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In many developing countries, mixed tra
c is the most common type of urban transportation; tra
c of this type faces many
major problems in tra
c engineering, such as con�icts, ine
ciency, and security issues. 	is paper focuses on the tra
c
engineering concerns on the driving behavior of le�-turning vehicles caused by di
erent degrees of pedestrian violations.	e tra
c
characteristics of le�-turning vehicles and pedestrians in the a
ected region at a signalized intersectionwere analyzed and a cellular-
automata-based “following-con�ict” driving behavior model that mainly addresses four basic behavior modes was proposed to
study the con�ict and behavior mechanisms of le�-turning vehicles by mathematic methodologies. Four basic driving behavior
modes were reproduced in computer simulations, and a logit model of the behavior mode choice was also developed to analyze the
relative share of each behavior mode. Finally, the microscopic characteristics of driving behaviors and the macroscopic parameters
of tra
c �ow in the a
ected region were all determined. 	ese data are important reference for geometry and capacity design for
signalized intersections. 	e simulation results show that the proposed models are valid and can be used to represent the behavior
of le�-turning vehicles in the case of con�icts with illegally crossing pedestrians. 	ese results will have potential applications on
improving tra
c safety and tra
c capacity at signalized intersections with mixed tra
c conditions.

1. Introduction

Over the past two decades, the study of driving behavior,
which is closely related to the daily tra
c of individuals, has
become a hotly pursued research topic. Driving behaviors are
strongly related to the safety of tra
c participants. In the �eld
of driving behavior, many researchers have devoted them-
selves tomodeling driving behavior, analyzing con�ict mech-
anisms, and improving tra
c safety. As early as 1985, Abishai
studied driver behavior at unsignalized urban intersections
[1]. 	at paper strove to investigate whether stop signs di
er
fromyield signs in terms of their associated accident rates and
whether an increase in the level of tra
c control is necessarily
bene�cial to tra
c safety at all hazardous urban intersections.
Later, in 2005, Bonsall et al. and Björklund and Åberg studied
safety-related driving behavior and driver behavior at inter-
sections, respectively [2, 3]. Bonsall et al. [2] identi�ed the key

parameters of tra
c simulation models and concluded that
it is better to use values that are realistic but unsafe than
values that are safe but unrealistic. Björklund and Åberg [3]
studied driver behaviors at intersections with di
erent tra
c
rules and showed that drivers’ reported behaviors varied
among di
erent intersections. Recently, an increasing num-
ber of researchers have shown interest in normal driving
behavior models [4–9], driving simulators [10–13], car-to-
pedestrian incidents [14], and even angry and aggressive driv-
ing behavior [15–17].

Yan andRadwan [4] studied driver behaviors at signalized
intersections. To identify the changes in driving behaviors
that could be clearly associated with restricted sight distances
of drivers, they developed linear regression and logistic
regression models to estimate gap-acceptance parameters.
	ey found that sight obstruction may contribute to signif-
icant increases in the critical gap and follow-up time and
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that le�-turning or U-turning drivers with restricted sight
distances were more likely to accept smaller gaps. Zhang et
al. [5] evaluated the e
ects of in-vehicle warning information
on drivers’ decelerating and accelerating behavior when
approaching an intersection near an arch-shaped bridge and
found that dynamic information appears to be more e
ective
than static information in allowing drivers to avoid dangerous
driving situations. Moreover, Elhenawy et al. [7] studied a
model of stop/run driver behavior at signalized intersections
considering roadway surface conditions. Bar-Gera et al. [8]
focused on crossings during the yellow-light phase and the
�rst 1.5 s of the red-light phase, and they found that, at most
of the intersections under study, the frequencies of entrance
times a�er yellow-light onset were reasonably stable during
the beginning of the yellow-light phase. In 2015, Lin et al.
[9] analyzed con�icts between right-turning vehicles and
through-traveling nonmotorized vehicles. 	ey developed
a micro driving force model and demonstrated that strict
priority crossing behavior is a special case of the proposed
driving force model. 	e proposed model can be used to
predict the average crossing speed of right-turning vehicles.

Driving-simulator-based methods are also increasingly
being used to study driving behaviors. Muhrer and Vollrath
[10] directed their e
orts toward better understanding the
causes of driver errors in the context of rear-end crashes
in a simulated driving task. Riccardo et al. [11] proposed a
comparative analysis of randomutilitymodels and fuzzy logic
models for representing gap-acceptance behavior using data
from driving simulator tests. In 2015, Matsumoto and Peng
[13] also proposed a method of obtaining information based
on vehicle operating conditions and tra
c signal status for
decision-making regarding whether to pass through a signal-
ized intersection ahead using a 3D driving simulator. 	ey
found that the proposed information is e
ective for reducing
CO2 emissions. To gain an in-depth understanding of how
and why safety-critical situations occur, Habibovic et al. [14]
analyzed causation in video recordings of car-pedestrian
incidents captured by onboard cameras and demonstrated
two major patterns of causation: the drivers o�en failed to
recognize the presence of con�icting pedestrians, and the
pedestrians o�en behaved in unexpected ways. Moreover,
research on angry and aggressive driving behaviors has also
been performed. Kaysi and Abbany [15] investigated the
aggressive behavior of minor street vehicles at priority-unsig-
nalized intersections andmodeled aggressive driver behavior
at unsignalized intersections. 	ey revealed that age, car
performance, and average speed are the major determinants
of aggressive behavior.

Recently, cellular-automata-based driving behavior mod-
els [18–20] have been studied in depth. Hu et al. [19] used a
typical KKW (Kerner-Klenov-Wolf) cellular-automata (CA)
model to investigate the formation mechanism of the illegal
lane-changing behavior of nonmotorized vehicles. Chen et
al. [20] proposed a cellular-automata-based tra
c model to
describe mixed tra
c.

Mixed tra
c conditions are a very commonphenomenon
in urban transportation systems. Mixed tra
c exhibits com-
plex characteristics. Mixed tra
c �ow is a very common
scenario in many cities in developing countries, especially

China and India. Many publications in the literature have
addressed characteristics, models, and theories of mixed
tra
c �ow. Liang et al. and Prasetijo et al. [21–23] focused
on the capacity of various intersections under mixed tra
c
conditions. As mentioned above, Hu et al. [19] and Chen
et al. [20] also studied the mixed tra
c modeling problem.
Moreover, Marisamynathan and Vedagiri [24] developed a
pedestrian delay model for crosswalks at signalized intersec-
tions under mixed tra
c conditions, and they veri�ed the
validity of the proposed model using �eld data from India.
Anjana and Anjaneyulu [25] studied the causative factors of
crashes at signalized intersections with mixed tra
c and
developed models for predicting crash frequency and sever-
ity. One of their �ndings was that dedicated le�-turn lanes
and countdown timers are bene�cial for improving the safety
of signalized intersections.

Car-following behavior ismore complicated undermixed
tra
c conditions than it is in homogeneous tra
c. Tradi-
tional car-following models are concerned only with tra
c
�ows consisting ofmotorized vehicles of a single type. In 1974,
Wiedemann [26] proposed the use of a behavioral threshold
to distinguish di
erent following states and established a
behavioral threshold model based on this approach. To date,
Wiedemann’s following model remains one of the most
accurate models for use in computer tra
c simulations. 	e
car-following model in the microscopic tra
c simulation
so�ware package VISSIM is also based on Wiedemann’s fol-
lowingmodel [26–28]. For single-vehicle tra
c �ow, VISSIM
can successfully re�ect and reproduce actual tra
c condi-
tions. However, in developing countries, urban mixed tra
c
is the most common form of transportation; tra
c of this
type faces many major problems, such as con�icts, ine
-
ciency, and security issues.	erefore, traditional vehicle �ow
models cannot truly re�ect the driving behavior of motorized
vehicles under mixed tra
c conditions. Con�icts between
motorized vehicles and pedestrians and between motorized
vehicles and nonmotorized vehicles have become important
issues in the modeling of mixed tra
c at many intersections.

Most of the literature on driving behavior has focused
either on single-motorized-vehicle tra
c �ow or on aspects
related to mixed tra
c rather than addressing all of these
factors (driving behaviors, CAmodels, andmixed tra
c con-
ditions) simultaneously. 	ese studies have not considered
the impact of vehicle-pedestrian con�icts resulting from
di
erent degrees of pedestrian violations under mixed tra
c
conditions. Accordingly, this paper investigates the e
ects
of pedestrian violations on vehicles, especially le�-turning
vehicles. 	e ability to control violations of this kind would
have important signi�cance in improving intersection capac-
ity and relieving tra
c pressure.

2. Mixed Traffic Characteristics and Vehicle-
Pedestrian Conflicts

Vehicle-pedestrian con�icts represent the majority of prob-
lems encountered at most intersections in China. 	ese con-
�icts cause observable decreases in capacity, greatly increase
the number of tra
c accidents, and considerably reduce
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transportation bene�ts at intersections. In several large cities,
the problem of pedestrian violations has become increasingly
serious, and it places severe constraints on the driving behav-
iors of motorized vehicles, especially le�-turning vehicles. In
the context of this phenomenon, this paper focuses on the
impact on driving behavior of le�-turning vehicles caused by
di
erent degrees of pedestrian violations.

2.1. Characteristics of Vehicle Tra�c. At urban intersections,
the tra
c �ows on intersecting roads interact through merg-
ing, steering, and diverging. Because of their di
erent direc-
tions of travel, when nonmotorized vehicles, motorized
vehicles, and pedestrians reach an intersection in accordance
with their di
erent probability distributions, the tra
c �ows
�rst begin to diverge and then tomerge, causing travel speeds
to be reduced and disrupting normal tra
c �ow. 	e larger
the number of directions in which the tra
c �ows diverge
is, the more serious the interference con�icts will be. At
an intersection, the le�-turning and through-traveling tra
c
�ows proceeding in di
erent directions form a point of con-
�ict. Consequently, vehicles (especially le�-turning vehicles)
proceeding in di
erent directions will con�ict with nonmo-
torized vehicles and pedestrians during the same tra
c-light
phase. To avoid collisions, these vehicles must travel slowly,
decelerate, or even stop.

2.2. Characteristics of Pedestrian Tra�c. Pedestrian tra
c
exhibits several typical characteristics: a single pedestrian
occupies a small space, has a fast start-up speed, can execute
abrupt turns, and is always able to perform an illegal crossing.
Pedestrians tend to form into groups when entering an
intersection.	e populations originating from amixed tra
c
�ow are typically concentrated in the le� and right corners
(with respect to the direction of le�-turning vehicles) and at
the crosswalks at an intersection; these locations constitute
several key nodes of mixed tra
c �ow in a road network.
Pedestrians’ intersection-crossing behavior can be predom-
inantly characterized in terms of factors such as crossing
speed, spacing requirements, waiting time, and step size. In
this paper, we focus on studying the tra
c characteristics
of pedestrians when crossing a street under signal control;
therefore, the two main aspects of this type of pedestrian
tra
c that will be de�ned and discussed are the tolerable
waiting time and the crossing speed.

(i) Tolerable Waiting Time. 	e tolerable waiting time is the
maximum acceptable time for which pedestrians will wait to
cross a signalized intersection and ismainly related to the vol-
ume of tra
c on the road, the vehicle speed, the road width,
the time required to cross, and other tra
c conditions. For
example, the maximum tolerable waiting time of pedestrians
in theUK ranges from45 to 60 seconds and is only 28 seconds
in Japan but may be as long as 70 to 90 seconds in China,
according to various surveys. 	e tolerable waiting times
of pedestrians given di
erent road conditions can be deter-
mined through on-site investigations at local intersections.

(ii) Pedestrian Crossing Speed. When crossing a street, the
walking speed of pedestrians is strongly in�uenced by the

crossing signal and by the crowd crossing in the opposite
direction. In addition, the crossing speed of illegally crossing
pedestrians is also in�uenced by the speed and number of
vehicles involved in the pedestrian-vehicle con�ict at that
time. Statistics indicate that the average pedestrian crossing
speed in China is 1∼1.35m/s.

2.3. Vehicle-PedestrianCon�ict Analysis. As early as the 1970s,
Campbell and King [29] studied the application of the traf-
�c con�icts technique. 	e tra
c con�icts technique is a
systematic method of observing tra
c at an intersection to
determine the existing potential for tra
c accidents. In [29],
the authors de�ned a tra
c con�ict as any potential accident
situation, which may be identi�ed by observing (i) evasive
actions taken by drivers to avoid a collision and (ii) tra
c
violations. To enable the �exible and e
ective use of the tra
c
con�icts technique under the unique tra
c conditions that
prevail in China, Liu and Duan [30] described and de�ned
the phenomenon of tra
c con�icts at intersections. 	ey
observed that at an intersection, two or more road users will
approach each other at the same time and spatial location.
	erefore, if one of these users fails to take measures to
change his or her normal tra
c behavior, such as changing
directions, reducing speed, or stopping andwaiting, then only
if the others take suitable action will danger be averted; if not,
these users will be in a collision situation.

Con�icts between a vehicle and other vehicles or pedes-
trians at signalized intersections may be of the crossing
type, the merging type, or the diverging type, and, of these,
crossing-type con�icts always possess a more severe acci-
dent potential. Generally, crossing-type con�icts involving
vehicles and pedestrians at a signalized intersection can be
classi�ed into three types: (i) crossing con�icts between le�-
turning vehicles and straight-traveling vehicles; (ii) crossing
con�icts between le�-turning vehicles and straight-traveling
pedestrians; and (iii) crossing con�icts between right-turning
vehicles and straight-traveling pedestrians. Among these
three kinds of crossing con�icts, the con�ict mechanism and
behavior model for con�icts between le�-turning vehicles
and straight-traveling pedestrians, especially illegally cross-
ing pedestrians, will be the most severe and complicated;
therefore, this paper places the greatest emphasis on con�icts
of this type.

(1) Con�icts between Le
-Turning Vehicles and Pedestrians.
For an independent le�-turn phase at an intersection, when
the le�-turn signal light turns green, the le�-turning traf-
�c begins traveling and may face con�icts with illegally
crossing pedestrians traveling in the vertical direction. 	e
a
ected regions and con�ict points in a le�-turning vehicle-
pedestrian con�ict scenario are illustrated in Figure 1.

(2) Analysis of Driving Behavior under Man-Machine Con�ict
Conditions. Based on the work of Schroeder [31], this paper
de�nes four modes of behavior of the le�-turning vehicles
that are passing through the vehicle-pedestrian con�ict
region (as shown in Figure 1): “crossing at uniform speed,”
“crossing while decelerating,” “crossing slowly,” and “braking
and stopping.”
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Figure 1: A
ected regions and con�ict points in a le�-turning
vehicle-pedestrian con�ict scenario.

Mode 1 (crossing at uniform speed). When no pedestrian
violation phenomenon is occurring at an intersection, only
the vehicles ahead a
ect driver behavior, and the le�-turning
vehicles cross through the a
ected region at the intersection
in the normal car-following mode.

Mode 2 (crossing while decelerating). When there are illegally
crossing pedestrians at an intersection, the physiology and
psychology of the drivers of le�-turning vehicles will be
impacted. To ensure that there are no direct con�icts with
pedestrians, le�-turning vehicles will approach the intersec-
tion in the normal car-following mode and will then enter a
state of deceleration before crossing the intersection.

Mode 3 (crossing slowly). When a larger number of illegally
crossing pedestrians are present in the a
ected region, the
vehicle-pedestrian con�ict will severely a
ect the normal
behaviors of motorized vehicles, and the le�-turning vehicles
will cross the a
ected region at a slower speed to avoid direct
con�icts with pedestrians.

Mode 4 (braking and stopping). When the distance between
a vehicle and the vehicle ahead is less than the minimum
desired following distance or the vehicle is in direct con�ict
with pedestrians, the driver will take the actions of braking
and then stopping to avoid a potential crash. A�er con�ict
avoidance, the vehicle will resume motion and continue
driving.

To simultaneously consider the two factors of the vehicles
ahead and vehicle-pedestrian con�icts, this paper establishes
a le�-turn driving behavior model for vehicles based on
CA model to study the behavior mechanisms of le�-turning
vehicles at signalized intersections.

3. Driving Behavior and Relative Share Models

3.1. �eoretical Basis and Motivation. In the 1950s, Neumann
proposed the concept of cellular automata [32]. A CA model

is a discrete space-time model of local dynamics and a
common technique used in complex systems research. 	is
approach is particularly suitable for simulation studies of the
temporal dynamics of complex spatial systems, and it has
beenwidely applied and developed for use in the study of traf-
�c and transportation systems. Wolfram’s CA model (a one-
dimensional transport model) serves as a clear demonstra-
tion of the successful application of CA theory in the study of
tra
c [33]. 	e NS model proposed by Nagel and Schreck-
enberg in 1992 is a CA model of tra
c �ow in the truest
sense [34]. Many other investigators have made subsequent
improvements based on the NS model a�erwards, and much
of the research on the modeling of microscopic tra
c �ow
has focused on thismodel.	eNS tra
c �owmodel is simple
and especially easy to implement on a computer; moreover, it
is capable of reproducing a variety of complex tra
cphenom-
ena and accurately re�ects the characteristics of tra
c �ow.

By studying the changes in cellular state that occur during
a simulation based on a CA model, we can obtain not only
the velocity, location, speed, headway, and other parameters
of each vehicle at any moment in time to describe the micro-
scopic characteristics of the tra
c �ow but also the average
speed, density, vehicle counts, and other parameters to
describe themacroscopic tra
c �ow characteristics. Further-
more, the tra
c �owmodeling of lanes, multilane roads, road
networks, and motorized and nonmotorized vehicles can
also be achieved. 	erefore, by considering vehicle-pedes-
trian con�icts on the basis of the NS model, this paper estab-
lishes a “following-con�ict” driving behavior model that can
re�ect the real characteristics of le�-turning vehicle-pedes-
trian con�icts at signalized intersections.

3.2. “Following-Con�ict” Driving Behavior Model Based on
CA. 	e purpose of this paper is to study the mechanisms
governing the behavior of le�-turning vehicles in the a
ected
region at a signalized intersection and to simulate the changes
in the speed, �ow, and other parameters of le�-turning vehi-
cles that are induced by di
erent degrees of con�ict with ille-
gally crossing pedestrians. Accordingly, a cellular-automata-
based “following-con�ict” driving behavior model is estab-
lished to simulate the driving behavior of le�-turning vehicles
and re�ect the state transitions of the various driving behav-
iors of such vehicles at signalized intersections. 	is model
transforms the actual driving behaviors of tra
c engineering
into speci�c mathematic expressions which are simulated by
computer programs. A diagram of the �nite-state machine
representing the driving behavior of le�-turning vehicles in
the a
ected region is shown in Figure 2.

	e �nite-state machine is divided into two main pro-
cedures: one is the addition of new vehicles to the cell area,
which is determined by the grid density and the proportion
of vehicles, and the other is the status update of the existing
vehicles and the newly added vehicles, which converts the
normal car-following status of each vehicle into one of a
variety of driving behavior modes in the a
ected region.

(1) De�nitions of Car-Following Behaviors between Vehicles.
With regard to car-following behaviors between vehicles, this
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Figure 2: Finite-state machine representing the driving behavior of le�-turning vehicles in the a
ected region.

paper adopts a classical following rule, which includes veloc-
ity updating, randomvelocitymoderation, location updating,
a minimum safety distance, and other parameters. Accord-
ingly, the car-following behaviors are de�ned as follows:

(i) acceleration: V�(� + 1) = min(V�(�) + 1, Vmax),
(ii) deceleration: V�(� + 1) = min(V�(�), ��),
(iii) random velocity moderation (with probability �):

V�(� + 1) = max(V�(�) − 1, 0),
(iv) location update: ��(� + 1) = ��(�) + V�(� + 1),

where V�(�) denotes the speed of vehicle � at time �; �� is
the number of empty cells between the vehicle � and its
preceding vehicle �+1 and is de�ned as �� = ��+1 −�� − ��+1,
where ��+1 denotes the length of vehicle � + 1, that is, the
number of cells occupied by vehicle � + 1; � is the probability
of random velocity moderation; and Vmax is the maximum
vehicle speed permitted at a signalized intersection.

(2)Models of Driving Behavior in the A�ected Region. Accord-
ing to the di
erent vehicle situations and the car-following
behaviors between vehicles as described above, the four
possible modes of le�-turning vehicle behaviors in the case of
con�icts with pedestrians in the a
ected region at a signalized
intersection are modeled as follows.

Mode 1 (crossing at uniform speed). 	e following state of a
vehicle in this mode in the a
ected region is as follows:

Speed update: V� (� + 1) = V(1)� (�) ,

Location update: �� (� + 1) = �� (�) + V(1)� (�) ,
(1)

where V(1)� (�) is the invariant speed of Mode 1 in the following
state.

Mode 2 (crossing while decelerating). In this mode, several
potential con�icts may arise that may a
ect the traveling or
normal car-following behaviors of le�-turning vehicles. As it
approaches the a
ected region at an intersection, a vehicle
in this mode enters a decelerating state to ensure that it will
reach a lower speed before it encounters a potential con�ict
point. 	erefore, the speed V�(� + 1) at the next instant of

time will be randomly distributed on the interval [V(2)
low
, V(2)top],

yielding the following:

Speed update: V� (� + 1) = V(2)low + 	
(2),

Location update: �� (� + 1) = �� (�) + V� (� + 1) ,
(2)

where 	(2) is a parameter of Mode 2, which is a random varia-

ble on [0, ΔV(2)], whereΔV(2) = V(2)top−V
(2)
low

; V(2)
low

is theminimum

speed possible during the deceleration process; and V(2)top is the
maximum speed possible during the deceleration process.

Mode 3 (crossing slowly). In this mode, a le�-turning vehicle
travels at a slower speed to avoid potential con�icts with
illegally crossing pedestrians in the a
ected region when
passing through the intersection. Consequently, it can be
assumed that the speed at the next instant of time, V�(� + 1),
will be randomly distributed on [V(3)

low
, V(3)top]:

Speed update: V� (� + 1) = V(3)low + 	
(3),

Location update: �� (� + 1) = �� (�) + V� (� + 1) ,
(3)
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where 	(3) is a parameter of mode 3, which is a random varia-

ble on [0, ΔV(3)], whereΔV(3) = V(3)top−V
(3)
low

; V(3)
low

is theminimum

speed possible during the slow passing process; and V(3)top is the
maximum speed possible during the slow passing process.

Mode 4 (braking and stopping). A le�-turning vehiclemay face
a direct con�ict with pedestrians, such that it must brake and
stop immediately to avoid a crash. In this case, the model for
the updating of the driving behavior state is as follows:

Speed update: V� (� + 1) = 0,

Location update: �� (� + 1) = �� (�) + 0 = �� (�) .
(4)

Once the con�ict disappears, the vehicle resumes motion
and continues to travel in normal car-following behavior
mode with the vehicles ahead.

(3) Relative Share Model of Driving Behavior Choices.
Depending on the actual situation, there are four possible
modes of the driving behavior of le�-turning vehicles in the
a
ected region; here, we analyze the relative share of each
mode based on a logit model.	e logit-model-basedmethod
of relative share analysis makes it possible to consider a
variety of external factors. Furthermore, this method is more
representative than other methods for this purpose and can
also yield consistent parameter estimates for each parameter
set. 	us, the logit-model-based method of estimating the
relative shares of the di
erent behavior modes yields results
that are closer to the actual situation.

In this paper, the driving behavior of le�-turning vehicles
at a signalized intersection is the typical scenario of interest.
Survey results indicate that, at an intersection with a separate
set of le�-turn signal lights, the speed of the le�-turning
vehicles is related not only to the geographical environment
of the intersection but also to various characteristics of the
motorized vehicles and pedestrians that are present.	emost
important and typical time factors, namely, the time required
for a vehicle to cross the intersection, the time required for
an illegally crossing pedestrian to cross the a
ected region,
and the time required for a pedestrian to cross the crosswalk,
are used to analyze the relative shares of di
erent behavior
modes.

(i) �e Time Required for a Vehicle to Cross the Intersection
(�1). When a le�-turning vehicle is on the right-of-way, �1
represents the time that the vehicle will take to travel the
distance between the stop line and outer edge of the second
vertical crosswalk. �1 will di
er for di
erent driving behavior
modes. A shorter �1 will lead to less con�ict with pedestrians,
allowing more vehicles to pass through the intersection and
thus corresponding to a greater value of the weight parameter
used in the logit model.

(ii) �e Time Required for an Illegally Crossing Pedestrian to
Cross the A�ected Region (�2). �2 is the time interval that
is required for an illegally crossing pedestrian to cross the
a
ected region when le�-turning vehicles are on the right-
of-way. In a realistic situation, with di
erent driving behavior
modes for the vehicles, a shorter illegal-pedestrian-crossing

time interval will result in a weaker impact on the motorized
vehicles at the intersection, allowing more vehicles to pass
through and thus corresponding to a greater value of the
weight parameter used in the logit model.

(iii) �e Time Required for a Pedestrian to Cross the Crosswalk
(�3). �3 represents the time required for a pedestrian to cross
on a straight crosswalk. In the realistic case of di
erent driv-
ing behaviormodes of le�-turning vehicles, a longer �3 results
in a lower probability of violation (avoiding the possibility
that pedestrians will become isolated in the middle of the
crosswalk by vehicles); in turn, the impact on the motorized
vehicles is weaker, and the value of the weight parameter used
in the logit model is greater.

By adopting the time factors analyzed above as the main
features of the logit model, we can construct a generalized
time function with the following speci�c form:

�� = �1��1 + �2��2 + �3��3 + 	�, (5)

where�� is the generalized time function for driving behavior
mode 
 (
 = 1, 2, 3 or 4); �1, �2, and �3 are the weight
coe
cients corresponding to time factors �1, �2, and �3,
respectively; ��1, ��2, and ��3 are the values of the corresponding
time factors �1, �2, and �3, respectively, of mode 
; and 	� is
the random error of mode 
, where it is assumed that the
utility functions of the random errors 	� (
 = 1, 2, 3, or 4) are
independent and follow a Gumbel distribution.

	en, the relative share of each mode 
 in the choice of
driving behaviors can be calculated based on the logit model
approach using (5). According to random utility theory, the
probability �� that the 
th driving behavior mode will be
selected is

�� =
exp (��)
∑4�=1 exp (��)

. (6)

4. Numerical and Field Experiments

4.1. Driving Behavior Analysis Based on the “Following-
Con�ict” Model. To more intuitively describe the in�uence
of illegally crossing pedestrians on the driving behavior of
le�-turning vehicles, we simulated fourmodes of le�-turning
vehicle driving behavior and then analyzed the impact on
the �ow, speed, and other parameters of le�-turning vehicles
experiencing di
erent degrees of con�ict with illegally cross-
ing pedestrians at a signalized intersection.

For the experiment, the Mudanyuan intersection (牡丹
园交叉口) (one of many signalized intersections with an
independent signal phase for le�-turning vehicle in Beijing,
China) was selected as the environment for the simulation of
vehicle-pedestrian con�icts to verify the model and method
proposed in this paper. For consistency with the geometrical
characteristics and actual tra
c �ow state of the Mudanyuan
intersection, we initialized the length of one cell as 1.5m and
the width of one cellular space as one vehicle lane. Moreover,
one standard vehicle was considered to occupy 4 cells, the
length of the simulation area was de�ned as 800 cells, the le�-
turning area was de�ned to occupy between 50 and 80 cells,
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Figure 3: Average speed trend in each mode in the le�-turn area.

the maximum permitted speed for vehicles in the a
ected
region was de�ned as 8 cells per 1-second time step, and the
total length of the simulation time was 4500 seconds.

In Figure 3, the location as represented by the cellular
index is shown on the horizontal axis and the vertical axis
shows the average speeds of vehicles in the simulation as
they passed by these cell locations. 	e spatial interval
between the 50th and 80th cells corresponds to the le�-
turn area in the simulation experiment. It is evident that as
the severity of the vehicle-pedestrian con�ict increases, from
Modes 1–4 of le�-turn driving behavior, the average speed of
the le�-turning vehicles decreases. However, because of the
continuous in�uence of following behavior, in each mode,
the average speeds at di
erent locations exhibit an increasing
trend with an increase in the cellular index.

To reveal the driving behavior mechanism of each mode,
Figure 4 presents the space-time curves of each simulated
vehicle in the a
ected region of the signalized intersection for
each behavior mode. In Figure 4, the slope of any arbitrary
point on each vehicle’s space-time curve represents the
vehicle’s instantaneous velocity. As shown in Figure 4, when
no pedestrian violations exist or when such violations play a
minor role in a
ecting tra
c (Modes 1 and 2), the space-time
curve of each vehicle is steep; that is, a high instantaneous
velocity is observed in the simulated region. As the degree of
impact of pedestrian violations grows (Modes 3 and 4), the
space-time curves gradually become more shallow, resulting
in lower instantaneous velocities. Consequently, the delays of
the le�-turning vehicles increase. Moreover, for a simulation
of a single le�-turn lane, a straight lateral line passing through
these space-time curves at a �xed location will generate the
headway time distribution for each le�-turn driving behavior
mode; similarly, a straight vertical line will generate the
headway space distribution.

For analysis of the macroscopic characteristics of tra
c
�ow in the a
ected region, Figure 5 presents the average �ow-
density curve for each behavior mode of le�-turning vehicles
as derived from our simulation results. Because the density of
le�-turning vehicles in the a
ected region is small, Figure 5

shows only a small regionwith low �ow and low density com-
pared with a classical �ow-density curve. However, Figure 5
still exhibits the natural relationship between low �ow and
low density, and as the tra
c density increases, the average
�ow also increases for each behavior mode. A comparison
of the di
erent behavior modes reveals that as the degree
of vehicle-pedestrian con�ict grows (Modes 1–4), the aver-
age �ow of the le�-turning vehicles decreases. Meanwhile,
Figures 6(a) and 6(b) present additional microparameters
of tra
c �ow, namely, the average �ow and average speed
in every 600 s time interval for each behavior mode. As
shown in Figure 6, as the degree of vehicle-pedestrian con�ict
grows, the average �ow and average speed in a �xed time
interval both decrease. 	e simulation results of the cellular-
automata-basedmodel proposed in this paper agree well with
the characteristics of the real situation.

4.2. Relative Share Analysis. In addition to its use as a
simulation object for the analysis of the driving behavior
modes of le�-turning vehicles at signalized intersections with
mixed tra
c condition, theMudanyuan intersection was also
used to analyze the relative share of each behavior mode.	is
intersection is a typical four-phase signalized intersection
whose pedestrian and bicycle phases are identical to those
for the motorized vehicles that are traveling straight through
the intersection in the same direction. 	e Mudanyuan
intersection connects twomain arterials, the BeituchengWest
Road (北土城西路) and the Huayuan East Road (花园
东路), and serves to link the 3rd and 4th ring expressways
in Beijing. Moreover, it is also close to a metro station
on Line 10 (Mudanyuan Metro Station). Consequently, the
Mudanyuan intersection always has a heavy �ow of mixed
tra
c, which results in violent and continuous tra
c con-
�icts between motorized vehicles and nonmotorized vehicles
or pedestrians, especially le�-turning vehicles and illegally
crossing pedestrians. 	erefore, this intersection is a typical
and practical intersection at which to research le�-turning
vehicle-pedestrian con�icts under mixed tra
c conditions.

Before the logit model could be used, it was necessary
to �rst obtain the time factors (�1, �2, �3) for the Mudanyuan
intersection. Fortunately, these parameters could be calcu-
lated from �eld investigation data collected in a large number
of �eld surveys. 	e statistical results for these three time
factors at the Mudanyuan intersection are shown in Table 1.

Second, it was necessary to determine the weight coe
-
cients for the time factors (�1, �2, �3). Using the data in Table 1
and (5), the weight coe
cients were determined using the
Biogeme so�ware package [35] and the results are shown in
Table 2.

	ird, using (5) and (6), the probabilities of the various
behaviormodes, where �� represents the probability of the 
th
driving behavior mode, were determined to be �1 = 0.5, �2 =
0.1, �3 = 0.3, and �4 = 0.1.

To test the validity and practicability of the logit model
proposed in this paper, additional simulation experiments
were performed using the probabilities �� derived from the
logit model and the �eld data. Table 3 compares the statistical
results for the le�-turning tra
c �ow obtained through



8 Mathematical Problems in Engineering

1400 1500 1600 1700 1800

Time (s)

100
80
60
40
20

0

L
o

ca
ti

o
n

 
(c

el
lu

la
r 

in
d

ex
)

100
80
60
40
20

0

L
o

ca
ti

o
n

 
(c

el
lu

la
r 

in
d

ex
)

100
80
60
40
20

0

L
o

ca
ti

o
n

 
(c

el
lu

la
r 

in
d

ex
)

100
80
60
40
20

0

L
o

ca
ti

o
n

 
(c

el
lu

la
r 

in
d

ex
)

Mode 1

Mode 2

Mode 3

Mode 4

Stop line (50th cell)

Stop line (50th cell)

Stop line (50th cell)

Stop line (50th cell)

A�ected region

A�ected region

A�ected region

A�ected region

Out of a�ected region

Out of a�ected region

Out of a�ected region

Out of a�ected region

Tra�c signalG R G R G RY Y Y
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simulations and from the �eld data. Moreover, Figure 7
presents the detailed statistical results for the le�-turning
tra
c �ow in each �xed time interval of 600 s from 7:40 AM
to 8:30 AM. Table 3 and Figure 7 illustrate that more severe
vehicle-pedestrian con�icts lead to smaller tra
c �ows, in
turn causingmore tra
c delays and safety risks at a signalized

Table 1: Statistical results for the three time factors at the Mudan-
yuan intersection.

Le�-turning vehicle driving
behavior modes

�1 (s) �2 (s) �3 (s)

Mode 1 6.21 7.94 21.28

Mode 2 7.91 8.37 21.92

Mode 3 8.57 9.43 22.96

Mode 4 10.38 11.44 24.96

Table 2: Weight coe
cients for the logit model.

Weight coe
cients �1 �2 �3
Values 0.498 0.619 0.862

intersection withmixed tra
c conditions.	erefore, in engi-
neering, to reduce these con�icts will be an essential con-
cern for intersection planning and design. Moreover, the
consistency between the simulation results and the �eld
data also demonstrates the validity and accuracy of the logit
relative sharemodel, the cellular-automata-based “following-
con�ict” model, and the corresponding simulation methods
proposed in this paper.

5. Conclusions

	is paper analyzed the characteristics of con�ict between
le�-turning vehicles and illegally crossing pedestrians at sig-
nalized intersection, which is a common phenomenon under
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Table 3: Statistical results for the le�-turning tra
c �ow.

Simulation-based �ow (no con�ict, �1 = 1.0,
�2 = �3 = �4 = 0) (veh/h)

Simulation-based �ow (�1 = 0.5, �2 = 0.1,
�3 = 0.3, �4 = 0.1) (veh/h)

Field-data-based �ow (veh/h)

260 233 228

7:40 7:50 8:00 8:10 8:20 8:30
20

30

40

50

60

No con�ict
Method of this paper

Field data

F
lo

w
 (

ve
h

ic
le

s)

Time 

Figure 7: Detailed statistical results of le�-turn tra
c �ow in each
�xed time interval.

mixed tra
c conditions in developing countries.	ese mod-
els andmethods proposed in this paper provide an important
theoretical basis and a methodology for modeling le�-turn
driving behaviors at signalized intersections with mixed
tra
c condition. 	e results will be of signi�cant bene�t
for the planning and design of mixed tra
c intersections to
reduce the probability of pedestrian violations and to improve
intersection capacity and safety. By simulating four basic
driving behavior modes, we obtained both the microscopic

characteristics of driving behaviors (instantaneous velocities,
locations, and headway allowances of individual vehicles)
and the macroscopic parameters of tra
c �ow (average �ow,
density, and speed) in the a
ected region. Mode 1 has better
evaluation outputs in terms of delay time and passing e
-
ciency with mixed tra
c conditions than other modes. 	e
driving behaviors of Modes 2, 3, and 4 should be reduced in
�eld intersections, especially formixed tra
c conditions.	e
simulation results revealed the impact of di
erent degrees of
vehicle-pedestrian con�ict on le�-turn driving behavior at
signalized intersections, hence, can be referred for practical
engineering applications of intersection design. To analyze
the relative share of each behavior mode and to verify the
validity of the simulation models proposed in this paper, we
compared the results of our simulations with the �eld data
for the simulated intersection based on the proposed logit
model. 	e determination of the relative share will be useful
for tra
c simulation applications on signalized intersections
withmixed tra
c conditions. Enhancing the ability to control
violations in tra
c engineering issues will e
ciently improve
intersection capacity and safety.

Future studiesmay focus on combined behaviormodes of
le�-turning tra
c, which can better re�ect the mixed tra
c
conditions encountered in real-world scenarios. Moreover,
the driving behaviormodeswill bemore complex at unsignal-
ized intersections under mixed tra
c conditions, and, thus,
there is a need for more general models and more detailed
�eld data to simulate, compare, and analyze the behaviors
observed in such cases.
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