the decrease tendency is more

sharp. The smaller the 𝑡
𝑐
, the sharper the tendency. On the

other hand, when 𝜆 do not change, 𝐶 will rise with the 𝑡
𝑐

depressed.
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Figure 3: The difference distribution of speed and headway.
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With the limited priority factor, a corresponding capacity
model of single lane was also put forward [27], as shown in
the following:

Cap =
𝛼𝐶𝑞𝑒
−𝜆(𝑡𝑐−𝜏)

1 − 𝑒
−𝜆𝑡𝑓

, (2)

where Cap is capacity of single lane.
As can be seen from (2), there is a positive correlation

between Cap and 𝐶 and a negative correlation between Cap
and 𝑡

𝑐
, whereas 𝐶 varies from 0 to 1, which reduces the

original capacity. According to common sense, the capacity
will raise considering the limited priority. In addition, 𝐶 is a
function of 𝑡

𝑐
, as shown in (1). To obtain the comprehensive

relations among these parameters, combined with the results
of Figure 4, we studied the entry capacity with the changes of
𝑡
𝑐
; the result was shown in Figure 5. It can be seen that, in the
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same conflicting volume, the entry capacity will reduce with
the 𝑡
𝑐
increasing. To analyze it further, if the limited priority is

considered, the critical gap will reduce because of the forcing
stream; thus even if the 𝐶 is less than 1, the result of capacity
will still increase. This result is consistent with the realities;
thus Troutbeck’s model was used in this paper.

3.2.HeadwayDistribution of Circulating Lanes. Headway dis-
tribution is as an important assumption in the gap-acceptance
theory. Applying the different headway distribution models,
the different prediction capacity will be obtained. Generally,
the negative exponential distribution, the shifted-negative-
exponential distribution, and Cowan’s M3 distribution are
the most popular models in traffic analysis. But the first
two are applicable to free flows, and the last one is mainly
applicable to the dichotomy flows. Though Cowan’s M4
distribution is more accurate, some proposed that the more
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Figure 6: Cumulative probability density at the roundabout.

realistic headway distributions are not significantly more
accurate. Luttinen [40] dissected the properties of Cowan’s
M3 distribution and detailed the estimation method to the
parameters. Besides, Cowan’sM3distributionmodel has been
proved a good performance at roundabouts. Hagring et al.
[41] divided two types of Cowan’s M3 distribution, M31 and
M32, and found that M32 was closer to the real capacity
of two-lane roundabouts. Giuffrè et al. [42] compared the
performance between turbo-roundabout and double-lane
roundabout, assuming that the headway of circulating lanes
obeyed Cowan’s M3 distribution. Xiang et al. [31] assumed
the two flows as an equivalent flow and derived the approach
capacity treating the vehicles of the left lane and right lane,
respectively.

In this paper, considering the effect of limited priority,
the circulating vehicles will decelerate, and the parameters
of headway distribution may change. In order to obtain
accurate headway distribution, an investigation was made
to the multilane roundabouts in the high flows, and the
cumulative probability curves are shown in Figure 6. The
six different sites were selected, and all located at before the
merging area.

If the circulating vehicles slow to cooperate on the
forcing vehicles, the headway of circulating streams near the
merging area will also change. Combined with the merging
opportunity in the limited priority [27], Troutbeck derived
themodified gap distributionmodel before themerging area,
as shown in the following:

𝐹 (𝑡) = 1 − 𝛼𝐶𝑒
−𝜆(𝑡−𝜏)

, 𝑡 ≥ 𝜏. (3)

There are many models to describe the proportion of
free vehicles (𝛼) [40, 43, 44], as shown in Table 1. And it is
determined mainly by the circulating volume (𝑞

𝑐
) and the

minimum headway (𝜏). To show themmore straightforward,
Figure 7 is obtained as follows. From this figure, it can be seen
that different models have different performance. When the
traffic volume is 500 pcu/h, the difference between Plank and
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Figure 7: Comparisons of the different models of proportion of free
vehicles.
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Figure 8: Comparisons of the different models of decay constant.

Brilon’s result could reach 0.462, and it will make the capacity
larger in difference.

In Cowan’s M3 distribution, the decay constant (𝜆) is
also an important parameter, indicating the intensity of
proportion of free vehicles on the traffic flow. And it is
generally expressed as 𝛼qc/(1−𝜏q𝑐). If different models of
𝛼 are used, the 𝜆 will also change. The variation of the 𝜆
with the traffic flows is shown in Figure 8. Then, combined
with Figures 7 and 8, Troutbeck’s model was selected in the
following research.

By field observation, themodifiedCowanM3distribution
could be used to fit the headway distribution before the
merging area. Comparing with Cowan’s M3 distribution,
the curve of modified model is closer to the empirical
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Table 1: Different models of proportion of free vehicles.

Proposer Model Note
Tanner (1962) [33] 𝛼 = 1 − 𝜏𝑞

𝑐

Akcelik (1998) [34] 𝛼 = 0.75 (1 − 𝜏𝑞
𝑐
)

Sullivan (1997) [35] 𝛼 = 0.8 − 0.0005 (

𝑄
𝑐

𝑛

) 𝑄
𝑐
< 1600 veh/h/lane

Brilon (1988) [36] 𝛼 = 𝑒
−𝐴𝑞𝑐

𝐴 ∈ [6, 9]

Akcelik and Chung (1994) [37] 𝛼 = 𝑒
−𝑏𝜏𝑞𝑐

𝑏 = 2.5, 𝜏 = 2 (lane = 1), 𝜏 = 1.2 (lane = 2)
Plank (1982) [38] 𝛼 = 1 − 𝜏

2
𝑞
2

𝑐
(3 − 2𝜏𝑞

𝑐
)

Hagring (1998) [39] 𝛼 = 0.910 − 1.156𝑞
𝑐
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Figure 9: Comparisons of the different distribution models.

distribution curve, as shown in Figure 9. And from this, we
can see that the modified model is better in the shorter
headway than the original one.

In this part, the modified headway distribution was
proved a better goodness of fit to themerging headway in high
flow. Based on this equation, the derivation of capacity model
of multilane approach is proposed next.

3.3.Model Derivation. From the above analysis, the impact of
the limited priority on multilane roundabouts is expressed.
Combined with the actual situation of multilane round-
abouts, the derivation of capacity model is introduced in the
following.

Assumptions

(1) The circulating flows obey the modification of
Cowan’s M3 model above.

(2) The drivers of entry approach have homogeneity and
consistency.

(3) The lane-changing behavior is prohibited in the cir-
culating areas.

(4) The circulating vehicles in different lanes are indepen-
dent of each other and obey the same distribution.

In addition, the entry vehicles may be influenced by
the exiting vehicles in the same leg at some roundabouts
[4]. However, it only occurs in some certain situations; for
example, the diameter of central island is small or the splitter
island is too narrow. And field surveys showed that the
vehicles would use the indicators when entered in or exited
out from roundabouts in Changchun city, coupled with the
larger island diameter; thus, the impact of exiting vehicles
to entry capacity could be negligible in this research. Based
on the above assumptions, the derivation process is listed as
follows.

As per the extended process of Tanner’s formula by
Hagring at unsignalized intersection [39],𝐻(ℎ) indicates the
headway distribution, and 𝐿(𝑙) indicates the lag distribution.
And the capital letter denotes the cumulative distribution
function; the lowercase letter denotes the probability density
function. 𝐻

𝑖
is the headway distribution of lane 𝑖, and 𝐻

represents the headway distribution of 𝑛 lanes. Similarly, 𝐿
𝑖

is the lag distribution of lane 𝑖, and 𝐿 represents the lag
distribution of 𝑛 lanes. And the headway distribution of lane
𝑖 is expressed as (3), so the derivation process is following.

As per Haight [45], the lag density function of circulating
lane 𝑖 is

𝑙
𝑖
(𝑡) = 𝑞

𝑖
(1 − 𝐻

𝑖
(𝑡)) . (4)

Combining (3) and (4), one can obtain that

𝑙
𝑖
(𝑡) = 𝑞

𝑖
𝛼
𝑖
𝐶
𝑖
𝑒
−𝜆𝑖(𝑡−𝜏𝑖)

, 𝑡 ≥ 𝜏
𝑖
. (5)

Thus one can obtain the lag distribution function of
circulating lane 𝑖:

𝐿
𝑖
(𝑡) = 1 −

𝑞
𝑖
𝛼
𝑖
𝐶
𝑖
𝑒
−𝜆𝑖(𝑡−𝜏𝑖)

𝜆
𝑖

, 𝑡 ≥ 𝜏
𝑖
. (6)

The relationship of lag distribution function between the
whole circulating lanes and a single lane is [39]

1 − 𝐿 (𝑡) = ∏

𝑖

(1 − 𝐿
𝑖
(𝑡)) , 𝑡 ≥ 𝜏

𝑖
. (7)

Then combining (6) and (7), one can obtain the distribu-
tion of 𝑛-lane:

𝐿 (𝑡) = 1 −∏

𝑖

𝑞
𝑖
𝛼
𝑖
𝐶
𝑖

𝜆
𝑖

∏

𝑖

𝑒
−𝜆𝑖(𝑡−𝜏𝑖)

, 𝑡 ≥ 𝜏
𝑖
. (8)
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Thus, the lag density function of 𝑛-lane is

𝑙 (𝑡) = ∑

𝑖

𝜆
𝑖
∏

𝑖

𝑞
𝑖
𝛼
𝑖
𝐶
𝑖

𝜆
𝑖

∏

𝑖

𝑒
−𝜆𝑖(𝑡−𝜏𝑖)

, 𝑡 ≥ 𝜏
𝑖
. (9)

Using the relationship of lag density function and the
headway distribution headway once again, that is, combining
(9) and (4), one can obtain that

𝐻(𝑡) = 1 −

∑
𝑖
𝜆
𝑖

∑
𝑖
𝑞
𝑖

∏

𝑖

𝑞
𝑖
𝛼
𝑖
𝐶
𝑖

𝜆
𝑖

∏

𝑖

𝑒
−𝜆𝑖(𝑡−𝜏𝑖)

, 𝑡 ≥ 𝜏
𝑖
. (10)

Using (7), (8), and (10), one can obtain that

1 − 𝐻 (𝑡) =

∑
𝑖
𝜆
𝑖

∑
𝑖
𝑞
𝑖

∏

𝑖

(1 − 𝐿
𝑖
(𝑡)) , 𝑡 ≥ 𝜏

𝑖
. (11)

As per Hagring, if every lane has one certain value, ⃗𝑡 =
(𝑡
1
, 𝑡
2
, . . . , 𝑡

𝑛
). And the distribution function can be expressed

as

𝐻(

⇀

𝑡 ) = 1 −

∑
𝑖
𝜆
𝑖

∑
𝑖
𝑞
𝑖

∏

𝑖

𝑞
𝑖
𝛼
𝑖
𝐶
𝑖

𝜆
𝑖

∏

𝑖

𝑒
−𝜆𝑗(𝑡𝑗−𝜏𝑗)

, 𝑡
𝑗
≥ 𝜏
𝑗
. (12)

To simplify, define 𝜂
𝑛
= (∑
𝑖
𝜆
𝑖
/∑
𝑖
𝑞
𝑖
)∏
𝑖
(𝑞
𝑖
𝛼
𝑖
𝐶
𝑖
/𝜆
𝑖
); let 𝑡

𝑐𝑖

and 𝑡
𝑓𝑖
denote the critical gap and the follow-up time of lane 𝑖.

For an 𝑛-lane road, the probability of 𝑘 vehicles crossing all
lanes is [39]

𝑝 (𝑘) = 𝐻(𝑡
𝑐1
+ 𝑘𝑡
𝑓1
, 𝑡
𝑐2
+ 𝑘𝑡
𝑓2
, . . . , 𝑡

𝑐𝑛
+ 𝑘𝑡
𝑓𝑛
)

− 𝐻(𝑡
𝑐1
+ (𝑘 − 1) 𝑡

𝑓1
, 𝑡
𝑐2
+ (𝑘 − 1) 𝑡

𝑓2
, . . . , 𝑡

𝑐𝑛

+ (𝑘 − 1) 𝑡
𝑓𝑛
) .

(13)

Combining (12) and (13), one can obtain that

𝑝 (𝑘) = 𝜂
𝑛
𝑒
−∑
𝑗
𝜆𝑗(𝑡𝑐𝑖−𝜏𝑗)

∗ (𝑒
−(𝑘−1)∑

𝑗
𝜆𝑗𝑡𝑓𝑗

− 𝑒
−𝑘∑
𝑗
𝜆𝑗𝑡𝑓𝑗

) . (14)

According to the discrete theory [39], the general formula
of capacity is

CAP = 𝑞
∞

∑

𝑘=1

𝑘𝑝 (𝑘) . (15)

Combining (14) and (15), one obtains that

CAP = ∑
𝑖

𝜆
𝑖
∏

𝑖

𝛼
𝑖
𝑞
𝑖
𝐶
𝑖

𝜆
𝑖

∗

𝑒
−∑
𝑗
𝜆𝑗(𝑡𝑐𝑗−𝜏𝑖)

1 − 𝑒
−∑
𝑝
𝜆𝑝𝑡𝑓𝑝

. (16)

Equation (16) is the general capacity model of multilane
roundabouts, considering the limited priority.

3.4. Model Analysis. When 𝑖 = 1, we can obtain the capacity
of single-lane roundabout; that is,

CAP
1
=

𝛼𝑞𝐶 (1 − 𝑒
−𝜆(𝑡−𝜏)

)

1 − 𝑒
−𝜆𝑡𝑓

.
(17)

By comparison, (17) is the same as Troutbeck’s.
When 𝑖 = 2, assuming that there are different critical gaps

and follow-up times, and equal minimum time (𝜏), so we can
obtain that:

CAP = (𝜆
1
+ 𝜆
2
)

𝛼
1
𝛼
2
𝑞
1
𝑞
2
𝐶
1
𝐶
2

𝜆
1
𝜆
2

𝑒
−(𝜆1(𝑡𝑐1−𝜏)+𝜆2(𝑡𝑐2−𝜏))

1 − 𝑒
−(𝜆1𝑡𝑓1+𝜆2𝑡𝑓2)

. (18)

Generally, for the same lane in the approach, we can
assume that there is an equal critical gap and follow-up time;
then (18) can be simplified into

CAP
2
=

(𝜆
1
+ 𝜆
2
) 𝛼
1
𝛼
2
𝑞
1
𝑞
2
𝐶
1
𝐶
2

𝜆
1
𝜆
2

𝑒
−(𝜆1+𝜆2)(𝑡𝑐−𝜏)

1 − 𝑒
−(𝜆1+𝜆2)𝑡𝑓

. (19)

Similarly, for 𝑖 = 3, with the same critical gap and follow-
up time and minimum headway, one can obtain

CAP
3
=

3

∑

1

𝜆
𝑖

3

∏

1

𝛼
𝑖
𝑞
𝑖
𝐶
𝑖

𝜆
𝑖

∗

𝑒
−∑
3

1
𝜆𝑗(𝑡𝑐−𝜏)

1 − 𝑒
−∑
3

1
𝜆𝑖𝑡𝑓

. (20)

For an entry lane, if there is no constraint, the vehicles
may enter in any circulating lane; thus, the entry capacity
could be calculated as follows [46]:

𝑞
𝑚
=

𝑛

∑

1

𝑞
𝑖

𝑚
, 𝑥

𝑖

𝑚
=

𝑞
𝑖

𝑚

CAP𝑖
𝑚

,

CAP
𝑚
=

𝑞
𝑚

∑
𝑖

1
𝑥
𝑖

𝑚

,

(21)

where 𝑚 represent the lane at the approach, 𝑖 is the lane
number which the entry vehicle needs to cross, and 𝑥𝑖

𝑚
is the

degree of saturation of stream 𝑖 in the lane𝑚.

4. Critical Gap Estimation

In the gap-acceptance theory, the critical gap is the most
key parameter, whose accuracy directly affects the entry
capacity, which also could be seen in (16). Until now there
are over thirty kinds of estimation methods, and we should
select an appropriate estimationmethod against themultilane
roundabout.

The maximum likelihood method was employed for esti-
mating critical gap at TWSC intersections [47]. And for two
major streams, Hagring [48] put forward a derivation process
for the critical gap. Brilon et al. compared nine estimation
methods for the critical gap and put forward four criteria
of the reasonable prediction method. By comparisons, the
maximum likelihood method and Hewitt’s method are the
best. In addition, Raff ’s method is used widely and easily, but
it is sensitive to traffic volumes [49].

Combining with the above analysis, the maximum like-
lihood estimation (MLE) method and Raff ’s method are
compared by field survey. In Raff ’s method, the mean critical
headway is the intercept of the𝐹

𝑎
(𝑡) and 1−𝐹

𝑟
(𝑡), where 𝐹

𝑎
(𝑡)

is the cumulative distribution function (CDF) of accepted
headway, and 𝐹

𝑟
(𝑡) is the CDF of rejected headway. Based

on the assumption that one driver’s critical gap is larger than
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Figure 10: Mean critical gap estimated by Raff ’s method.

Table 2: Comparison of the two estimation methods.

Method Mean critical gap
Near lane Far lane

MLE method
Right lane 4.581 —
Left lane 4.852 4.680

Raff ’s method
Right lane 4.415 —
Left lane 4.718 4.572

his maximum rejected gap and smaller than his accepted gap,
theMLEmethod was used to estimate. Assuming the drivers’
critical gap obeys the log-normal distribution, Troutbeck [50]
proposed a procedure for estimating the mean and standard
variance of critical gap, shown as in the following:

𝑡
𝑐
= 𝑒
𝜇+0.5𝜎

2

, 𝑠
2
= 𝑡
2

𝑐
(𝑒
𝜎
2

− 1) , (22)

where 𝜇 is the mean of distribution of logarithms of drivers’
critical gap, 𝜎2 is the variance of distribution of logarithms of
drivers’ critical gap, and 𝑠 is the standard variance of drivers’
critical gap.

The survey site is a two-lane roundabout in Changchun
city, and the critical gap of right lane and left lane was
estimated, respectively. Define the two circulating lanes as
near lane and far lane, respectively; the former is adjacent to
the entry lane, and the latter is near the central island. In the
two entry lanes, the vehicles from the left lanemay enter both
circulating lanes, but the vehicles from the right lane only
can enter the near lane. The result of right lane using Raff ’s
method is shown as in Figure 10, and the similar method
could be conducted to other lanes. Besides, the MLE method
is also applied to the same lane, and the results were obtained
as in Table 2.

From Table 2, it can be seen that the results of two meth-
ods are similar, and the big difference is 3.8%. Considering
that Raff ’s method is sensitive to traffic volume, however, the

MLEmethod is robust and, because of this, MLEmethod was
selected for estimating the critical gap in the following.

5. Model Comparisons

By field survey at the multilane roundabout in Changchun
city and by comparisons with three classical capacity models,
the practicability of the proposed model was validated.

5.1. Analysis ofThree ClassicalModels. Three existing capacity
models were selected to compare with the proposed model.
The first isWu’s capacitymodel, which is recorded inGerman
Highway Capacity Manual (HBS) 2000 [2]. The second is
the recommended model provided in the Highway Capacity
Manual (HCM) 2010, which is drafted by FHWA [51]. And
the third is Swissmodel, which considers the effects of exiting
flow and other influences [9].Thefirst and the third one could
dispose one to three lanes, both circulating lane and entry
lane. For the second one, the entry capacity of left lane is used
in this paper due to themultilane beingmerely discussed, and
it is aimed at two lanes. Combined with the above analysis,
only one entry lane’s capacity aiming at different number of
circulating lane is discussed. The different models are shown
as (23) to (24), respectively. Consider the following:

𝑞
𝑒
= 𝑛
𝑒
(1 −

𝜏 ⋅ 𝑞
𝑐

𝑛
𝑐

)

𝑛𝑐
1

𝑡
𝑓

⋅ exp (−𝑞
𝑐
⋅ (𝑡
0
− 𝜏))

𝑞
𝑒,𝐿
= 1130𝑒

(−0.75 × 10
−3
)𝑞𝑐
,

(23)

where 𝑞
𝑒
is the entry capacity, 𝑞

𝑐
is the conflict flow rate of

the circulatory lane, 𝑛
𝑒
is the number of entry lanes, 𝑛

𝑐
is the

number of circulatory lanes, and 𝑡
0
= 𝑡
𝑐
− 𝑡
𝑓
/2, and 𝑞

𝑒,𝐿
is the

capacity of left entry lane.
The Swissmodel also depicted the entry capacity with two

or three circulating lanes as follows:

𝑞
𝑒
= (1500 −

8

9

⋅ 𝑞
𝑏
) ⋅ 𝛽, (24)

where 𝑞
𝑏
= 𝛾 ⋅ 𝑞

𝑐
+ 𝛼 ⋅ 𝑞

𝑎
, in which 𝑞

𝑎
is exiting flow;

however, according to analysis above, it could be negligible
in Changchun city, so the item could be simplified to 𝛾∗𝑞

𝑐
, 𝛾:

[0.6, 0.8] for two circulating lanes (default = 0.66) and [0.5,
0.6] for three circulating lanes (default = 0.55), 𝛽: [0.9, 1.1]
for single entry lane (default = 1.0).

5.2. Comparisons of Capacity Models with Field Data. By
video camera, two siteswere observed inChangchun city; one
has two circulating lanes, and another has three circulating
lanes. Ignoring the different movement from one lane, the
innermost entry lanewas selected, fromwhich the vehicles all
enter into the innermost of the circulating carriageway. The
follow-up timeswere extracted in one-minute intervals, when
the persistent queue occurred. Besides, the critical gaps were
estimated by MLEmethod. Applying the parameters into the
above capacity models, the results are shown in Figure 11.

As can be seen from Figure 11(a), the proposed model
has good consistency with Wu’s model, which both have
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Table 3: Comparisons of different models with field data.

Type RE Proposed model Wu’s model HCM 2010 model Swiss model

Two circulating lanes
Max 6.50% 10.22% 19.26% 59.53%
Min 2.19% 0.03% 7.82% 36.00%

Average 3.94% 4.51% 13.66% 47.28%

Three circulating lanes
Max 26.19% 21.16% — 110.45%
Min 4.03% 0.78% — 75.48%

Average 16.24% 10.86% — 94.79%
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Figure 11: Comparison of the capacity models.

goodness of fit with field data. However, the Swiss model
overestimated the entry capacity for two circulating lanes; the
model ofHCM2010 boasts the opposite. In Figure 11(b), there
is the same tendency with Figure 11(a). However, it could
be seen that the proposed model vastly overestimated the
capacity during low circulating volume.

Relative error (RE) method has been widely used in
transportation analysis [52–57]. In this study, to compare the

capacitymodelswith the field data, we also apply thismethod,
mathematically represented by

RE =





𝐶predict − 𝐶field







𝐶field
× 100%, (25)

where 𝐶field is the entry capacity by field observation and
𝐶predict is the predicted entry capacity.

Themaximumvalue, theminimumvalue, and the average
value of RE are computed on the conditions of two and three
circulating lanes; the results were listed in Table 3.The results
showed that the proposed model andWu’s model have better
prediction effects than other models. And the prediction to
the two circulating lanes is better than the three lanes.

6. Conclusions

Considering the limited priority at multilane roundabouts
and based on Troutbeck’s research on this at the unsignalized
intersection, the relation between limited priority factor and
critical gap was discussed. Then, by improving the headway
distribution of circulating streams after merging, the modi-
fied entry capacity model aiming at 𝑛-lane was derived based
on gap-acceptance theory atmultilane roundabout. By simply
analyzing and comparing different estimation methods, the
MLEmethod was selected to estimate the critical gap of entry
lane in this study. Finally, three classical capacity models
and the proposed model were compared with the filed data,
that is, two-lane roundabout and three-lane roundabout,
respectively. By comparisons with the RE of different models,
Wu’s model and the proposed model show better prediction
performance.

In the case study, the vehicles from one entry lane
all entered a definite circulating lane, and mixed purpose
vehicles should be considered in the future research. Further-
more, O-D flows may affect the entry capacity [58], and the
roundabout capacity on the whole may be more appropriate
for application in engineering.
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Short-time traffic flow prediction is necessary for advanced trafficmanagement system (ATMS) and advanced traveler information
system (ATIS). In order to improve the effect of short-term traffic flow prediction, this paper presents a short-term traffic flow
multistep prediction method based on similarity search of time series. Firstly, the landmark model is used to represent time series
of traffic flow data. Then the input data of prediction model are determined through searching similar time series. Finally, the
echo state networks model is used for traffic flow multistep prediction. The performance of the proposed method is measured
with expressway traffic flow data collected from loop detectors in Shanghai, China. The experimental results demonstrate that the
proposed method can achieve better multistep prediction performance than conventional methods.

1. Introduction

Accurate and real-time traffic flow forecasting is essential to
adaptive traffic control system and traffic guidance system,
which is of great significance for alleviating urban traffic
congestions. Because of the importance of traffic flow pre-
diction results, many traffic engineering researchers began
to apply mature prediction models of other areas to short-
term traffic flow prediction and developed a variety of
forecasting methods at the beginning of the 1960s. Earlier
prediction methods mainly included autoregressive model,
moving average model, autoregressive integrated moving
average model [1], and historical average model [2]. The
prediction results of these methods were mainly applied to
traffic control system. With the gradually in-depth study
in this field, a series of prediction methods with more
complicated and higher precision have been generated. For
instance, Nicholson and Swann [3] proposed spectral analysis
method to predict the traffic flow in the Mersey Queensway

tunnel and obtained satisfactory performance. Stathopoulos
and Karlaftis [4] presented a multivariate time series state
space model using core urban area loop detector data and
found that multivariate state space model could improve the
prediction accuracy over univariate time series model. Hu et
al. [5] proposed a short-term traffic flow forecasting method
based on chaotic theory, which is a significant attempt to
forecast traffic flow from the viewpoint of nonlinear time
series. Wang and Shi [6] used support vector machine theory
to build a short-term speed forecasting model. Zhang and
Ye [7] put forward a fuzzy logic system (FLS) method to
combine the strengths of multiple component predictors
and demonstrated that the FLS method could achieve better
prediction effect compared to single method. Xie and Zhang
[8] proposed wavelet network model using different mother
wavelets for short-term traffic flow forecasting. In addition,
many other models were also used for short-term traffic flow
prediction, such as Bayesian network model [9], artificial
neural network methods [10–12], cusp catastrophe theory
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Figure 1:The schematic of traffic flowmultistep forecastingmethod.

model [13], nonparametric regression models [14], Kalman
filtering methods [15, 16], time series models [17], and
regression analysis models [18].

Despite number of methods having been put forward
to improve forecasting accuracy, short-term traffic flow
forecasting is still a difficult challenge. There are generally
two aspects of shortcomings among the existing traffic
flow forecasting methods. Most of the achievements mainly
focused on the research of model optimization, but ignored
the effective use of the similarity characteristics of traffic
flow data. Specifically, most of the forecasting models used
the traffic flow data which are at the prior time instant of
prediction moments as input data. However, the fluctuation
of traffic flow has strong randomness. If the input data of
prediction model only relies on the data of the prior time
instant, there will be large prediction error. In addition,
majority of researchers only conducted one-step prediction,
which cannot describe the future trend of traffic state suf-
ficiently. There are different requirements for the length
of prediction intervals according to different applications.
For example, traffic control system needs to grasp recent
traffic flow forecasting results for real-time traffic control,
while traffic guidance system requires relatively long time
forecasting results to be able to understand the trend of traffic
state. Therefore, it is essential to establish a short-term traffic
flowmultistep forecastingmethodwhich canmake full use of
similarity characteristics of traffic flow data.

Aiming at the shortcomings of the previous traffic flow
forecasting methods, this paper presents a short-term traffic
flow multistep prediction method based on similarity search
of time series. The general idea of the proposed method
mainly includes two parts: first, the input data of prediction
model are determined by searching similar time series instead
of the data of the prior time instant; second, the echo state
networks model is used for short-term traffic flow multistep
forecasting. Figure 1 shows the schematic of traffic flow
multistep forecasting method.

2. Methodology

2.1. Similarity Search of Time Series. There are large numbers
of short-term fluctuations and random disturbance in origi-
nal traffic flow data.The direct use of original time series data
for similarity search will not only lead to low efficiency, but
also influence the accuracy and reliability. Therefore, many
researchers have put forward pattern representationmethods
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Figure 2: Minimal distance/percentage principle.

of time series.The existing pattern representationmethods of
time seriesmainly include discrete Fourier transformmethod
[19], discrete wavelet transform method [20], singular value
decompositionmethod [21], symbolic representationmethod
[22], piecewise linear representation method [23], and land-
mark model [24]. Among these methods, landmark model
not only is able to keep the local characteristics of original
data, such as local maximum value and local minimum value,
but also has wonderful efficiency. Therefore, the landmark
model is selected to represent the original traffic flow time
series.

Landmark model proposed by Perng is consistent with
human intuition and episodic memory. The basic idea of
landmark model is that the searching object is landmarks
series rather than the original time series. If the 𝑛th order
derivative is 0 at a point, then the point is an 𝑛th order
landmark of a curve. So local maxima and local minima are
first-order landmarks.The inflection points are second-order
landmarks.

The original time series of traffic flowdata is usually noisy.
The minimal distance/percentage principle is presented to
eliminate noise in landmark model. It is defined as follows.
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The minimal distance/percentage principle is represented as
MDPP(𝐷, 𝑃). Figure 2 illustrates how MDPP works.

For most of the similarity models, the error tolerance is
a single value which is measured from pointwise differences
in amplitude. Nevertheless, landmarks distance is needed to
measure similarity in the landmark model. The definition of
landmarks distance is given below.

Given two series of landmarks 𝐿 = {𝐿
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the distance between the 𝑘th landmark is measured by
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The distance between the two series is as follows:
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where ‖⋅‖ is a vector norm, 𝛿time
(𝐿, 𝐿

) denotes the distance in

time axis, 𝛿amp
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In the process of similarity search of time series, the
calculation amount of on-line operation is tremendous due to
the pattern representation for each search. In order to reduce
the calculation amount of on-line operation and improve
the efficiency of similarity search, it is necessary to build a
historical database.

2.2. Echo State Networks Model. Neural network methods
are popular among many traffic flow prediction methods.
However, traditional neural networkmodels often suffer from
slow convergence and local optimum. Either feedforward
neural network model or recursion neural network model is
limited in practical applications. Aiming at the shortcomings
of traditional neural network models, Jaeger and Haas [25]
proposed a new type of recursive neural network-echo state
networks (ESN) model.

As shown in Figure 3, the elementary building blocks
of ESN are input layer, internal layer, and output layer.
𝑢(𝑛) represents input activation vector that consists of 𝐾

input neurons, 𝑥(𝑛) represents internal activation vector that
consists of 𝑁 internal neurons, and 𝑦(𝑛) represents output
activation vector that consists of 𝐿 output neurons.The values
of input vector, internal vector, and output vector at the time
step 𝑛 are as follows:

𝑢 (𝑛) = [𝑢
1
(𝑛) , 𝑢

2
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2
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𝐿
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𝑇

.

(4)

ESN is a special type of neural network. The basic
idea of the ESN model is to use recursive network with
large-scale random connections to replace the middle layer

W
outu(n)

x(n)

y(n)W
in

Figure 3: The structure of echo state network model.

in classical neural network, so as to simplify the network
training process. The state equation of echo state networks
model is as follows:

𝑥 (𝑛 + 1) = 𝑓 (𝑊𝑥 (𝑛) + 𝑊
in
𝑢 (𝑛 + 1) + 𝑊

back
𝑦 (𝑛)) ,

𝑦 (𝑛 + 1) = 𝑓out (𝑊
out

[𝑥 (𝑛 + 1) , 𝑢 (𝑛 + 1) , 𝑦 (𝑛)]) ,

(5)

where 𝑊, 𝑊
in, and 𝑊

back denote hidden-hidden, input-
hidden, and output-hidden weight matrices, respectively;
𝑊

out is output weight matrix; 𝑓 = [𝑓
1
, 𝑓
2
, . . . , 𝑓

𝑁
] denotes

the vector of activation functions of internal neurons, and
normally 𝑓

𝑖
(𝑖 = 1, 2, . . . , 𝑁) uses the hyperbolic tangent

function;𝑓out = [𝑓
1

out, 𝑓
2

out, . . . , 𝑓
𝐿

out] is the vector of activation
functions of output neurons, and𝑓

𝑗

out (𝑗 = 1, 2, . . . , 𝐿) usually
takes identity function. In the process of network training,
𝑊 is chosen randomly before training; only 𝑊

out should be
trained.

2.3. Algorithm Process. The short-term traffic flow multistep
prediction method based on similarity search of time series
mainly includes pattern representation of traffic flow time
series, similarity search of time series, and prediction model.
The basic process is shown in Figure 4, whichmainly includes
the following steps.

(1) Building historical database with the feature of com-
pleteness and typicality: the historical traffic flow
data which have strong similarity with predicted
traffic flow time series are selected to build historical
database. Generally, both temporal and dimensional
factors should be considered to improve the quality
of historical database.

(2) Pattern representation of time series: the landmark
model is used to represent the historical traffic flow
time series and current traffic flow time series, which
can improve the efficiency of similarity search.

(3) Similarity search of time series: the landmarks dis-
tance is calculated between historical time series and
current time series to select similar traffic flow time
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Figure 4: The process of traffic flow multistep prediction method.

series. The corresponding input data of prediction
model are determined according to similar time
series.

(4) Traffic flow multistep prediction model: short-term
traffic flow multistep prediction is carried out using
echo state networks model.

3. Experiment Setup and Case Study

3.1. Data Source and Description. The traffic flow data come
from loop detectors located on ten-kilometer long express-
way in Shanghai, China. This segment includes 24 mainline
detecting sections and 30 ramp detecting sections, equipped
with 88 mainline loop detectors and 60 ramp loop detectors,
respectively. The experimental data are collected on five
consecutive Mondays from September 1, 2008, to September
29, 2008. The time interval of collected data is 20 s. Figure 5
gives the layout of loop detectors.

Duo to the stochastic volatility of traffic flow data col-
lected per 20 s, they are rarely used in traffic flow prediction,
while five-minute trafficflowdata are usually used in practical
applications. Therefore, the original traffic flow data have
been aggregated into five-minute intervals. In addition, some
practical applications such as traffic flow guidance system
not only need real-time traffic flow information, but also
require the traffic flow information within one hour. So this
paper conducts twelve-step prediction for short-term traffic
flow data. Figure 6(a) illustrates traffic flow data collected
from the same loop detector on different dates. Figure 6(b)
plots traffic flow data collected at the same lane with dif-
ferent cross sections. Figure 6(c) plots traffic flow data at
the same cross section with different lanes. In summary,
Figure 6 indicates that traffic flow data show strong similarity

characteristics, which provides enough data support for the
proposed method.

3.2. Performance Evaluation Index. In order to evaluate the
performance of the proposed traffic flowmultistep prediction
method, two different types of measurements are introduced:
the mean absolute percentage error denoted by MAPE and
the proportion which the MAPE is in the range of 𝛼 denoted
by 𝑝(𝛼).The equations for theMAPE and 𝑝(𝛼) are as follows:

MAPE =

1

𝑛

𝑛

∑

𝑖=1










𝑦 (𝑖) − 𝑦 (𝑖)

𝑦 (𝑖)










,

𝑝 (𝛼) = ( (the number of time intervals which

the MAPE is in the range of 𝛼)

×(the total number of time intervals)−1)

× 100%,

(6)

where 𝑦(𝑖) denotes the predicted value for the 𝑖th time
interval,𝑦(𝑖) denotes the actual value for the 𝑖th time interval,
and 𝑛 is the total number of time intervals.

3.3. Parameters Setting. In order to verify the effectiveness of
pattern representation, we take the traffic flow data collected
from loop detector NBDX08(1) on September 1, 2008, for
example. The traffic flow data are represented by using first-
order landmarks. The MDPP (2.15%) is used to smooth
the landmarks series. Figure 7 displays the effectiveness of
pattern representation.

From Figure 7, the 145 data points of original time series
are compressed to 29 landmarks through pattern represen-
tation using landmark model. The result indicates that the
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Figure 6: Traffic flow data from loop detectors.



6 Mathematical Problems in Engineering

0 20 40 60 80 100 120 140

50

100

150

200

Actual data
Rebuilt from landmark model

Tr
affi

c fl
ow

 (v
eh

ic
le

/5
m

in
)

Figure 7: The effectiveness of pattern representation.

landmark model can preserve the local characteristics of
original time series data and also can effectively reduce the
dimensionality of original data.

Two parameters have to be addressed in the process
of similarity search. One is the number of landmarks for
similarity search denoted by 𝑙. The other is the number of
similar time series denoted by 𝑘, which is the number of
input data for the ESN model. The minimum MAPE using
ESN model is taken as criterion during determining the two
parameters. According to the setting principle of the key
parameters for ESNmodel [26], the reservoir size is set to 50,
the spectral radius is 0.75, the input extension is 0.2, and the
sparse degree is 0.1, respectively.The traffic flowdata collected
on September 1, September 8, September 15, and September
22, 2008, are used to build historical database. The data
collected on September 29, 2008, are used to test the predicted
performance. Table 1 illustrates the MAPE corresponding to
different parameter values.

As shown in Table 1, the prediction effect is best when 𝑘 =

5 and 𝑙 = 4, the MAPE is only 15.5%. Therefore, the number
of landmarks is set to 5, and the number of similar time series
is set to 4.

3.4. Model Performance and Discussions. In order to display
the predicted effect of the proposed method intuitively,
Figure 8 gives one-step prediction results based on the
proposed method. The results reveal the proposed method’s
satisfactory accuracy for short-time traffic flow prediction.

Because of their well theoretical foundation and effec-
tiveness in prediction, the ARIMA model and BPNN model
gradually have become standard methods to compare with
newly developed forecasting models. Therefore, this paper
considers ARIMA model and BPNN model as standard
methods to evaluate the effectiveness of the proposed
method. In addition, the ESN model whose input data are
the data at the prior time instant of prediction moments
is also selected as comparison method. The orders of the
ARIMAmodel are determined based on the AIC criteria.The
parameters of the BPNN model are selected as follows: the
number of input layer units is 5, the number of output layer
units is 1, the number of hidden layer units is 8, the activation
function of hidden layer units is selected to sigmoid function,
and the activation function of output units is liner function.

Figure 9 compares theMAPE of different methods from one-
step to twelve-step prediction.

FromFigure 9, it can be seen that theMAPE of prediction
results from one-step to twelve-step shows increasing trend
on the whole, which indicates that there is a certain positive
correlation between theMAPE and the number of prediction
steps. The experimental results also demonstrate that the
overall performance of the ESN model whose input data are
the data at the prior time instant of prediction moments
has an extra 6.25% improvement over the ARIMA models
and an extra 3.85% improvement over the BPNN model. It
is clear that the ESN model is superior to ARIMA model
and BPNN model. Furthermore, through comparing the
prediction results between the proposed method and the
ESN model whose input data are the data at the prior time
instant of predictionmoments, we can find that the proposed
method can further enhance the accuracy of multistep
prediction. The MAPE of the proposed method is about
15.5%, while the MAPE of ESN model whose input data are
the data at the prior time instant of prediction moments is
about 17%. Therefore, the proposed short-term traffic flow
multistep prediction method can provide satisfactory and
better multistep forecasting results.

Figure 10 compares the proportion in which the MAPE
is less than 5% with four different prediction methods. The
results demonstrate that the percentage of which the MAPE
is less than 5% based on the proposed method reaches up to
32.8%, which is superior to the other threemethods. Figure 11
gives the proportion in which the MAPE is, respectively, in
the range of [0, 5%], [5%, 10%], [10%, 15%], [15%, 20%], and
[20%, ∞] based on the proposed method. The results show
that the proportion in which the MAPE is less than 20% can
reach up to 89.5%, where the proportion in which the MAPE
is in the range of [0, 5%] and [5%, 10%] is, respectively, 32.8%
and 30.6%. In summary, the proposed method can achieve
high quality forecasting results in most of the time, which
can further demonstrate the excellent multistep prediction
performance of the proposed method.

4. Conclusions

This paper proposed a short-term traffic flow multistep
prediction method based on similarity search of time series.
The landmark model was used to represent original time
series of traffic flow data. Furthermore, the input data of
prediction model were determined through searching sim-
ilar time series from historical database. Finally, the echo
state networks model was used for short-time traffic flow
multistep prediction. Expressway traffic flow data collected
from Shanghai were employed to evaluate the prediction
performance of the proposed method. The experimental
results demonstrated that the proposed method can achieve
satisfactory accuracy and theMAPE of the proposed method
is about 15.5%. The comparative analysis showed that the
multistep prediction performance of the proposed method
not only outperformedARIMAmodel and BPNNmodel, but
also outperformed ESN model whose input data are the data
at the prior time instant of prediction moments. In addition,
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Table 1: The MAPE corresponding to different parameter values.

𝑘 = 2 𝑘 = 3 𝑘 = 4 𝑘 = 5 𝑘 = 6

𝑙 = 3 28.6% 25.3% 21.9% 18.4% 18.6%
𝑙 = 4 23.5% 18.5% 17.4% 15.5% 16.3%
𝑙 = 5 21.8% 18.2% 19.7% 16.8% 17.2%
𝑙 = 6 20.6% 17.8% 18.1% 17.2% 18.5%
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Figure 8: The one-step prediction results based on the proposed
method.
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the proportion in which the MAPE is less than 20% based
on the proposed method could reach up to 89.5%, which
indicated that the proposed method can achieve high quality
forecasting results in most of the time.
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To increase the efficiency and precision of large-scale road network traffic flow prediction, a genetic algorithm-support vector
machine (GA-SVM)model based on cloud computing is proposed in this paper, which is based on the analysis of the characteristics
and defects of genetic algorithm and support vector machine. In cloud computing environment, firstly, SVM parameters are
optimized by the parallel genetic algorithm, and then this optimized parallel SVM model is used to predict traffic flow. On the
basis of the traffic flow data of Haizhu District in Guangzhou City, the proposed model was verified and compared with the serial
GA-SVMmodel and parallel GA-SVMmodel based on MPI (message passing interface). The results demonstrate that the parallel
GA-SVMmodel based on cloud computing has higher prediction accuracy, shorter running time, and higher speedup.

1. Introduction

Large-scale road network has high complexity, strong non-
linear, and high dynamic. The mass of traffic flow data
brings enormous difficulties to traffic flow prediction. The
traditional serial traffic flow predictionmethods cannot meet
the needs of real-time and accuracy. In order to solve this
problem, the experts and scholars at home and abroad have
been dedicated to the study on parallel traffic flow prediction
methods and have achieved some research results. For exam-
ple, Li et al. proposed a parallel traffic flow predictionmethod
of space-time two-dimensional integration based on SVM,
but thismethod ismore suitable for emergency cases, not very
practical for the normal traffic condition [1]. Deng realized
parallel neural network method based on dish network by
Charm++ programming model and applied to traffic flow
prediction. When the number of parallel nodes is 110, the
running time of two thousand links was 520.88 s [2]. Wang
et al. implemented a parallel generalized neural network
method for traffic flow prediction based on MPI (message
passing interface) programming model. The experimental
results showed that the speed of the proposed method was

more than two times as fast as the serial method [3]. Wang
proposed a parallel traffic flow prediction method based on
SVM, and the experimental results showed that the result
of parallel SVM method is better than parallel BP neural
network method, and when the number of parallel nodes
is 100, the running time of two thousand links was 36.48 s
[4]. Zhang presented a short-term traffic flow prediction
method based on genetic neural network in cloud computing
environment. Its running efficiency was more than fourteen
times as fast as the serial genetic neural network method [5].

To some extent, the above research results can solve
the problem of large-scale road network traffic flow predic-
tion, but there are some limitations, such as huge resource
consumption and long running time. A large number of
research results show that SVM is widely used in traffic flow
forecasting and has certain advantages [1, 4, 6]. However,
SVM still has some shortcomings; for example, it needs large
store space and longer training time when it deals with large
amounts of traffic flowdata, so people have developed parallel
SVM to reduce the computing cost and improve the running
efficiency.
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2. Support Vector Machine

SVM is developed based on the statistical theory.The numer-
ous research results show that it has advantages in solving the
problem of nonlinear, high dimension, and local minimum
points, which becomes a research hot spot [6]. Traffic flow
prediction is a kind of nonlinear regression problem, so SVM
is widely used in the field. The idea of solving this problem is
as follows.

Known training set 𝑇 = {(𝑥
1
, 𝑦
1
), . . . , (𝑥

𝑖
, 𝑦
𝑖
), . . . ,

(𝑥
𝑙
, 𝑦
𝑙
)}, 𝑥
𝑖
∈ 𝑅
𝑛, is the factors which impact traffic predic-

tion, 𝑦
𝑖
∈ 𝑅 is predictive value of traffic flow, 𝑖 = 1, . . . , and 𝑙

is the number of training samples. The traffic flow has the
inevitable connection to the traffic flow in several periods
before, so 𝑥

𝑖
is the traffic flow in several periods before.

A nonlinear function 𝜙(𝑥) = [𝜙
1
(𝑥), 𝜙
2
(𝑥), . . . , 𝜙

𝑁
(𝑥)]
𝑇

is introduced to map the training data from the lower
dimensional feature space to high-dimensional feature space.
Then we build linear decision function to make the original
nonlinear problem into a linear problem in the high dimen-
sional feature space:

𝑓 (𝑥) =
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An insensitive loss function
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is introduced, where 𝜀 is insensitive loss factor. And then𝑓(𝑥)
is brought in to minimize 𝐶∑𝑙
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linear weight vector.
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are introduced; then the type

is rewritten as follows:
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The above question is a question of quadratic program-
ming with inequality constraints. Then a kernel function
𝐾(𝑥
𝑖
, 𝑥) = 𝜙(𝑥

𝑖
)
𝑇
𝜙(𝑥
𝑗
) is introduced. We select the radial

basis kernel function. And then the method of Lagrange
multiplier is used to get the following formula:
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where 𝛼
𝑖
and 𝛼∗

𝑖
are the Lagrange multiplier. And then the

above problem is solved to rewrite the regression function (1)
as follows:

𝑓 (𝑥) =

𝑙

∑

𝑖=1

(𝛼
∗

𝑖
− 𝛼
𝑖
)𝐾 (𝑥

𝑖
, 𝑥) + 𝑏, (5)

where𝐾(𝑥
𝑖
, 𝑥) = 𝑒

−‖𝑥𝑖−𝑥‖/𝜎
2

, 𝜎 > 0.
Thus it can be seen that the SVM parameters 𝐶, insensi-

tive loss factor 𝜀, and the kernel function parameter 𝜎 have a
greater influence on the calculation results, so we use parallel
genetic algorithm based on cloud computing to optimize
them.

3. Parallel Genetic Optimization SVM

Genetic algorithm (GA) has two shortcomings. First is easy
to premature convergence, falling in a local optimum; the
second is more time consuming in the selection, crossover
and mutation steps, resulting in low efficiency. Considering
the parallelism of genetic algorithm, the parallel GA is arisen
at the historic moment. In this paper, Hadoop is used to
implement the parallel genetic algorithm, which can avoid
local convergence of genetic algorithm and improve the effi-
ciency of genetic algorithm. The optimization of SVM based
on the parallel genetic algorithm is a restricted area search
problem. The three parameters are limited within a certain
area based on the characteristics of traffic flow.The following
research contents are several key problems of parallel genetic
optimization SVM based on cloud computing.

3.1. Chromosome Coding. Chromosome coding is convenient
to calculate and improve the computing speed of the optimal
solution. It is the process of translating the form of the
problem to solve into the string form encoded, which can be
identified by genetic algorithm. The binary coding method
is selected to encode the parameters of SVM. The desirable
coding range of 𝐶, 𝜀, and 𝜎 is [0.1, 150], [0.01, 0.5], and [0.01,
10] in traffic flow prediction. Because 150 is between 27 ∼ 28,
the coding of the parameters needs 8-bit binary; encoding
length is determined by the time.
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Decoding is the process of translating the form of
encoded string into the form of the solution. Decoded by the
following formula:

𝑋
𝑗
=

4𝑘

∑

𝑗=4𝑘−3

(𝑥
𝑗
⋅ 2
4𝑘−𝑗
) , (6)

where𝑋
𝑗
is the parameter and 𝑥

𝑗
is the 𝑗-bit of binary coding

for the parameters, 𝑥
𝑗
= 0 or 1.

3.2. Fitness Function. Define a fitness function to guide the
evolution of next generation and obtain the optimal solutions
to the problem. The precise fitness function can improve
the quality of reconciliation and the speed of the algorithm.
Because the purpose of the SVM parameter optimization
problem is to find the optimal parameters, the average relative
error is chosen for fitness evaluation.

3.3. Genetic Manipulation

3.3.1. Individual Choice. The purpose of individual choice
is passing on excellent individual whose fitness value is
higher than the next generation by copying. It can make
excellent individual evolving continually. The roulette wheel
selection method is chosen in this paper. The probability of
the individual whose fitness value is𝐺(𝑖) is selected as follows:

𝑃
1
(𝑖) =

𝐺 (𝑖)

∑
𝑁

𝑖=1
𝐺 (𝑖)

. (7)

3.3.2. Crossover and Mutation. Crossover and mutation are
the keys to affect the behavior of GA. Crossover operation is
to reserve excellent genes of these parent individuals as far
as possible and form a new individual. The aim of mutation
is to avoid the algorithm trapping in local optimal solution
and keep the diversity of population. Because the variation in
nature is in order to adapt to the environment, the adaptive
adjustment functions of crossover rate and mutation rate are
introduced. In this case, the crossover rate and mutation rate
are adjusted constantly to maintain the population diversity,
so as to avoid GA into premature convergence. Probability
functions are as follows [7]:

𝑃
2
(𝑖) =

{
{

{
{

{

𝐾
1
𝑁(𝑔max − 𝑔


)

(𝑔max − 𝑔)
, 𝑔

≥ 𝑔,

𝐾
2
, 𝑔


< 𝑔,

𝑃
3
(𝑖) =

{
{

{
{

{

𝐾
1
𝑁(𝑔max − 𝑔𝑖)

(𝑔max − 𝑔)
, 𝑔
𝑖
≥ 𝑔,

𝐾
2
, 𝑔

𝑖
< 𝑔,

(8)

where 𝑔max is the maximum fitness value in current genera-
tion, 𝑔 is the average fitness value in current generation, 𝑔

𝑖
is

the fitness value of the individual 𝑖 in the current generation,
𝑔
 is the bigger fitness value in two crossover individuals in

the current generation, 𝑁 is the length of the chromosome,
(𝑔max − 𝑔


)/(𝑔max − 𝑔) is the degree of the advantages and

disadvantages whose fitness value is bigger of two crossover
individuals in the current generation, (𝑔max − 𝑔𝑖)/(𝑔max − 𝑔)
is the degree of the advantages and disadvantages of the
individual 𝑖 in the current generation, and 𝐾

1
and 𝐾

2
are the

adjustment coefficient.

4. The Genetic SVM Based on
Cloud Computing

MapReduce programming model is a cloud computing pro-
grammingmode ofGoogle, whose parallelism, fault tolerance
and data distribution, load balancing, and so forth are imple-
mented by the system, which is very suitable for processing
and generating large data sets [8, 9]. Meanwhile, MapReduce
has the advantages that MPI and any other programming
models do not have, such as the function of balanced load
and elastic computing and the ability to reduce bandwidth
consumption and read latency, which can further improve the
running efficiency of GA-SVM [10–12].

The parallel computing process is abstracted to the two
functions in MapReduce: map( ) and reduce( ). They are as
shown in Table 1 [13, 14]. The data processing of MapRe-
duce is demonstrated by Figure 1 [15]. In the map( ), the
original data is set into𝑀 fragments, which is composed of
countless key/value pairs ⟨𝑘1, V1⟩. And then, they are input
to map( ) for processing. A group of intermediate key/value
pairs ⟨𝑘2, V2⟩ are output. After key/value pairs ⟨𝑘2, V2⟩ are
integrated and sorted by system, the key/value pairs which
have the same 𝑘2 are output. And then they are decomposed
into 𝑅 fragments to input to reduce( ). Finally, the key/value
pairs ⟨𝑘3, V3⟩ needed are output.

In cloud computing environment, the genetic optimiza-
tion SVM requires three steps: preparing of the training
sample data, training of SVM, and traffic flow forecasting
based on SVM trained. Specific steps are as follows.

4.1. Preparation of the Training Sample Data. In order to
improve the running speed of the algorithm, first of all is the
pretreatment of the collected traffic flow data to generate the
data set.The normalized processing by the following formula:

𝑓 (𝑥) : 𝑥 → 𝑦, 𝑦 ∈ [−1, 1] ,

𝑦 =

(𝑦max − 𝑦min) (𝑥 − 𝑥min)

(𝑥max − 𝑥min)
+ 𝑦min

=

2 (𝑥 − 𝑥min)

(𝑥max − 𝑥min)
+ 𝑦min,

(9)

where 𝑥 is the collected data and 𝑦 is the mapped data.

4.2. Training of SVM Based on Parallel Genetic Algorithm.
SVM is trained by genetic algorithmbased onMapReduce. Its
process is a problem of quadratic programming. The specific
steps are as follows [16, 17].

(1) Generate an initial parameter population. Gener-
ate an initial population of SVM parameters ran-
domly. The populations are encoded and uploaded to
Hadoop as a local file.
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Table 1: Map and Reduce functions.

Function Input Output Instructions

Map ⟨𝑘1, V1⟩ list (k2, v2) (1) Parse data into key/value pairs, input to map( ).
(2) Input ⟨𝑘1, V1⟩, output intermediate result ⟨𝑘2, V2⟩.

Reduce ⟨𝑘2, list (V2)⟩ ⟨𝑘3, V3⟩ Input ⟨𝑘2, list (V2)⟩, list (v2) stands for the value, which
belongs to the same k2.

Map Map Map· · ·

· · ·Reduce Reduce

Original data 1 Original data 2 Original data M

Result 1 Result R

Figure 1: The data processing of MapReduce.

(2) Initial population. The initialization of population is
completed by the master machine (Job Tracker). All
individuals are divided into multiple child popula-
tions. Set up the parameters of genetic algorithm.And
then, assign the parameters and the populations to the
slave machine (Task Tracker).

(3) Fitness evaluation. Call map( ). Define the child pop-
ulation number as key. Define the chromosomes as
value. The fitness evaluation is carried through for
every population by Task Tracker to get the fitness
value of each individual.The values of key/value pairs
which have the same key are reduced and stored in the
local HDFS file system.

(4) Select operation. Call reduce( ). Job Tracker reads the
position of the intermediate file, and messages to
reduce( ). The reduce( ) reads intermediate file from
a Data Node after receiving instructions. And then
the reduce( ) completes selection operation of the
child population. Each child population selects two
individuals.

(5) Crossover and mutation operation. Crossover oper-
ation is performed on the two individuals selected
from the child population through the method of
inserting genes. And then produce two new individ-
uals. Perform mutation operation using the method
of adaptive mutation to produce new individuals,

which make up offspring populations. They are read
in HDFS file system in terms of key/value pairs.

(6) Termination conditions. Job Tracker judges whether
the evolutionary generations approach the optimum.
If true, the algorithm is terminated. Job Tracker
consolidates the results, outputs the optimal SVM
parameters; if not, turn to step (7).

(7) Update the evolutionary generations; turn to step (3).

4.3. Parallel Genetic SVMPrediction Algorithm. In this paper,
the process of the traffic flow prediction algorithm based on
GA-SVM in cloud computing environment is as follows [18].

(1) The traffic flow sample data collected of large-scale
road network is preprocessed. Part of it is used as the
training sample, and then the other part is used as the
forecasting sample.They are uploaded to theHadoop.

(2) Job Tracker divides training sample and forecasting
sample automatically. And then it reads SVM param-
eters and assigns them to Task Trackers together with
the sample data. At this point, each Task Tracker has
a small training sample.

(3) Task Trackers call map( ). Each small training sample
is trained to output prediction results.

(4) The prediction results of each training sample are
sorted by Job Tracker. And then, Job Trackers call
reduce( ). At last, the prediction data tables of the
entire road network are output. The performed pro-
cess of MapReduce is over. The whole algorithm is
terminated.

To sum up, the idea of “divide and rule” is adopted in
parallel prediction model based on MapReduce. The sample
data is divided into the child populations. GA algorithm is
realized for child population, respectively, through map( )
and reduce( ). Training SVM only needs the shorter time.
Parallel traffic flow prediction is realized using SVM trained
to reduce the running time of the algorithm.

4.4. Evaluation Indices. In this paper, choose the relative
error (RE), mean relative error (MRE), maximum relative
error (MAXRE), and root-mean-square error (RMSE) as the
evaluation index of prediction accuracy. Running time and
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the speedup (Sn) are chosen as the efficiency evaluation
index. The related evaluation index expression is as follows:

RE =




𝑦 (𝑡) − 𝑦 (𝑡)






𝑦 (𝑡)

⋅ 100%,

MRE = 1
𝑛

∑





𝑦 (𝑡) − 𝑦 (𝑡)






𝑦 (𝑡)

,

MAXRE = max




𝑦 (𝑡) − 𝑦 (𝑡)






𝑦 (𝑡)

⋅ 100%,

RMSE = √ 1
𝑛

∑[

𝑦 (𝑡) − 𝑦 (𝑡)

𝑦 (𝑡)

]

2

,

𝑆
𝑛
=

𝑇
𝑠

𝑇
𝑝

,

(10)

where 𝑦(𝑡) is the actual value, 𝑦(𝑡) is the average prediction
value, 𝑛 is the number of prediction, 𝑇

𝑠
is the running time of

the serial algorithm, and𝑇
𝑝
is the running time of the parallel

algorithm.

5. Example and the Result Analysis

5.1. Design of Experiment. Parallel traffic flow prediction
program for the large-scale road network is developed by
Java language, Hadoop, GA algorithm, and SVM.The parallel
computing experiment platform is set up by 20 PCs. The
experiments are carried out to test the proposed algorithm
based on the real-time data of Haizhu District in Guangzhou
City. Software environment is Redhat Enterprise Linux 5.0
virtual machine, Hadoop0.17.1, JRE1.5, and JAVA. Hardware
environment is 20 PCs. Among them, one PC is as the master
nodes and also as a slave node, the rest of 19 PCs are only
as slave nodes. Hadoop0.17.1 and JRE1.5 are installed on the
master node and configured to the slave nodes through the
SCP command.

Haizhu District of Guangzhou City contains 3,174 nodes
and 8,914 links, whose network diagram is shown in Figure 2.
Haizhu District is from Keyun Road in the east to Binjiang
Road in the west and from Yuejiang Road in the north to
Nanzhou Road in the south. Among them, one thousand
links are chosen for traffic flow prediction. The data is from
the SCATS traffic information collection system. A group of
data is generated every five minutes. Acquisition times are 7
am to 7 pm.With 4∗ 144 = 576 groups of data fromMonday
to Thursday as the training samples, the traffic flow data on
Friday is predicted. The 144 groups of data on Friday are as
the actual value to compare with the prediction value.

The number of parallel nodes is 1, 2, 4, 8, 16, and 20.
The one thousand links are predicted by the serial GA-SVM
algorithm, the parallel GA-SVM algorithm based on MPI,
and the parallel GA-SVM algorithm based on MapReduce.
The basic idea of parallel GA-SVM algorithm based on MPI
is “divide and conquer.” Firstly, SVM is trained by parallel GA
algorithm, and then the SVM trained is used to traffic flow
prediction [19–21]. The performance of three algorithms is
compared through a numerical example.

Figure 2: Road network of Guangzhou Haizhu District.

5.2. Selection of Experimental Parameters. When the param-
eters of SVM are optimized, the number of parallel nodes is 4,
theGApopulation size𝑚 = 120, and themaximumevolution
algebra 400.

5.3. Result Analysis. Theparameters of SVMare optimized by
three kinds of algorithms.They are the serial GA, the parallel
GA based onMPI, and the parallel GA based onMapReduce.
The results of parameter optimization are shown in Table 2.

The performance of the serial algorithm and the parallel
algorithm (the number of parallel nodes is 16) is contrasted.
It is analyzed from two aspects: prediction accuracy and
operation efficiency.

5.3.1. Prediction Accuracy. The prediction results and RE
curves of Link 103-104 by three algorithms are shown in
Figures 3, 4, and 5. It can be seen that the imitative effect
of the prediction values and the actual values by two parallel
algorithms is better than serial algorithm. When the traffic
flow is fluctuating greatly, the absolute relative error of
parallel algorithm based on MapReduce is relatively stable.
Table 3 is the evaluation index of the prediction precision by
three kinds of algorithm. It can be seen that MRE, MAXRE,
and RMSE of parallel algorithms are smaller than the serial
algorithm, so their prediction precision is higher. Because
the parallel genetic algorithm can avoid the shortcomings
of traditional genetic algorithm, the parameters of SVM
are optimized better, and then the prediction precision is
improved.

5.3.2. Operation Efficiency. Figure 6 is the running time
contrast of two kinds of parallel algorithm. From the diagram,
it can be seen that when the number parallel nodes is less
than 4, the advantage of the parallel algorithm based on
MapReduce is not obvious, because too little number of
parallel nodes that themap phase will spendmore time.With
the increase in the number of parallel nodes, the advantage
of MapReduce is manifested gradually. The running time is
reduced greatly. But when the number of parallel nodes is
increased to 16, the running time of two kinds of parallel
algorithm is reduced slightly; the reason is that, with the
increase of the number of parallel nodes, communication
costs among the different nodes are increased gradually to
increase communication time.Therefore, the proper number
of parallel nodes in the process of forecasting can achieve high
performance, save resources, and improve efficiency.
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Figure 3: (a) Prediction results based on the serial algorithm, (b) RE based on the serial algorithm.
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Figure 4: (a) Prediction results based on MPI, (b) RE based on MPI.

Table 2: SVM parameter values of three kinds of model.

Model 𝐶 𝜀 𝜎

Serial GA 105.23 0.016 0.89
GA Based on MPI 102.45 0.021 1.22
GA Based on
MapReduce 100.01 0.015 0.72

The speedup is an important index to measure the
efficiency of the parallel algorithm. The higher the speedup
is, the higher the efficiency will be. Figure 7 is the speedup
contrast of two parallel algorithms. It can be seen that with
the increase in the number of parallel nodes, the speedup
of two algorithms is higher and higher, and the speedup of
parallel algorithm based on MapReduce is much higher than
the parallel algorithm based on MPI. When the number of

Table 3: Evaluation index of three kinds of algorithms.

Algorithm MRE MAXRE RMSE
Serial GA-SVM 0.0914 0.2217 0.0956
GA-SVM Based on MPI 0.0881 0.1887 0.0887
GA-SVM Based on
MapReduce 0.0779 0.1651 0.0807

parallel nodes is 20, the speedup of parallel algorithm based
on MapReduce is 𝑆

𝑛
= 𝑇
𝑠
/𝑇
𝑝
= 770.15 s/45.42 s = 16.96. Its

efficiency is 16.96 times as high as the serial algorithm.

6. Conclusions

In this paper, we presented traffic flow prediction model for
large-scale road network based on cloud computing, which
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Figure 5: (a) Prediction results based on MapReduce, (b) RE based on MapReduce.
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has been implemented successfully by introducing genetic
algorithm and support vector machine. In the process of
traffic flow forecasting, we got the optimal parameters of
support vector machine, the highest prediction accuracy,
and the shortest running time. Finally, we verified the
superiority of the proposed algorithm and themodel through
a numerical example based on Hadoop.

For further issues, we should introduce other algorithms
into trafficflowpredictionmodel for large-scale road network

and verify it by the larger road network to be closer to the
actual situation.
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The paper presents the three time warning distances for solving the large scale system of multiple groups of vehicles safety driving
characteristics towards highway tunnel environment based on distributed model prediction control approach. Generally speaking,
the system includes two parts. First, multiple vehicles are divided intomultiple groups.Meanwhile, the distributedmodel predictive
control approach is proposed to calculate the information framework of each group. Each group of optimization performance
considers the local optimization and the neighboring subgroup of optimization characteristics, which could ensure the global
optimization performance. Second, the three time warning distances are studied based on the basic principles used for highway
intelligent space (HIS) and the information framework concept is proposed according to the multiple groups of vehicles. The math
model is built to avoid the chain avoidance of vehicles.The results demonstrate that the proposed highway intelligent space method
could effectively ensure driving safety of multiple groups of vehicles under the environment of fog, rain, or snow.

1. Introduction

A new research concept about highway intelligent space
(HIS) is proposed in the literature [1]. The main objective of
the HIS system is to create an intelligent driving space
where sensors are arranged in some necessary places such as
highway tunnel, road sections that are prone to accidents
or poor visibility under adverse weather conditions. Mean-
while, advanced vehicle-to-vehicle (V2V) and vehicle-to-
server (V2S) are adopted to inform drivers of road section
situation ahead to avoid collision under the environment of
space communication mode. The HIS system is introduced
to provide vehicles with useful driving state to ensure that
vehicles could have better access to road information ahead,
especiallymultiple groups of vehicles of driving environment.
Hence, studying vehicle driving state is important for the HIS
system to build an intelligent space according to the above
mentioned situations. This paper mainly focuses on multi-
vehicle of driving state when passing through the highway
tunnel.

The highway tunnel has its own complex driving features,
for example, the channel tunnel fire resulting in multiple
fatalities and injuries [2], several traffic accidents appearing
in some tunnels [3], and vehicle crash caused by visual
dysfunction of drivers [4]. When accidents happened in
some highway tunnel, the effective vehicle state should be
transmitted to vehicles towards highway tunnel in real time
by the communication between vehicles and HIS system,
especially multivehicle driving towards highway tunnel. Mul-
tivehicle has different driving modes such as single vehicle
form, groups of vehicle forms, and vehicle organizing forms,
among which groups of vehicle driving forms are the com-
mon. While HIS server could store large amounts of data
information for vehicles, multivehicle can be decomposed to
different groups of vehicles driving towards highway tunnels
and different groups of vehicles need different driving states
according to the specific driving environment. Each group
of vehicles driving states is defined as information frame-
work. Information frameworkmainly shows that the effective
driving state obtained from HIS server can ensure different
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groups of vehicles of safety characteristics. Therefore, study-
ing multiple groups of vehicles driving characteristics as well
as accurate evaluations of the risk rear-end collisions is the
key technologies under the environment of highway tunnel.

For the large scale of multi-intelligent vehicle systems,
there are three MPC schemes for designing such large scale
systems, namely, distributed MPC, centralized MPC, and
decentralizedMPC.The distributedMPC strategy is arguably
the most promising one because it beats the centralizedMPC
one in terms of computational load and outperforms the
decentralized MPC one in control performance [5]. In a
DMPC design, different model predictive controllers com-
municate through a communication network to cooperate
their actions in order to achieve optimal performance [6], for
example, collision avoidance constraints [7]. The distributed
framework of MPC is also gradually developing for the
control of large scale system. There are two methods of
distributed MPCs that appeared in the literature for the
large scale system. One method is that each local controller
exchanges estimation states with its neighbors and therefore
improves the performance of closed-loop subsystem. How-
ever the performance of other subsystems is not considered in
this optimization. The second method could achieve a good
performance close to the centralized MPC. However, this
strategy requires much more communication resources and
the structure of controller is relatively complex [8]. In this
paper, the neighbor optimizationmethod is used for the large
scale system inwhich each subsystem interacts in sequence by
state.

Based on the above state, a new vehicle safety distance
among groups based on the HIS system is proposed to
develop a warning system. Three time warning distances
will be studied considering the complex tunnel space. In
nature, human beings suffer from perception limitations with
a typical reactive time of 0.75 seconds to 1.5 seconds on emer-
gency events. Therefore, it is highly important that vehicles
should work in the three warning distances to guarantee
its immediate and effective stopping to avoid collisions. The
first warning distance is calculated by the time, the driver
reaction time, and the message propagation delay. As to the
second warning distance, the compensated safety distance is
proposed as the buffer distance to reduce its acceleration to
the range of the vehicle near the tunnel. The third warning
distance is the tracking safety distance. The proposed HIS
system is adapted for each group and can effectively achieve
vehicle’s safety. Figure 1 shows the work principle among the
groups. Distributed model prediction control approach is
used to solve groups of vehicles collision avoidance. Mean-
while, the method based on neighbor optimization is used
to solve the large scale system. Therefore, by predicting the
states based on the prediction model over the finite horizon,
the third warning distance which is collision-free at discrete
time steps is planned. In other words, since the collision
avoidance is considered only at the discrete prediction time
steps, a collision may occur in the intervals between the
prediction time steps. In particular, since it is difficult to
keep the sampling steps small enough to ensure the con-
vergence of the trajectory, the collisions between prediction

Groups of  vehicles

HIS server
DCP, DMC

MPC1: only for the
leading vehicle

Group-1

MPC2: only for the
leading vehicle

Group-2

MPCn: only for the
leading vehicle

Group-n
· · ·

Figure 1: The work principle among groups.

time steps become quite significant [9]. Therefore, as to the
multiple groups of vehicles collision avoidance problem,
adopting the above mentioned could solve vehicle environ-
ment perception.

The organization of the paper is as follows. System des-
cription and objective are presented in Section 2. In Section 3,
distributed model predictive control approach is studied. In
Section 4, the stability of vehicles in each group is studied.
In Section 5, simulation and analysis are presented. Finally,
conclusions are given.

2. System Description and Objective

In this section, we define the system dynamics and pose an
integrated cost function for every group to ensure system
stabilization and vehicles safety driving.Meanwhile, the three
time warning distances are studied addressing the system
dynamics.

2.1. System Description. Figure 2 shows the basic work
principle of overall system.The set 𝑗 ∈ 𝜌 := {1, . . . , 𝑁V1; 1, . . . ,

𝑁V2; . . . , 1, . . . , 𝑁V𝑛} is used to denote themultivehicle driving
towards highway tunnel. Autonomous vehicles organize dif-
ferent groups according to the specific driving environment
or driving state. Therefore, the symbol 𝑖 ∈ Γ := {1, . . . , 𝑛} is
used to denote group-1, group-2,. . ., group-𝑛. For each group-
𝑖, the leading vehicle 𝑘 ∈ Ω := {𝑉

11
, 𝑉
21
, . . . , 𝑉

𝑛1
} should

track the three time warning distances. The last vehicle 𝛿 ∈
Θ := {1𝑁V1, 2𝑁V2, . . . , 𝑛𝑁V} acts on the intervehicle dynamics
model between it and the next group. For each following
vehicle in each group, the reference trajectory should track
the leading vehicles. Therefore, distributed model predictive
control approaches used for the leading vehicles of each group
can achieve the vehicles safety driving characteristics. This
study is divided into several groups. This class of serially
connected subgroup is composed of many similar subgroups
placed after one another, in such a way that each subgroup is
connected with dynamic state between its neighbors. Some
algorithms and assumptions are made as follows.

Assumption 1. The vehicles in each group are self-organiza-
tion form; the following vehicles in each group can favorably
track the leading vehicle. The time delay communication of
the vehicle driving state transmission between vehicles is not
considered.
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Figure 2: Overall system work principle.

Assumption 2. Based on highway tunnel characteristics, the
overtaking situation is not considered in the research range
and the velocity change of vehicles is small.

Algorithm 3. Distributed model predictive controller for the
leading vehicle 𝑘 ∈ Ω: initialization: the driving state of the
vehicle 𝑉

0
is sent to the first group by HIS server, starting

at time 𝑡
0
= 0. In addition, other groups will adjust to the

driving states by the communication between the HIS system
and the groups.

2.2. Analysis of theThree TimeWarning Distances. The safety
of the driving behavior for each group is typically related to
vehicle driving environment. Hence, regarding each group of
safety aspect, the information framework includes interve-
hicle distance, relative velocity, and acceleration. The basic
principle of the three time warning distances can be seen
from Figure 2. When an accident has happened in a highway
tunnel, the vehicle 𝑉

0
near the tunnel has obtained the

message and lowers its velocity subconsciously. The leading
vehicle 𝑉

11
received the road information ahead by the HIS

server and passed through the three time warning distances.
The latter groups will adjust to the driving states based on
the vehicle 𝑉

0
and the former groups. The overall groups of

distance could be shown as

𝑠 = V
0
⋅ 𝑡
1
+

1

2

𝑎 ⋅ 𝑡
2

1
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝑠1

+ {min
2

(𝑠
2
(𝑡
2
) , 𝑥
2
(𝑡
2
)) ,max
2

(𝑠
2
(𝑡
2
) , 𝑥
2
(𝑡
2
))}

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝑠2

+ (𝜉
𝑒
(𝑡
3
) + 𝑑des (𝑡3))⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝑠3

.

(1)

The first time warning distance for each leading vehicle of
safety distance is calculated before arriving at its second
warning and mainly includes two parts of time, the reaction
time of the driver 𝑡

1
and message propagation delay 𝑡

2
.

Message propagation delay is composed of two parts, 𝑡
21
and

𝑡
22
. 𝑡
21

is the time when the message about an accident in
tunnel is sent to the HIS server and 𝑡

22
is the time when a

message is sent to related leading vehicles of the group. With
this notation, we can define the first warning distance:

𝑠
1
(𝑡) = V

0
𝑡 +

1

2

𝑎𝑡
2
, (𝑡 ≤ 𝑡

2
) . (2)

Furthermore, we can solve the first time warning distance for
each group denoted by

𝑠
𝑖
= 𝑠
1
(𝑡) , (𝑡 ≤ 𝑡

2
, 𝑖 = 1, . . . , 𝑛) . (3)

The second time warning distance is calculated before arriv-
ing at its third time warning distance.The goal for the second
time warning distance is to lower the leading vehicle 𝑘 ∈ Ω
of velocity; after arriving at the third time warning distance,
the leading vehicle of driving states could satisfy the tracking
mode.

Definition 4. Compensated safety distance in our work is
defined as the buffer distance among groups to avoid colli-
sions.

Based on the above assumptions and definition, the
model for compensated safety distance for each group 𝑖 ∈ Γ
is denoted as follows:

̇𝑥 = 𝐺𝑥 + 𝐻𝑢, 𝑥 = [

𝑠
2𝑖
(𝑡)

V
1
(𝑡)
] , 𝐺 = [

0 1

0 0
] ,

𝐻 = [

0

1
] , 𝑢 = 𝑎des (𝑡) ,

(4)
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where 𝑠
2𝑖
(𝑡) is the compensated safety distance and 𝑢 is the

desired deceleration for the leading vehicle.

Definition 5. The vehicle is in the safety driving when the
desired acceleration is defined in the range |𝑎

𝑙
| ≤ 𝑎
11
. 𝑎
11

is
a special state that denotes the leading vehicles entering the
tracking mode after arriving at the third warning distance.

The second time warning distance is a buffer range, so we
introduce the virtual vehicle concept to calculate the distance.
Additional advantage of the virtual vehicle scheme is that the
motion of the vehicle can be smoothly controlled when a new
leading vehicle cuts in or the current vehicle cuts out [10].

Definition 6. The virtual vehicle distance 𝑥
2
(𝑡) is defined as

a constant safety distance. For every group 𝑖 ∈ {1, 2, . . . , 𝑛},
the compensated safety distance should be set in the range as
follows:

min
𝑖

{𝑠
2𝑖
(𝑡) , 𝑥
2
(𝑡)} < 𝑠

2𝑖
(𝑡) ≤ max

𝑖

{𝑠
2𝑖
(𝑡) , 𝑥
2
(𝑡)} . (5)

The constant safety distance of virtual vehicle distance can be
shown:

𝑥
2
(𝑡) = ℎ ⋅ V + 𝐷min. (6)

The second time warning distance is built to reduce vehicle’s
acceleration during some adverse weather or road sections
that are prone to accidents.

The third warning time is the tracking mode before
arriving at its permitted minimum distance.The vehicle𝑉

0
is

uncontrollable, so the leading vehicle 𝑘 ∈ {𝑉
11
, 𝑉
21
, . . . , 𝑉

𝑛1
}

in each group should be controlled to ensure a suitable rela-
tive distance. As can be seen from Figure 2, the intervehicle
dynamics model is designed among groups as follows:

̇V
𝑓𝑖
= 𝑎
𝑓𝑖
,

𝜉
𝑑𝑖
= 𝑙
𝑙𝑖
− 𝑙
𝑓𝑖
,

ΔV
𝑖
= V
𝑙𝑖
− V
𝑓𝑖
,

𝜉
𝑒𝑖
= 𝜉
𝑑𝑖
− 𝑑des 𝑖.

(7)

The longitudinal dynamics of the leading vehicle 𝑘 ∈

{𝑉
11
, 𝑉
21
, . . . , 𝑉

𝑛1
} are nonlinear. According to the vehicle

dynamics in [11], the longitudinal dynamics is transferred as
follows:

̇𝑎
𝑓𝑖
= 𝑔
𝑓𝑖
(V
𝑓𝑖
, 𝑎
𝑓𝑖
) + ℎ
𝑓𝑖
(V
𝑓𝑖
) 𝛿
𝑓𝑖
,

𝑔
𝑓𝑖
(V
𝑓𝑖
, 𝑎
𝑓𝑖
) = −

2𝐾
𝑎𝑑

𝑚

−

1

𝜏
𝑓

[𝑎
𝑓𝑖
+

𝐾
𝑎𝑑

𝑚
𝑓𝑖

V2
𝑓𝑖
+

𝐾
𝑚𝑑

𝑚
𝑓𝑖

] ,

ℎ
𝑓𝑖
(V
𝑓𝑖
) =

1

𝑚
𝑓𝑖

𝜏
𝑓𝑖
.

(8)

If the parameters in (7) are exactly known, the following
feedback linearizing control law could be adopted:

𝛿
𝑓𝑖
= 𝑚
𝑓𝑖
𝜇
𝑓𝑐𝑖
+ 𝐾
𝑎𝑑
V2
𝑓𝑖
+ 𝐾
𝑚𝑑
+ 2𝜏
𝑓𝑖
𝐾
𝑎𝑑
V
𝑓𝑖
𝑎
𝑓𝑖
, (9)

where 𝜉
𝑑𝑖

is intervehicle distance, ΔV
𝑖
is the error among

groups, and 𝜉
𝑒𝑖
is the error between actual intervehicle dis-

tance and desired vehicle safety distance. V
𝑙𝑖
, V
𝑓𝑖
are vehicle3’s

speed and vehicle1’s speed. 𝜇
𝑓𝑐𝑖

is the input signal that makes
the closed-loop system satisfy certain performance criteria.
In controller (8), we achieve the following objectives: (1) the
feedback linearization results in a linear system as discussed
above: however uncertainties in parameters can potentially
make the linearization process inexact; the study of such
a case would be an interesting topic to be considered in
future research; (2) the simplification of the system model by
excluding some characteristic parameters (e.g., the mechani-
cal drag, mass and air resistance) from the vehicle dynamics.
Manipulating (6) through (8), the equation becomes

̇𝛼
𝑓𝑖
=

1

𝜏
𝑓𝑖

(𝜇
𝑓𝑐𝑖
− 𝛼
𝑓𝑖
) , (10)

where 𝜏
𝑓𝑖
is the engine time constant and its value is 0.25, a

single parameter that describes the dynamics of the propul-
sion system and internal disturbances. 𝜇

𝑓𝑐𝑖
can be viewed as

the throttle/brake input causing acceleration/deceleration in
the controlled vehicle. The system thus takes the form which
can be described by the following standard equations:

[

[

[

[

̇V
𝑓𝑖

̇
𝜉
𝑒𝑖

̇ΔV
𝑖

̇𝛼
𝑓𝑖

]

]

]

]

=

[

[

[

[

[

[

0 0 0 1

0 0 1 −ℎ
𝑖

0 0 0 −1

0 0 0

−1

𝜏
𝑓𝑖

]

]

]

]

]

]

⋅
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[

[

V
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ΔV
𝑖

𝛼
𝑓𝑖

]

]

]

]

+
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[

[

[

[

[

0

0

0

1

𝜏
𝑓𝑖

]

]

]

]

]

]

⋅ [𝑢 (𝑡)] +

[
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[

0

0

1

0

]

]

]

]

⋅ [𝛼
𝑙𝑖
] ,

𝑦 (𝑡)
𝑖
=

[

[

[
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1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

]

]

]

]
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𝑓𝑖

𝜉
𝑒𝑖

ΔV
𝑖

𝛼
𝑓𝑖

]
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.

(11)

Writing the above equation as standard state-space equations,
we have

𝑥
̇
(𝑡)
𝑖
= 𝐴𝑥 (𝑡)

𝑖
+ 𝐵𝑢 (𝑡)

𝑖
+ 𝐶𝑤(𝑡)

𝑖
,

𝑦 (𝑡)
𝑖
= 𝐷𝑥 (𝑡)

𝑖
,

𝐴 =
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0 0 0 1

0 0 1 −ℎ
𝑖

0 0 0 −1
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]

]
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]

]

, 𝐵 =
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𝜏
𝑓𝑖

]

]

]

]

]

]

,

𝐶 =

[

[

[

[

1 0 0 0

0 1 0 0
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0 0 0 1

]

]

]

]

, 𝐷 =

[

[

[

[

0

0

1

0

]

]

]

]

,

(12)

where state variables are𝑥(𝑡)
𝑖
= [V𝑓𝑖 𝜉𝑒𝑖 ΔV𝑖 𝛼𝑓𝑖]

𝑇 and𝑤(𝑡)
𝑖

is the acceleration of the last vehicle 𝛿.
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By (12), the overall system of vehicle dynamics can be
expressed as

(

𝑥
1

𝑥
2

...
𝑥
𝑛+1

) =(

𝐴
1
0
4×4

⋅ ⋅ ⋅ 0
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4×4

𝐴
2
⋅ ⋅ ⋅ 0
4×4
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4×4

0
4×4

⋅ ⋅ ⋅ 0
4×4

0
4×4

0
4×4

⋅ ⋅ ⋅ 𝐴
𝑛

) ⋅(

𝑥
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𝑥
2
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𝑥
𝑛

)
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4×1
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4×1
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𝑢
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𝑢
2
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𝑢
𝑛

)

+(

𝑘
1
0 ⋅ ⋅ ⋅ 0

0 𝑘
2
⋅ ⋅ ⋅ 0

0 0 ⋅ ⋅ ⋅ 0

0 0 ⋅ ⋅ ⋅ 𝑘
𝑛

) ⋅(

𝑤
1

𝑤
2

...
𝑤
𝑛

).

(13)

Simplifying the above equation,

𝑋
𝑛+1
= 𝐴 ⋅ 𝑋

𝑛
+ 𝐵 ⋅ 𝑈

𝑛
+ 𝐾 ⋅ 𝑊

𝑛
, (14)

where 𝑋
𝑛+1
= (𝑥1

𝑥
2
⋅ ⋅ ⋅ 𝑥
𝑛+1)

𝑇, 𝑋
𝑛
= (𝑥1

𝑥
2
⋅ ⋅ ⋅ 𝑥
𝑛)

𝑇,
𝑈
𝑛
= (𝑢1

𝑢
2
⋅ ⋅ ⋅ 𝑢
𝑛)

𝑇, and 𝑤
𝑛
= (𝑤1 𝑤2 ⋅ ⋅ ⋅ 𝑤𝑛)

𝑇.

Criterion 1. The dynamics model (12) is stable, controllable,
and observability.

The stability system is analyzed by eigenvalue criteria.
The controllability is verified by using rank (𝐴, 𝐵) and the
observability is studied by using rank (𝐶, 𝐴).

As we have defined it, the three time warning distances
are designed to imply that, combinedwithHIS space, vehicles
safety driving could be guaranteed under the environment of
someuncertainweather conditions, such as fog, rain, or snow.

3. Distributed Model Predictive
Control Approach

3.1. Induction Process. In this section, we introduce notation
and define the optimal control problem and the distributed
model predictive control approach (DMPC) for the leading
vehicles in each group. Combined with the above schematics
derivation, theDMPConly is developed in the leading vehicle
𝑘 ∈ Ω; the following vehicles in each group can maintain the
safety driving distance in the form of the platoon.TheDMPC
algorithm captures an important class of practical problems,
including, for example,maneuvering a group of vehicles from
one point to another while maintaining relative formation
and/or avoiding collisions [12]. Figure 3 shows the principle
of the optimal control application for each leading vehicle.

As stated above, each group exchanges information with
the HIS server system. Each group sequentially achieves
performance development in distributed MPC algorithms
under the environment of the highway tunnel.

Because the latter groups irregularly drive on the highway
tunnel, the interconnections between different subsystems
are assumed to be weak and are considered as disturbances

HIS server

DPC center DMC                   

Relative distance,
relative velocity,

longitudinal 
velocity, and 
acceleration

Predictive model
intervehicle dynamics

Receding optimization
Desired distance 

Vehicle-
to-HIS

communication

Optimal 
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state

Vehicle
dynamic

model

Figure 3: The principle for the optimal control application.

which can send the relative driving information to the latter
group via HIS server system. In addition, the driving states
of the last vehicle in each group are uncontrollable but
can be measured by sensors, so the acceleration 𝑤(𝑡)

𝑖
of

the last vehicle 𝛿 ∈ Θ can be regarded as the measured
disturbance signal when calculating the latter groups. The
overall of longitudinal dynamics system that is composed
of 𝑚 interconnected subsystems can be descried by (14).
The global optimization problem can be decomposed into
a number of local optimization subproblems and the whole
control performance can be efficiently improved [13]. The
cooperation between subsystems is achieved by exchanging
information between each subsystem and its neighbors in
a distributed structure via network between HIS server and
vehicles.

By (12), according to the vehicle driving characteristics
in highway intelligent space, subsystem 𝑆

𝑖
interacts with 𝑆

𝑗
,

and the output state acceleration of subsystem 𝑆
𝑖
is affected by

subgroup 𝑆
𝑗
. In this case, 𝑆

𝑗
is called input neighboring sub-

group of 𝑆
𝑖
. 𝑆
𝑖
is called the output neighboring subsystem. In

(12), the state acceleration of the 𝑆
𝑖
is regarded as disturbance.

In every group of distributed optimal control strategy,
we assume that the same constant prediction horizon 𝑁

𝑝
∈

(0,∞) and constant update period 𝛾 ∈ (0,𝑁
𝑝
] are used. In

practice, the update period 𝛾 ∈ (0,𝑁
𝑝
] is the sample interval.

The common update times are denoted by 𝑡
𝑘
= 𝑡
0
+𝜑𝑘, where

𝑡
0
= 0 and 𝑘 ∈ 𝑁 = {0, 1, 2, . . .}. The leading vehicle in each

group sequentially solves an optimal control problem at the
update period 𝛿 ∈ (0,𝑁

𝑝
] and applies the optimal control

trajectory until its next update time. We have that 𝑧
𝑖
(𝑡) and

𝑢
𝑖
(𝑡) are the actual error state and control input, respectively.

For each leading vehicle 𝑘 ∈ Ω at any time 𝑡 ≥ 𝑡
0
, over any

prediction interval [𝑡
𝑘
, 𝑡
𝑘
+𝑇], 𝑘 ∈ 𝑁, associatedwith updated

time 𝑡
𝑘
, we denote two trajectories:

𝑢
∗

𝑖
(𝜏; 𝑡
𝑘
): the optimal control trajectory,

�̂�
𝑖
(𝜏; 𝑡
𝑘
): the predicted state trajectory,

where 𝜏 ∈ [𝑡
𝑘
, 𝑡
𝑘
+ 𝑇].



6 Mathematical Problems in Engineering

The predicted value �̂�
𝑖
(𝜏; 𝑡
𝑘
) is transmitted to all other

followers as soon as the optimal control problem at 𝑡 = 𝑘𝛿
is solved to take account of collision avoidance. The overall
system running process is as follows.

Step 1. At the time 𝑡 = 𝑘𝛿, the leading vehicle𝑉
11
building the

model predictive controller is defined.

Input State. �̂�
𝑖
(𝜏; 𝑡
𝑘
) = 𝑢
∗

𝑖
(𝜏; 𝑡
𝑘
);

Disturbance Variance𝑤(𝑡):𝑤(𝑡) = 𝛼
𝑙𝑖
. Because of the uncon-

trollable vehicle 𝑉
0
, the V(𝑡) can be regarded as a disturbance

variance.

Step 2. The DMPC used for the leading vehicle 𝑘 ∈ Ω obeys
the following implementation strategy.

(1) At the time 𝑡, all the controllers receive the full state
measurement 𝑥(𝑡) from the sensors.

(2) Each controller evaluates its own future input tra-
jectory based on 𝑥(𝑡) and 𝑤(𝑡). Based on the input
trajectories, each controller calculates the current
decided set of inputs trajectories.

(3) Each controller updates its entire future input tra-
jectory and sends the future state to the following
vehicles in each group.

(4) When a new measurement is received, go to Step 1
(𝑡 ← 𝑡 + 1).

At each iteration, for 𝑝 = 0, . . . , 𝑁 − 1, each controller
solves the following optimization problem:

min
𝑢𝑙(𝑡),...,𝑢𝑙(𝑡+𝑁−1)

𝐽 (𝑡) ,

𝑢
𝑙
(𝑡 + 𝑝) ∈ 𝑈

𝑙
, 𝑝 ≥ 0,

𝑢
𝑙
 (𝑡 + 𝑝) = 𝑢

𝑙
(𝑡 + 𝑝)

𝑐−1

, ∀𝑙

̸= 𝑖,

𝑥 (𝑡 + 𝑝) ∈ 𝑋, 𝑗 > 0,

𝑥 (𝑡 + 𝑁) ∈ 𝑋
𝑓

(15)

with
𝐽 (𝑡) = ∑

𝑙

𝐽
𝑙
(𝑡) ,

𝐽
𝑖
(𝑡) =

𝑁−1

∑

𝑝=0

[




𝑥
𝑙
(𝑡 + 𝑝)






2

𝑄𝑙
+




𝑢
𝑙
(𝑡 + 𝑝)






2

𝑅𝑙
] + ‖𝑥 (𝑡 + 𝑁)‖

2

𝑝𝑖
,

(16)

where 𝑄 and 𝑃 are the weighting matrices that tune the
relative importance of the output vector’s elements as well as
the magnitude of the control effort. 𝑄𝑃 formulation is used
to solve the model predictive control problem.

3.2. Control Objectives and Constraints. Typically, the pri-
mary control objective of the HIS server system is to keep
vehicles at a safety distance. So there exit some constraints
on the information framework for each group and the
information unit for each vehicle.

Step 1. The first parameter is the intervehicle distance. The
intervehicle distance includes two parts. One part is the
intervehicle distance in each group, and the other is the
intervehicle distance between the last vehicle 𝛿 ∈ Θ and the
leading vehicle 𝑘 ∈ Ω. About the first part of the intervehicle
distance, the so-called safety distance can be defined as (6).
As to constraints of relative distance error, when the vehicle
𝑉
0
runs uniformly, larger or smaller intervehicle distance

may occur in real time. The inequality for subobjective is as
follows:

𝜉
min
𝑒𝑖
≤ 𝜉
𝑒𝑖
≤ 𝜉

max
𝑒𝑖
, (17)

where 𝜉min
𝑒𝑖

= −5m is the lower boundary, which is again
obtained from the driver experimental data, and 𝜉max

𝑒𝑖
≤ 6m

is the higher boundary in the literature [14].
The intervehicle distance between the last vehicle 𝛿 ∈ Θ

and the leading vehicle 𝑘 ∈ Ω can be studied on the three
time warning distances. The second time warning distance
constraint can be shown in Definition 5.

The third time warning distance is the tracking mode
and the constraint is the same as the first part of intervehicle
distance.

Step 2. The second parameter is the intervehicle velocity.
The intervehicle velocity also includes two parts. One is the
intervehicle velocity in each group, and the other is the
intervehicle distance between the last vehicle 𝛿 ∈ Θ and
the leading vehicle 𝑘 ∈ Ω. About the first part of the
intervehicle velocity, we define the initial vehicle velocity
as 0 ≤ V

𝑓
≤ 80 km/s. The relative velocity in each group

should be minimized in the range −1 ≤ ΔV ≤ 0.9m/s.
The second intervehicle velocity is researched based on the
third time warning distance, because, during the first and the
second time warning distances, the vehicle is in acceleration
or decelerationwithout any rule.The constraint is in the range
−1 ≤ ΔV ≤ 1.2m/s.

Step 3. The third parameter is the acceleration of the leading
vehicle 𝑘 ∈ Ω in each group. First the vehicle 𝑉

11
of acceler-

ation 𝑎
11
constraint is defined in the range 𝑎

𝑓min
= −3.0ms−2,

𝑎
ℎ,max ∈ [2.0, 3.0]ms−2. The absolute value of 𝛼

𝑓min
being bigger than that of 𝛼

𝑓max
can accommodate larger brak-

ing degree to prevent rear-end collisions [15].

Step 4. The fourth parameter is the weight 𝑄
𝑒
and the

control input. The weight 𝑄
𝑒
which is the weight of the error

𝜉
𝑒
between the desired and the actual distance has to be

considered. The larger 𝑄
𝑒
is, the smaller the time reaches

a steady-state situation. Although the focus is on safety, it
has to be remarked that, for increasing 𝑄

𝑒
, the acceleration

will increase as well. The control input constraint includes
throttle input or brake input. So, we could define the control
formulation as 𝑢(𝑘) ∈ [−1, 1].

4. The Dynamics Model in Each Group

We consider 𝑛 groups of vehicles that travel in a straight
line towards a highway tunnel. In this section, we focus on
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Figure 4: The first group: the intervehicle distance, the intervelocity, and the acceleration.

the stability analysis for vehicles in each group 𝑖 ∈ {1, . . . , 𝑛}.
Meanwhile, we suppose the intervehicle distance following a
constant time headway policy to be (6). In this way, the actual
distance between vehicle 𝑖𝑗 and vehicle 𝑖𝑗−1 should be defined
as follows:

𝜀
𝑖𝑗
(𝑡) = 𝑥

𝑖𝑗−1
(𝑡) − 𝑥

𝑖𝑗
(𝑡) − 𝐿

𝑖𝑗−1
, (18)

where 𝐿
𝑖𝑗−1

is vehicle 𝑖𝑗−1 length and 𝑥
𝑖𝑗−1
(𝑡), 𝑥
𝑖𝑗
(𝑡) stand for

the position for vehicle 𝑖𝑗 and vehicle 𝑖𝑗 − 1. So, respectively,

the continuous vehicle of vehicle distance error is calculated
by the actual distance and desired distance as follows:

𝛿
𝑖𝑗
(𝑡) = 𝜀

𝑖𝑗
(𝑡) − 𝑥

2
(𝑡) . (19)

From the view of vehicle platoon stability, the objective for the
vehicle-to-HIS framework is that vehicle interdistance should
tend to 0 which holds the desired interdistance between the
leading vehicle and the following vehicle. Equation (19) can
be defined as follows:

𝑆
𝑖𝑗
≡ 𝛿
𝑖𝑗
(𝑡) . (20)
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Figure 5: The second group: the intervehicle distance, the intervelocity, and the acceleration.

According to slid mode control method principle, when the
variable 𝛿

𝑖
(𝑡) satisfies the following expression:

̇𝑆
𝑖𝑗
= −𝜆
𝑖𝑗
⋅ 𝑆
𝑖𝑗
. (21)

If the equation 𝑆
𝑖𝑗
→ 0 is established, 𝛿

𝑖𝑗
(𝑡) → 0means that

the 𝑖𝑗th vehicle is said to provide individual vehicle stability.
The spacing error derivation process for vehicle platoon is
shown in [16], which is used in the paper as follows:

𝐻(𝑠) =

𝛿
𝑖𝑗
(𝑠)

𝛿
𝑖𝑗−1
(𝑠)

=

𝑠 + 𝜆

𝑡
𝑔
⋅ 𝜏 ⋅ 𝑠
3
+ 𝑡
𝑔
⋅ 𝑠
2
+ (1 + 𝜆𝑡

𝑔
) 𝑠 + 𝜆

,

(22)

where 𝑡
𝑔
= 2 s and 𝜏 = 0.5 s. By using the above transfer

function, string stability of vehicle platoon can be analyzed. It
is shown that condition ‖𝐻(𝑠)‖

∞
≤ 1 ensures system stability.

5. Simulation and Analysis

In this section, we mainly research the simulation process
of the groups. The three time warning distances have been
used to ensure multivehicle safety. The first and the second
time warning distances mainly lower the deceleration of
the leading vehicle in each group. The third time warning
distance mainly provides the safety driving distance with
groups, for example, deceleration state of safety distance
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Figure 6: The third group: the intervehicle distance, the intervelocity, and the acceleration.

or track mode of safety distance. When the leading vehicle
in each group is in the deceleration state during the third
warning distance, other vehicles in each group are in a normal
safety driving. Therefore, we mainly study the tracking mode
for each group during the third warning distance using
DMPC. It is assumed that groups Γ = 4, 𝑁V1 = 5, 𝑁V2 = 3,
𝑁V3 = 4, and 𝑁V4 = 5. The prediction horizon and control
horizon for the DPMC are 300 sampling times. At time 𝑡

0
,

the vehicle 𝑉
0
acceleration is defined:

𝑎
0
= {

0, 𝑡 < 4,

−0.4, 𝑡 ≥ 4.

(23)

Meanwhile, we assume that, after the first and the second time
warning distance, vehicle𝑉

11
of velocity is 10.5m/s.When the

leading vehicle in each group lowers its acceleration |𝑎
𝑙
| ≤

𝑎
11
in the third time warning distance, the relative distances

between the following vehicles in each group and the distance
between the last vehicle and the leading vehicle are 3m,
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Figure 7: The fourth group: the intervehicle distance, the intervelocity, and the acceleration.

5m, 10m, and 15m. The following vehicles in each group
are tracking the reference trajectories. Hence, the driving
state of the leading vehicles can represent each group of
information framework. The leading vehicles can only be
studied. Four groups of simulation results are shown as shown
in Figures 4, 5, 6, and 7.

From Figure 4, it can be seen that the intervehicle5-1
distance between the leading vehicle 𝑉

11
and the vehicle 𝑉

0

can maintain stability until the time 15 s. When the vehicle
𝑉
0
decelerated irregularly, the leading vehicle 𝑉

11
adjusts to

its velocity subsequently. Meanwhile, the following vehicles

have received the road information ahead from the HIS
server system; they still retain the constant safety distance.
As to the acceleration curve, the reference acceleration 𝑎

11
=

−0.4m/s2; by using Definition 5, we can know that only if
|𝑎
𝑙
| ≤ 𝑎

11
, the system is controllable. Figure 5 shows the

intervehicle distance between vehicles can retain stability
until the time 10 s. The change range of the intervelocity
is larger than the former group. Generally speaking, the
first group and the second group are stability. The third
and the fourth group signify that the intervehicle distance
between vehicles can retain stability until the time 10 s to 15 s.
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Figure 8: The intervehicle distance among groups.

These groups show that the intervelocity between vehicles
changes in real time.The acceleration also adapts to the envi-
ronment tracking characteristics. The simulated information
framework demonstrated that by the first and the second
time warning distances to groups of vehicles deceleration
system can realize effectively vehicle safety characteristics.
Figure 8 shows the intervehicle distances among groups.
Through comparative analysis of the intervehicle5-1 distance
in the first group, the intervehicle3-1 distance in the second
group, the intervehicle4-1 distance in the third group, and the
intervehicle5-1 distance in the fourth group, we can conclude
that the distributed optimization basedDMPC controller and
the three time warning distances are carried out to verify
the performance of the vehicles passing the highway tunnel
environment.

6. Conclusion

The paper presents the distributed model predictive control
approach for groups of vehicles of information framework
analysis on the highway tunnel environment. The three time
warning distances are proposed to ensure vehicles of safety
driving. The framework can be adapted for a highway tunnel
and some adverse weather such as fog, rain, and snow when
drivers cannot distinguish the road ahead because of weather
and road reasons. The system is different from traditional
vehicle system of active electric functions; its goal is to
provide a warning system based on the HIS system for
drivers to obtain the road situation in advance, especially
multiple groups of vehicles towards some road section prone
to accidents or some adverse places. First, the three time
warning distances are introduced to guide the mechanism.
Second, the distributed model predictive control approach
is studied to develop the optimal control sequence. Last, in

order to verify the feasibility for the system, four different
groups are simulated.The simulation results demonstrate that
the proposed three time warning distances could achieve
vehicles of safety and stability. Furthermore, it is shown that
the local optimization of distributedmodel predictive control
approach could ensure that the whole control performance is
effective.
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Transit signal priority has a positive effect on improving traffic congestion and reducing transit delay and also has an influence on
traffic emission. In this paper, an optimal transit signal priority scheme based on an improved algebraic method was developed
and its impact on vehicle emission was evaluated as well. The improved algebraic method was proposed on the basis of classical
algebraic method and has improvements in three aspects. First, the calculation rules of split loss are more reasonable. Second,
the delay caused by transit stations and queued vehicles can be considered. Third, measures for finding optimal ideal intersection
interval are improved. By establishing a microscopic traffic emission simulation platform based on microscopic traffic simulation
model VISSIM and the comprehensive modal emission model (CMEM), the traffic emissions can be evaluated. Then, an optimal
transit signal priority scheme based on the traffic data collected in Changzhou city was developed and its impact on emission was
simulated in the VISSIM-CMEM platform. Comparative analysis results showed that proposed scheme can outperform original
scheme in the aspects of reducing emission and passenger delay and an average reduction of 25.0% on transit emission and relative
decrease in overall traffic emission can be achieved.

1. Introduction

With the development of urban population, car ownership
and usage increase every year, which has resulted in serious
traffic congestion and acute environmental problem. As a
major source of air pollution, vehicular traffic contributes
considerably to the level of carbon monoxide (CO), nitrogen
oxides (NOx), and hydrocarbon (HC) in many metropolitan
areas [1].Meanwhile, public transit priority policy has already
become the core of urban traffic development strategy in
China, which consists of a series of bus priority measures,
such as transit lanes and transit signal priority. However,
existing transit signal priority algorithms mainly focus on
reducing traffic delay while paying little attention to evaluate
its impact on traffic emissions. Some researches have pointed
out that transit signal priority also offered a great potential
benefit in reducing traffic emission [2].

Transit priorities’ impact on traffic emission is actually
a controversial topic. Alam and Hatzopoulou [3] argue that

increasing transit ridership is not sufficient to achieve mean-
ingful emission reductions at a regional level. Nonetheless,
both of transit signal priority and signal coordination are
efficient methods to reduce transit emission. Traffic signals at
intersections impose significant impact on traffic emissions
because they interrupt traffic flow and create additional
deceleration, idle, and acceleration process [4]. Previous
study developed plenty of methods to evaluate signal plan’s
impact on emission. Rakha et al. [5] showed that efficient
signal coordination can reduce emissions up to 50% in a
highly simplified scenario. Chen and Yu [6] integrated a com-
prehensive modal emission model (CMEM) [7] and VISSIM
to evaluate vehicular emissions at signalized intersections
and on bus lanes. Hirschmann and Fellendorf [8] developed
a simulation toolbox to estimate pollutant emissions under
different signal control strategies, and simulation results show
5–12% emission reduction depending on pollutant types
and signal control strategies. Tao et al. [9] also used field
data to evaluate the effectiveness of signal coordination on
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reducing vehicle emissions during both peak and nonpeak
hours. Lv and Zhang [10] investigate the effect of traffic signal
coordination on emissions and compare it with their effects
on operational performance measures of delay and stops.

Despite emission evaluating, previous studies have also
attempted to develop signal timing optimization models to
minimize both delays and emissions. Li et al. [11] optimized
the cycle length and green splits for an isolated intersection
to minimize a weighed sum of the delay, fuel consump-
tion, and emission. Park et al. [12] developed signal timing
optimization models to minimize the fuel consumption and
vehicle emission based on microscopic simulation. Recently,
Chen et al. [13] proved that the proposed model can not
only keep intersection vehicle delay at a low level, but
also effectively reduce vehicle emissions through instance
validation. These models all focused on signal timing in
isolated intersections. There are also a few studies trying
to reduce emission in the whole network. Han et al. [14]
consider an adaptive signal control problem on signalized
network using Lighthill-Whitham-Richards (LWR) model
with traffic-derived emission side constraints. Chou et al.
[15] tied to improve transportation efficiency with latest
green communication networking techniques in Intelligent
Transportation Systems, by treating the Road Side Unit as a
traffic signal control agent that can adaptively adjust traffic
signal cycle in order to transport more passengers with
increasing utilization of fuel consumption and reducing of
pollutant emission of vehicles. However, these studies are
mainly based on adaptive control methods, which are quite
hard to be put into practice in nowadays China. For instance,
in Changzhou, there are bus lanes and bus rapid transit
(BRT). Although public transit trip rate is high inChangzhou,
there is no sufficient condition to conduct adaptive signal
control. This is a very common phenomenon in China.

Consequently we will focus on fixed transit signal coor-
dination in this paper. There are mainly two methods to
calculate optimal fixed signal offsets: to minimize vehicle
delay or to maximize green wave bandwidth. Bandwidth is
the amount of green time that can be used by a continuously
moving platoon of vehicles through a series of intersections
[16]. Graphical and algebraic methods are developed to find
out a series of optimal offsets for every intersection that
maximize the bandwidth. Classical algebraic method is able
to work out an equitable signal timing solution for both
two-way traffic, which also enjoys the advantages of easy
understanding, easy implementation, and less computing
time consumption. Classical algebraic method is especially
appropriate for the signal timing for symmetric arterieswhere
through movements make up the main traffic flow [17].
Therefore, this method is wildly applied in the design of real-
world traffic control system and very popular in Chinese
traffic engineering textbooks. However, it was found that
there are several deficiencies in classical algebraic method. Li
et al. [18] proposed that many problems existed in classical
algebraic method such as the determination of value range of
ideal intersection distance and the calculation of green wave
bandwidth. Lu et al. [19] presented a new algebraic method
of arterial road coordinate control for bidirectional green
wave when traffic flow rates of two directions are not equal.

However, the defects of classical algebraic method itself have
not been pointed out. Hu et al. [20] developed a modified
graphic method and utilized it to find optimized signal
timing plans and bus schedules according to the distances
between adjacent intersections. Transit station was taken into
consideration in that paper. But the difference of bandwidth
between two directions resulted from the unsymmetrical
distribution of transit stations near intersection was not been
considered. According to previous studies, the three issues
below need further study.

(i) More reasonable and practical algebraic method. Clas-
sical algebraic method has deficiencies in several
aspects when used to calculate optimal signal coor-
dination scheme. Previous studies have not clearly
pointed all the deficiencies out or given effective
solutions.

(ii) More realistic emission stimulation method for public
transits. There are plenty of studies utilizing VISSIM
andCMEM to evaluate traffic emission. However, few
of them focus on public transits, where busload plays
a pivotal role.

(iii) Transit signal priority that considering social vehi-
cles. Transit signal priority in previous studies only
focused on the public transit. The delay and emission
of social vehicles were not considered. However, both
public transit and social vehicles can benefit from the
same fixed signal coordination plan at the same time.

Therefore this paper will focus on optimizing existing
transit signal coordination algorithms and then evaluate their
effects on traffic emissions. The remainder of this paper is
organized as follows. In Section 2, the defects of classical
algebraic method are analyzed and the improvement mea-
sureswere proposed. Anumerical examplewas demonstrated
to show the difference between classical algebraic method
and improved algebraic method. Afterwards a microscopic
traffic emission simulation platform was established where
the fluctuation of busload was taken into the calculation of
vehicle emission. Section 3 is a case study based on traffic
condition data collected in Changzhou, and a transit signal
priority scheme is proposed in which social vehicles were
also able to enjoy considerable bandwidth. Proposed scheme’s
impact on emission is then simulated and compared with
real-world signal timing plan and signal timing method
developed in the previous study. At last, conclusions and
future research are included.

2. Methodology

2.1. Classical Algebraic Method. The core mission of classical
algebraic method is to find out the optimal value of ideal
intersection distance that leads to the maximal green wave
bandwidth, after which signal timing scheme is determined
based on the location of ideal intersections.

Supposing there are𝑁 signalized intersections. Distances
between every intersection and the first intersection are saved
in vector𝐷 = [𝐷

1
, 𝐷
2
, . . . , 𝐷

𝑁
]. Splits of the intersections are
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saved in vector 𝐺 = [𝐺
1
, 𝐺
2
, . . . , 𝐺

𝑁
]. The overall process of

applying classical algebraic method is shown as below.

Step 1. Determine the common signal cycle length 𝐶
1
for all

intersections.

Step 2. Determine the range of ideal intersection distance 𝑎
and iteration step size 𝑠 (𝑠 is generally equal to 10 meters):

𝑎 ∈ [𝐶
1
⋅

V
2

−𝑀,𝐶
1
⋅

V
2

+𝑀] , (1)

where, V is vehicle’s operating speed of through movements.
𝑀 is variation range of 𝑎.

Step 3. For every possible value of 𝑎, calculate the remainder
vector 𝑅 = [𝑅



1
, 𝑅


2
, . . . , 𝑅



𝑁
], where 𝑅

𝑖
is the remainder when

𝐷
𝑖
is divided by 𝑎. Sort 𝑅 from the smallest to the largest

into 𝑅 = [𝑅
1
, 𝑅
2
, . . . , 𝑅

𝑁
]. Thereafter, calculate the judgment

vector 𝐽 = [𝐽
1
, 𝐽
2
, . . . , 𝐽

𝑁−1
], where 𝐽

𝑖
= 𝑅
𝑖+1

− 𝑅
𝑖
. Save

the maximal value of 𝐽
𝑖
as 𝑏. Thus, there is a one-to-one

correspondence between 𝑎 and 𝑏.

Step 4. Find out themaximal value of 𝑏 and its corresponding
𝑎 value 𝑎∗. 𝑎∗ is just the optimal ideal intersection distance.
Change the speed limit V according to 𝑎∗:

V =
2𝑎
∗

𝐶
1

. (2)

Step 5. Calculate signals offsets based on 𝑎∗ and intersections’
relative position to ideal intersections.

As shown in Figure 1, there is a famous numerical
example (NE1) that is referred to in many traffic control
textbooks: there are 8 signalized intersections. 𝐷 =

[0m, 350m, 750m, 910m, 1450m, 1730m, 2010m, 2280m],
𝐺 = [55%, 60%, 65%, 65%, 60%, 65%, 70%, 50%], 𝐶

1
=

80 s, V = 40 km/h,𝑀 = 100m, 𝑠 = 10m.
Therefore, (𝐶

1
⋅ V)/2 = 440m, and the possible values

of 𝑎 are 340m, 350m,. . .,540m. After applying the classical
algebraicmethod, the optimal ideal intersection distance 𝑎∗ is
500m.The new speed limit is (2𝑎∗)/𝐶

1
= 45 km/h.The green

wave bandwidth is 30.5%. The final signal timing results are
shown in Table 1.

2.2. Improved Algebraic Method. Although enjoying the
advantage of easy understanding, the offsets scheme found
by classical algebraic method does not lead to the maximal
green wave bandwidth. Taking the numerical example NE1
demonstrated above, the possible maximal bandwidth is
actually around 36%. Moreover, changing speed limit is
impracticable in the urban area, for vehicles’ operating speed
is always stable in a certain road section. In addition, classical
algebraic method built an ideal model that does not take
delays into consideration, such as stop of buses and effect
of queued vehicles at signals. Based on the deficiencies,
an improved algebraic method is proposed, which is more
practical in real-world traffic control system and canwork out
the actual maximal green wave bandwidth.

A B C D E F G H

1
2

3
4

5 6

30.5%

Figure 1: Numerical example NE1: time-space diagram of classical
algebraic method.

2.2.1. The Calculation of Split Loss. The primary reason that
classical algebraic method cannot solve out the maximal
bandwidth is that its split loss calculationmethod is incorrect
when the split is not equal to 50%. In classical algebraic
method, split loss is proportional to the distance between the
real intersection and its nearest ideal intersection. As shown
in Figure 2, ideal intersection interval 𝑎 is 500m, distance
between intersection 𝐴 and its nearest ideal intersection A,
named as 𝑑

1
, is 130m, and split is 50% for every signal. Green

wave bandwidth among ideal intersectionsA andB is 50%.
Due to the existence of𝑑

1
, bandwidth is reduced by the length

of MN. For Δ𝑂𝑀𝑁 ∽ Δ𝑂𝑃𝑄, 𝑀𝑁 = 𝑃𝑄 ⋅ 𝑂𝑁/𝑂𝑄 =

50% × 130/500 = 13%, which is the split loss of intersection
𝐴. The split loss is also called front-loss for this kind of split
loss is in the front of original bandwidth. An example of back-
loss is also demonstrated in Figure 2. Therefore, split loss is
also inversely proportional to ideal intersection interval. In
algebraic method Step 4, we should find out the maximal
value of 𝑏/𝑎 instead of “find out the maximal value of 𝑏.”
However, calculation method of split loss shown above is
correct only when split of every signal is equal to 50%.

Given a more general situation, when split is lower or
higher than 50%, the split loss is determined by not only
ideal intersection interval and the relative position of real
intersection, but also the value of split. As shown in Figure 3,
changing the splits of intersections 𝐴 and 𝐵, named 𝜆

𝐴
and

𝜆
𝐵
, into 55% and 30%, respectively. For vehiclesmoving to the

right side of figure, direction-R for short, the intersection 𝐴

brings about a front-loss of 10.5% for it is ahead of its nearest
ideal intersection, while intersection 𝐵 brings about a back-
loss of 16% since it is behind its nearest ideal intersection.
Noticeably, as the split of 𝐵 is lower than 50%, 𝐵 also causes
a front-loss of 4% as well. We choose the largest front-loss
and back-loss as the final split losses 𝐿

𝑓
and 𝐿

𝑏
, in this case,

10.5% and 16%, after which the green wave bandwidth GWB
is calculated as GWB = 50% − 10.5% − 16% = 23.5%. It is
the same case for vehicles moving to the left side of figure,
where𝐴 brings about a back-loss of 10.5% and 𝐵 brings about
a front-loss of 16% and a back loss of 4%. It also illustrates
that algebraic method results in an equitable offset solution
for both the two directions.

To sum up, the calculation rule of split loss in general
situation is shown in Table 2.
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Table 1: Numerical example NE1: calculation result of classical algebraic method.

Intersection number 𝐴 𝐵 𝐶 𝐷 𝐸 𝐹 𝐺 𝐻

Nearest ideal intersection number A B C C D E E F
Relative location Right Left Left Right Right Left Right Left
Split (%) 55 60 65 65 60 65 70 50
Split loss (%) 26 4 24 8 16 28 28 18
Effective Split (%) 29 56 41 57 44 37 42 32
Offset (%) 72.5 20.0 67.5 67.5 20.0 67.5 65.0 25.0

Table 2: Calculation rule of split loss.

Ahead of nearest ideal intersection Behind of nearest ideal intersection
Front-loss 𝐿

𝑓
Back-loss 𝐿

𝑏
Front-loss 𝐿

𝑓
Back-loss 𝐿

𝑏

50 ∗ 𝑑/𝑎 + (50 − 𝜆)/2 −50 ∗ 𝑑/𝑎 + (50 − 𝜆)/2 −50 ∗ 𝑑/𝑎 + (50 − 𝜆)/2 50 ∗ 𝑑/𝑎 + (50 − 𝜆)/2

Where 𝑑 is the distance between the intersection and its nearest ideal intersection; 𝑎 is the ideal intersection interval; 𝜆 is the split of the intersection, 𝜆 ∈ (0, 1).

After achieving the split loss of every signal on the artery,
the maximal given wave bandwidth (GWB) of this artery can
be solved out:

GWB = 50% − 𝐿
𝑓
− 𝐿
𝑏
, (3)

where 𝐿
𝑓

= max(𝐿
𝑓𝐼
) and 𝐿

𝑓𝐼
is the front-loss caused by

intersection 𝐼. 𝐿
𝑏
= max(𝐿

𝑏𝐼
) and 𝐿

𝑏𝐼
is the back-loss caused

by intersection 𝐼. Detailed numerical example NE1 of how to
calculate split loss will be illustrated at the end of this chapter.

2.2.2. Determining the Range of Ideal IntersectionDistance and
Its Iteration Step Size. The final result of classical algebraic
method is the optimal speed limit for the artery, where only
vehicles traveling at this certain speed can enjoy the maximal
green wave bandwidth. However, vehicles’ operating speed is
very difficult to control in reality. Therefore, we assume that
all vehicles’ operating speed is around their observed average
speed and then change the value of common circle length
according to optimal ideal intersection interval 𝑎∗. The final
result of improved algebraic method is an optimal common
circle length 𝐶

∗ that leads to the maximal bandwidth when
vehicles travel at their natural speed:

𝐶
∗
=

2𝑎
∗

V
, (4)

where 𝐶
∗ is optimal common circle length, 𝑎∗ is optimal

ideal intersection interval, and V is vehicles’ average operating
speed.

Accordingly, the possible value of ideal intersection dis-
tance 𝑎 should also be changed. The range of 𝑎 should be

𝑎 ∈ [𝐶min ⋅
V
2

, 𝐶max ⋅
V
2

] , (5)

where 𝐶min = max(𝐶
1min, 𝐶2min, . . . , 𝐶𝑁min); 𝐶max =

min(𝐶
1max, 𝐶2max, . . . , 𝐶𝑁max). 𝐶

𝐼min and 𝐶
𝐼max are the

lower and upper limit of intersection 𝐼’s circle length. The
iteration step size 𝑠 of ideal intersection distance 𝑎 should be
𝑠 = V/2. By this means, every iteration of 𝑎 value corresponds
to the change in the common circle 𝐶 of one second.

2.2.3. Considering the Effect of Delay Caused by Queued
Vehicles and Transit Station. Vehicles that enter the traffic
stream between platoons will progress to the downstream
signal. They form a queue that partially blocks the progress
of the arriving platoon.These vehicles may include stragglers
from the last platoon, vehicles that turned into the block from
upstream intersections or vehicles that came out of parking
lots or parking spots [16]. In addition, when designing
signal coordination system for public transits, operating delay
generated at transit station should also be taken into consid-
eration.The ideal offset must be adjusted to allow for queued
vehicles and public transits, so as to avoid unnecessary stops.

In the improved algebraic method, we take these situa-
tions into account by converting the delay caused by transit
station and queued vehicles into additional distance between
intersections:

𝐷add 𝑖 = 𝐷
𝑖
+ (𝑄 ⋅ ℎ + 𝑙

1
+ SD) ⋅ V, (6)

where 𝐷add 𝑖 is the converted new distance between inter-
section 𝐼 and intersection 𝐼 + 1; 𝐷

𝑖
is the original distance

between intersection 𝐼 and intersection 𝐼+1;𝑄 is the average
number of vehicles queued per lane on intersection 𝐼 + 1; ℎ
is discharge headway of queued vehicles; 𝑙

1
is start-up loss

time; SD is stop delay of public transit at transit stops on road
section 𝐼 ∼ 𝐼 + 1; V is average operating speed.

2.2.4. Finding Optimal Ideal Intersection Interval. Deter-
mining optimal ideal intersection interval 𝑎∗ is a critical
step in classical algebraic method (Step 4), where 𝑎

∗ is
searched out from all possible values of 𝑎 by finding the
largest corresponding 𝑏 value, which is the maximum of
𝑎’s judgment vector 𝐽. As shown in several textbooks, the
optimal ideal intersection interval 𝑎∗ of numerical exam-
ple NE1 is 500m and its corresponding 𝑏 value is 220
which leads to minimal split loss 280/500/2 = 28%. In
Step 3 of classical algebraic method, sorted remainder vector
𝑅 = [0, 10, 230, 250, 280, 350, 410, 450]; judgment vector
𝐽 = [10, 220, 20, 30, 70, 60, 40]. Relative position of every
intersection in an ideal intersection interval is plotted in
Figure 4. However, it is maximal 𝑏/𝑎 instead of 𝑏 that is
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Figure 2: Example of split loss (split = 50%).
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Figure 3: Example of split loss (split ̸= 50%).

corresponding to minimal split loss. Also this method of
finding optimal ideal intersection interval is correct only if
the split of every intersection is 50%, for only at that time split
loss of a certain intersection is proportional to the distance
between this intersection and its nearest ideal intersection.

In the improved algebraic method, intersections are
arranged on a circle, whose circumference represents ideal
intersection interval 𝑎. Relative distances between intersec-
tions in 𝑎 are indicated as several arc lengths, as shown in
Figure 5(a). As split loss is also determined by green-time-
rate of each intersection, there is no simple or direct method
to find out optimal ideal intersection interval 𝑎∗. Hence, we
proposed an unsophisticated iteration process, which can
be easily implemented within MATLAB programming, to
calculate both front-loss and back-loss in a certain ideal
intersection interval 𝑎.

(1) Plot relative position of 𝑁 intersects in ideal inter-
section interval as a circle. This circle is then rotated
180 degrees and overlapped on the original circle, as
shown in Figure 5(b). The new circle is now divided

into 2𝑁 arcs, which means the iterative times equal
2𝑁.

(2) Sequentially select one arc from these 2𝑁 arcs and
randomly choose one point in this arc as the posi-
tion of ideal intersection. Draw a diameter from
this point that cuts the circle into 2 semicircles
and there should be both 𝑁 intersections on each
semicircle. Intersections on one semicircle bring
about front-loss and the other brings about back-
loss. Calculate split losses according to Table 2. 𝑁
front-losses [𝐿

𝑓1
, 𝐿
𝑓2
, . . . , 𝐿

𝑓𝑁
] and 𝑁 back-losses

[𝐿
𝑏1
, 𝐿
𝑏2
, . . . , 𝐿

𝑏𝑁
] will be achieved.

(3) Minimal split loss of ideal intersection interval 𝑎
equals 𝐿

𝑎
= 𝐿
𝑓
+ 𝐿
𝑏
, where 𝐿

𝑓
= max(𝐿

𝑓1
,

𝐿
𝑓2
, . . . , 𝐿

𝑓𝑁
), 𝐿
𝑏
= max(𝐿

𝑏1
, 𝐿
𝑏2
, . . . , 𝐿

𝑏𝑁
).

(4) Find out minimal 𝐿
𝑎
; its corresponding 𝑎 value is the

optimal intersection interval 𝑎∗.

2.3. Numerical Example of Improved AlgebraicMethod. Using
the same numerical example (NE1) mentioned in Section 2.1.
Supposing minimal common circle length 𝐶min equals 60 s,
maximal common circle length 𝐶max equals 100 s, average
operating speed equals 45 km/h, therefore the range of ideal
intersection interval 𝑎 equals [𝐶min ⋅ V/2, 𝐶max ⋅ V/2] =

[375m, 625m]; iteration step size 𝑠 of ideal intersection
distance 𝑎 equals 𝑠 = V/2 = 6.25m. There are 40 possible
𝑎 values.The calculation result of several 𝑎 values’ split loss is
shown in Table 3.

For these 40 𝑎 values, 36.6% is the largest GWB value,
which is also the actual maximal GWB value for this main
stem. Therefore the optimal ideal intersection interval and
common circle length of this numerical example are 481.25m
and 77 s, respectively. The final signal timing results are
shown in Figure 6. Thus, optimal offset of each signal can be
calculated according to its relative position with its nearest
ideal intersection. If its nearest ideal intersection’s series
number is an even number, the offset of this intersection
equals (50 − 𝜆/2)%; if its nearest ideal intersection’s series
number is an odd number, the offset of this intersection
equals (100 − 𝜆/2)%.
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Figure 5: Finding optimal ideal intersection interval in improved algebraic method.

Table 3: Calculation of split loss in improved algebraic method.

a (m) 𝐶 (s) 𝐴 𝐵 𝐶 𝐷 𝐸 𝐹 𝐺 𝐻 Split loss (%) GWB (%)

475 76 𝐿
𝑓
(%) 4.6 −11.1 −21.4 −4.6 4.7 −18.3 8.7 −2.9 8.7 34.9

𝐿
𝑏
(%) −9.6 1.1 6.4 −10.4 −14.7 3.3 −28.7 2.9 6.4

481.25 77 𝐿
𝑓
(%) 6.8 −9.4 −20.3 −3.7 4.9 −18.5 8.1 −3.8 8.1 36.6

𝐿
𝑏
(%) −11.8 −0.6 5.3 −11.3 −14.9 3.5 −28.1 3.8 5.3

487.5 78 𝐿
𝑓
(%) 12.6 −4.0 −15.4 1.0 8.8 −14.9 11.3 −1.0 12.6 36.3

𝐿
𝑏
(%) −17.6 −6.0 0.4 −16.0 −18.8 −0.1 −31.3 1.0 1.0

493.75 79 𝐿
𝑓
(%) −2.6 −19.7 −31.6 −15.4 −8.3 −32.4 −6.6 −19.2 −2.6 33.4

𝐿
𝑏
(%) −2.4 9.7 16.6 0.4 −1.7 17.4 −13.4 19.2 19.2

500 80 𝐿
𝑓
(%) 20.5 3.0 −9.5 6.5 13.0 −11.5 14.0 1.0 20.5 30.5

𝐿
𝑏
(%) −25.5 −13.0 −5.5 −21.5 −23.0 −3.5 −34.0 −1.0 −1.0
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Table 4: The mapping relationship of vehicle categories between VISSIM and CMEM.

Vehicle categories Vehicle types defined
in CMEMmodel Technical characteristics

Social vehicle Car 5 3-way catalyst, FI (fuel-injected), >50K miles, high power/weight
LGV 17 Tier 1, light delivery truck, loaded vehicle weight: 3751–5750 lbs

Public transit Bus 40 Diesel-power, light delivery truck, gross vehicle weight: >8500 lbs
BRT 40 Diesel-power, light delivery truck, gross vehicle weight: >8500 lbs
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3.5
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Optimal circle length = 77 s

Figure 6:Numerical exampleNE1: time-space diagramof improved
algebraic method.

2.4. A Microscopic Traffic Emission Simulation Platform.
Many traffic simulation models have been used in combina-
tion with various statistical methods to quantify the traffic
emissions. However, the results from such an approach are
not very accurate nor can they capture the scenarios of
dynamic traffic fluctuations [6]. Therefore, we adapted the
microscopic simulation platform proposed by Chen and Yu
[6], which can capture the dynamic trafficflows for estimating
vehicle emissions, to evaluate the impact of the real world
traffic on emissions. Based on their works, a more realistic
communication interface is built up between themicroscopic
traffic simulation model VISSIM and the Comprehensive
Modal Emission Model (CMEM), both of which have been
proved to be effective simulation systems, to quantify the
relationship between the traffic operations and emissions.

The key task in establishing the interface betweenVISSIM
model and CEMEM model is to identify the mapping
relationship of vehicle categories in these two models. Four
types of vehicle will be studied in this paper: social vehicles
consisting of car and Light Goods Vehicle (LGV) and public
transits consisting of regular buses and Bus Rapid Transit
(BRT) vehicles. These vehicles are defined in VISSIM and
then three suitable vehicle categories are also selected from
CMEM model based on the technical characteristics, as
shown in Table 4. Noticeably, BRTs’ working condition is
assumed to be the same as regular buses while BRTs’ net
weight is considered twice as regular buses’. The fluctuation
of load in public transit resulting from passengers going on
and off is also taken into consideration, where weight of each
person is regarded as 55 kg.

3. Case Study: BRT in Changzhou, China

We utilize data collected in Changzhou to conduct this case
study. Changzhou is located in the central zone of the Yangtze
River delta in China, which was one of the very first cities in
China to be equipped with Bus Rapid Transit (BRT). Road
sections selected in this case study are a part of a main BRT
line in Changzhou, fromHehai Road to Feilong Road, whose
length is 3.8 km. This main stem goes across both the urban
fringe and the downtown, where data collected can typically
represent the traffic condition of the whole city.

From 19th November, 2011, to 28th December, 2011,
research groups of our school researched the city for three
times and collected the statistics for the subsequent study.
Statistics we had to collect in our research could be approx-
imately categorized into three types. Each of them is the
essential data of the intersection, the operating data of BRT,
and also the fundamental data along the section. On 19th
November, the advance research was carried out, which did
all the preparation for the next research. Next, the essential
data of the intersection, including traffic flow, original signal
timing data, and the fundamental data along the section,
including road length and intersection channelization, were
measured artificially from 27th December to 28th December.
Finally, from 27th December to 28th December, data about
the operation of BRT, including service time at each transit
station and departure frequency, are measured at both the
peak hour and the no-peak time.

In this case study, aiming to reduce traffic delay and
emissions at the same time, we proposed a method to
design optimal offset schemes that maximize the green wave
bandwidths for both general vehicle and public transits based
on the improved algebraic method. Afterwards, this offset
scheme we proposed was compared with real-world offset
scheme and another transit signal priority scheme in the
aspect of average passenger delay and emission.

3.1. Design Signal Coordination Scheme. Based on the col-
lected data, there are 8 intersections in this case study, dis-
tances between every intersections and the first intersec-
tion are saved in vector 𝐷 = [0m, 782m, 1110m, 1674m,
2383m, 2747m, 3513m, 3763m] (from north to south).
Signal timing scheme of each intersection is calculated based
on collected traffic flow and the signal timing method
proposed in [21], which is able to achieve a balance
between minimizing average passenger delay and min-
imizing total vehicle emissions.Thereafter, key parameters of
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Figure 7: Road network in VISSIM.

each intersection can be achieved, where splits are saved
in vector 𝐺 = [38.2%, 37.5%, 43.3%, 35.5%, 54.0%, 45.0%,
62.8%, 65.8%] (from north to south); common circle length
𝐶min equals 113 s; maximal common circle length𝐶max equals
167 s; average operating speed of general vehicle equals
45 km/h; average operating speed of BRT equals 50 km/h
(there are transit lanes in the center of main stem; detailed
road cross-sectional figure can be viewed in [22]).

Road network is built in VISSIM as shown in Figure 7
after simplification, where deep red lines represent transit
stops. It can be observed that in several road sections the
arrangement of transit stop is unsymmetrical. For instance
near intersection 𝐵, transit stop severing for buses traveling
to north is set in the north of intersection 𝐵 while transit
stop severing for buses traveling to south is set in south of
intersection 𝐵. According to (6), equivalent distance of BA
𝐷add 𝐴𝐵 is not equal to the distance of 𝐴𝐵, which means
there exists different bandwidths in the same offset scheme
for public transits traveling to north and south. Thus there
are actually three different bandwidths under the same offset
scheme, 𝐺car (GWB of general vehicles), 𝐺bus 𝑠 (GWB of
public transit traveling to south), and 𝐺bus 𝑛 (GWB of public
transit traveling to north). Dwell time including a constant
part and a random part. The constant part represents the
time consumption when the passenger side door opened and
closed. The random part represents the time consumption
when passengers go on and off. It is supposed to follow the
normal distribution, whose mean and variance are extracted
from collected data. For example, the dwell time of BRT
line 1 heading to north in the station near intersection 𝐵

is 𝑇𝑐 + 𝑇𝑥, where 𝑇𝑐 = 5 s; 𝑇𝑥 ∼ 𝑁 (21 s, 16 s). We
calculated all the possible results of these three green wave
bandwidths out under different common circle lengths and
signal coordination schemes, which are shown in Figure 8.
Possible solutions under the same common circle length and
signal coordination scheme are colored in the same name.
We consider the priority of public transit by allocating
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Figure 8: All possible solutions of bandwidth.

reasonable weights on GWB of general vehicles and public
transit:

𝑊 = 𝑄bus ∗
𝑃bus

(𝑄car ∗ 𝑃car)
, (7)

where 𝑊 is the weight factor of public transit; 𝑄bus and
𝑄car are the average flow rate of public transit and general
vehicle on all intersections; 𝑃bus and 𝑃car are the average
passengers per vehicle of public transit and general vehicle
on all intersections.

The target GWE equals 𝐺car + 𝑊(𝐺bus 𝑠 + 𝐺bus 𝑛). In
peak hour 𝑊𝑝 = 1.09 while in no-peak hour 𝑊𝑛 = 1.05.
As these two values are very closed, they actually lead to
the same optimal signal coordination scheme as shown in
Table 4. The optimal common circle length is 152 s, where
𝐺car = 11.1%, 𝐺bus 𝑠 = 12.2%, and 𝐺bus 𝑛 = 15.4%. To
assess this proposed signal coordination scheme’s impact
on average passenger delay and emission, the other two
schemes are also shown in Table 5: the real-world signal
timing scheme and another transit signal priority scheme
[20], which only maximizes the bandwidth for public transit
and does not consider the differences between bandwidths for
buses heading to different directions.

3.2. Evaluating Vehicle Emissions. In this study, a comparison
between three signal timing schemes is used to evaluate their
impacts on traffic emissions. Setting signal timing plan for
every intersection in VISSIM following Table 4, simulation
results of every vehicle’ velocity and acceleration in every
simulation second can be achieved. Traffic flow data collected
from4:30 pm to 5:30 pm inChangzhou is utilized and simula-
tion time length is 3600 s.Thereafter, CMEM is utilized to cal-
culate traffic emission and fuel consumption based on these
simulation results. Table 6 illustrates the simulation results of
different emission species and fuel consumption for different
signal coordination schemes. Figure 9 shows the change of
emission after conducting Scheme 1 and Scheme 3 compared
to real-world signal coordination scheme (Scheme 2).

As shown in Table 6 and Figure 9, after conducting
proposed scheme calculated by improved algebraic method
(Scheme 1), the emissions generated by public transit, includ-
ing regular buses and BRTs, are averagely reduced by 25.0%,
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Table 5: Case study: transit signal priority scheme based on improved algebraic method.

Intersection number 𝐴 𝐵 𝐶 𝐷 𝐸 𝐹 𝐺 𝐻

Split (%) 38 38 43 34 54 45 63 66
Scheme 1-our transit
signal priority scheme

Offset (%) 48 125 120 57 36 119 105 27
Circle length (s) 152 152 152 152 152 152 152 152

Scheme 2-real world
scheme

Offset (%) 42 106 54 19 22 4 108 31
Circle length (s) 120 160 130 130 146 73 146 146

Scheme 3-Hu’s transit
signal priority scheme

Offset (%) 33 86 30 88 24 82 20 71
Circle length (s) 106 106 106 106 106 106 106 106

Table 6: Simulation results of emission, fuel consumption, and passenger delay.

Scheme Vehicle type HC (g/km) CO (g/km) NO
𝑥
(g/km) Fuel (g/km) CO2 (g/km) Delay (s/p)

Scheme 1 Social vehicles 0.980 4.50 0.88 150.3 570.51 17.47
Public transit 1.351 51.7 13.48 392.6 1987.79 2.32

Scheme 2 Social vehicles 0.962 4.34 0.84 145.6 555.01 13.37
Public transit 1.84 68.37 18.12 518.8 2627.78 2.77

Scheme 3 Social vehicles 0.995 4.69 0.97 156 603.75 21.95
Public transit 1.457 53.96 13.74 398.3 2032.11 2.30

while the emission of social vehicles slightly increased. It
is because public transits’ emissions are strongly dependent
on vehicles’ operating modes, especially during acceleration,
as shown in Figure 10. Expanding green wave bandwidth
for public transit can reduce the acceleration process which
therefore results in less emission. The level of service of
public transit is also improved for passenger delay decreased
by 16%. Compared to Hu’s method (Scheme 3), emission
species generated by public transit are lower in scheme 1.
Meanwhile, social vehicles emission observably decreased
and the social vehicles delay also become lower. In general,
through these one-hour simulations, the implementation of
Scheme 1 reduces HC emission by 993.5 g, CO by 6146.0 g,
NOx by 391.2 g, fuel consumption by 32506.3 g, and CO

2

by 63476.4 g compared to real-world signal timing scheme
(Scheme 2). Compared to signal coordination scheme that
only maximal green wave bandwidth for public transit,
applying our scheme (Scheme 1), can reduce HC emission by
260.1 g, COby 1358.0 g,NOx by 749.9 g, and fuel consumption
by 6522.3 g while the emission of CO

2
increased by 14136.0 g.

4. Conclusion

This paper developed an improved algebraic method to
calculate optimal transit signal priority scheme. By estab-
lishing a microscopic traffic emission simulation platform,
proposed transit signal priority scheme’s effects on emission
were evaluated and compared in the aspect of emission,
fuel consumption, and passenger delay. Based on the real-
world traffic condition data collected in Changzhou, a case
study was also presented to evaluate the performance of the
proposed method. The main contributions of this paper are
listed below.

(i) Defects of classical algebraic method were pointed
out and an improved algebraic method was proposed.

Relative improvements include accurate calculating
split loss in general situation, considering the effects
of delays caused by queued vehicles and transit
station, and measures of finding optimal ideal inter-
section interval. Numerical example shows that the
proposed improved algebraic method is more precise
and practical.

(ii) A microscopic traffic emission simulation platform
based on microscopic traffic simulation model VIS-
SIM and the comprehensive modal emission model
(CMEM)was established to evaluate traffic emissions.
Fluctuation of public transit load weight is also taken
into account, which results in more realistic public
transit emission simulation.

(iii) Based on the survey conducted in Changzhou, an
optimal transit signal priority scheme was proposed.
The scheme takes both social vehicle and public
transit into the calculation of optimal offset scheme
and maximal green wave bandwidth. The different
characteristics of vehicles traveling in different direc-
tions are also considered.

(iv) Proposed transit signal priority scheme’s impact on
emission was assessed. Based on the traffic emission
simulation platform, emissions and fuel consump-
tions are simulated. Results show that the proposed
scheme precedes previous studies in the aspect of
overall emission and passenger delay. Compared to
the real-world signal timing plan in Changzhou, the
proposed scheme can reduce HC emission by 993.5 g,
CO by 6146.0 g, NOx by 391.2 g, fuel consumption by
32506.3 g, and CO

2
by 63476.4 g.

However, because of the limitations of the survey data and
the algorithm, the research has several aspects to be improved
in the future. Level of service of the proposed optimal transit
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Figure 9: (a) Change of emission of public transit compared to real-world signal plan. (b) Change of emission of social vehicle compared to
real-world signal plan.
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Figure 10: HC emission of public transit and social vehicle.

signal priority scheme can be further improved by changing
some intersections’ circle length or split and a succeeding
signal timing approach can be developed. Using vehicle type
40 in CMEM to represent public transit is not precisely
enough, which can be improved by conducting experiments
to collect realistic emission data.
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The study of driver behavior is of great importance to the traffic safety ofmountainous freeways. In order to study the characteristics
of driver behavior on combination of vertical and horizontal curves (CVHCs) of mountainous freeways in free flow conditions,
designated speed measurement tests of two typical segments of the upgrade direction of Xi’an-Hanzhong freeway were carried out.
After data processing, vehicles in free flowwere screened out and classified into two groups byK-means clusteringmethod, and then
the driver behavior with different lanes, different size vehicles, and different CVHCswas analyzed, respectively. Finally, a vehicle dis-
tribution predictionmodel and a speed predictionmodel were built which were applied to CVHCs, and a verification test wasmade
to test the accuracy of themodels. Research results show that the driver behavior ismainly different among vehicle size, longitudinal
slopes, and horizontal curves, and the characteristics of speed control and lane distribution on CVHCs vary according to lanes and
combination of road alignment. Also, the prediction results of the models are highly consistent with the measured test results.

1. Background

In recent years, China’s highway construction has made great
progress. The total mileage of highways in China has reached
4,106,400 km in 2011, including 84,946 km of freeways, and
the total number of motor vehicle drivers has reached
173,814,000 [1]. At the same time, China is facing a great
challenge in reducing traffic fatalities and injuries, especially
on freeways. From 2009 to 2011, the number of accidents and
casualties continuously increased [1–3]. In 2011 alone, 9,583
accidents happened on freeways, and 6,448 persons were
killed.

According to the geometrical conditions, freeways can
be divided into three types: plain, hilly, and mountainous
section. In 2011, mountainous sections accounted for only
11.85 percent of the total mileage of freeways. However, the
percentage of deaths and injuries was 16.08 and 13.34 percent,
respectively [1]. Related to financing cost, technical level, and
so on, the horizontal and vertical indicators of mountainous
freeways are limited to some extent, especially for mountain-
ous freeways with complex geological conditions. Compared
to the traffic environment in the plain area, drivers can be

easily misled into making erroneous judgments leading to
accidents. Thus, mountainous sections of freeways can be
considered more dangerous than hilly and plain sections.

Driver behavior includes many aspects, particularly
related to speed control behavior and lane-changing behavior.
In 2011, there were 1,419 accidents caused by misoperation in
these two aspects on freeways, accounting for 14.81 percent of
the total. In these accidents, 980 were killed and 2,244 were
injured [1]. Clearly, a study of driver behavior on mountain-
ous freeway is important for reducing traffic accidents and
improving the freeway’s operating level.

2. Literature Review

A review of the literature revealed that numerous studies have
focused on driver behavior on CVHCs, primarily studies on
traffic flow simulation systems (TFSS) and the mechanics
of traffic accidents. TFSS has rapidly developed in recent
years, and it has brought convenience to test and optimize
traffic planning and design schemes [4]. For example, the
N-S model made a great contribution in TFSS based on
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Figure 1: Road alignment and test instrument arrangement in k1139+530∼k1139+920 interval and k1143+520∼k1143+940 interval.

cellular automation [5], and the PIEV (Perception Intellection
Evaluation Volition) model made the car-following model
much closer to reality [6]. At present, traffic flow simulation
is mainly focused on arterial roads and level crossing of an
urban traffic network, and the parameters of TFSS such as
vehicle speed and trajectory are obtained by the method of
macrostatistics [7]. In TFSS, the speed of free flow vehicles
is usually set as a constant velocity, and the vehicles seldom
have lane-changing characteristic.

Road condition is a primary reason of traffic accidents;
the lack of coordination between drivers and the road can
lead to an increase in driver’s reaction time and miscarriage
of justice and thus increases the risk of traffic accidents
[8]. Driver behaviormodels have incorporated compensation
follow theory, preview follower theory, and direction and
speed integrated control theory since the mid-20th century
[8, 9]. In explaining the reason of traffic accidents, driver
behavior models can be divided into descriptive models,
information processing models, motivational models, and
so on [10]. Among these, some are representative, such
as driver behavior in a cognitive architecture by Salvucci
[11], RHT (Risk Homeostasis Theory) by Wilde [12], and
TPB (Theory of Planned Behavior) by Ajzen [13]. Related
to driver behavior on CVHCs, Lamm et al. [14] advanced
a V
85

prediction model, which was related to the radius
of the horizontal curve. Warner and Åberg [15] advanced
driver behavior of speed control, which was based on TPB.
Spacek [16], by observing vehiclemoving trajectories, divided
driver behavior on curves into six categories: ideal, normal,
correcting, cutting, swing, and drifting. However, at present,
the study on driver behavior on CVHCs mainly focuses on
two-lane highways and rarely involvesmountainous freeways
with four lanes and above.

3. Field Data Collection

If the radius of the horizontal curve of a freeway is less
than 1000m and the longitudinal grade is more than 1.5
percent, this can be considered as CVHC. In this study, a

section of Xi’an-Hanzhong freeway in Qinling Mountain was
chosen as the test intervals. In this section, nearly 70 percent
are CVHCs. By means of designated speed measurement
tests to collect data, driver behavior included speed control
characteristic and track distribution characteristic onCVHCs
in this section was analyzed.

Two typical intervals of the “up” direction of Xi’an-
Hanzhong freeway were taken for the tests.Their stakemarks
were as follows: k1139+530∼k1139+920 and k1143+520∼
k1143+940. In these two intervals, 10 observation cross-
sections were chosen and marked as S

1
–S
10
. The instruments

of the designated speed tests were NC200, which were placed
in the middle position of the inner lane and curb lane of
each observation cross-section. The NC200 in the inner lane
was marked as “𝑎” and in the curb lane was marked as
“𝑏.” The test instrument arrangement is shown in Figure 1,
and the parameters of each observation cross-section of the
two intervals are shown in Table 1. The designated speed
measurement test for each test interval lasts for 3 hours.

As shown in Figure 1, each test interval included a com-
plete CVHC and was marked as C1 and C2. Road alignment
before C1 was straight line and after C1 was a reverse curve
with a large radius. Road alignment before C2 was a reverse
curve with a large radius and after C2 was a straight line.

4. Data Processing

4.1. Screening Vehicles in Free Flow. In this paper, all analysis
of driver behavior on CVHCs was in free flow. In this
condition, drivers have a desired driving environment and
can control the vehicle speed and change lanes on their own.

Headway is always taken as themeasurement index in the
screening of vehicles in free flow [17]. Referring to relevant
content about the free flow condition of the Chinese Road
Research Institute of theMinistry of Transport and combined
with the average speed of different size vehicles in the test, in
the study, taking 6 s headway as the judging criteria of the free
flow vehicles, namely, if a vehicle’s headway is larger than 6 s,
the vehicle is then judged as a free flow vehicle [18]. Data were



Mathematical Problems in Engineering 3

Table 1: Road parameters of each observation cross-section in k1139+530∼k1139+920 interval and k1143+520∼k1143+940 interval.

Number Stake mark Road parameters
Radius of horizontal curve (m) Longitudinal grade (%)

S1a k1139+530 Straight line 1.18
S1b
S2a k1139+630 225 1.95
S2b
S3a k1139+720 225 1.95
S3b
S4a k1139+820 225 1.95
S4b
S5a k1139+920 440 1.95
S5b
S6a k1143+520 260 2.213
S6b
S7a k1143+620 170 2.213
S7b
S8a k1143+730 170 2.213
S8b
S9a k1143+840 170 2.213
S9b
S10a k1143+940 Straight line 2.213
S10b

collected by NC200 and HD videos, and statistical results of
the free flow vehicles of all the observation cross-sections in
the two test intervals are shown in Table 2.

4.2. Vehicle Classification. To study driver behavior on
CVHCs in detail, classification of the vehicles in the des-
ignated speed measurement tests is necessary. “Method of
Vehicle Classification” was published by the Ministry of
Transport China in 2010, and vehicles were classified into four
groups according to their rated load, dimensions, number
of axles, and so on. In reference to this method, a quick
classification of the tested vehicles was taken on the basis of
the vehicle length, and the vehicles were classified into two
groups: small (marked as S) and large (marked as L). Speed
is an important manifestation of driver behavior, and on
mountainous freeways, the speed of different sizes vehicles is
significantly different. Considering that a certain size vehicle
would have different speed characteristic in different test
intervals, the speed data that was collected in the same
interval was chosen as the basis of the vehicle classification.
In this paper, the data collected in the five observation cross-
sections of the k1139+530∼k1139+920 interval was taken for
reference. A K-means clustering method was used to classify
the speed data. After nine iterations, the data came into
convergence and the clustering centers were 59.14 and 95.38.
The iteration process is shown in Table 3. In accordance
with the principle of the nearest to the clustering center, the
vehicles were classified into two groups, and the average value

Table 2: Number of free flow vehicles passing through each
observation cross-section in k1139+530∼k1139+920 interval and
k1143+520∼k1143+940 interval.

Number Number of all vehicles
passing through

Number of free flow
vehicles passing through

S1a 369 232
S1b 532 414
S2a 424 269
S2b 475 374
S3a 444 270
S3b 458 379
S4a 388 241
S4b 516 388
S5a 313 212
S5b 589 418
S6a 360 218
S6b 515 391
S7a 325 192
S7b 546 423
S8a 376 226
S8b 496 385
S9a 383 228
S9b 489 381
S10a 376 221
S10b 493 391
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Table 3: Iteration process of vehicle speed of the designated speed
measurement tests in k1139+530∼k1139+920 interval.

Iteration times Clustering center
Low-speed group High-speed group

1 60.082 79.906
2 2.834 10.287
3 3.988 8.166
4 2.263 3.369
5 1.770 2.444
6 1.046 1.243
7 1.163 1.322
8 0.880 0.883
9 0.000 0.000

Table 4: Statistical data of low-speed and high-speed group of
the designated speed measurement tests in k1139+530∼k1139+920
interval.

Group Average length (m) Standard deviation
Low speed 9.45 52.17
High speed 7.2 40.66

and the standard deviation of each category were calculated;
the results are shown in Table 4. According to Table 4 and
the length distribution in the test, 8.5m was chosen as
the demarcation point of the small and large size vehicles.
The statistics of the free flow vehicles of each observation
cross-section are shown in Table 5. With the video materials
that were recorded in the test intervals, it can be seen that
passenger cars accounted for most of the small size vehicles,
and trucks and buses were the majority of the large size
vehicles.

5. Driver Behavior Model

5.1. Vehicle Distribution Model. CVHCs occupy a large pro-
portion of mountainous freeways, and the road alignments
are complex and varied. To keep good dynamics and stability
on CVHCs, drivers should change lanes frequently, even in
free flow condition. In this paper, taking the lane distribution
of different sizes vehicles on CVHCs as an entry point, the
vehicle’s track distribution characteristic is analyzed. The
concept of vehicle distribution in inner lane is introduced as
follows:

𝑝
𝑎
=

𝑛
𝑎

𝑛
𝑎
+ 𝑛
𝑏

× 100%. (1)

In this formula, 𝑝
𝑎
is the vehicle distribution in the inner lane

of a certain size vehicle in a certain observation cross-section
(%); 𝑛

𝑎
is the number of a certain size vehicle passing through

the cross-section in the inner lane; and 𝑛
𝑏
is the number of a

certain size vehicle passing through the cross-section in the
curb lane. Vehicle distribution in the inner lane of different
size vehicles of the two test intervals is shown in Figure 2.

To study the proportion of a certain size vehicle’s lane
distribution of all the traffic flow passing by the observation

Table 5: Number of free flow vehicles in different size of each
observation cross-section in k1139+530∼k1139+920 interval and
k1143+520∼k1143+940 interval.

Number Vehicle group
S L

S1a 200 32
S1b 249 165
S2a 232 37
S2b 218 157
S3a 238 32
S3b 217 162
S4a 202 39
S4b 219 169
S5a 185 27
S5b 245 173
S6a 191 27
S6b 210 181
S7a 159 33
S7b 224 199
S8a 195 31
S8b 203 182
S9a 198 30
S9b 204 177
S10a 189 32
S10b 218 173
S: small size vehicle; L: large size vehicle.

cross-section, the concept of the distribution of a certain size
vehicle in a certain lane is introduced as follows:

𝑝
𝑀
=

𝑛
𝑖𝑗

𝑁

× 100%. (2)

In this formula, 𝑝
𝑀
is the distribution of a certain size vehicle

in a certain lane (%), and 𝑛
𝑖𝑗
is the number of a certain size

vehicle in a certain observation cross-section. Among these,
𝑖 ∈ {𝑆, 𝐿}, and 𝑆 is small size vehicle and 𝐿 is large size vehicle;
𝑗 ∈ {𝑎, 𝑏}, and 𝑎 is the inner lane and 𝑏 is the curb lane;𝑁 is
the total number of vehicles passing through the observation
cross-section. The distribution of different size vehicles in
different lanes of the two test intervals is shown in Figure 3.

As can be seen from Figure 2, the lane distribution of a
small size vehicle in the curb lane and the inner lane was
generally close. However, large size vehicles primarily were
driven in the curb lane, and the lane distribution in the inner
lane was rarely more than 20 percent. At the same time, as
seen in Figures 2 and 3, the running track of different size
vehicles on CVHCs was significantly different; namely, the
tendency of lane-changing of different vehicles was different.
In particular, the tendency of changing lane of small size
vehicle drivers on CVHCs was much more obvious but not
so for large size vehicle drivers. Also from Figure 3, small size
vehicles accounted for nearly 70 percent of all traffic flow,
and large size vehicles accounted for only 30 percent. This
distribution proportion was similar to that in plain areas.
Also, combinedwith videos recorded in the two test intervals,
it was found that the speed of trucks of large size vehicles was
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Figure 2: Vehicle lane distribution in inner lane of different size vehicles of the two test intervals.
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Figure 3: Lane distribution of different size vehicles in different lanes of the two test intervals.

very low with full loads and longer wheel base, and they were
driven in the curb lane for a long time and seldom their lanes
were changed.

In addition, it can be seen that, combined with road
alignment in Figure 1, the lane distribution of small size
vehicles in different cross-sections of CVHCs was closely
related to the road alignment before and next to the current
section. There was a regularity when driving a small size
vehicle on CVHC of a mountainous freeway: the tendency of
lane-changing behavior is that the vehicle switches from the
lane in which the center position is far away from the center
of the CVHC to the lane close to the center of the CVHC,
and this behavior is called “curve-cutting” behavior. In this
paper, the two test intervals were a combination of two groups
of continuous reverse “S” shaped curves, so the behavior was
more obvious. Typical curve-cutting behavior of continuous
CVHCs on mountainous freeways is shown in Figure 4.

With the video materials, the track correction behavior
of drivers was seen: when the vehicle entered into the curve,
the vehicle significantly deviated from the centerline for a
short time and then adjusted back to the centerline. The
explanation of this behavior is when the vehicle enters into
the curves at a relatively high speed, there is a certain
deviation of required appropriate steering wheel angle in the
large curvature of the curve in the mountainous area. This
behavior occurred frequently in small size passenger vehicles

Curb lane

Inner lane

Road boundary
Lane line
Desired driving track

Figure 4: Typical curve-cutting behavior onCVHCofmountainous
freeway.

with a relatively high speed in our study. If the curvature of
CVHCs was much bigger, the tendency of this behavior was
much more obvious.

Combined with above analysis as well as related statistics
and analysis method, a track prediction model of the vehicle
distribution in the inner lane 𝑝

𝑎
of different size vehicles on

CVHCs of mountainous freeways is shown in Table 6. The
prediction model of the vehicle distribution in curb lane is
𝑝
𝑏
= 100% − 𝑝

𝑎
.
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Table 6: Track prediction model of 𝑝
𝑎
on CVHCs of mountainous freeway.

Vehicle size Feature cross-sections
Combination of road

alignment Prediction model Road parameters
𝑅
𝑏
𝑅
𝑐
𝑅
𝑛

Entrance
S + L + R 45 + (

320

𝑅
𝑐

)

2

170 ≤ 𝑅
𝑐
≤ 350

R + L + S 45 − (

300

𝑅
𝑏

)

3

+ (

320

𝑅
𝑐

)

2

170 ≤ 𝑅
𝑏
≤ 350; 170 ≤ 𝑅

𝑐
≤ 350

S Midpoint
S + L + R

R + L + S
45 + (

360

𝑅
𝑐

)

4

170 ≤ 𝑅
𝑐
≤ 350

Exit
S + L + R 45 + (

300

𝑅
𝑐

)

3

− (

450

𝑅
𝑛

)

2

170 ≤ 𝑅
𝑐
≤ 350; 350 ≤ 𝑅

𝑛
≤ 500

R + L + S 45 + (

300

𝑅
𝑐

)

3

170 ≤ 𝑅
𝑐
≤ 350

Entrance
S + L + R 15 +

300

𝑅
𝑐

170 ≤ 𝑅
𝑐
≤ 350

R + L + S 15 − (

280

𝑅
𝑏

)

2

+

300

𝑅
𝑐

170 ≤ 𝑅
𝑏
≤ 350; 170 ≤ 𝑅

𝑐
≤ 350

L Midpoint
S + L + R

R + L + S
15 + (

320

𝑅
𝑐

)

2

170 ≤ 𝑅
𝑐
≤ 350

Exit
S + L + R 15 + (

280

𝑅
𝑐

)

2

−

420

𝑅
𝑛

170 ≤ 𝑅
𝑐
≤ 350; 350 ≤ 𝑅

𝑛
≤ 500

R + L + S 15 + (

280

𝑅
𝑐

)

2

170 ≤ 𝑅
𝑐
≤ 350

Table 7: Average speed of different size vehicles in different lanes in k1139+530∼k1139+920 interval and k1143+520∼k1143+940 interval.

Number Vehicle group Inner lane Curb lane
̄]/(km⋅h−1) 𝑠 ̄]/(km⋅h−1) 𝑠

C1 S 91.32 17.18 77.51 21.79
L 77.18 13.53 56.64 15.90

C2 S 77.42 16.71 64.95 23.66
L 69.12 13.21 45.83 18.95

In the model, 𝑅
𝑏
is the curve radius of the road before

the current CVHC (m), 𝑅
𝑐
is the curve radius of the current

CVHC (m), 𝑅
𝑛
is the curve radius of the road next to the

current CVHC (m), S is the straight line, L is the left curve,
and R is the right curve.

5.2. Speed Prediction Model. When driving on CVHCs, the
tendency of lane-changing behavior of different size vehicles
was different, and also the speed characteristic of different
size vehicles in different lanes was not the same. The average
speed of different size vehicles in the inside lane and curb lane
in the two test intervals is shown in Table 7. Among these, V
is the average speed and 𝑠 is standard variance of V.

In Table 7, it can be seen that, on the same CVHC of
the mountainous freeway, the average speed in the inner
lane of a certain size vehicle was significantly higher than
that in the curb lane, especially for large vehicles. The speed
difference between the inner lane and the curb lanewas above
20 km⋅h−1. On the same CVHC, the average speed of small
size vehicles was significantly higher than that of large size
vehicles, especially in the curb lane. In addition, even for the
same size vehicle in the same lane, there was a great difference
on different CVHCs. The reasons were that, on one hand, it
was affected by the road alignment of the current CVHC, and,
on the other hand, it was closely related to the road alignment
before the current CVHC.
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Table 8: Average speed of different size vehicles in each observation
cross-sections in k1139+530∼k1139+920 interval and k1143+520∼
k1143+940 interval.

Number Small vehicles Large vehicles
]
𝑚
/(km⋅h−1) 𝑠 ]

𝑚
/(km⋅h−1) 𝑠

S1a 84.43 18.06 75.09 11.34
S1b 79.90 20.30 57.27 16.97
S2a 98.18 15.61 80.44 12.58
S2b 78.44 21.69 55.78 14.84
S3a 91.13 15.42 77.61 12.46
S3b 77.18 19.04 54.68 11.37
S4a 82.81 17.51 74.69 14.86
S4b 76.83 24.63 59.41 19.95
S5a 80.87 22.85 79.04 21.74
S5b 75.76 21.74 57.64 23.09
S6a 70.68 16.81 63.85 18.83
S6b 69.18 21.71 46.73 19.91
S7a 80.07 20.59 73.78 28.04
S7b 63.61 25.24 44.04 18.20
S8a 77.38 14.55 67.06 21.66
S8b 58.06 15.77 43.08 11.01
S9a 73.44 17.59 71.42 29.65
S9b 71.86 24.37 50.29 22.38
S10a 79.54 15.17 68.06 24.44
S10b 65.86 19.49 44.20 12.55

Generally speaking, the curvature of the road alignment
in C1 was less than that in C2. Before C1 at the range of
about 3 km, the radius of the curves were large, the slopes
were relatively gentle, and the longitudinal slope grade was
less than 2 percent. But before C2 at the range of 3 km, small
radius circular curve sections occupied a large proportion,
and the longitudinal slopes were nearly all above 3 percent,
so the average speed in C1 was higher than that in C2 of the
same size vehicle in the same lane. The statistical results of
average speed in each observation cross-section are shown in
Table 8, and 𝑠 is standard variance of V

𝑚
.

As can be seen fromTable 8, nomatter the size of vehicles,
the speed on CVHCs was a continuous gradient process.
The speed characteristic of different size vehicles was related
to not only the road alignment on the current CVHC, but
also the alignment before and next to the current CVHC.
Combined with the designated speed measurement tests, the
speed control strategy of drivers on CVHCs was as follows:
when the vehicles entered into the CVHC with a small curve
radius from the road section before the current CVHC in
which the curve radius was large, the speed was usually
reduced; on the current CVHC, the speed control strategy of
driversmainly depended on the current CVHC’s curvature. If
the curvature was large, speed was reduced significantly until
it reached andmaintained a relatively reasonable rate. On the
contrary, if the curvature was small, the speed reduction was
not so obvious. And then, before the vehicles left the CVHC,
the driver could see the next ease curve section, so the driver
accelerated to drive the vehicle out of the CVHC. In addition,

it can be seen fromTable 8 that the grade of road longitudinal
slope had a significant impact on the vehicle speed. Especially
in an uphill section, if the slope grade was large, the influence
was much more obvious.

By the above analysis and with related mathematical
method, the speed prediction models which are applied to
different linear combination of CVHCs for different size
vehicles are shown in Table 9. To be sure, each model
in Table 9 is applicable to uphill sections of mountainous
freeway.

In the model, S is straight line; C is curve; V
𝑖𝑎
, V
𝑚𝑎
, V
𝑜𝑎

are the prediction speed at the entrance, midpoint, and exit
of the inner lane on the CVHC (km⋅h−1); V

𝑖𝑏
, V
𝑚𝑏
, V
𝑜𝑏
are the

prediction speed at the entrance, midpoint, and exit of the
curb lane on the CVHC (km⋅h−1); 𝑅

𝑏
, 𝑅
𝑐
, 𝑅
𝑛
are the curve

radius of the CVHC in the front, current, and next (m); 𝐺
𝑏
,

𝐺
𝑐
, 𝐺
𝑛
are the road longitudinal slopes of the CVHC in the

front, current, and after (%), and as the model is applicable
for the uphill sections, the value of 𝐺

𝑏
, 𝐺
𝑐
, 𝐺
𝑛
is all negative.

5.3. Verification Test. To evaluate the accuracy of the driver
behavior model in the paper, a verification test was done in
other 6 intervals of Xi’an-Hanzhong freeway. For the vehi-
cle distribution model, the maximum prediction error was
18.9%, the minimum error was 4.3%, and the average error
was 8.1%. For the speed prediction model, the maximum
prediction error was 23.6%, the minimum error was 3.3%,
and the average error was 9.6%. Generally speaking, the
models which were built in the paper can predict the driver
behavior on CVHCs of mountainous freeway accurately.

6. Conclusions and Discussions

The designated speed measurement test was done on two
typical CVHCs of the Xi’an-Hanzhong freeway. The traffic
flow in the test period was approximately 300 vehicles per
hour, and the free flow vehicles were about 2/3 of all the
traffic flow. Based on the analysis of the driver behavior on
the CVHCs, conclusions are made as follows.

(1) According to the vehicle classification described in
this paper, the distribution of small size vehicles is
equal in the inner lane and curb lane on CVHCs,
whereas about 80 percent of large size vehicles are
driven on the curb lane.

(2) About 10 percent of small size vehicles display curve-
cutting behavior in free flow, and some small size
vehicles display curve track correction behavior.
However, for large size vehicles, these two driver
behaviors are in a very low proportion.

(3) The average speed of vehicles in the inner lane and
the curb lane is quite different. The average speed
varies by more than 20 km⋅h−1 for large size vehicles.
In addition, the average speed of small size vehicles
on the same CVHC is significantly higher than that
of large size vehicles.

(4) The speed characteristic of different size vehicles is
related to not only the road alignment on the current
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CVHC, but also the alignment before and next to the
current CVHC.

(5) The typical speed control strategy when driving from
an ease curve section to a sharp curve section is as fol-
lows: first, the driver reduces the speed appropriately
when the vehicle enters into a CVHC on which the
curvature is large. When the vehicle is in the CVHC
section, the driver maintains a relatively low speed.
Finally, the speed increases in advance when driving
out of the CVHC section.

(6) By verification test, the average error of vehicle track
distribution prediction model is 8.1%, the average
error of the speed prediction model is 9.6%, and the
driver behaviormodel can predict the driver behavior
on mountainous freeway accurately.

In the past three decades, China has made a remarkable
progress in both infrastructure construction and motor-
ization. However, road safety levels have not kept pace
with these changes, especially on CVHCs of mountainous
freeways. Although traffic administration has taken some
precautionary measures, such as speed limit signs and speed
bumps, the accident rate is still relatively high. Based on
the analysis of driver behavior in this paper, more measures
should be taken to improve the fault-tolerant capability of
roads with CVHCs, such as increasing road widths for sharp
curve sections, improving the road linear combination of
CVHCs to improve the driver’s vision, building auxiliary lane
for trucks to improve the traffic capacity on CVHCs, and
improving the drainage capacity of the CVHCs to ensure the
friction force between the wheels and the road in rainy days.
Additional research is also needed to improve road safety
level as well as control costs.
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There are increasing concerns about missing traffic data in recent years. In this paper, a robust missing traffic flow data imputation
approach based onmatrix completion is proposed. In the proposedmethod, the similarity of traffic flow fromday to day is exploited
to impute missing data by the low-rank hypothesis of constructed traffic flow matrix. And the physical limitation of road capacity
and nonnegativity is also considered through the optimization process, which avoids the possibility of producing negative and
overcapacity values. Moreover, the proposed algorithm can impute missing data and recover outlier in a unify framework. The
experiment results show that the proposed method is more accurate, stable, and reasonable.

1. Introduction

Traffic information collected by various kinds of sensors
are a vital component of intelligent transportation system
(ITS) which aims to influence travel behavior, reduce traffic
congestion, improvemobility, and enhance air quality [1]. For
example, the real-time traffic information can be provided
to drivers before and during their travels for supporting
their decision of route choice [2] and it is also an important
guideline for modern traffic control system to adjust the
signal timing [3]. Moreover, after proper preprocessing, the
real-time traffic data can be used as the real-time traffic state
estimation of transportation networks [4].On the other hand,
several data mining techniques have been applied to mine
time related association rules from historical traffic databases
and its results have been used for traffic prediction such as the
works of Qiao et al. [5] and Zargari et al. [6].

However, the missing traffic data problems remain
inevitable due to detector faults or transmission distortion
in many places. About 10% of daily traffic flow is usually
missing in Beijing, China [7]. Turner et al. [8] reported
that almost a quarter of data from San Antonio, Texas, is
missing; and more than 5% of data are lost within the PeMS
traffic flow database [9].Themissing data adversely affect the

applications of intelligent transportation system; for example,
the traffic control system requires sufficient traffic flow data
(i.e., traffic volumes, occupancy rates, and flow speeds) to
generate appropriate trafficmanagement strategies [10, 11]. In
traffic forecast area, if there existsmissing data, the predicting
performancewill reduce sharply [12, 13]. Clearly,missing data
problem is a large obstacle for any of the functions for which
ITS data is to be used.

In the past decades, numerous imputation methods have
been proposed to handle missing traffic data problem. These
imputation methods can be roughly divided into two parts:
interpolation based and inductive learning based methods.

Interpolation based methods always fill the missing data
with a weighted average value calculated from part of known
data. Yin et al. [14] use historical averages from the same
detector at the same time period but in neighboring days
to replace missing data. Zhong et al. [15] interpolate error
traffic data by traffic data from similar daily flow variation
patterns considering the error type and traffic condition. Such
approaches only use part of the traffic information and always
fail to accurately estimate missing value at high missing ratio.

On the other hand, inductive learning methods try to
build imputation modeling from the a priori characteristics
of traffic data. Most of these methods are based on some
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Table 1: The possibilities of producing unreliable results.

Methods MCI PPCA IALM SVT
Frequency 0% 38.57% 7.14% 11.43%

assumptions of traffic flow data. Autoregressive Integrated
Moving Average (ARIMA) is based on the assumption that
the historical value and future value of traffic flow provide
an indication of the missing value [16]. The probabilistic
principle component analysis (PPCA) basedmethods assume
that the basic characteristic of traffic flow variations can be
captured by the probability distribution of PPCA [7, 17].
The recent tensor-based methods assume that traffic data
are highly correlated in multimode (day, week, link) and
construct traffic flow data into multiway array (tensor) to
capture these correlations. By utilizing the essential charac-
teristics of traffic flow information by the assumptions, these
kinds of imputation methods often outperform traditional
interpolation methods [7]. It can be concluded that most of
the inductive missing traffic data imputation methods make
the following assumptions.

Assumption 1. Traffic flow has a high similarity from day to
day and week to week but also link to the neighboring link
which can be utilized to impute missing traffic flow.

Assumption 2. The traffic flow data have not been spoiled
by the outliers, which frequently occur in real-world traffic
information system.

While the inductive based imputation methods achieve
somewhat success by the assumptions for traffic flow data,
there are still some shortcomings in these methods. Firstly,
according to the traffic flow theory, the volume of traffic
flow is a certain value from zero to the road-capacity
(the maximum traffic flow obtainable on a given roadway
using all available lanes). But most data-driven imputation
methods ignore this limitation of traffic volume. Secondly,
the traditional methods such as the PCA-based methods
cannot work well with big outlier or errors without the
preprocessing of corrupted traffic data [7]. In fact, we have
proposed several tensor completion methods [17–20], which
make full use of multimode correlations [21] of traffic flow
data, to impute missing traffic data. However, in our former
works, the nonnegativity (lower bound) and capacity (upper
bound) of traffic flow are still ignored. As a result, it is possible
that these methods will produce some unreliable results.

To tackle these shortcomings, this paper proposes a traffic
flow data imputation methods based on matrix completion.
In the proposed method, the traffic data are constructed
into a day × interval matrix. The similarity of day mode is
captured by the assumption that the constructed matrix is
low-rank. By adding a limitation in the objective function,
the proposed method can restrict the reconstructed traffic
flow data between zero and road capacity. Moreover, for the
traffic flow data corrupted by outliers, the proposed method
can simultaneously impute the missing data and recover the
outliers by the sparse assumption. It should be noted that the

method we proposed here can be considered as an idealized
version of robust PCA (RPCA) but different from the natural
approaches to robust PCA [22]. The proposed approach
needs not to preprocess the data and isolate the outlier
before the imputation. This advantage allows the proposed
matrix completion (MC) methods outperform traditional
imputation methods especially for the traffic flow corrupted
by outliers.

To give a detailed explanation of the proposed method,
the rest of this paper is organized as follows.Themethodology
and algorithm of the proposed method are proposed in
Section 2. Section 3 presents the imputing testing results
including comparison with other methods. The conclusion
and future works are conducted in Section 4.

2. Methodology

In this section, a brief description of the matrix completion
is presented.Then, we described the proposed missing traffic
flow data imputation method in detail.

2.1. Review ofMatrix CompletionMethods. Let𝑀 be an𝑚×𝑛

matrix of rank 𝑟 (< 𝑚 or 𝑛); the low matrix 𝑀 has some
available sampled entries {𝑀

𝑖𝑗
: (𝑖, 𝑗) ∈ Ω}whereΩ is a subset

of sampled cardinality. Then [17] proves that most matrices
𝑀 of rank 𝑟 can be perfectly reconstructed by solving the
optimization problem:

min ‖𝑋‖∗

s.t 𝑋
𝑖𝑗
= 𝑀
𝑖𝑗

(𝑖, 𝑗) ∈ Ω.

(1)

In (1), the functional ‖𝑋‖
∗
is the nuclear norm of the

matrix𝑀, which is the sum of its singular values.
In [23], the singular value thresholding (SVT) algorithm

is used to solve an approximate optimization problem of (1):

min 𝜏 ‖𝑋‖∗
+

1

2

‖𝑋‖
2

𝐹

s.t 𝑃
Ω
(𝑋) = 𝑃

Ω
(𝑀) ,

(2)

where 𝑃
Ω

is the orthogonal projector onto the span of
matrices vanishing outside ofΩ so that the (𝑖, 𝑗)th component
of 𝑃
Ω
(𝑋) is equal to𝑋

𝑖𝑗
if (𝑖, 𝑗) ∈ Ω and zero otherwise.

The Lagrange multiplier of (2) is

𝐿 (𝑋, 𝑌) = 𝜏 ‖𝑋‖∗
+

1

2

‖𝑋‖
2

𝐹
+ {𝑌, 𝑃

Ω
(𝑀 − 𝑋

𝑘
)} , (3)

where {𝐴, 𝐵} = trace{𝐴𝐵𝑇}, with optimization variable 𝑋 ∈

𝑅
𝑚×𝑛. Fix 𝜏 > 0 and a sequence {𝛿

𝑘
}
𝑘≥1

of scalar step sizes.
Then starting with 𝑌0 = 0 ∈ 𝑅

𝑚×𝑛, the algorithm inductively
defines

𝑋
𝑘
= 𝐷
𝜏
(𝑌
𝑘−1

) ,

𝑌
𝑘
= 𝑌
𝑘−1

+ 𝛿
𝑘
𝑃
Ω
(𝑀 − 𝑋

𝑘
) ,

(4)

where

𝐷
𝜏
(𝑋) = 𝑈𝑆

𝜏
(Σ)𝑉
𝑇 if 𝑋 = 𝑈Σ𝑉

𝑇
. (5)



Mathematical Problems in Engineering 3

Table 2: The recovery and imputation accuracy with different ratio of outliers.

Outlier ratio Missing data imputation Outlier recovery
MAPE MAE MAPE MAE

5% 13.81% 32.0799 14.89% 36.9587
10% 14.47% 33.8156 15.32% 39.1584
15% 15.95% 39.7424 15.76% 46.6486

Input: Observation samples 𝐷
𝑖𝑗
, 𝑖, 𝑗 ∈ Ω, of matrix𝐷 ∈ 𝑅

𝑚×𝑛

(1) 𝑌
0
, 𝐸
0
= 0, 𝜇

0
, 𝑘 = 0, 𝐶(road capacity)

(2) while not converged do
(3) (𝑈, 𝑆, 𝑉) = 𝑠V𝑑 (𝐷 − 𝐸

𝑘
+ 𝜇
−1

𝑘
𝑌
𝑘
),

(4) 𝐴
𝑘+1

= 𝑈𝑆
𝜇
−1

𝑘

𝑉
𝑇,

(5) 𝐸
𝑘+1

= 𝑃
𝐷−𝑐≤𝐸≤𝐷

(𝑃
Ω
(𝑆
𝜇/𝜆

(𝐷 − 𝐴
𝑘+1

+ 𝜇
−1

𝑘
𝑌
𝑘
)) + 𝑃

Ω
(𝐷 − 𝐴

𝑘+1
+ 𝜇
−1

𝑘
𝑌
𝑘
))

(6) 𝑌
𝑘+1

= 𝑌
𝑘
+ 𝜇
𝑘
(𝐷 − 𝐴

𝑘+1
− 𝐸
𝑘+1

)

(7) updating 𝜇
𝑘

(8) 𝑘 = 𝑘 + 1

(9) end while
(10) output 𝐴

Algorithm 1: Matrix completion based traffic data imputation method.
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Figure 1: The original data (blue) and approximated low-rank data
(red) from Detector 400141. The low-rank data basically keeps the
characteristic of origin data.

𝑆
𝜏
(𝑥) is the constriction factor of 𝑥, where

S
𝜏
(𝑥) =

{
{

{
{

{

𝑥 − 𝜏 if 𝑥 > 𝜏

𝑥 + 𝜏 if 𝑥 < −𝜏

0 else.
(6)

More details for SVT can be found in [24].
Literature [25] develops an augmented Lagrange multi-

plier method to solveMC. In their methods, theMC problem
is formulated as

min ‖𝐴‖∗

s.t 𝐴 + 𝐸 = 𝐷 𝑃
Ω
(𝐸) = 0

(7)

as 𝐸 will compensate for the unknown entries of 𝐷 and the
unknown entries of𝐷 are simply set as zeros.Then the partial
augmented Lagrangian function is

𝐿 (𝐴, 𝐸, 𝑌, 𝜇) = ‖𝐴‖∗
+ {𝑌,𝐷 − 𝐴 − 𝐸} +

𝜇

2

‖𝐷 − 𝐴 − 𝐸‖
2

𝐹
.

(8)

Then,𝐴 and 𝐸 are updated according to the subproblems
of (8),where 𝐴 is updated by

arg min
𝐴

‖𝐴‖∗
+

𝜇

2






𝐷 − 𝐴 − 𝐸 + 𝜇

−1
𝑌







2

𝐹

= 𝐷
𝜇
−1 (𝐷 − 𝐸 + 𝜇

−1
𝑌) .

(9)

𝐸 is updated by

arg min
𝑃Ω(𝐸)=0






𝐷 − 𝐴 − 𝐸 + 𝜇

−1
𝑌







2

𝐹
= 𝑃
Ω
(𝐷 − 𝐴 + 𝜇

−1
𝑌) .

(10)

More detailed information of the augmented Lagrange
multiplier (ALM) method can be found in literature [25].

2.2. The Proposed Algorithm. The goal of the proposed
method is to impute the missed traffic data considering both
the physical limitation of traffic flow data and the possible
corruption by outliers. Firstly, the traffic flow data in a local
place are formed into the matrix mode as follows:

𝐴 =
















𝑎
11

. . . 𝑎
1𝑛

... d
...

𝑎
𝑚1

. . . 𝑎
𝑚𝑛
















. (11)

In this matrix 𝑎
𝑖𝑗
represents the discretized volume on day

𝑗 at time interval 𝑖 within the given day. For the physical
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Figure 2: MAE and MAPE curves for three matrix completion methods and PPCA method.
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Figure 3: The negative value reconstructed by PPCA.

limitation, 𝑎
𝑖𝑗
changes in a particular range from zero to road

capacity.The total number of days is 𝑛 and each day is divided
into 𝑚 time intervals. Supposing the set of observed traffic
volumedata isΩ, and the traffic volume is corrupted by sparse
outliers.Hence, themissing trafficdata imputation problem is
translated into a corrupted matrix completion problem [26–
28]; the optimization problems can be described as

min rank (A) + 𝜆

𝑃
Ω
(E)

0

s.t A + E = D, 0 ≤ A ≤ C,
(12)

where ‖ ‖
0
represents the number of the nonzero entries and

𝑃
Ω

is the orthogonal projector onto the span of matrices
vanishing outside ofΩ.
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Figure 4: The standard deviation of errors (SDE) of the test
methods.

The minimums of ‖ ‖
0
(ℓ0-norm) and the rank of matrix

are NP-hard problem [29]. To convert the objective function
(12) into a convex optimization problem, the rank of 𝐴 is
approximated by the nuclear norm (the sum of the singular
values) of the matrix, and the ‖ ‖

0
of 𝑃
Ω
(𝐸) is approximated

by the ℓ1-norm of the matrix (the sum of the absolute value
of its entries) [29] as follows:

min ‖A‖∗ + 𝜆




𝑃
Ω
(E)

1

s.t A + E = D, 0 ≤ A ≤ C.
(13)
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Figure 5: Comparisons with raw traffic volume data, data with 30%
missing data and corrupted by outliers with 15% ratio, and data
reconstructed by MCI.

Because the solution of 𝐸 is easier than 𝐴, the function is
converted into the following form:

min ‖A‖∗ + 𝜆




𝑃
Ω
(E)

1

s.t A + E = D, D − C ≤ E ≤ D.
(14)

Considering the faster computation speed and higher accu-
racy, the augmented Lagrangian method (ALM) [25] is
employed to optimize the problem.

By introducing a Lagrange multiplier 𝑌 to remove the
equality constraint, one has the Lagrangian function of (14):

𝐿 (𝐴, 𝐸, 𝑌, 𝜇) = ‖𝐴‖∗
+ 𝜆





𝑃
Ω
(𝐸)




1
+ ⟨𝑌,𝐷 − 𝐴 − 𝐸⟩

+

𝜇

2

‖𝐷 − 𝐴 − 𝐸‖
2

𝐹
.

(15)

Lin et al. [25] proved that updating 𝐴 and 𝐸 once when
solving this subproblem is sufficient for 𝐴 and 𝐸 to converge
to the optimal solution of (15). 𝐴 is updated by

arg min
𝐴

‖𝐴‖∗
+

𝜇

2






𝐷 − 𝐴 − 𝐸 + 𝜇

−1
𝑌
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𝐹
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𝜇
−1 (𝐷 − 𝐸 + 𝜇

−1
𝑌) ,

(16)

where

𝐷
𝜇
−1 (𝐷 − 𝐸 + 𝜇

−1
𝑌) = 𝑈𝑆

𝜇
−1 (Σ)𝑉

𝑇

if 𝐷 − 𝐸 + 𝜇
−1
𝑌 = 𝑈Σ𝑉

𝑇
.

(17)

𝑆
𝜇
−1( ) is the constriction factor, where

𝑆
𝜏
(𝑥) =

{
{

{
{

{

𝑥 − 𝜏 if 𝑥 > 𝜏

𝑥 + 𝜏 if 𝑥 < −𝜏

0 else.
(18)

𝐸 is updated by

arg min
𝐷−𝐶≤𝐸≤𝐷
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(19)

𝑃
𝐷−𝑐≤𝐸≤𝐷

is the projector onto the span of matrices ranging
from 𝐷 − 𝐶 to 𝐷. This leads to a matrix completion
based traffic data imputation method (MCI) described in
Algorithm 1.

3. Experiments

The evaluation of an imputation method’s performance is a
multiobjective problem. In this section, four key performance
indicators of the proposed method are discussed, which are
the accuracy, stability, robustness, and computation complex-
ity.

3.1. The Test Data. To evaluate the proposed method, traffic
flow datasets from PeMS [9] open database are used. The
dataset is collected from Detector 400141. The detector is
located at north bound freeway I880. The freeway has four
lanes under surveillance.The sampling period is between July
11, 2013 and July 30, 2013. The data are almost all observed
with a 99.9% observed ratio.

The assumption is an important premise for the missing
traffic data imputation methods based on inductive learning.
For the proposed MCI, the traffic volume matrix is assumed
to be low-rank. The correctness of this assumption is val-
idated by the low-rank approximation of the original data.
The low-rank approximation data is computed by singular
value decomposition according to Eckart-Young theorem
[30]. If we consider singular value decomposition (SVD) of
the constructed traffic volume matrix𝑀

𝐺
, we get

MG = UG∇GV
T
G, (20)

where columns of 𝑈
𝐺
and 𝑉

𝑇

𝐺
are left-singular vectors and

right-singular vectors of 𝑀
𝐺
, respectively. The diagonal

entries of ∇
𝐺
are equal to the singular values of𝑀

𝐺
.

The full-rank matrix 𝑀
𝐺
can be approximated as a low-

rank matrix𝑀
𝐺
by the SVD of𝑀

𝐺
, namely,

M̂G = UG∇̂GV
T
G, (21)

where ∇̂
𝐺
is the same matrix as ∇

𝐺
except that it contains

only the 𝑟 largest singular values (the other singular values are
replaced by zero).The low-rank approximation of the selected
traffic data is given in Figure 1.

As we can see from Figure 1, the approximated low-rank
data basically keeps the characteristic of origin data. From the
results, it can be concluded that the low-rank hypothesis of
traffic volume matrix is reasonable.
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3.2. Quantitative Measures. The set of measures including
MAE, MAPE, and SDE allows one to directly evaluate the
performance of multiple imputation techniques

3.2.1. Accuracy. In this paper, the mean absolute percentage
error (MAPE) is used to evaluate the performance of missing
traffic data imputation. However, the MAPE will be lower
if the traffic volumes are higher [31]. In observance of this
phenomenon, this paper also applies the mean absolute error
(MAE) as a complementary measure for MAPE.

The mean absolute error (MAE) is defined to be

MAE =

1

𝑛

𝑛

∑

𝑡=1





𝑥
𝑡
−𝑀
𝑡





. (22)

The mean absolute percentage error (MAPE) is defined to be

MAPE =
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× 100%, (23)

where 𝑛 is the total number ofmissing data, 𝑥
𝑡
is the observed

value, and𝑀
𝑡
is the reconstructed value.

3.2.2. Stability. The standard deviation of errors (SDE) of the
test methods is evaluated. The smaller SDE means that the
errors are tightly clustered around the mean value [29]:

SDE = √var (𝑀
𝑡
− 𝑥
𝑡
). (24)

3.2.3. Robustness. Therobustness is evaluated by the accuracy
on the dataset added outlier under different missing ratio.

3.3. The Results without Outlier. In this part, we evaluate the
performance of MCI algorithm and compare it with other
state-of-the-art algorithms including PCA-based PPCA [7],
SVT [22], and IALM [23] on random missing case without
outlier. For MCI, the tolerance on the ‖ ‖

𝑓
of 𝐷 − 𝐴 − 𝐸

divided by ‖ ‖
𝑓
of 𝐷 in the gradient is set to 0.01, and the

maximum number of iterations is set to 10
3
𝜆 which is set

to 150. For SVT and IALM, the tolerance on the ‖ ‖
𝑓
is set to

0.01, and themaximumnumber of iterations is also set to 103.
For PPCA, similar to [7], the tolerance is set to 0.01, and the
latent space is set to 15.

In order to better verify the change in imputation per-
formance, the total missing ratio (the number of missing
data points divided by the total number of data points) is set
from 5% to 70%. The MAE and MAPE curves are shown in
Figure 2.

In Figure 2, all the methods achieved equal results under
missing ratio lower than 30%. However, the performances
of other methods except for MCI degrade sharply when the
missing ratio is higher than 50% except MCI. The reason
may be that the MCI can utilize the physical limitation of
traffic flow in the imputation process while the othermethods
ignored the physical limitation of traffic flow data.

Traffic volume must be nonnegative and less than the
value of road capacity. The PPCA imputation strategy is a

kind of statistical method which imputes data through the a
priori statistical characteristics of data. As shown in Figure 3,
the PPCA method may give a negative value of volume
during the low flow rate interval. The phenomenon also
can be found in the other two matrix completion strategies
without the constraints of nonnegativity and road capacity
in their objective function. Our proposed MCI can tackle
this shortcoming by adding the limits to the algorithm.
The negative and overcapacity value is not observed in the
experiments of MCI. The possibilities of four methods that
produce unreliable results in our experiments are given in
Table 1 (the frequency of experiment results with unreliable
results: negative or overcapacity).

In the above experiments, the accuracy of MCI has been
tested. Then, we will test the stability of imputation methods
by SDE under different missing ratio. As shown in Figure 4,
the SDEs of MCI and IALM using augmented Lagrangian
function are lower than PPCA and SVT. It suggests that the
MCI not only can compute missing data more accurate but
also more stable by employing the augmented Lagrangian
function.

3.4. Missing Data Imputation with Outlier. The above experi-
ments assume that the data have not been spoiled by outliers.
However, the traffic flow series are often corrupted by the
outliers which are caused by numerous reasons [32]. Unfortu-
nately, these outliers are usually not easy to be isolated by the
traditional missing traffic data imputation approaches. Thus,
the recovery of outlier and imputation of missing data are
often completed in different frameworks separately [7, 29].

For the problem, the MCI algorithm makes it possible to
imputemissing data and recover outlier in a unify framework
by adding the sparse matrix 𝐸.

There are various kinds of outlier in traffic data. Here, we
only consider two common scenarios of outliers:

(a) volume out of range (VOR): percentage of the detec-
tor records with volumes larger than 1000 v/5min;

(b) volume repeating zero (VRZ): percentage of the
detector records with repeating zero volumes for
30min.

It is hard to enumerate all the situations with different
mixing ratios of the two outliers’ scenarios. In the exper-
iments, the methods are tested on a typical situation by
assuming that the mixed VOR and VRZ data have a ratio
of 1 : 1. Ratios of outlier data are set from 5% to 15% and the
outlier data are produced randomly. The missing data ratio
is set to 30%. All the results are averaged by 10 instances.
The MAE and MAPE for missing data and outlier recovery
are both given in Table 2. Figure 5 presents the part of traffic
volume data and reconstructed volume data.The results show
that MCI could impute the missing data and recover the
traffic volume outlier data with a reliable performance.

3.5. Computation Complexity of MCI Approach. As the same
as IALM [25], it is not necessary to compute the full SVD
in MCI. By using Lansvd [21], a fast SVD method that only
computes singular values larger than a particular threshold
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and their corresponding singular vectors, the complexity of
the singular value decomposition is not a problem for MCI.
And the computation speed of MCI is faster than traditional
matrix completion based methods such as SVT by utilizing
the augmented Lagrangian function [25].

It is not easy to choose the parameter 𝜆 which is the
weight parameter between the rank ofmatrix and the number
of sparse outlier. For the traffic data without outliers, setting
𝜆 larger than 100 can obtain a good performance. But for
data corrupted by outliers, a proper lower value of 𝜆 will
achieve better results. In this paper, we suggest 𝜆 = 150 for
real application for data without corruption of outlier and
𝜆 = 0.05 for corrupted data.

4. Conclusion and Future Works

In this paper, amatrix completionmethodwhich fully utilizes
the physical limitation of traffic volume and the day mode
similarity has been proposed dealing withmissing traffic flow
problem. The experiment shows that the proposed method
is more reasonable, accurate, and stable than the state-of-art
methods for traffic flow data. Moreover, the proposed MCI
can impute missing data and recover the outlier in a unify
framework with a reliable performance.

Future research should look into missing traffic data
imputation method that incorporates spatial and temporal
correlations among adjacent detectors to improve imputa-
tion accuracy. In addition, future studies may evaluate the
performance of MCI on other parameters such as speed and
occupancy. It still needs more researches on the appropriate
choice of parameter for the MCI.
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Quantization of the relationship between travel intensity and land use patterns is still a critical problem in urban transportation
planning. Achieved researches on land use patterns are restricted tomacrodata such as population and area, which failed to provide
detail travel information for transportation planners. There is still problem on how to reflect the relationship between transport
and land use accurately. This paper presents a study that is reflective of such an effort. A data extraction method is developed to get
the travel origin and destination (OD) between traffic zones based on the mobile data of 100,000 residents in Beijing. Then Point
of Interests (POIs) data in typical traffic zones was analyzed combined with construction area investigation. Based on the analysis
of travel OD and POI data, the average travel intensity of each land use pattern is quantified. Research results could provide a
quantitative basis for the optimization of urban transportation planning.

1. Introduction

Due to the accelerating of urbanization, major cities in China
were gradually forced to carry out high-density land devel-
opment. However, excessive land development has led to
rapid growth of traffic demand and aggravates the traffic con-
gestion, air pollution, and so on.

The correlation issues between land use and travel inten-
sity were firstly put forward by Knight [1] in 1977. Since then,
a large number of scholars have conducted researches on the
interaction between land use and travel behavior [2–7]. Susan
[8] and Pauline et al. [9] analyzed the impact of land use on
the characteristics of the trips.They pointed out that with the
increasing of land use density, the number of travel would
decrease. Hanssen [10] proved that land use has a profound
effect on travel behavior. Silva and Luis [11] established a
model to unravel the influence of land use on travel behavior.
Olle et al. [12] presented a preliminary research on travel
behavior analysis through mobile data.

Application of mobile data to analyze the travel char-
acteristics has become increasingly popular in recent years,
particularly since 2007. Caceres et al. [13] derived the origin-
destination data from mobile data. Bar-Gera [14] evaluated

a cellular phone-based system for measurements of traffic
speeds and travel times in Isral. Asakura and Iryo [15]
analyzed the tourist behavior based on the mobile data. In
Herring and his colleagues’ research [16] in 2009, the mobile
data were used to forecast arterial traffic through statistical
learning. On this basis, other scholars have done a lot
of research to expand mobile data application and travel
behavior [17–22]. As one of the key area within transporta-
tion planning, research on land use properties of transport
unfortunately just attracted little attention in the application
of mobile data. Such applications are urgently required in
urban planning of China, as most of the cities will face more
and more serious traffic congestion problems generated by
crowded and disordered traffic in the coming challenge years.

With the analysis and brief history above as a backdrop,
it is clear that there is a close relationship between the land
use and travel behavior. However, the analytic accuracy of
land’s traffic properties is rather low and there are difficulties
in the residents’ travel data acquisition. This paper describes
an information technology-based procedure for analysis the
traffic properties of land use. The remainder of the paper
is structured as follows. Section 2 introduces the travel OD
calculation based on the mobile data. Section 3 presents the
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Figure 1: Mobile data on database map.

analysis of land use based on the POIs (Point of Interests).
Travel intensity calculation is presented in Section 4, followed
by the conclusions presented in Section 5.

2. Travel OD Calculation Based on
the Mobile Data

In this section, the travel ODwas calculated based on 100,000
residents’ mobile data of Beijing. The main steps include
preprocessor of mobile data, extraction of residents’ trip
chain, extraction of travel OD, and sampling expansion of
travel OD.

2.1. Sampling Expansion of Travel OD. In this paper, nearly
100,000 mobile users’ data is extracted from Beijing Mobile.
As of 2013, there are more than 31 million mobile users
in Beijing, in which 72.84% belong to Beijing Mobile. The
sampling expansion of travel OD coefficient should be cal-
culated as 31000000 × 72.84%/100000 = 225.804. According
to the expansion coefficient, the total travel amount should
be 29,786,700, which is in line with the travel amount from
Beijing Municipal Traffic Annual Report.

2.2. Preprocessor of Mobile Data

(a) Data Separation and Deduplication. In order to improve
the validity and precision of the data, irrelevant data should
be eliminated in the pretreatment stage. Generally, irrelevant
data include the null value data as well as the duplicate data.

(b) Construction of Database. In order to handle the huge
amount of mobile data, an appropriative database which
can improve the management capability of a variety of data
sources was built up. As the foundation for the following data
analysis, the processed datawaswritten to the database above,
as shown in Figure 1.

(c) Mobile Data Reclassification and Sorting. After the data
base construction, the mobile data of 7 days were classified

into individuals, and then sorted in the ascending order of
time.

2.3. Extracting Residents’ Trip Chain. The trip chain data
means a collection of the residents travel stops on the track
in the day time. Mobile data could assist in obtaining the data
of residents travel through the steps as follows.

(a) Discriminating Stagnation Point. Calculate the residence
time in each cell 𝑇, and set the time threshold 𝑇 (𝑇 = 45
minutes, the longest bus waiting time, based on field survey).
When the cell residence time 𝑇 is greater than 𝑇stay, the
stagnation point of the user is determined.

(b) Determining the Coverage of Base Station.The coordinates
of the mobile phone base station in Beijing were obtained.
On this basis, the coverage area of each mobile phone base
station was determined through the principle of the Voronoi
diagram. According to the coverage area of mobile phone
base station and the coordinates of the point of interest, we
are able to determine the affiliation of the various points of
interest and mobile phone base stations.

(c) Discriminate the Home Location. The home location
should be selected from the stagnation point of the user. The
cross time 𝑇cross, which is the stay period between home and
stagnation point, was calculated. The user’s home position is
determined when the crossover time 𝑇cross is greater than the
time threshold 𝑇family.

(d) Discrimination the Work Place Location. Similar to the
method above, the workplace could also be identified from
the stagnation point of the user. Regardless of the home
location, the cross time 𝑇cross, which is the stay period
betweenwork and stagnation point, was calculated.Theuser’s
work position is determined when the crossover time𝑇cross is
greater than the time threshold 𝑇work.

(e) Analysis Trip Purpose. On the basis of home and work
location identification, the remaining stagnation points could
be mainly classified into the user’s track sequence. And the
trip purpose could be determined by the characteristic of
interest points (culture and entertainment, live, shop, etc.),
which is on the user’s track and show reasonable stay period.

2.4. Extraction of TravelOD. ThetravelODcould be obtained
from residents’ day trip chain, which can be simplified to be
expressed as Figure 2: A∼F represent the traffic zones; a-b-c
show a day trip chain of mobile phone user, in which a, b, and
c are stagnation points, respectively.

The adjacent stagnation points which are sorted accord-
ing to the time could be considered as the start and end of
one trip. The traffic zone for each trip could be determined
through the coordinates match between the stagnation point
and the traffic zone. For example in Figure 2, a-b and b-c
could be considered as two valid trips. And abelongs to zone
A, b belongs to zone C, and c belongs to zone E. Thus, we
can determine one increase in the volume of the traffic count
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Table 1: Classification of POIs in Beijing.

Major categories Subcategories
Guesthouse Inns, chain inn, star hotels

Dining Casual dining, Chinese fast food, western-style fast food, Japan and Korea-style fast food, west
restaurant, Chinese testaurant

Leisure Leisure square

Companies

Financial, transport, telecommunications company, culture media, utilities, press and
publication, travel agencies, factories and mines, firm, insurance company, funeral and
interment, securities companies, clothing and shoes, sports outdoor, training institution,
research institutions

Shopping
Electronics, audio books, electronic digital, photographic equipment, mother and children,
stationery, jewelry ornaments, clothing and shoes, sports outdoor, clock and optical
instruments, shopping mall

Education Preschool education, primary education, secondary education, higher education
Transport facilities Coach station, train station
Tourist attractions Heritage, scenic area, memorial hall, church, amusement parks, park, museum of art

Living services
Clock and optical instruments, gift and flowers, supermarket, auto services, alcohol and tea,
convenience, beauty salons, post office, ticket office, dry-cleaning, lottery distribution, pet,
bank, photographic prints, pharmacy, clinic, emergency center, epidemic

Leisure Stadiums, casino, KTV, massage parlors, cinema, fitness center, resort
Medical General hospital

Government organization All level of government, organs and units, political parties and organizations, institutional
welfare, public security institution

Estate plot Cell property
Public services Library, palace of culture, museum, science and technology museum
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EF
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a

Figure 2: Trip chain among traffic zones.

between zone A and C and another increase between zone C
and E.

3. Analysis of Land Use Based on the POIs

POI is a phrase from the internet map search engine, for
example, Baidu, youdao, and so forth. Travelers can get a lot
of POIs information related to their travel purpose through
internet, as shown in Figure 3. In general, POI data includes
four fields: name, category, longitude, and latitude. It can not
only help determine trip purpose and nature of land use but

Figure 3: Distribution of POIs on web map.

also reflect distribution of population and level of economic
development.

3.1. POI Extraction and Classification. POI data were extra-
cted and divided according to the two types of major
categories and subcategories, as shown in Table 1.

Combined with the “standard for classification of urban
land” (GB50137-2011), the correspondence among the travel
purpose, POI type, and land use type were descript as shown
in Table 2.



4 Mathematical Problems in Engineering

Table 2: Urban land classification based on travel purpose.

Travel purpose POI type Land use type
School Education A3 education and research
Work Companies B2 commercial and business
Shopping Shopping B1 wholesale and commercial
Residential Estate plot R residential
Personal affair Medical A5 medical facilities
Leisure Leisure B3 recreation and sports
Tourist attractions Tourist attractions A7 heritage
Dining Dining B13 restaurant

Table 3: Construction area of educational POI.

POI name Land use type Construction area (m2)
Dingfuzhuang Second Primary School A3 1000.00
Wanquan Primary School A3 1580.00
Beijing Cuigezhuang Primary school A3 1960.00
Beijing Paifang Primary school A3 2243.00
Seventh Primary A3 2350.00
Daxing District, Fifth School A3 3795.00
Xizhong Street Primary School A3 4034.00
Sigenbai Primary School A3 4123.00
Laogucheng Primary School A3 4180.00
Binhe Primary School A3 4206.00
Taoranting Primary School A3 4776.00
Nanhuzhongyuan Primary School A3 5000.00
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Figure 4: Distribution histogram of construction area for educa-
tional POI.

3.2. Construction Area of POI Investigation. Network
inquiries, telephone interviews, and field inquiry were
adopted in this research to obtain the average structural area
for each type of land. 100 locations were selected from each
type of land and the results are shown in Table 3 (education
type as an example), Figures 4, 5, and 6.

Since the selection of survey sites is random, it can be
assumed that the scale of the construction area for the sample

Table 4: Average construction area for each pattern of POIs.

Land use type Education Medical Tourist Shopping
Average construction area 3715 39935 21812 68282
Land use type Dining Business Leisure Residents
Average construction area 254 17760 4478 158104

interest points and the overall points are independent and
identically distributed.The average construction area for each
kind of POIs is shown in Table 4.

4. Travel Intensity Calculation

In order to calculate the travel intensity of each type of POI, 26
typical zones (including all kinds of POIs) were selected from
within the whole city of Beijing randomly, in which 14 zones
are within the second ring road, 3 within second to the third
ring road, 4 within the third to the fourth ring, and 5 within
the fourth to the fifth ring. Total travel times were calculated
throughmobile data using themethod in Section 2, as shown
in Table 5.

The numbers of POIs in each of the 26 traffic zones were
obtained as shown in Table 6.

The construction area of different pattern land in traffic
zones could be calculated according to the average construc-
tion area of each kind of POI in Table 5. Then the average
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Table 5: Travel times for each traffic zone.

Traffic zone Travel Times Location
Donghuashi street 17706 Within ring road 2
Wangfujin 18743 Within ring road 2
Huafushangmao 2463 Within ring road 2
Kongmiao 5972 Within ring road 2
Workers Stadium 15871 Within ring road 2
Landianchang 31684 Within ring road 2
YongdingluxiliCommunity 15539 Within ring road 2
Qinfenghuajinyuan 7729 Within ring road 2
EnjiliCommunity 5978 Within ring road 2
ShuiqinmuhuayuanCommunity 5210 Within ring road 2
Houbajia 2061 Within ring road 2
JucaiBuilding 5644 Within ring road 2
Jianguoli 11596 Within ring road 2
Jiujumingyuan 13993 Within ring road 2
University of Finance and Economics 44379 Ring road 2-3
Sanlihesanqu 40489 Within ring road 2
Guomao center 1 4362 Ring road 2-3
Cuiweidongli 120347 Ring road 3-4
Songjiazhuang 64163 Ring road 3-4
Songyudongli 21176 Ring road 3-4
Dinghuidongli 13504 Ring road 3-4
Nanyaodi 22896 Ring road 4-5
Kuifang 12067 Ring road 4-5
Hanzhuangzidongli 18315 Ring road 4-5
National Stadium 32547 Ring road 4-5
Wudaokou 36895 Ring road 4-5
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Figure 5: Distribution histogram of construction area for medical
POI.

travel intensity could be calculated through the formula as
follow:
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Figure 6: Distribution histogram of construction area for shopping
POI.

where 𝑥
1
is trips per unit of land use pattern A3; 𝑥

2
is trips

per unit of land use pattern A5; 𝑥
3
is trips per unit of land

use pattern B1; 𝑥
4
is trips per unit of land use pattern A7; 𝑥

5
:

Trips per unit of land use pattern B13; 𝑥
6
is trips per unit

of land use pattern B2; 𝑥
7
is trips per unit of land use

pattern B3; 𝑥
8

is trips per unit of land use pattern
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Table 6: The main interest point type of traffic zone.

Traffic zone A3 A5 A7 B1 B13 B2 B3 R
Nanyaodi 0 1 1 0 0 5 4 1
Jialinhuayuan 0 0 0 0 0 0 7 1
Kuifang 1 2 1 0 0 6 0 1
Fanzhuangzidongli 1 3 0 0 0 4 4 1
National Stadium 2 5 2 0 0 6 5 1
Beijing University of Chemical Technology 1 1 1 0 0 1 3 0
Qingyunbeili 2 1 0 0 0 2 2 1
Cuiweidongli 0 2 0 0 0 0 0 1
Songjiazhang 2 3 0 0 0 4 3 1
Songyudongli 1 2 0 0 0 2 0 1
Dinghuihuayuan 1 1 0 0 0 5 4 0
Jindianhuayuan 0 0 0 0 0 3 3 1
University of Finance and Economics 0 1 0 0 0 4 0 1
Sanlihesanqu 0 4 0 0 0 3 2
QiaoJianCommunity 0 0 0 0 0 5 0 1
PanJiaYuanNanLiCommunity 0 0 0 0 0 0 0 1
Wangfujin 0 1 0 0 0 5 5 1
Kongmiao 1 1 3 0 0 4 3 0
Xinjiekouxili 1 2 0 0 0 5 0 0
Flats of huarong 1 0 0 0 4 6 0 0
Wudaokou 2 6 5 0 0 8 3 1
DonghuashiStreet 2 0 0 0 7 9 0 1
huafushangmaodalou 2 0 0 0 1 1 0 0
YangjiayuanCommunity 2 8 2 0 4 0 0 0
Tianshuiyuan 0 2 0 0 2 2 2 1
Center of Guomao 2 0 1 3 2 1 2 1

Table 7: Travel intensity of each land use pattern (trips per square meter).

Land use pattern A3 A5 B1 A7 B13 B2 B3 R
Travel intensity 0.2154 0.0626 0.1375 0.1142 17.1181 0.2927 0.4019 0.0494

R; 𝐴
𝑖
, 𝐵
𝑖
, 𝐶
𝑖
, 𝐷
𝑖
, 𝐸
𝑖
, 𝐹
𝑖
, 𝐺
𝑖
, and 𝐻

𝑖
are construction area of

corresponding land use patterns in traffic zone 𝑖; 𝑃
𝑖
is total

trips of traffic zone 𝑖.
The calculated travel intensity of each land use pattern is

shown in Table 7.

5. Conclusions

As big data era approaching, the usefulness of POI data in
transportation research has become more and more clear.
This paper presents a research method of analyzing the
relationship between travel demand and land use based on
information technology. The residents’ day trip chains based
on mobile data were collected, and the land use characteris-
tics were quantitative analyzed through POI data. Then the
travel intensity of each type of land use patterns was obtained
through the travel OD and land use characteristics, which
may provide a quantitative basis for urban planner and traffic
managers. Research method opens a new way of studying
the relationship between urban planning and transportation,

and the findings could be used as the foundation for land use
decisions.
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Traffic safety evaluation for traffic analysis zones (TAZs) plays an important role in transportation safety planning and long-range
transportation plan development. This paper aims to present a comprehensive analysis of zonal safety evaluation. First, several
criteria are proposed to measure the crash risk at zonal level. Then these criteria are integrated into one measure-average hazard
index (AHI), which is used to identify unsafe zones. In addition, the study develops a negative binomial regression model to
statistically estimate significant factors for the unsafe zones. The model results indicate that the zonal crash frequency can be
associated with several social-economic, demographic, and transportation system factors. The impact of these significant factors
on zonal crash is also discussed. The finding of this study suggests that safety evaluation and estimation might benefit engineers
and decision makers in identifying high crash locations for potential safety improvements.

1. Introduction

Traffic crashes have caused tremendous losses in terms of
death, injury, lost productivity, and property damage in our
society. In order to investigate factors which have an impact
on crashes, extensive researches have been conducted and
recognized in the literature [1–4]. According to different
research purposes, crashes can be analyzed individually
or aggregately for road segments, intersections, or TAZs.
Recent studies suggested that the TAZ level crash estimate
is important for safety planning purposes and also useful in
identifying and diagnosing zonal safety issues in an earlier
planning stage [5–7]. In summary, zonal crash analysis is
crucial in risk evaluation as well as crash predication for
TAZs. Since crash frequency is the simplest measure to assess
the degree of safety, modeling crash frequency attracts more
attention from researchers; most of the recent studies use it
as the major target. However, modeling crash frequency is
inadequate to make a comprehensive evaluation on traffic
safety, especially for the safety analysis of TAZs in which
safety risk may be also affected by many other factors, for

example, area, population, total roadway length, vehiclemiles
travelled (VMT), and so forth. Further, the safety status
for each TAZ also depends on the severity of crashes. For
example, crashes which involve fatality or injury should
receive more attention comparing to the propriety-damage-
only (PDO) crashes. By the motivation of comprehensive
evaluations, it is worth formulating safety risk measurements
in the consideration of crash frequency, crash severity, and
zonal characteristics. Toward this end, one of the objects
of this paper is to provide a more comprehensive safety
evaluation analysis based on several criteria, including total
number of crashes, total number of fatal and injury crashes,
total crash exposure rate, injury/fatality crash exposure rate,
weight hazard index (WHI), and average hazard index (AHI).
These criteria are capable of capturing the degree of safety risk
for each zone in different aspects; the detailed definition of
these criteria will be presented in the session of methodology.

In order to develop independent and dependent variables
for each TAZ, data from different sources such as socioeco-
nomic and transportation network will be aggregated into
each TAZ. First, all datasets are geocoded into the GIS
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platform. With the topology relationship among accidents,
roads, and TAZs, each crash will be assigned to a specified
TAZ. During this process, one practical issue is to determine
a TAZ for the crashes which occurred on boundaries shared
by two or more adjacent TAZs. What should be pointed
out is that such issue is not encountered in crash analysis
for road segments or intersections. In addition, the method
for allocating crashes on zonal boundaries was not clearly
discussed in current literature. So this study also seeks to
propose amethod for assigning crashes on boundaries as well
as presenting the process of multisource data integration.

2. Literature Review

In literature, traffic safety studies are typically conducted
on road segments and intersections. Most of these studies
consider crash frequency as their primary subjects. Empirical
results clearly indicated the possible association between
crash frequency and road characteristics. Tarko et al. [8]
indicated that attributes such as traffic lane width, location
of roads (rural/urban), and shoulder width are associated
with crash frequency. Ye et al. [9] found that the terrain and
the geometry of the roadway as well as visibility provided
by lighting also significantly affect the crash frequency. For
zonal crash frequency estimation, which recently received
researchers’ attention, can also be evaluated by the overall
road characteristics within a zone as expected. Guevara et al.
[5] stated that the safety predication model at planning level
is feasible and the model is helpful in developing incentive
programs for safety improvements. This type of research
connects the crash count in a TAZ not only to the transporta-
tion characteristics but also to several social-economic and
demographic characteristics, for example, average household
size and zonal population.

One of the earliest models regarding the zonal level
crash prediction was developed by Levine et al. [10]. They
tried to relate the motor vehicle accidents to zonal popula-
tion, employment, and road characteristics for the City and
County of Honolulu. It established an analysis framework for
zonal level accident analysis as well as safety planning. How-
ever, themodel in this study is linear and hence inappropriate
for crash count data analysis [6]. Exponential-type nonlinear
models are preferred for handling crash count data.

Since crash counts are usually assumed to be nonnegative
distributed integer numbers, Poisson or negative binomial
distribution would be a nature way to modeling the data.
Poisson regression models can be accepted in condition
where the traffic accidents are considered as a standard
Poisson process and have been applied in a number of
safety researches [11, 12]. However, crash frequency is usually
observed to be overdispersed [13]. In order to accommodate
such situations, negative binomial regression models can
be used [6]. In the study of Hadayeghi et al. [6], negative
binomial regression models were developed to estimate the
zonal traffic crash using variables of zonal attributes of socioe-
conomic and demographic, network, and traffic demand.
Two categories of crash counts, total crash and severe
crash, are examined in this analysis for the city of Toronto,
Ontario, Canada. It is a pilot research for macrolevel accident

prediction analysis, suggesting that the model is preferred
to function as a forecasting tool for zonal crash frequency
rather than to infer the causes of crashes [6]. Along with the
development of zonal crash prediction models, it is also nec-
essary to investigate the statistical relationship between crash
frequency and descriptive variables. Lovegrove and Sayed [7]
developed zonal level models to enhance traditional reactive
road safety improvement programs. In this research, they
developed negative binomial regression models and applied
themodels for black-spot identification as a case study. Other
than these parametric statistical models, a tree based model
is recently developed by Siddiqui et al. [14] and it intends
to make prediction on the aggregated zonal crash frequency.
The tree based model provides a nonparametric approach in
this area; yet it is more designed to make crash forecasting
rather than inferences. Specifically, at the zonal level, negative
binomial regression models were deployed and have been
deducted byAbdel-Aty et al. [15, 16]. Although there aremany
other regressionmodels adopted in zonal level safety analysis,
for example, Bayesian based models and tree based models,
negative binomialmodels are typically used to capture the key
and basic points in transportation safety analysis [17].

Even literature on zonal crashes is emphasized recently,
there still lacks analysis for zonal safety evaluations. Toward
this end, this study seeks to conduct a comprehensive analysis
for zonal safety evaluations.

3. Data

This research uses data provided by Pikes Peak Area Council
of Governments, Colorado. The data includes three types of
datasets: the TAZ dataset, the traffic and roadway dataset,
and the accident datasets. Specifically, the TAZ dataset
contains geographic boundary information for each zone,
zonal attributes, for example, population, number of housing
units and number of employments in a zone, and so forth.
The traffic and roadway data include number of lanes, road
length, and traffic characteristics such as traffic volumes, free
flow speed, speed limit, functional classification, and capacity.
The accident dataset is obtained from the Department of
Revenue (DOR) and geocoded into GIS database by the Pikes
Peak Area Council of Government (PPACG), which include
location and type for each accident that occurred on the roads
of the study area.

For accident data analysis, GIS technique is a crucial tool
to visualize and process traffic accident data [18, 19]. It is
also able to integrate different datasets frommultiple sources
[20]. Hence, the current study will import all datasets into
GIS platform for purposes of data processing and the subse-
quent safety evaluations. The accident dataset consists of all
reported accidents from July 2006 toDecember 2010 and each
accident recorded in the dataset is categorized as fatal, injury,
or property-damage-only.The data also includes several road
environment factors such as accident location, lighting condi-
tion, road surface, and weather condition. All variables of the
multisource transportation data were aggregated at the TAZ
level using ArcMap 10. After data integration, the detailed
TAZ level variables are illustrated in Table 1. In the study
area, there are total 733 TAZs. Among them, the smallest
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Table 1: Descriptions of TAZ level variables.

Variable name Definition 𝑁 Mean Standard deviation Min Max
Variables related to
roadway characteristics

LENGTH Total roadway segment length within a TAZ 733 6.45 7.19 0.30 53.51

ADT Total roadway average daily traffic within a
TAZ 733 212.94 242.17 0.53 2330.21

FFS Average total roadway free flow speed
within a TAZ 733 42.41 9.65 20 76

VMT Total daily vehicle travelled in a TAZ 733 102 912686 59324.95 72833.07
LANE Average number of lanes in a TAZ 733 2.86 0.88 2 6

Independent variables
related to demographic and
economic characteristics

LOW
Number of low income households in
proportion to the total number of
households

733 0.16 0.15 0 1

LOWMID
Number of middle-low income households
in proportion to the total number of
households

733 0.22 0.13 0 0.55

MID
Number of middle income households in
proportion to the total number of
households

733 0.20 0.10 0 0.50

MIDHIGH
Number of middle-high income households
in proportion to the total number of
households

733 0.22 0.14 0 1

HIGH
Number of high income households in
proportion to the total number of
households

733 0.13 .13 0 1

BASIC
Number of workers in basic category in
proportion to total number of workers in all
categories

733 0.21 0.23 0 1

RETAIL
Number of workers in retail category in
proportion to total number of workers in all
categories

733 0.17 0.20 0 1

TOTALSERVI
Total number of workers in service category
in proportion to total number of workers in
all categories

733 0.60 0.27 0 1

EMENROLL Number of students in elementary school in
proportion to total number of population 733 0.12 0.33 0 4.34

HSENROLL Number of students in high school in
proportion to total number of population 733 0.05 0.26 0 2.26

COLLENROLL Number of college students in proportion to
total number of population 733 0.05 0.43 0 7.39

POP Total number of population in a TAZ (in
thousands) 733 0.88 0.93 0 8.63

AREA Area of a TAZ 733 0.01 123.04 3.66 10.65

TAZ is 0.01 square mile and the largest is 123.04 square mile,
which represents a large variation in area. Table 1 summarizes
definition and descriptive statistics of these variables.

4. Methodology

4.1. Evaluation Measures. Zonal level crash analysis and
safety evaluation should use the criteria which will not only

capture the safety condition of each zone, but also compare
the crash risk and severity among zones. In the light of
comprehensive evaluation, it is useful to identify the unsafe
zones at the stage of planning level. This study introduces
six measures for evaluation of zonal traffic safety risks. The
first five measurements are total number of crashes, total
number of injury and fatal crashes, total crash exposure rate,
injury/fatal exposure rate, andweighted hazard index (WHI).
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And the average hazard index (AHI) is the last one which
comprehensively combines the first five measurements by a
scoring system.

Before introducing the six criteria, it is necessary to assign
crashes to a zone which occurred at the zonal boundaries.
This study proposed a method to assign these crashes; the
concept is to allocate these crashes to the surrounding zones
in proportional to the number of crashes which occurred
insider these zones. Consider the following:

𝐶
𝑖
= 𝐶
𝛼

𝑖
+ ∑

𝑗∈𝐽𝑖

𝐶
𝛼

𝑖

𝐵
𝛼

𝑗

. (1)

Equation (1) illustrates the proposed split mechanism, and
𝑖 indexes the TAZs in the entire research area; 𝐽

𝑖
is the set

which contains all crashes that occurred at the boundary of
zone 𝑖.𝐶

𝑖
is the total number of crashes assigned to each zone,

which is the sum of crashes that occurred inside this zone,
represented by 𝐶𝛼

𝑖
and the scaled crashes at the boundaries.

𝐵
𝛼

𝑗
is the summation of the number of insider crashes of TAZs

that share the crash 𝑗. So 𝐶𝛼
𝑖
constitutes a part of 𝐵𝛼

𝑗
. To be

noted, (1) can be used to define the total number of crashes
for each zone, and it is also capable of defining the number
of injures crashes, number of fatal crashes, and so forth.Then
the six safety risk evaluationmeasurements are introduced as
follows.

4.1.1. Total Number of Crashes. It is the sum of all crashes
including fatal (𝐹), injury (𝐼), and property damage only
(𝑂). It can be mathematically expressed by (2), where𝑀

1𝑖
is

the total number of crashes in TAZ 𝑖 and 𝐹
𝑖
, 𝐼
𝑖
, and 𝑂

𝑖
are

the number of fatal crashes, injury crashes, and property-
damage-only crashes, respectively. Consider the following:

𝑀
1𝑖
= 𝐹
𝑖
+ 𝐼
𝑖
+ 𝑂
𝑖
. (2)

4.1.2. Total Number of Fatal and Injury Crashes. It is the sum
of only fatal (𝐹) and injury (𝐼) type of crashes. It provides an
indication of crash severity in each zone; it can be illustrated
in

𝑀
2𝑖
= 𝐹
𝑖
+ 𝐼
𝑖
. (3)

4.1.3. Total Crash Exposure Rate. This exposure rate reflects
relatively safety at a zone. It can be expected that the number
of crashes would naturally increase if vehicle miles travelled
increase in a particular TAZ. The exposure rate is calculated
by (4) and it is reported on the basis of one million vehicle
miles traveled due to the small chance of accidents. Here,
VMT
𝑖
is the total vehicle miles travelled during the study

period in TAZ 𝑖. Consider the following:

𝑀
3𝑖
=

𝐹
𝑖
+ 𝐼
𝑖
+ 𝑂
𝑖

VMT
𝑖

× 10
6
. (4)

4.1.4. Injury/Fatality Crash Exposure Rate. Similar to the total
crash exposure rate, it measures the exposure rate for injury
and fatal crashes in each TAZ. Since there are even fewer

injury and fatal crashes, this rate is calculated on the basis of
100 million vehicle miles traveled in

𝑀
4𝑖
=

𝐹
𝑖
+ 𝐼
𝑖

VMT
𝑖

× 10
8
. (5)

4.1.5.WeightedHazard Index (WHI). Thismeasure takes into
consideration the weighted severity of the crashes. It is also
a type of exposure rate. In (6), the weight for each type of
crashes is represented by 𝐴, 𝐵, and 𝐶, respectively, with 𝐴
for fatal crashes, 𝐵 for injury crashes, and 𝐶 for property-
damage-only crashes. In this study, 𝐴 = 12, 𝐵 = 5, and 𝐶 =
1 are adopted [21]. Consider the following:

𝑀
5𝑖
=

𝐹
𝑖
× 𝐴 + 𝐼

𝑖
× 𝐵 + 𝑂

𝑖
× 𝐶

VMT
𝑖

× 10
6
. (6)

4.1.6. Average Hazard Index (AHI). Since each of the five
criteria reflects the traffic safety condition from different
aspects, it is useful to integrate these five criteria into one
which can reflect a more comprehensive performance of
traffic safety for each TAZ. First, the five criteria are trans-
ferred to dimensionless scores for each TAZ. The scores are
integers ranging from 0 to 4 to represent five levels of safety
evaluation. For each criterion, 5%, 50%, and 95% percentile
values are calculated for all TAZs in the study area, and then
the scores are assigned to each TAZ under each criterion by
the following definition.

Score = 0 if zero crash was presented.
Score = 1 if 0 < safety criterion ≤ 5% percentile.
Score = 2 if 5% percentile < safety criterion ≤
50% percentile.
Score = 3 if 50% percentile < safety criterion ≤
95% percentile.
Score = 4 if 95% percentile < safety criterion.

To be noted, scores under the five safety measurements
are calculated for each TAZ, respectively. So the AHI is
calculated by averaging the five scores, and then it is rounded
to the closed integers. Equation (7) gives the formulation
of AHI, where 𝑆

1𝑖
, 𝑆
2𝑖
, 𝑆
3𝑖
, 𝑆
4𝑖
, and 𝑆

5𝑖
are the scores of

𝑀
1𝑖
, 𝑀
2𝑖
, 𝑀
3𝑖
, 𝑀
4𝑖
, and𝑀

5𝑖
, respectively. Consider the fol-

lowing:

𝐴
𝑖
= Round(

𝑆
1𝑖
+ 𝑆
2𝑖
+ 𝑆
3𝑖
+ 𝑆
4𝑖
+ 𝑆
5𝑖

5

) . (7)

4.2. Crash Frequency Predication Model. As discussed in
Section 2, traffic crash frequency is overdispersed, so this
study would adopt negative binomial regression model to
analyze and estimate crash frequency. Traffic crashes are
assumed to be independently distributed in the form of
negative binomial with positive mean parameter 𝜇

𝑖
and

positive scale parameter 𝛼 for zone 𝑖 shown as below:

𝑌
𝑖
∼ Negative Binomial (𝜇

𝑖
, 𝛼) . (8)
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Figure 1: Score frequency of the six evaluation measurements.

Therefore, the probability mass function for crash frequency
of zone 𝑖 is presented by (9), where Γ(⋅) is gammer function.
Consider the following:

𝑃 (𝑌
𝑖
= 𝑦 | 𝜇

𝑖
, 𝛼) =

Γ (𝑦 + 𝛼)

𝑦!Γ (𝛼)

(

𝜇
𝑖

𝜇
𝑖
+ 𝛼

)

𝑦

(

𝛼

𝜇
𝑖
+ 𝛼

)

𝛼

,

𝑦 ∈ {0, 1, 2 . . .} .

(9)

With the specification above, it can be found that the expected
value of 𝑌

𝑖
, 𝐸(𝑌
𝑖
) = 𝜇
𝑖
and its variance Var(𝑌

𝑖
) = 𝜇 + 𝜇

2
/𝛼 >

𝐸(𝑌
𝑖
).The scale parameter 𝛼 is assumed to be the same for all

TAZ samples while the mean parameter 𝜇
𝑖
is varying across

TAZs. In a form of generalized linear model, a logarithm link
function is used as follows:

log (𝜇
𝑖
) = XT

i 𝛽, (10)

where Xi is the vector of explanatory variables and 𝛽 is the
coefficients for the corresponding vectors.

5. Analysis and Results

5.1. Descriptive Analysis. The total number of crashes for the
733 TAZs is 46948, among which 0.32% are fatal crashes.
The distribution of the scores under the six safety evaluation
criteria is presented in Figure 1. According to the definition,
the proportion of TAZs with scores of 2, 3, and 4 should be
roughly 45%, 45%, and 5%, respectively, while the remaining
5% is consisted of zero-crash zones and the zones with score
one. There are also connections between the six measures.
For example, the number of TAZs with score zero is identical
for the measurements of total number of fatal and injury
crashes and injury/fatality crash exposure rate since those
TAZs have no injury or fatal crashes presented. A safe TAZ
should have relatively small score under all the six criteria.
There should not be too much variation between these scores

Table 2: Score differences between theAHI and the first five criteria.

Difference between AHI and
the first five measures

Frequency of the values
−2 −1 0 1 2

𝐴
𝑖
−𝑀
1𝑖

0 175 480 78 0
𝐴
𝑖
−𝑀
2𝑖

0 103 369 249 12
𝐴
𝑖
−𝑀
3𝑖

10 104 593 26 0
𝐴
𝑖
−𝑀
4𝑖

0 66 530 133 4
𝐴
𝑖
−𝑀
5𝑖

2 104 617 10 0

numbers as positive correlations exist. In order to understand
the discrepancy between the first five scores and the AHI,
Table 2 provides the distribution of the difference between
the first five scores and the AHI. For the 733 TAZ samples,
this difference is varying from −2 to 2, in which the negative
values indicate that the AHI leads to less TAZs than the corre-
sponding measurement under this score. From Table 2, there
are only mismatch of less one category between the AHI and
other scores. Therefore, AHI is reliable and capable of pre-
senting a comprehensive criterion to measure the safety risk.

5.2. Risk Evaluation Analysis. In this study, each TAZ is first
evaluated using the AHI score. Figure 2 shows the geographic
distribution of AHI scores for the 733 TAZs. TAZs with the
highest risk (𝐴

𝑖
= 4) should be paid more attentions,

especially at the planning stage. To be noted,most of the zones
belong to categories of score = 3 and score = 2, which account
for 90% of zones. One objective of this analysis is to identify
the zones with the highest risk. It can be seen that almost all
the high-risk (𝐴

𝑖
= 4) TAZs are located in high-density areas

and the right part of Figure 2 presents the enlarged image of
this area. It is also interesting that a great proportion of the
high-risk TAZs are connected, which may indicate the geo-
graphic correlation between adjacent zones in terms of risks.

Besides AHI, another method which also comprehen-
sively combines the six measures is undertaken to identify
high-risk TAZs. For each TAZ, the number of the six criteria
whose score reaches 4 is used to identify these unsafe TAZs.
This approach is designed to identify unsafe zones with more
high-risk features. So this number ranges from zero to six
for each TAZ. Zero represents that none of these six scores is
greater than 4whereas six represents that zonesmay be under
high safety risk. Figure 3 illustrates this approach as well as its
distribution for the 733 TAZs. Similarly to the distribution of
AHI, unsafe zones are also concentrated in the high-density
area.

5.3. The Crash Prediction Model. The negative binomial
regression structure is used to model the total number
of crashes. The 733 TAZ samples are assumed to be dis-
tributed as independent negative binomial with the same
scale parameter 𝛼. Asmentioned before, themean parameter
ismodeled as the logarithmof linear combination of explana-
tory variables. Table 3 illustrates the original model with total
20 variables including the variables of roadway characteris-
tics, for example, total roadway segment length within a TAZ
and average free flow speed within a TAZ, demographic and
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Figure 2: Geographic distribution of AHI for 733 TAZs.

Table 3: Estimation results of the original regression model.

Parameter Estimate coefficient Std. error 95%Wald confidence interval Hypothesis test
Lower Upper Wald chi-square df 𝑃 value

(Intercept) 3.179 1.075 1.071 5.286 8.736 1 .003
LENGTH .033 .0087 .016 .050 14.248 1 <.0001
ADT .002 .0004 .002 .003 45.815 1 <.0001
FFS −.027 .0057 −.038 −.016 22.487 1 <.0001
VMT 3.291𝐸 − 06 1.2109𝐸 − 06 9.175𝐸 − 07 5.664𝐸 − 06 7.386 1 .007
LANE 2 −.271 1.0288 −2.287 1.745 .069 1 .792
LANE 3 .269 1.0269 −1.743 2.282 .069 1 .793
LANE 4 .429 1.0274 −1.585 2.443 .174 1 .676
LANE 5 .328 1.0374 −1.705 2.362 .100 1 .752
LANE 6 0∗

LOWMID 1.107 .4010 .321 1.893 7.621 1 .006
MID −.508 .4799 −1.448 .433 1.119 1 .290
MIDHIGH −.208 .3775 −.948 .532 .304 1 .581
HIGH −.145 .3994 −.928 .638 .132 1 .716
RETAIL .858 .2440 .380 1.337 12.373 1 .000
TOTALSERVI .154 .1809 −.201 .508 .721 1 .396
EMENROLL .118 .1370 −.150 .387 .743 1 .389
HSENROLL .243 .1486 −.048 .535 2.682 1 .101
COLLENROLL −.048 .0980 −.240 .144 .237 1 .627
POP .326 .0589 .210 .441 30.621 1 <.0001
AREA −.002 .0045 −.011 .007 .189 1 .664
1/𝛼 .964 .0514 .868 1.070
∗Reference category.

social-economic characteristics, for example, proportion of
low income households, total number of population within a
TAZ, and TAZ areas. However, the variables are still overesti-
mated as some of them are not significant enough.Themodel
in Table 3 is developed through a selection process based

on the backward elimination with a 0.05 significance level.
The final model with all significant variables is presented in
Table 4.

For the variables of roadway characteristics, the model
results indicate that the VMT (vehicle miles travelled) and



Mathematical Problems in Engineering 7

Table 4: Estimation results of the final regression model.

Parameter Estimate coefficient Std. error 95%Wald confidence interval Hypothesis test
Lower Upper Wald chi-square df 𝑃 value

(Intercept) 2.952 .2543 2.454 3.450 134.805 1 <.0001
LENGTH .019 .0068 .006 .032 7.666 1 .006
ADT .004 .0002 .003 .004 236.843 1 <.0001
FFS −.019 .0052 −.029 −.009 14.087 1 <.0001
HIGH −1.009 .3018 −1.60 −.417 11.178 1 .001
RETAIL 1.226 .2351 .765 1.686 27.182 1 <.0001
TOTALSERVI .391 .1736 .051 .731 5.081 1 .024
HSENROLL .296 .1470 .008 .584 4.062 1 .044
POP .372 .0488 .276 .467 57.998 1 <.0001
1/𝛼 1.025 0.054 .925 1.136
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Figure 3: Number of measurements with large scores.

LANE (average number of lanes in a TAZ) are insignificant,
whereas the LENGTH, ADT, and FFS are preserved after the
backward elimination process. VMT are highly correlated
with LENGTH and ADT since high VMT may indicate high
LENGTH or high ADT. So the VMT are not included in
the model because of collinearity. The average number of
lanes (LANE) is insignificant in this model. With controlling
all the other variables, LANE cannot contribute additional
information to enhance the model and it may not have an
influence on zonal crash.

The length of roadway within a TAZ has a positive coef-
ficient as expected. Therefore, the zones with more roadways
will likely have more crashes. The total average daily traffic
within a TAZ also has a positive coefficient. With ADT and
other variables being controlled, zones with more LENGTH
tend to have high VMT and hence the zone is more exposed
to accidents. On the other hand, with LENGTH and other
variables being controlled, zones with higher ADT will be
inclined to lead to high VMT.

The negative coefficient on FFS indicates that TAZs
with higher average free flow speed (FFS) are less likely to
experience crashes with the controlling of other variables.
This founding is consistent with past research [22], in which
the crash frequency is defined for road segments and intersec-
tions.One possible explanation is that FFS is highly correlated
with the conditions and functional classification of road facil-
ities; better road facilities will provide better safety conditions
for driving and hence reduce the crash frequency accordingly.

The economic characteristics of a TAZ also have an
impact on crash frequency. In this study, the proportion of
high income households within a TAZ (HIGH) is negatively
associated with the total number of crashes. Therefore, TAZs
with more high income households are statistically safer than
other TAZs. Several reasons can lead to such result. For
example, richer households may have safer driving behavior,
and the condition of road facility in richer TAZs may be
also better than other TAZs, which lead to a safer driving
environment. Other than the impact of income attributes, the
proportion of retail and service employment also affect the
crash frequency in a positive manner. Therefore, the increase
of RETAIL or TOTALSERVI with the other variables being
fixed may cause the increase of crash frequency.

The coefficient on HSENROLL (number of students in
high school in proportion to total number of population) is
positive, which suggests that increase of HSENROLL may
cause the increase of crash frequency with other variables
being controlled. It is probably that the age of high school
students is between 13 and 18, some of these students (age
greater than 16) are allowed to hold driver’s licenses in
Colorado, and these students will account for part of the
driving activities. These drivers are in fact less experienced
andownhigh crash risk than older ones [23]. So they aremore
likely to make more crashes for the TAZ with other variables
being fixed. POP (total number of population in a TAZ) is
positively correlated with the crash frequency in this analysis.
Consider the following:

𝜇 = exp (2.592 + 0.019LENGTH + 0.004ADT

− 0.019FFS − 1.009HIGH
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+ 1.226RETAIL + 0.391TOTALSERVI

+ 0.296HSENROLL + 0.372POP) .
(11)

Other than behavioral inferences between crash fre-
quency and these explanatory variables, another important
function of the model is to provide a tool for crash perdition.
According to the estimation of the negative binomial model,
the total number of crashes in a TAZ can be predicted by its
mean expression in (11).

6. Conclusions and Discussions

Zonal crash prediction and safety evaluation are critical in
the light of transportation safety planning and diagnosis
for safety issues. This paper contributes by presenting a
comprehensive safety evaluation analysis with combining
multiple criteria, as well as developing a crash prediction
model for the diagnostic purposes. A GIS based platform for
data integration and safety evaluation is introduced.

First, five criteria for measuring TAZ level safety risk are
introduced.Then based on the distribution of measurements
under the five criteria, a dimensionless score system is defined
and a more comprehensive criterion (AHI) is calculated by
the rounded average of the five scores for each TAZ. AHI
is then applied to identify unsafe TAZs, most of which are
located in the high-density area in this study.

For diagnosis purposes, this study developed a crash
prediction model through a negative binomial framework.
According to the estimation results, it is found that the crash
frequency is associated with roadway and traffic character-
istics, for example, average free flow speed, average daily
traffic within a zone and total roadway length within a zone,
and social-economic and demographic characteristics, for
example, total population, proportion of high income house-
holds, and so forth.

This paper introduces first step for comprehensive eval-
uation analysis of zonal safety under the GIS platform, and
there are still several avenues for further research. At least,
the statistical modeling of other evaluation criteria such as
WHI and AHI is helpful in understanding their sensitivity
to the zonal change of social-economic, demographic, and
transportation system characteristics.

There still exit some limitations of the paper. The safety
evaluation analysis will help to identify the high-risk TAZs
which may need more attention during the planning or
diagnostic process. Therefore, another interesting work is to
examine the connection between the safety situations and the
surrounding environment, for example, zonal social-econ-
omic and demographic characteristics and road and traffic
characteristics. In this analysis, the total number of crashes
is of primarily interest for the following reasons. First, the
analysis process andmodeling technique are readily to extent
for number of fatal or injury crashes. Second, the calculation
of all these evaluation criteria relies on this number. So this
study treats the total number of crashes as the response
variable. And the modeling analysis for other criteria leaves
as directions for future research.

Furthermore, in interpreting the increase of RETAIL or
TOTALSERVI with other variables being fixed, it is conjec-
tured that the pattern could include the driving behaviors and
person characteristics for workers in the categories of retail
and service. However, the currentmodel does not clearly state
the reasons. So it is necessary to include more explanatory
variables in the model and this part is identified as an import
direction for future research.

Finally, it would be more appropriate to introduce more
zonal level descriptors which may affect drivers’ behavior in
crash predictionmodels for example, the gender distribution,
age distribution, and so forth. With additional explanatory
variables, the model will be more enriched and explainable.
It is also interesting to study the safety correlation between
adjacent TAZs.
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Drinking driving is responsible for a high proportion of traffic accidents. To study the effects of alcohol on drivers and driving
performance, 25 drivers’ subjective feelings and driving performance data in different blood-alcohol concentration (BAC) levels
were collected with simulated driving experiment. The investigation results revealed that alcohol affected drivers in many aspects,
including attitude, judgment, vigilance, perception, reaction, and controlling. The analysis of accident rate showed that higher
BAC level would lead to higher accident rate. The statistical analysis results of driving performance indicated that average speed,
speed standard deviation, and lane position standard deviation were significantly higher under the influence of alcohol. They also
had a statistically significant linear trend as the function of BAC level. The discrimination of drinking driving based on driving
performance was performed with Fisher discrimination method. The results showed that drinking driving with higher BAC level
was easier to discriminate from normal driving. Also, the results indicated that the three significant indicators on straight roadway
could be used in the discrimination of drinking driving state. The conclusions can provide references for the study of drinking
driving and the identification of driving state and then contribute to traffic safety.

1. Introduction

It has been known that alcohol use impairs driving skills and
increases accident risk. It has been found that while driving
under the influence of alcohol, the risk of having an accident
causing injury or death increases exponentially [1]. In Europe,
drinking driving is thought to be responsible for 10,000
deaths each year [2]. Alcohol-impaired driving accidents
contribute to approximately 31% of all traffic fatalities in the
USA [3]. In China, Li et al. revealed that about 34.1% of road
accidents were alcohol related [4].

Drunk driving has a high probability to lead to serious
accidents. Even with a small amount of alcohol assumption,
drivers are twice likely to be involved in traffic accidents
than sober drivers [5]. Therefore, many countries have been
working on solutions to drunk driving for a long period of
time, including publicity and education and tough drunk-
driving laws. The laws have been enacted to prohibit driving
after drinking and have imposed severe penalties on violators
[6]. The legal limits for BAC are between 0.01% and 0.08%.

The limit, for example, is 0.02% in Sweden; 0.05% in Israel,
Korea, andAustralia; and 0.08% inCanada, England,Mexico,
and the United States. In China, driving with a BAC higher
than 0.02% is defined as drink-driving and the driver will be
penalized. Moreover, driving with a BAC higher than 0.08%
is considered drunken-driving and it belongs to unlawful act.

Even so, drinking driving is still difficult to be completely
eliminated. It is also needed to analyze the signatures of
alcohol’s impairment on drivers to pave the foundation for
the study on the countermeasure of drinking driving. Alcohol
can affect drivers’ cognition, vigilance, attention, judgment,
and reaction, which were related to driving ability closely. It
was concluded that alcohol consumption, even at low doses,
significantly affected driving-related skills such as vision,
braking behavior, and vigilance [7]. At the same time, drivers’
information process and attention were heavily affected by
alcohol. Nash demonstrated that drivers would be distracted
by alcohol when they were asked to complete some tasks
[8]. It has been indicated that alcohol would negatively affect
drivers’ ability on judgment of following distance and depth
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perception [9]. Alcohol’s effects on visual performance are
most obvious when it comes to the judgment of moving
objects and the process of different information at the same
time [10, 11].Williamson et al. [12] found that alcohol affected
many parameters for a long time, including simple reaction
times, vigilance, visual searches, and logical reasoning.

Alcohol not only affects the parameters mentioned above
but also causes decline in driving performance. Linnoila et
al. [13] indicated that a driver’s ability to operate a vehicle
was affected at a BAC level of 0.035%. Alcohol also decreases
hand steadiness [14] and operating accuracy at a BAC level of
0.06% [15]. Some researchers have found that alcohol impairs
behaviors such as steering and braking at BACs ranging from
0.05% to 0.10% [16, 17]. It has been proved that alcohol could
impair steering and braking control ability [9]. Fillmore et
al. [18] expressed that alcohol significantly impaired driving
performance, which included deviation of lane position,
line crossings, steering rate, and driving speed. Chamberlain
and Solomon [7] concluded that alcohol consumption neg-
atively affects steering wheel control and braking behavior.
In other words, there is unequivocal evidence that alcohol
significantly impairs driving performance, as demonstrated
through laboratory, simulator, and driving studies.

Although there have been some researches about the
alcohol impairment, few studies explained the detailed char-
acteristics of the impairment and driving performance at
different BAC levels. At the same time, fewer researches dis-
criminated drinking driving based on driving performance.
Discrimination with driving performance, which is the non-
contact method, may have a greater potential for application.
To summarize the effect of alcohol on drivers and driving
performance, drivers were recruited to conduct simulation
driving experiment at different BAC levels. In this paper, we
mainly paid attention to the driving performance on urban
straight roadway segment, which was the most common
road in driving process. From the experiment, participants’
subjective feelings were investigated to summarize the effect
on driving state, and the parameters of vehicle’s travelling
condition were collected to analyze the signatures of driving
performance. Based on the significant indicators of driving
performance, drinking driving state was tried to identify
normal state. The objectives of this paper are mainly the
following: (1) to summarize signatures of drivers’ subjec-
tive feelings under the influence of alcohol, (2) reveal the
effects of drinking driving at different BAC levels on driving
performance, and (3) try to identify driving state based on
the indicators of driving performance. The outcomes are
expected to provide references for discrimination of drinking
driving state and to guide the study of accident prevention
caused by drinking driving.

2. Materials and Method

2.1. Participant. Nagoshi et al. [19] indicated that male
drivers, affected by drinking driving, were more impulsive
and sensation-seeking than female. It has also been found that
for the same level of BAC, young drivers have a higher relative
accident risk than older drivers [20, 21]. Thus, a total of 25

Figure 1: Driving simulator.

healthy young male drivers were recruited to participate in
this research.The average age of themwas 25 (SD = 4.1, range
= 20–35 years). All the participants possess valid driver’s
licensesmore than 3 years (average = 3.6). All the participants
had regular driving habits, stationary sleep time, and no drug
use. They agreed and signed an informed consent before
participating in the study and were paid for the experiment.

2.2. Equipment. Because of the risks of drinking driving, the
experiments were performed based on a driving simulator.
The validity of using the driving simulator for the study has
been researched in depth by Bella [22, 23]. Driving simula-
tions were performed with the AutoSim driving simulator
system. The simulator consists of six network computers
and some operation hardware interfaces, including steering
wheel, three pedals, and manual gearshift. The road scenario
is projected onto three big screens in front providing a 130
degree field of view, with two rearview mirrors on each side
and one screen on the back. The width of the vehicle was
about 1.8 meters. The simulator can record the degree of the
actions of the driver stepping on three pedals (brake, throttle,
and clutch), the steeringwheel angle, and the gear state. Addi-
tionally, the simulator provides many other parameters that
describe vehicle’s traveling conditions, including the traveling
speed, lane position, displacement, and acceleration. The
sampling frequency of driving simulator in this experiment
is 30Hz. The driving simulator was shown in Figure 1.

In the experiment, a blowing-type alcohol detector was
used to test drivers’ BAC level. The detector is the same type
as the one used by traffic police in Beijing. The BAC level
of participants was measured five times each testing and the
mean BAC level was used to minimize measurement errors.

2.3. Scenario. The scenario was designed as four-lane bidi-
rectional urban road, including 5 urban straight roadway
segments and 6 urban curves. The width of the road lane was
3.75 meters. The straight roadway and curve were alternant
in the scenario. Each urban straight roadway segment was
1000 meters long. Considering that driver would accelerate
or decelerate, we considered the middle 800 meters an urban
straight roadway segment, which was the object of study.
Three similar scenarios were designed for the study to avoid
participants’ familiarity with only one route, and a random
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Figure 2: Scenario.

scenario was selected for each simulated driving. To avoid
the interference of other vehicles, the scenario was designed
without any other vehicles.Then participants can drive freely
in the road. The designed scenario was shown in Figure 2.

2.4. Procedure. To analyze the effect of alcohol on driving
performance at different level, participants were required to
conduct experiments at three different BAC levels. The low
BAC level was set around 0.03%, which was classified as
drink-driving according to Chinese law. The high BAC level
was set higher than 0.09%, which was classified as drunk-
driving.TheBAC level of 0.06%was set in themiddle between
low and high BAC level. Another driving state was the normal
state, which was considered the control state. According
to the driving state design, each participant performed the
simulated driving experiment four times in four different
days. To avoid residual effects of alcohol dose, the participants
carried out the experiments at four BAC levels of 0.00%,
0.03%, 0.06%, and 0.09% at intervals of 3, 5, and 7 days,
respectively.

During the experiment, the alcohol dose of each par-
ticipant was calculated according to Watson’s research [24].
Equation (1) can be used to calculate the dose for the expected
BAC level:

Alcohol dose (g) = [10 × BAL × TBW
0.8

] + 10

×MR × (DDP + TPB) × (TBW
0.8

) ,

(1)

where BAL is the target blood-alcohol level, TBW is the
total body water amount, MR is the metabolic rate (generally
0.015 g/100mL/h), DDP is the duration of the drinking
period, and TPB is the time to peak BAL (generally 0.5 h).
Generally, TBW for men is as follows:

Mens TBW = 2.447 − 0.09516 × Age + 0.1074

×Height (cm) + 0.3362 ×Weight (kg) .
(2)

Chinese liquor (46% of alcohol content) was used for
the drinking. With each drink, the dose was first calculated

according to the equations above for each subject. Then the
liquor was mixed into water to make that integral dose be
500mL and the participant did not know how much alcohol
he drank. About 15 minutes after drinking, participants’ BAC
level was measured every 5 minutes. When they achieved the
target BAC levels, the simulated driving began.Theprocedure
of the four times experiments was shown in Table 1.

Each participant was asked to perform the four visits
with a random order to balance the effect of the order on
drivers. All the participants were required to sleepwell at least
three days before experiments and refrain from having any
stimulating food or beverage. They were also asked to have a
noon break at least one hour on the day of the experiment.
At the beginning of the experiment, participants had to
meet the requirements of normal state to get experiment
data without interference of other states. In the first time
experiment, subjects were instructed regarding the operation
of the simulator, the experimental procedure, and the tasks
to be performed. Then, they were given approximately 10
minutes to practice driving to familiarize themselves with the
simulator control and the road environment.

The experimentswere carried out after 2:00 pmeach time,
when the participants were not sleepy according to a conven-
tional sleep cycle. In each time, subjects were invested about
their state before simulated driving experiment to ensure that
they were not affected by any other unexpected factors. They
were asked to have a break about 5–10 minutes in middle of
simulated driving process to avoid fatigue. Each subject drove
in two random scenarios and therefore had 10 urban straight
roadway segments data. After simulated driving, participants
were required to fill in the questionnaire, which included
attitude, vigilance, attention, judgment, reaction, and ability
of controlling vehicle.

2.5. Data Collection and Analysis. Based on the driving
simulator, 22 of the 25 participants’ data of speed and lane
position of the vehicle’s travelling condition controlled by
them at different BAC levels were collected effectually. The
two parameters were considered the representative of driving
performance. Lane position was defined as the distance
between the center of the vehicle and the lane line on the
right. Considering that the width of road lane was 3.75m,
the best lane position was 1.875m. At the same time, all the
subjects completed successfully the questionnaire and the
data were collected integrally. The investigation included 9
aspects of drivers’ subjective feelings: safety attitude, driving
attitude, vigilance, attention, speed-sense, direction-sense,
judgment ability, ability of controlling direction, and reac-
tion capacity. Participants were investigated after drinking
driving with BAC level of 0.09%. They were required to fill
out the questionnaire contrasting with their feelings when
normal driving. Each aspect of the investigation included
three options, which meant worse, invariant, and better,
respectively, contrast with normal driving. For example, the
three options for safety attitude were adventurous, invariant,
and cautious.
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Table 1: Procedure of experiment.

Visit 1 Visit 2 Visit 3 Visit 4
Goal state Normal Low BAC level Middle BAC level High BAC level
Time 2:00 pm 2:00 pm 2:00 pm 2:00 ppm

Step 1 Test drive Drink to BAC level =
0.03%

Drink to BAC level =
0.06%

Drink to BAC level =
0.09%

Step 2 Questionnaire survey
about state

Questionnaire survey
about feeling

Questionnaire survey
about feeling

Questionnaire survey
about feeling

Step 3 Simulated driving
about 40min

Simulated driving
about 40min

Simulated driving
about 40min

Simulated driving
about 40min

Step 4 Questionnaire survey
about driving process

Questionnaire survey
about driving feeling

Questionnaire survey
about driving feeling

Questionnaire survey
about driving feeling

Table 2: Accident rate at different BAC levels.

State Normal BAC = 0.03% BAC = 0.06% BAC = 0.09%
Accident rate 1.51% 5.22% 6.96% 8.70%

The objective of the analysis was to explore the signatures
of alcohol impairment. The data was analyzed according to
the following method.

(i) First, the signatures of drivers’ subjective feelings
under the influence of alcohol were summarized with
distribution proportion analysis.

(ii) Second, we count up the number of accidents and
the accident rate to illustrate dangers at different BAC
levels.

(iii) Third, the data of the accident-occurred sections was
removed due to the vehicle’s stopping. The indicator
value of each participant was the mean of all his
driving sections excluding accident sections. ANOVA
with repeated measures was used to analyze the
differences of each indicator at the four states. The
pairwise comparison was analyzed using post hoc 𝑡-
test.

(iv) At the end, Fisher discrimination method with the
indicators of driving performance was used to iden-
tify the state of drinking driving fromnormal driving.
Firstly, all the drinking driving states at different BAC
levels were put in one group to identify normal driv-
ing state without considering different BAC levels;
then, drinking driving states with different BAC levels
were separately distinguished from normal driving
state.

3. Results

3.1. Signatures of Drivers’ Subjective Feelings. Nine aspects
of drivers’ subjective feelings were investigated with ques-
tionnaires in the experiment. Compared with normal state,
drivers described their feelings under the influence of alcohol
after drinking simulation driving. The distribution of the
investigation results for 25 subjects was shown in Figure 3.
Thedistribution about safety attitude, for example,meant that
60% of the 25 participants (15) were more adventurous when

drinking driving than normal driving and 24% of them (6)
were more cautious.

The driving attitude and safety attitude showed driving
tendencies of drivers. It indicated thatmost subjects admitted
that they had the tendency of sensation-seeking and were
more adventurous under the influence of alcohol. It was
revealed in Figure 3 that all of the abilities on perception,
attention, direction-sense, judgment, controlling, and reac-
tion of most drivers were impaired by alcohol. More than half
of subjects felt that the vehicle moved slowly, which might
make them drive much faster.

3.2. Accident RateAnalysis. Each participant drove 10 straight
roadway segments and each section was 800 meters long.
There were some accidents in their simulated driving process.
Some drivers rush out or drove into the guardrail in center of
the road. At different driving states, we defined accident rate
that the ratio of the total number of the segments including
accidents of all participants divided the total number of urban
straight roadway segments of all participants had driven.
The accident rate at different states was shown in Table 2.
The accident rate 1.51%, for example, meant that there were
about 200 sections in total in the experiment and accidents
occurred in about 3 sections. Table 2 showed that the higher
BAC level induced higher accident rate, which indicated that
driving ability was impaired more seriously at higher BAC
level.

3.3. Signature of Driving Performance. Driving performance
data was analyzed to reveal the effect characteristics of drunk
driving on running vehicle. Four indicators of vehicle trav-
elling conditions, average speed (SP AVG), speed standard
deviation (SP SD), average lane position (LP AVG), and lane
position standard deviation (LP SD), were used to explain
the signatures of driving performance impaired by alcohol.
Themeans of all subjects of each indicator at different driving
states were shown in Figure 4.
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Figure 3: Distribution proportion of drivers’ subjective feelings under the influence of alcohol compared with normal state.

The main differences between normal driving and drink-
ing driving were analyzed with ANOVA method firstly.
The results showed that SP AVG was significantly higher in
drinking driving state than in normal state (𝐹(1, 86) = 4.321,
𝑃 < 0.05). So do SP SD (𝐹(1, 86) = 5.199, 𝑃 < 0.05) and
LP SD (𝐹(1, 86) = 4.386, 𝑃 < 0.05). No significant difference
was found about LP AVG.

Then, ANOVA with repeated measure was used to ana-
lyze the four indicators at different BAC levels. Mauchly’s
test of sphericity for SP AVG was statistically significant, and
the Greenhouse-Geisser adjustment was used to adjust the
degree of freedom. Of the within-subjects effects, the main
effect of BAC was statistically significant, 𝐹(2.263, 47.519) =
4.461, 𝑃 < 0.05, and partial 𝜂2 = 0.175. As shown
in Figure 4(a), SP AVG increased as a function of BAC,
producing a statistically significant linear trend, 𝐹(1, 21) =
8.929, 𝑃 < 0.01, and partial 𝜂2 = 0.298. The quadratic trend
was not significant. The pairwise comparisons showed that
SP AVG at the three BAC levels was significantly higher than
that at normal level, respectively (𝑃 < 0.05). There was no
significant difference among the three BAC levels.

Mauchly’s test of sphericity of SP SD was not significant,
so there is no need of adjustment to the degrees of freedom.
Of thewithin-subjects effects, themain effect of BACwas also
statistically significant,𝐹(3, 63) = 4.407,𝑃 < 0.01, and partial
𝜂
2
= 0.173. As shown in Figure 4(b), SP SD also increased as

a function of BAC, producing a statistically significant linear
trend, 𝐹(1, 21) = 11.383, 𝑃 < 0.01, and partial 𝜂2 = 0.352.
The quadratic trend was not significant. It was indicated that
SP SD at the BAC levels of 0.06% and 0.09%was significantly
higher than at the level of 0.00% (𝑃 < 0.05). No significance
was found for SP SD among the three BAC levels.

No within-subjects effects were statistically significant
for LP AVG. It was indicated that alcohol did not affect the
tendency of vehicle’s lateral displacement significantly. Based
on the width of road lane, the best value of lane position was
1.875m. Figure 4(c) showed that drivers when normal driving
had a left driving tendency than center of lane, but with right
tendency than center of lane when drinking driving.

Mauchly’s test of sphericity for LP SD was statistically
significant, and degrees of freedom were also adjusted.
The main effect of BAC of the within-subjects effects was
statistically significant, 𝐹(1.643, 34.498) = 4.532, 𝑃 < 0.05,
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Figure 4: Means of the four indicators at different BAC levels.

and partial 𝜂2 = 0.177. As shown in Figure 4(d), LP SD
also increased as a function of BAC, producing a statistically
significant linear trend, 𝐹(1, 21) = 6.591, 𝑃 < 0.05, and
partial 𝜂2 = 0.239. The quadratic trend was not significant.
The pairwise comparisons explained that LP SD at the BAC
levels of 0.06% and 0.09%was significant higher than it was at
the level of 0.00% (𝑃 < 0.05). LP SD at the BAC level of 0.09%
was significantly higher than at the BAC level of 0.03%.There
was no significant difference in other comparisons.

3.4. Discrimination of Driving State. The results of the
ANOVA analysis above showed that there are no significant
differences of indicators at different BAC levels of drinking
driving states. But significant differences were found for
some indicators between normal state and drinking driving
states. It was indicated that the indicators in urban straight
roadway segment might support the discrimination of two
states: normal and drinking driving, but they were difficult to
support the classification of different BAC levels. To explore
the discriminant ability of the driving performance indica-
tors, firstly, the data at the three BAC levels were integrated
into one group to distinguish normal state; then, drinking
driving states at the three BAC levels were considered one
group, respectively, to identify normal state. Therefore, four

different discriminant functions were established based on
the significant indicators. In the functions, three significant
indicators, SP AVG, SP SD, and LP SD, were used to evaluate
driving state. Here, 𝑥

1
∼𝑥
3
represented the three indicators,

𝑥
1
: SP AVG, 𝑥

2
: SP SD, and 𝑥

3
: LP SD. It was confirmed

that each indicator in the drinking driving states and normal
states was significantly different. The data met the conditions
of using Fisher discriminant method based on the statistical
results.

For the discriminant of drinking driving states including
all BAC levels and normal states, the standardized discrimi-
nant function is

𝑦
∗
= 0.341𝑥

∗

1
+ 0.483𝑥

∗

2
+ 0.694𝑥

∗

3
, (3)

where 𝑦∗ is the discriminant score and 𝑥∗
𝑖
(𝑖 = 1, 2, 3) means

the standardized indicator. The result showed that the dis-
criminant function was statistically significant at the signif-
icance level 0.05.

Discriminant score of each driving state can be calculated
through the above function directly. The group centroids of
discriminant score for normal states and drinking driving
states were −0.610 and 0.212. A driver’s state discriminant
score can be calculated by (3), and then drivers’ state can be
classified based on the score close to which group centroids.



Mathematical Problems in Engineering 7

Table 3: Accuracy rate of each function.

Function (1) Function (2) Function (3) Function (4)
Accuracy rate of original group 74.2% 63.5% 74.3% 86.6%
Accuracy rate of cross-validated 70.6% 61.1% 72.1% 86.6%

Similarly, the standardized discriminant function to iden-
tify drinking driving states at BAC level of 0.03% and normal
states is

𝑦
∗
= 0.527𝑥

∗

1
+ 0.27𝑥

∗

2
+ 0.593𝑥

∗

3
. (4)

The group centroids of discriminant score for normal states
and drinking driving states were −0.271 and 0.271.

The standardized discriminant function to identify drink-
ing driving states at BAC level of 0.06% and normal states is

𝑦
∗
= 0.131𝑥

∗

1
+ 0.649𝑥

∗

2
+ 0.711𝑥

∗

3
. (5)

The group centroids of discriminant score for normal states
and drinking driving states were −0.486 and 0.486.

The standardized discriminant function to identify drink-
ing driving states at BAC level of 0.09% and normal states is

𝑦
∗
= 0.559𝑥

∗

1
+ 0.269𝑥

∗

2
+ 0.761𝑥

∗

3
. (6)

The group centroids of discriminant score for normal states
and drinking driving states were −0.612 and 0.612.

Each function was used to classify the corresponding
groups of driving states to validate the accuracy.The accuracy
rate included classification of original group and cross-
validated, in which each case is classified by the functions
derived from all cases other than this case.The accuracy rates
of the four functionswere shown inTable 3. It showed that the
higher the BAC level was, the higher the accuracy rate of the
corresponding function was. The accuracy rate of function
(3), which was used to classify the normal state group and
drinking driving state group with three BAC levels, was close
to the middle of the accuracy rates of other three functions.

4. Discussion

The effect process of alcohol on drivers is that it firstly affects
drivers’ physiological characteristics and then affects external
performances. It matches the statement that the decline on
drivers’ bodily functions is the fundamental reason of the
impairment of driving skill. The statistical results of the
questionnaire showed that most of the participants admitted
that they were affected by alcohol onmany aspects. Under the
influence of alcohol, drivers exhibited the characteristics of
being impulsive, sensation-seeking, adventurous, and mov-
ing faster. At the same time, the ability of judgment, recog-
nition, reaction, and operation were impaired. Therefore,
drinking driving will produce a high probability to serious
accidents.

The analysis of accident rate showed that the accident rate
increased with the BAC level and it was significantly higher
for drinking drivers than for normal drivers. Considering that
the accidents happened in urban straight roadway segment

without disturbance of other vehicles, the accidents were only
related to drivers’ driving state. It indicated that even in the
simple environment, drinking driving had a high probability
to result in an accident. We can deduce that drinking drivers’
driving ability will be more difficult tomeet the driving needs
in a complicated environment andwill cause a traffic accident
more easily. Although the accident rate may differ from the
actual situation, the trend is credible.The result indicated that
the accident rate was obviously of positive correlation with
drivers’ BAC levels.

The analysis of ANOVA with repeated measures proved
that SP AVG, SP SD, and LP SD in drinking driving state
were all significantly higher than those in normal state. They
were related to the changes of drivers’ driving attitude and
driving ability under the influence of alcohol. Sensation-
seeking makes drivers show the high-speed traveling state.
Because of the decline of perception, more than half of
the participants felt the speed slower which was another
reason of high-speed travelling.The decline of driving ability
decreases the steadiness of vehicle travelling speed.Therefore,
the indicator of SP SD showed significantly higher when
drinking driving than normal driving. For lateral movement,
although no significant change was found for LP AVG,
LP SD showed significant differences. The higher LP SD
meant the unsteadiness of lateral movement. In a word,
alcohol will cause high vehicle speed and unsteady travelling
both in vertical and transversemovement.They are the direct
reasons of traffic accident caused by drunk driving. All of
the indicators had statistically significant linear trend as the
function of BAC. It also proved that driving at higher BAC
level would be more dangerous. The significant differences
for the indicators of SP AVG, SP SD, and LP SD between
drinking driving state and normal state showed that they can
contribute to the detection of drinking driving state. More-
over, the significant differences of LP SD between the BAC
levels of 0.03% and 0.09% indicated that LP SD on urban
straight roadway segment might support the discrimination
of different BAC levels.

Drinking driving will cause significant changes of the
indicators of vehicle’s travelling condition on urban straight
roadway segment.Therefore, we can try to classify the drink-
ing driving state from normal driving state according to the
above indicators.The results of Fisher discrimination showed
that the function had a certain ability to classify driving state,
especially classification of drinking driving states at higher
BAC level from normal states. It also indicated that higher
BAC level impaired more seriously driving performance and
made more differences contrasting with normal driving. At
the same time, the imperfection of the classification might
be also because that, on one hand, the driving scenario
was so simple that the indicators could not fully express
enough differences; on the other hand, drivers may have
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obvious individual differences, and it is difficult to set a
certain discrimination standards for all drivers. But the result
provided reference for discrimination of driving state based
on driving performance.

This research revealed drivers’ signatures affected by
alcohol and tried to classify drinking driving state based
on the significant indicators of driving performance. The
results have a great potential application in traffic safety
research. On one hand, the study on the effects of alcohol
is the foundation for the detection of drinking driving. The
results revealed the change tendency of drivers’ attitude,
driving ability, and driving performance under the influence
of alcohol, which may be helpful for the countermeasure
research of drinking driving. On the other hand, the results
can support the study on drivers’ driving model, especially
for safety driving. Wang et al. [25] have studied the driver’s
safety approaching behavioral model with various driving
characteristics and stated that it could be used in traffic
research at the microscopic level. It has also been deeply
researched about driver’s various information processes and
multiruled decision-making mechanism by considering the
complicated control process of driving, which was closely
related to driving model [26]. Based on these researches,
the results about drivers’ attitude, driving ability, and driving
performance in this study paved the foundation for the
study on drivers’ drinking driving model, which was very
important to improve traffic safety.

There were still some imperfections for the study. First,
the measurement of driving performance in this study is
not comprehensive. Second, we only analyzed the driving
performance data on urban straight roadway segment, which
was only a specific road type. However, the driving perfor-
mance is the basic characteristic of vehicle’s travelling and
the urban straight roadway segment is the most common
road geometry. The study on them is representative and
the research method can be generalized. In future studies,
the parameter of driving performance should include more
aspects, such as brake, accelerator, and steering wheel. The
study should also consider more road geometries, such as
curve and intersection.

5. Conclusion

To explore the impact of alcohol on drivers and driving
performance, the experiment was designed to collect 25
participants’ subjective feelings and their driving perfor-
mance data.The distribution of the questionnaire’s result was
summarized. The accident rate in different BAC levels was
statistically analyzed, and ANOVA with repeated measures
was used to analyze the signatures of driving performance
under the influence of alcohol. Discriminant analysis with
significant performance indicators was used to classify drink-
ing driving states from normal driving states. According to
the results in this research, the following conclusions can be
obtained.

(i) Under the influence of alcohol, most of drivers tend
to be more impulsive and adventurous and their

abilities of judgment, vigilance, recognition, reaction,
and controlling were impaired obviously.

(ii) The accident rate is of positive correlation with BAC
level. Driving at higher BAC level will be more
dangerous, even in simple driving environment.

(iii) On urban straight roadway segment, SP AVG, SP SD,
and LP SD were all significantly higher when drink-
ing driving than thosewhennormal state.They all had
statistically significant linear trend as a function of
BAC. The three indicators can support the detection
of drinking driving state and LP SD may also con-
tribute to the classification driving states of different
BAC levels.

(iv) The above three indicators on urban straight roadway
segments can be used to distinguish drinking driving
state from normal driving state. The higher the BAC
level is, the more accurate the discrimination is.

These conclusions are the basis of the study of drinking
driving. They can provide some references for the discrimi-
nation of drinking driving state and making countermeasure
to it. At the same time, they also support the study of driving
safety and the research on drivers’ driving model, especially
for safety driving.
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