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-e safety of signalized intersections is of great concern. To allow for an effective evaluation measure on the safety level of
intersections, traffic conflict analysis methods are commonly used. However, the existing literature has mainly focused on the
statistical prediction of conflicts by using surrogate measurements, among which the spatial-temporal characteristics of the
potential conflicts have been less addressed. In addition, most of the relevant studies rely on precise trajectory data, and the results
could be limited to engineering applications when real-time/comprehensive trajectory data are not available. To address these
issues, this study proposes a SICP (signalized intersection conflict probability) model to predict a straight-left traffic flow conflict
with a spatial-temporal distribution in the heat map, which could effectively evaluate the traffic safety of the existing or prebuilt
signalized intersections on urban roads. Firstly, the impact of vehicle movement characteristics on traffic conflict at signalized
intersections was considered by incorporating the vehicle movement trajectory. Secondly, the signal phase was categorized in
several stages (each phase contains switching and nonswitching stages); then, a vehicle-vehicle conflicts probability prediction
model was established by integrating both horizontal and vertical arrival probability. Finally, to validate the performance of the
proposed model, the measured data were collected from the intersection of Wushan road and Yuehan road in Tianhe District,
Guangzhou, China. SSAM（Surrogate Safety Assessment Model）traffic conflict simulation was used to analyze the traffic
conflict in the actual data and compared to the SICP model. A case study was conducted to reveal the evolution mechanism of the
conflict risk coefficient at the signalized intersection and to estimate the safety status under the various security optimization
strategies. -e experimental results verified the effectiveness of the SICP model, indicating that the proposed model is effective in
evaluating the safety level of existing or prebuilt signalized intersections.

1. Introduction

As the bottleneck of the urban road network, signalized
intersections play an important role in the operation of
urban transportation, as various road users exist, such as
motor vehicles, nonmotor vehicles, pedestrians, and other
road users. However, signalized intersections are nodes with
frequent traffic conflicts and congestion, as well as the
common place of traffic accidents. As a key component to
realize the distribution of the right way at intersections,
signal control facilities are responsible for maintaining the
normal operation of the traffic order. Although the existing
urban traffic managers separate the right-going and left-
turning traffic flows at signalized intersections in time or

space, there are still some small-sized intersections with
right-left mixed lanes, or the straight-going and left-turning
traffic flows are released at the same time due to unrea-
sonable signal timing. At this time, there is the right-of-way
competition between the straight-going traffic flow and the
left-turning traffic flow, and this is an important cause of the
frequent blocking and traffic conflicts at intersections, as
shown in Figure 1(a). In addition, all-red intervals of some
signalized intersections are not set or are too short to clear
the vehicles of the last phase, which leads to serious conflicts
during the phase switch, as shown in Figure 1(b). -erefore,
the frequency and severity of traffic conflicts at such sig-
nalized intersections are higher than those in other areas.
-erefore, traffic conflicts and collisions are more likely to
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Figure 1: -e traffic conflicts of some signalized intersections in one signal cycle. (a) Two common cases of traffic conflicts at signalized
intersections during a phase. (b) Two common cases of traffic conflicts at signalized intersections during the phase switch.
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occur at signalized intersections with the simultaneous re-
lease of straight and left traffic flow, and the safety assess-
ment of this issue deserves more attention.

-e safety evaluation methods of signalized intersections
are mainly divided into two categories: one is the direct
evaluation method based on traffic accident statistics, and
the other is the indirect evaluation method based on traffic
conflict analysis. -e direct evaluation methods mainly
include empirical modelling [1], gray evaluation [2], re-
gression modelling [3], and other methods. -e expected
number of traffic accidents is taken as the evaluation index,
which strongly relies on the historical accident data. By
analyzing the historical data of road traffic accidents in 20
European countries, Al-Ghamdi [4] studied the correlation
between the death toll of road traffic accidents and the
population and the number of motor vehicles, performed
regression analysis, and proposed the Smeed model. Guo
et al. [5] collected historical traffic accident data by mobile
apps, established an improved k-means algorithm, evaluated
road traffic safety, and identified traffic accident black spots.
Chen et al. [6] collected traffic and accident data from 246
nonsignalized intersections and proposed a generalized
negative binomial regression model based on zero censor-
ings to comprehensively evaluate the safety of intersections.
Although the application of this method is direct and simple,
the drawback is also acknowledged that it requires a sig-
nificant amount of high-quality accident statistical data in
most cases. -erefore, the application of the direct evalua-
tionmethod in traffic safety analysis is somewhat limited due
to the difficulties of obtaining traffic accident data, its un-
stable quality, and long collection period.

In contrast, indirect evaluation methods based on traffic
conflict analysis are more widely used in traffic safety
analysis. -ese studies use the frequency and severity of
traffic conflicts to indirectly reflect the level of traffic safety,
which mainly focuses on the effectiveness of traffic conflicts
[7–19], traffic conflict evaluation indicators [20, 21], and data
methods [22, 23]. To facilitate the extension and application
of the definition of traffic conflict in practice, scholars have
proposed a variety of traffic conflict indicators to quantify
the proximity and interaction between two or more road
users in time or space. -e most commonly used conflict
indicators include the time to collision (TTC) [24, 25], the
postencroachment time (PET) [26–28], and the stopping
distance index (SDI) [29–31]. For example, Hayward [25]
proposed TTC as a measurement index of traffic conflict,
which is defined as the time to collision when two vehicles
maintain their existing speed and direction unchanged, to
evaluate the traffic safety level of intersections. Mohamed
et al. [32] collected TTC and the traffic parameters of each
signal cycle at signal intersections and proposed a safety
performance function based on traffic conflict by using a
generalized linear model, which evaluated the traffic safety
status of signalized intersections. Guo [33] collected traffic
conflict data of vehicles at signalized intersections and
proposed safety evaluation methods of conflicts between
motor vehicles and motor vehicles, motor vehicles and
nonmotor vehicles, and motor vehicles and pedestrians at
signalized intersections based on the Bayesian method. Ma

et al. [34] built a traffic conflict identificationmodel based on
the PET algorithm in ramp merging areas, considering
vehicle movement information and the influence of vehicle
size on traffic conflict and provided a method for deter-
mining the severity of traffic conflict. Laureshyn et al. [35]
proposed a traffic conflict measurement method based on
extended Delta-V to evaluate the safety status of various
intersections, from the perspective of traffic accident se-
verity. Oh et al. [30] proposed stopping sight distances based
on SDI to estimate whether a given car-following condition
is safe. Hyden [36] proposed time to accident (TA) as an
indicator to identify road traffic conflicts and then evaluated
road safety. -is kind of method is widely used, of which the
model is stable and flexible, and the evaluation index is
diversified, but it does not consider the actual size of the
vehicle and is unable to evaluate the future situation of
intersections. In addition, most of the previous studies
deeply rely on real-time vehicle trajectory data, which are
hard to access in engineering applications. -us, these
methods can only evaluate the safety of the existing sig-
nalized intersections and fail to assess the safety level of the
design scheme or optimization scheme of the signalized
intersections. Furthermore, few studies have focused on the
spatial-temporal characteristics of the potential conflicts at
signalized intersections, and instead they tend to pay more
attention to the recognition accuracy of traffic conflicts.
Finally, according to our latest knowledge, there is no lit-
erature concerning traffic conflict when two phases switch,
which may be the most serious period of traffic conflict.

To address the above issues, this paper proposes a new
method of conflict probability prediction for signalized
intersections, considering the micro operation characteris-
tics of vehicles based on their actual size. -e best feature of
the proposed model is that it has low traffic data require-
ments and only needs traffic flow and signal timing pa-
rameters instead of real-time vehicle trajectories or an
enormous body of historical data. In other words, the model
can not only evaluate the existing signalized intersections,
but also analyze the traffic conflicts of prebuilt signalized
intersections as long as the design scheme provides the
related data. -e secondary superiority is to consider the
spatial-temporal characteristics of the potential conflicts to
evaluate the comprehensive safety level of signalized in-
tersections. On the one hand, the spatial distribution of
traffic conflicts is deduced by merging areas of different
vehicle running trajectories. Besides, the signal timing is
divided into several stages based on the changes in the spatial
distribution of the traffic conflicts. Another crucial creativity
of this study is that the proposed model is especially con-
cerned with traffic conflicts during phase switching, which is
a very important period but is usually ignored in other
researches. -e simulation experiment and case analysis
results are conducted to verify the effectiveness of the SICP
model. -ese findings can provide theoretical and technical
support for the channelization design and signal timing
optimization of signalized intersections for traffic engineers.

-e remainder of this paper is arranged as follows.
Section 2 describes how to construct the cell system of a
signalized intersection. Section 3 explains the modelling
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process of the SICP model and the calculation of the safety
assessment index. Section 4 gives some comparative ex-
periments and results based on the actual data. -ree typical
case studies and discussions are illustrated in Section 5.
Eventually, this paper ends with some conclusions and
future work in Section 6.

2. Analysis on Micro Operation
Characteristics of Vehicles at
Signalized Intersections

2.1. Cell Division and Its Approximation. To effectively
evaluate the internal traffic safety status of a signalized in-
tersection, a two-dimensional Cartesian plane coordinate
system is constructed by taking the intersection of the east-
west direction and the north-south direction of the inter-
section as the coordinate origin. -e east approach road is
the positive direction of the X-axis, while the north approach
road is the positive direction of the Y-axis. It is assumed that
the width of the approach and exit lanes in all directions of
the intersection are symmetrical. Let M and N denote the
length and width of the intersection, respectively.M− 1 and
N− 1 points are evenly inserted on the X-axis and Y-axis,
respectively, and the intersection conflict area is evenly
divided into M×N cells, as shown in Figure 2.
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(1)

where i� 1, 2,. . .,m, j� 1, 2,. . ., n. m and n are positive
integers, and its value must meet that the length and width of
each cell are less than the vehicle width to reflect the arrival
of vehicles. At this time, vehicles occupying any part of a cell
are regarded as vehicles arriving at the cell.

In the coordinate system, the cell in row i and column j is
denoted as Rec(i, j). -e probability of the vehicle occupying
the cell can be approximately regarded as the probability of
the vehicle appearing in the centroid of the cell. (xij, yij) is
used to represent the centroid coordinates of the cell Rec(i,
j), as shown in

xij �
xi + xi+1

2
, yij �

yj + yj+1

2
. (2)

2.2. Analysis of theVehicle Trajectories. Taking the signalized
intersection with six two-way lanes where straight and left-
turn vehicles are released simultaneously as an example, this
paper describes the vehicle trajectories under different signal
phases by corresponding mathematical expressions, as
shown in Figure 3. Additionally, the trajectory equation used
in this paper can also be applied to straight and left turn
mixed traffic and the signalized intersections of other
geometric conditions.

According to the lane function setting of the intersec-
tion, the vehicle trajectory equation of each approach is
established. Taking the signalized intersection in Figure 3 as

an example, let a (a� 3) denote the number of lanes at each
approach road. -e lanes are numbered from inside to
outside in the order of small to large; that is, the lane number
h� 1,. . .,a. -en, the vehicle trajectory equations of going
straight and turning left and right at each approach road are
as follows:

A

2
+(h − 1)D≤yij ≤

A

2
+ hD,

xij − xdw 
2

+ yij − ydw 
2

� R
2
w,

(3)

where Rw denotes the left turning or right turning radius of
the vehicle in each approach, and
Rw ∈ [Rdw − 0.5D, Rdw + 0.5D]. Rdw denotes the designed
radius of left-turning or right-turning of the vehicle in each
approach. (xdw, ydw) denotes the center coordinates of the
turning track circle at each approach. d represents the di-
rection of the approach, and d� {d1, d2, d3, d4} denote the
directions east, west, south, and north, respectively. w �

l, r{ } indicate the left and right turn directions, respectively.
D denotes the width of the single lane, and A denotes the
width of the median.

3. Signalized Intersection Conflict
Probability Model

3.1. Signal PhaseDecomposition considering the Temporal and
Spatial Evolution of Traffic Conflict. In this paper, the SICP
model divides signal phases at intersections based on the
evolution of conflict mechanisms. Some small intersections
may not set the all-red time or the all-red time is too short.
When the signal phase switches periodically, the vehicles in
the previous phase often fail to leave the intersection in time,
which is likely to cause traffic conflicts with the vehicles
starting in the next phase. During this period, the traffic
conflict situation is relatively complex, and the composition
of participants in the conflict changes. -us, this process is
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Figure 2: Coordinate system and cell division of conflict area in a
signalized intersection.
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defined as a phase switching stage, and other processes of the
same phase are called the nonphase switching stage. -eir
critical time is the moment when the vehicles at the end of
the previous phase leave the intersection.

To describe the generality of the phase division, the phase
number in the signal timing scheme is set as Z. Each signal
cycle can be divided into 2Z phase stages based on the
evolution of the conflict probability. -at is, one phase
includes the phase switching stage and nonphase switching
stage, as shown in Figure 4. Suppose Ti denotes the duration
of the ith phase, Lj denotes the distance of each traffic flow in
the previous phase from the stop line to leave the inter-
section, and vj denotes the average driving speed of each
traffic flow in the previous phase.-e durations of the phase
switching stage and nonphase switching stage in the ith
phase are

Ti1 � max
L1

v1
, . . . ,

Lj

vj

 ,

Ti2 � Ti − Ti1,

(4)

where Ti1 and Ti2 are the duration of the phase switching
phase and the nonphase switching phase in phase number i,
respectively. For example, T11 and T21 denote the duration of
the phase switching stage, and T12 and T22 denote the du-
ration of the nonphase switching stage. j is the number of
traffic flow at a signalized intersection, i� 1,. . .,Z.

3.2. Conflict Probability Models considering Micro Operation
Characteristics of Vehicles. Considering the rear-end colli-
sion and the front or side collision from different angles, a
conflict probability model of the vehicle for any cell at
signalized intersections is established. Let k denote the ve-
hicle trajectory, and there are at most three vehicle trajec-
tories passing through a cell simultaneously (k≤ 3) [28].
-en, the probability of traffic conflict in cell Rec(i, j) is

Pij � 
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k
Dij × P

k
Lij, k≤ 3,

(5)

where Pij denotes the conflict probability of cell Rec(i, j), and
Pk

Aij
denotes the probability that the vehicle reaches cell

Rec(i, j) along with vehicle trajectory k. If there is no traffic
flow arriving at cell Rec(i, j) along the vehicle trajectory, the
arrival probability of the vehicle in cell Rec(i, j) is 0. Pk

Lij

denotes the longitudinal arrival probability of the vehicle in
cell Rec(i, j) along vehicle trajectory K; Pk

Dij
denotes the

probability that the vehicle appears in cell Rec(i, j) along with
vehicle trajectory k due to lateral offset.

3.2.1. 9e Longitudinal Arrival Probability of Vehicle con-
sidering the Interference of the Signal Light. It is assumed
that most of the vehicles travel along the path set by the
motion trajectory equation and ignore the heterogeneity of
individual vehicles. -e probability of vehicles appearing in
the cell outside the coverage area of the vehicle trajectory
equation can be approximately zero. For the cell covered by
the vehicle trajectory equation, the longitudinal arrival
probability of the vehicle in the cell is discussed in two cases
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Figure 3: Vehicle trajectories at a signalized intersection. (a) Phase 1: vehicle trajectories of east-west approach. (b) Phase 2: vehicle
trajectories of north-south approach.
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Figure 4: Diagram of phase decomposition of the signalized in-
tersection (green, yellow, and red indicate the duration of the green,
yellow, and red lights respectively).
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considering the signal light. (1) If the signal light is green or
yellow, the vehicles are allowed to enter the intersection, and
the longitudinal arrival probability of that in the cell is not
zero. (2) If the signal light is red, the vehicles are not allowed
to enter the intersection, and the longitudinal arrival
probability of that appearing in the cell is zero. -erefore,
this paper mainly focuses on the longitudinal arrival
probability of the vehicle in the cell in the first case.

Due to the limitation of signal control facilities, the way
that the vehicles pass the intersection is mainly divided into
two cases: one is to pass after waiting in line, and the other is
to pass freely (without stopping to pass). When the signal
light turns green from red, the vehicles begin to pass through
the intersection successively from stop status, and their
headways obey the lognormal distribution model [37]. If the
green time is greater than the queue dissipation time, the
headway of the vehicles arriving at the intersection in the
remaining green time obeys the Poisson distribution model.
In a statistical sense, the arrival probability of traffic flow
during the green light can be regarded as the weighted result
of the arrival probability of the above two types of traffic
flows. -e proportion of the two types of traffic flow can be
determined by the ratio of dissipation time of the queue
length to the effective green time. Hence, the longitudinal
arrival probability of the vehicle appearing in cell Rec(i, j)
along with trajectory k in conflict time t is

P
k
Lij �

1−
gd

ge

 × 1−e
−qkt

 +
gd

ge

×
e

− lnt−μ1( )
2/2σ2

tσ1
���
2π

√ ,ge>gd,

1
tσ1

���
2π

√ e
− lnt−μ1( )

2/2σ21 ,ge≤gd,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

gd �
qkC

S
,

t�min
L+B

V1
,
L+B

V2
 ,

(6)

where gd is the dissipation time of the queue length, ge is the
effective green time, qk is the traffic flow along with the
vehicle trajectory k, C is the signal period, S is the saturation
flow rate, and t is the conflict time. If the time difference
between the two cars appearing in the same cell successively
is less than t, it would be seen as a traffic conflict. μ1 and σ21
are the moment estimations of expectation and the variance
of time headway, respectively. L is the length of the vehicle, B
is the width of the vehicle, and B� f1B1 + f2B2 + f3B3. f1, f2 and
f3 are the vehicle proportions of small, medium, and large
vehicles, respectively. B1, B2, and B3 are the width of a small
vehicle, medium vehicle, and large vehicle, respectively. V1
and V2 are the designed speed of the road where traffic flow
may cause traffic conflicts. All vehicles are assumed to be
small cars during the example verification.

3.2.2. 9e Lateral Deviation Probability in Vehicle Trajectory.
Because the driver can not completely avoid operation error,
there is a certain deviation (the distance between the

centerline of the vehicle and the centerline of the lane) in
lane-keeping, and the deviation is subject to a normal dis-
tribution [34, 38, 39]. -us, the probability of straight and
turning vehicles appearing in cell Rec(i, j) due to lateral
deviation can be obtained from

PDij �
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yij+B/2−3D/2−A/2

1
���
2π

√
σ2

e
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���
2π

√
σ2

e
− y−μ2( )

2/2σ22dy,yij ∈Z3,
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(7)
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√
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⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

where PDij is the probability that the vehicle appears in cell
Rec(i, j) due to lateral offset; μ2 and σ22 are the mean and
variance of the lateral deviation of straight or turning ve-
hicles, respectively. -e data can be obtained by fitting the
lateral deviation position with the MATLAB toolbox.

3.3. Safety Assessment of Signalized Intersections

3.3.1. Risk Level Classification. -e conflict probability
output by the SICP model refers to the probability that two
or more vehicles appear in a cell at the same time during the
conflict time. -erefore, it can be converted into the ratio
between the frequency of traffic conflicts and the traffic
volume in the cell within a period (TC/MPCU). Pei et al. [40]
conducted statistics on TC/MPCU values of 295 intersec-
tions in 33 cities in China and obtained four value ranges of
risk levels. -is paper adopts green, yellow, orange, and red
to represent the change in risk level from low to high based
on the statistical results. Detailed values are shown in
Table 1.

3.3.2. Risk Coefficient Calculation Based on the Duration of
Different Phases. To describe the overall safety of the in-
tersection, the risk coefficient δ is introduced as the com-
prehensive measurement, and its calculation formula is as
follows:

δ � 
Z

i�1
αi1δi1 + αi2δi2( ,

αik �
Tik

C
, k � 1, 2,

(9)
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where δ is the risk coefficient of the intersection, αi1 and αi2
are the proportion of the duration of phase switching stage
and nonphase switching stage of phase i in a signal period,
respectively, and αik � 1. δi1 and δi2 are the risk coefficients
of phase switching stage and nonphase switching stage in
phase i, respectively, which can be obtained as follows:

δik � 
4

j�1
βjsij, k � 1, 2,

sij �
nij

m × n
,

(10)

where βj is the weight of risk level j, which is used for risk
calculation and analysis. -e high-risk level is accompanied
by large weight βj. sij represents the ratio of the number of
cells with risk level j to the total number of cells in phase i,
and nij represents the number of cells with risk level j in
phase i.

4. Model Verification

4.1. Data Collection. A SONY 4K HD camera was used to
collect the traffic data of the intersection of Wushan Road
and Yuehan Road in Guangzhou, China, from 16:00 to 18:00
on August 12, 2021.-e collected parameters mainly include
the geometric parameters of the intersection, the average
speed of the traffic flow, traffic volume, steering ratio, large
vehicle ratio, lateral deviation, time headway, and signal
timing scheme. Among them, the geometric data of inter-
section is obtained by means of an artificial survey with a
tape measure. -e traffic speed is calculated by counting the
time that the vehicles pass through the preset speed mea-
suring interval after the green light (ignoring the first 5
vehicles), and the average value is taken. -e calibration of
all parameters is shown in Table 2.-e signal timing scheme,
traffic volume, steering ratio, large vehicle ratio, lateral
deviation, and time headway are obtained through manual
statistics. -e signal timing scheme and traffic volume are
shown in Table 3.

-e data from the above table is input into the SICP
model, and the heat maps of the predicted conflict proba-
bility distribution of four-phase stages are obtained, as
shown in Figure 5. Figure 5(a) shows the heat map of traffic
conflict probability in phase 1. At this time, part of the traffic
flow on the north entrance of the previous phase does not
completely leave the intersection, and the traffic flow on the
east and west entrance is released at the same time.
Figure 5(b) shows the heat map of traffic conflict probability
in phase 2.-e east-west traffic flow is normal, and the north
traffic flow has completely left the intersection. Figures 5(c)
and 5(d) show the heat map of traffic conflict probability in
phase 3 and 4. Due to the setting of long full red time, the

traffic flow at the east-west entrance has completely left the
intersection, and only the traffic flow at the north entrance
can pass normally.

4.2. Comparison of Conflict Distribution Based on SSAM.
-e VISSIM simulation model is established according to
the geometric parameters, traffic flow parameters, and signal
timing scheme of the intersection. Using the track file data
output by VISSIM, traffic conflicts are analyzed in the
surrogate safety assessment model (SSAM), as shown in
Figure 6.

It can be found that the SICP model predicts the traffic
conflict distribution of the intersection, and the result is
consistent with SSAM. -ere are subtle differences between
the twomodels, because the traffic conflicts of SSAM include
rear-end conflicts, which are not within the scope of the
SICP model. To verify the accuracy of the SICP model,
sixteen conflict cells are selected on the heat maps of SICP
and SSAM. -e number of traffic conflicts is calculated by
the SICP model and SSAM within an hour, as shown in
Table 4. However, the conflict probability in this paper is
defined as the probability that two or more vehicles arrive at
the same cell during conflict time t. -us, the number of
traffic conflicts of a cell in an hour is that its conflict
probability is multiplied by the number of conflict times.

From Table 4, it is found that the number of traffic
conflicts between SSAM and SICP is similar in terms of the
same conflict positions, and a little error is inevitable. -e
main reason for the difference is the lack of conflict sample
size, and the prediction time is only one hour. If there are
enough sample data, the SICP model will be better. How-
ever, the conflict number and the evolution trend of traffic
conflicts given by the SICP model are close to those of
SSAM, which indicates the effectiveness of the SICP model
in terms of the prediction of traffic conflicts.

5. Case Study

To analyze the impact of typical optimization strategies on
the safety level of intersections, this study adopts the SICP
model to evaluate the risk status of intersections under three
strategies, including nonsignalized strategies, signal timing
optimization strategies, and traffic flow control strategies. A
case study is conducted to provide feasible strategies for the
safety optimization of nonsignalized or signalized inter-
sections. -is study takes the T-shaped intersection of
Wushan road and Yuehan road in Guangzhou, China, as a
case study. In this case, βj is set as 1, 3, 5, and 7 according to
the risk level based on previous research experience [28, 31].

5.1. Safety Analysis of Nonsignalized Strategy. -e SICP
model is used to analyze the safety status of the case

Table 1: Risk level classification.

Risk level 1 2 3 4
Conflict probability 0∼0.001 0.001∼0.025 0.025∼0.036 ≥0.036
Color
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Table 3: Traffic flow and signal timing parameters at the intersection of Wushan road and Yuehan road.

Approach direction East West North
Symbol E W N
Lane function Straight and right Straight Straight and left Straight Left Right
Flow (pcu/h) 358 484 324 416 43 108
Large car ratio (%) 20.16 7.02 5.99 27.44 0 0
Turn ratio (%) 8.7 — 18.66 — — —
Phase East-west North
Green time(s) 49 22
Yellow time(s) 3 3
Full red time(s) 25 0
Cycle(s) 102

(a) (b)

(c) (d)

Figure 5: -e heat map of the predicted conflict probability in different phases. (a) Phase stage 1. (b) Phase stage 2. (c) Phase stage 3.
(d) Phase stage 4.

Table 2: Parameter calibration.

Parameter Value Explanation
D (m) 3.75 Lane width
M (m) 21.5 -e length of intersection
N (m) 22.5 -e width of intersection
A (m) 0.5 -e width of the median
B1 (m) 1.78 -e width of a small car
L (m) 3.5 -e length of vehicle
m 40 Cell rows
n 40 Cell columns
Vj (km/h) 12.8 Average speed
S (pcu/h) 1800 Saturated flow rate
μ1 3.25 Moment estimations of expectation of time headway
σ21 10.32 Moment estimations of variance of time headway
μ2 0.294 -e mean of the lateral deviation of straight or turning vehicles
σ22 0.0098 -e variance of the lateral deviation of straight or turning vehicles
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intersection under the nonsignalized strategy and the
existing signalized strategy and compare their difference in
terms of the traffic conflict distribution. Due to the signif-
icant differences of vehicle arrival characteristics between
the nonsignalized strategy and the signalized strategy, the
Poisson distribution model is introduced to calculate the
longitudinal arrival probability of vehicles in the SICPmodel
[28, 31]. -e heat maps of traffic conflict probability and
conflict distribution under nonsignalized strategy at inter-
sections are shown in Figure 7.

In Figure 7, the safety status of the signalized intersection
changes with the signal phase, and the evolution of conflict
probability and distribution area present with obvious peri-
odicity, while the safety status of the nonsignalized inter-
section remains unchanged. In Figure 7(a), the traffic flow of
each approach to the nonsignalized intersection can pass at
any time. -us, the traffic conflict probability of a non-
signalized intersection is static, and its conflict distribution is
more intensive. Compared with phase 1 of the signalized

strategy, the conflict distribution of intersection under the
nonsignalized strategy is similar, but the value of the conflict
probability is smaller. -e conflict area of the intersection
under the nonsignalized strategy is larger than that in phase 2
of the signalized strategy, but its conflict probability is smaller.
-e conflict area and conflict probability of intersection under
the nonsignalized strategy are both larger than those in phases
3 and 4 of the signalized strategy. In Figure 7(b), the conflict
distribution of nonsignalized intersection is partially different
from that of the original signalized intersection, such that
conflicts are more frequent and the severe conflict area is
wider. In terms of the distribution and severity of traffic
conflict, the safety level of an intersection under the signalized
strategy is higher than that under the nonsignalized strategy.

5.2. Safety Analysis of Signal Timing Optimization Strategy.
Based on the actual lane flow and the design conditions of
the intersection, the mature Webster timing method is used
to optimize the signal timing of the existing intersections.
-e signal timing parameters are shown in Table 5.-e SICP
model is taken to evaluate the safety status of the intersection
after signal timing optimization. -e heat map of conflict
probability of intersection in different phases under the
signal timing optimization strategy is given in Figure 8.

From Table 5, the signal timing scheme of the Webster
method is quite different from the original signal timing
scheme, which is mainly reflected in the all-red intervals and
green split. -e all-red intervals refer to the time when the
traffic lights approaches of the intersection are red.-e green
split refers to the ratio of the green light time of each phase to
the signal cycle. In terms of all-red intervals, there are two
changes between two continuous phases. After the traffic
flow in the east-west direction is released, the all-red in-
tervals are shortened to improve traffic efficiency. Fur-
thermore, all-red intervals of 3 seconds are newly added to
clear the vehicles after the traffic flow in the north direction
is released. In terms of phase time, the green split of each

Table 4: Comparison of conflict number between SSAM and SICP
model.

Cell coordinate SSAM SICP
(−2, 2.5) 60 59
(−2.5, 2) 69 62
(−1.5, 1.5) 74 62
(3.5, −4.5) 0 0
(0, 5) 4 2
(5, 2) 1 1
(−3.5, 1.5) 66 59
(4.9, −2.5) 0 0
(−5, −2) 0 0
(−6, 1.5) 51 52
(−2,2) 64 62
(3, 5) 2 1
(5, 1.8) 7 8
(4.7, −3) 0 0
(3, 3) 8 7
(2, 1.5) 6 8

0 10 20 30 40 50 60

(a) (b)

Figure 6: Comparisons between SSAM and SICP model. (a) -e distribution of traffic conflict predicted by SICP. (b) -e distribution of
traffic conflict predicted by SSAM.
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Figure 7: -e traffic conflict probability and conflict distribution of intersection under nonsignalized strategy. (a) -e heat map of traffic
conflict probability. (b) Traffic conflict distribution in an hour.

Table 5: -e signal timing parameters based on the Webster method.

Approach direction Lane function Phase Green time (s) Yellow time (s) Full red time (s) Cycle (s)

East Straight and right

East-west 48 3 3
80

Straight

West Straight and left
Straight

North Left North 20 3 3Right

(a) (b)

(c) (d)

Figure 8: -e heat map of conflict probability of intersection in different phases under signal timing optimization strategy. (a) Phase 1. (b)
Phase 2. (c) Phase 3. (d) Phase 4.
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phase is positively correlated with the traffic flow. -e larger
traffic flow of the approach tends to go along with the larger
green split of the associated phase.

From Figure 8, all red intervals of 3 seconds are added
before phase 1, which avoids the traffic flow of the north
approach leaving the intersection in time. -e traffic con-
flicts between traffic flows of the north approach and the
east-west approach in the original signal timing scheme are
effectively eliminated. -us, the conflict probability of phase
1 in the new signal timing scheme turns to zero. In other
words, the conflict probability of the intersection is reduced
after adopting the signal timing optimization scheme de-
rived from the Webster method. -e heat maps of the
conflict distribution at intersections before and after signal
timing optimization are shown in Figure 9.

In Figure 9, the conflict areas of the intersection under
the optimized signal timing scheme significantly decline,
and the conflict times slightly increase. -e results show that
the all-red intervals between two continuous phases can
effectively cut down traffic conflict areas and improve the
local safety of the intersection.

5.3. Safety Analysis of Traffic Flow Control Strategy. To an-
alyze the internal mechanism between the traffic flow of the
approach and the safety level of the signalized intersection,
this paper adopts flow control measures for each approach.

Flow control is a commonly used management and control
measure in intersections and can be implemented by
restricting and guiding the traffic flow at upstream inter-
sections. Under the condition that the design speed of each
approach remains unchanged, the traffic flow of different
approaches is adjusted and outputs the associated heat map of
conflict distribution. -is case has designed 3 kinds of traffic
flow control schemes, as shown in Table 6. Scheme 0 is the
existing scenario. From scheme 1 to scheme 3, the traffic flow
of the East, West, and North approaches is reduced by 30%.

-e safety assessment results of each flow control scheme
are obtainedby implementing the SICPmodel, and the related
heat maps of the conflict times are shown in Figure 10.

From Table 6 and Figure 10, the traffic flow control
strategy helps to reduce the conflict area with risk levels 3
and 4. Compared with the existing scheme, the serious
conflict areas in each scheme have been lessened to varying
degrees. -e greater the reduction in traffic flow, the better
the optimization effect on the safety level of the entire in-
tersection, such as scheme 1 and scheme 2. To further clarify
the inherent relationship between the safety status of the
intersection and the flow in each approach, the traffic flow of
each approach increases from 0 to 3000pcu/h, and the
numerical change in the risk coefficient at the intersection is
shown in Figure 11.

From Figure 11, the risk coefficient of intersections
presents a stepped growth trend with the increase in the

0 10 20 30 40 50 60

(a)

0 10 20 30 40 50 60

(b)

Figure 9: Conflict distribution of intersections before and after signal timing optimization. (a) Conflict distribution of intersection under
original signal timing scheme. (b) Conflict distribution of intersection under the optimized signal timing scheme.

Table 6: Parameters and safety assessment of flow control measures (pcu/h).

/ East approach West approach North approach /
Scheme Straight and right Straight Straight and left Straight Left Right δ
0 358 484 324 416 43 108 1.0465
1 251 339 324 416 43 108 1.0251
2 358 484 227 292 43 108 1.0451
3 358 484 324 416 31 76 1.0458
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(c)

0 10 20 30 40 50 60

(d)

Figure 10: -e heat maps of conflict times of intersection under different flow control schemes. (a) Existing scenario. (b) Scenario 1. (c)
Scenario 2. (d) Scenario 3.
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Figure 11: -e relationship between risk index and traffic flow. (a) -e relationship between risk index and the traffic flow of different
approaches. (b) -e relationship between risk factor and traffic flow of each approach.
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traffic flow of each approach. In Figure 11(a), the risk co-
efficient is less affected by the changes in the traffic flow of
the north approach and has a greater correlation with the
traffic flow of the east-west approach. -is means that the
risk coefficient of the intersection is more influenced by the
traffic flow of straight-left mixed lanes. In Figure 11(b), when
the traffic flow of each approach increases from 0 pcu/h to
180 pcu/h, 520 pcu/h to 920 pcu/h, and 1180 pcu/h to
1300 pcu/h, the risk coefficient of the intersection rises
rapidly. When the approach flow increased from 180 pcu/h
to 52 0pcu/h, 920 pcu/h to 1180 pcu/h, and 1300 pcu/h to
3000 pcu/h, the growth rate of the risk coefficient tended to
be flat. -erefore, when a signalized intersection is allowed
to release straight and left-turn vehicles at the same time and
the traffic flow in that approach is greater than 1300 pcu/h,
the safety level of the intersection is less affected by an
increase in traffic flow.

6. Conclusions

To address the problem of potential traffic conflict prediction
at signalized intersections, this study proposes a safety as-
sessment method that considers the impact of signal timing
and does not rely on real-time and historical data.-e micro
motion characteristics of vehicles are introduced to con-
struct a vehicle conflict probability prediction model. By
collecting the traffic data of actual signalized intersections,
the effectiveness of the model is verified. Furthermore, the
safety state of intersections under the nonsignalized strategy,
signal timing optimization, and flow control strategy is
exploited to provide feasible safety improvement suggestions
for traffic engineers. -e research findings can be summa-
rized as follows:

(i) -e conflict probability of a signalized intersection
tends to vary periodically with the change in phase,
which cannot be described by the static safety as-
sessment method.

(ii) Under the same conditions, the overall safety level
of signalized intersections is higher than that of
nonsignalized intersections, with fewer conflicts per
unit time and smaller conflict areas.

(iii) -e optimization of the signal timing scheme based
on the Webster method is helpful to improve the
safety of signalized intersections and effectively
reduce the probability and number of traffic
conflicts.

(iv) -e risk coefficient of a signalized intersection is
significantly affected by the traffic flow of straight
and left mixed lanes and goes up with the increasing
traffic flow. When the approach flow of the inter-
section is greater than a critical value, the growth
rate of the risk coefficient tends to be stable.

Although some encouraging progress has been made,
developing an appropriate safety assessment of signalized
intersections with the high-precision prediction of traffic
conflict is less successful and still requires further research.
Due to the heterogeneity of intersection geometric

conditions and drivers’ driving habits, it is difficult to use a
unified vehicle trajectory equation to summarize the vehicle
trajectory at each approach. -us, future research work will
focus on improving the vehicle trajectory modeling of each
approach. Additionally, the prediction effect of the SICP
model is easily affected by parameter calibration and de-
serves further development. More traffic data of typical
intersections will be introduced to calibrate the model in the
future, to improve the prediction accuracy of the model.
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