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-is paper proposed an optimal prepositive distance of crosswalk warning markings for unsignalized road section under three
different design speeds based on the mathematical modelling and driving simulation. To set up the most efficient mathematical
modelling for calculating the layout interval of prepositive distance, the vehicles slowing down behaviour characteristics in front of
crosswalk were explored. According to the layout interval, the simulation experiment was carried out in the UC-win/Road version
13.0 driving simulator.-e rate of speed reduction and the times of maximum deceleration obtained from simulation experiments
were selected as evaluation indicators to compare and analyse the deceleration effect related with the prepositive distances of the
crosswalk warning markings under three design speeds. -e results show that when the design speeds are 30 km/h, 40 km/h, and
50 km/h, the optimal prepositive distances of the crosswalk warning markings are 30m, 40m, and 60m, respectively.

1. Introduction

Crosswalk warning markings are widely applied on urban
unsignalized road section. As the important traffic markings
on urban roads, their function is to remind drivers that they
are approaching the crosswalk and should slow down and
pay attention to pedestrians crossing. Compared with sig-
nalized crosswalk, unsignalized crosswalk has the charac-
teristics of low prices and low installation costs. However,
due to the lack of signal lights constraints, sometimes drivers
ignore the crosswalk warning markings and drive directly
across the crosswalk. When pedestrians have nearly reached
the lane of the located vehicle, some drivers still chose to
speed up to pass through the crosswalk to save their travel
time [1].

Accident statistics show that pedestrians deaths and
injuries in traffic accidents account for 14% of total in the
United States, 17% for Italy, and 25% for the UK, respec-
tively [2, 3]. On the unsignalized crosswalk, pedestrians are
more likely to conflict with vehicles. -e data show that 30%
of pedestrian traffic accidents occur on the unsignalized
crosswalk [4]. According to the statistics provided by the
Ministry of Public Security, speed is one of the leading

factors for the phenomenon in China [5]. Also, it has been
observed that the incorrect design or management of road
infrastructure can increase conflicts between pedestrians
and vehicles [6, 7]. In addition, drivers pay less attention to
the road traffic signs and markings, which is another reason
for this phenomenon.When cars are on road, drivers mainly
focus on the information related to cars and only put about
15% of attention on the traffic signs and markings [8, 9].
-erefore, it is significant to set road infrastructure rea-
sonably and remind drivers to recognize the traffic infor-
mation in advance and slow down.

As the important traffic markings in front of the
unsignalized crosswalk, the crosswalk warning markings
play an important role in reminding drivers to decelerate. In
China, “Road Traffic Signs and Markings” (GB5768-2009)
specified that crosswalk warning markings should be
marked as white diamond pattern, longitudinal length is
3m, transverse length is 1.5m, and marking line width is
0.2m.-e first group of crosswalk warning markings should
be set between 30m and 50m before the crosswalk line, and
the second group should be set repeatedly at intervals of
10m to 20m [10]. -e Road Markings Manual of Japan
(2004) indicates the crosswalk warning markings are usually
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set on a road section and consists of a rhombus pattern
parallel to the lane line, but the rhombus pattern is not
parallel patterns. New Zealand’s Pedestrian Planning and
Design Guide suggests that the crosswalk warning markings
are marked at the centre of the lane with a width of 1m and a
length of 6m diamond markings and placed at least 50m
from both sides of the crosswalk [11]. Britain drew wavy
ground markings on road sections, consisting of two white Z
lines, to warn drivers of the presence of crosswalks ahead. It
can be seen that the shape, size, and prepositive distance of
the crosswalk warning markings are different in different
national standards.

Currently, studies mainly concentrated on deceleration
effect of traffic signs and markings. According to the re-
search, traffic signs and markings have different effect in
controlling the speed of vehicles in front of crosswalks,
results show that traffic markings have more obvious effects
on the deceleration of vehicles, and the speed reduction
markings significantly controlled speed in practical ap-
plications [12, 13]. In addition, scholars are beginning to
study the prepositive distance of traffic signs and markings.
In a study on prepositive distance of guide signs of ex-
pressway exits, results show that only the distance of the
advance signs of a two-way four-lane expressway exit is
close to the specified value of “Road Traffic Signs and
Markings” (GB5768-2009), which is reasonable, while for
expressway with six lanes and above, the specified value is
small [14]. Also, another study proposed prepositive dis-
tance model and the reference of speed control signs based
on the visibility distance and driving brake operate curve;
meanwhile some applied design ways are also provided
[15]. Driving simulation experiment is the main method to
study traffic signs and markings. In a study on speed re-
duction markings, the author tested the effectiveness of
speed reduction markings based on a driving simulation
experiment and compared the difference of longitudinal
speed reduction markings and transverse speed reduction
markings in different conditions [16]. Chinese scholar
established the scene model by virtual reality simulation
technology and analysed deceleration effect of speed re-
duction markings through the combination of simulated
driving experiment and the questionnaire survey and
improved the form and parameters of four types of speed
reduction markings [17]. In addition, eye trackers are also
experiment equipment used in experiments, which can
obtain important elements regarding the drivers’ behavior
during their driving activity [18].

As can be seen from the previous research, there is
relatively little research about the crosswalk warning
markings, especially the effectiveness of the crosswalk
warning markings under certain prepositive distance at
different design speeds. -erefore, the optimal prepositive
distance of the crosswalk warning markings under different
design speeds has become a worthy research topic. -is
paper took the crosswalk warning markings on urban road
as the research objectives; according to the mathematical
modelling and driving simulation, the optimal prepositive
distance of the crosswalk warning markings is determined
under the three different design speeds.

2. Methods

Based on the behaviour characteristics of vehicles slowing
down in front of crosswalk, this paper built the mathematical
modelling for calculating the layout interval of prepositive
distance. Combined with the adjustment of the current
regulations, the layout interval of prepositive distance is
determined under design speeds of 30 km/h, 40 km/h, and
50 km/h. -e interval is applied into driving simulation
experiment as boundary condition. -e rate of speed re-
duction and the times of maximum deceleration obtained
from simulation are used to evaluate and compare the ef-
fectiveness of deceleration and determine the optimal pre-
positive distance of the crosswalk warning markings under
the three different design speeds.

2.1.MathematicalModelling forCalculatingLayout Interval of
Prepositive Distance. In case of providing enough traffic
information for drivers, usually two groups of crosswalk
warning markings are required. -e prepositive distance of
the crosswalk warning markings should be greater than the
necessary distance for slowing to stop. At the same time,
considering that drivers take deceleration action after seeing
the crosswalk warning markings clearly, the prepositive
distance of the crosswalk warning markings should be less
than the vehicle’s action distance; the process of recognizing
crosswalk warningmarkings for drivers is shown in Figure 1.

-e prepositive distance of the two groups of warning
markings should follow the condition of (1).

M≤L≤D, (1)

whereD is the vehicle’s action distance when the drivers take
the deceleration action before the crosswalk warning
markings; L is the prepositive distance; M is the shortest
distance for the vehicle to decelerate and stop, where the
corresponding equation (2) could be given as follows:

M �
v
2
0 − v

2
1

254(φ + Ψ)
, (2)

where v0 is the initial speed; v1 is the speed of the vehicle
after braking (take 0 km/h), which means the vehicle slows
down to a stop; φ is the adhesion coefficient between the
road surface and the tire (the average value of the asphalt
road surface under dry conditions is 0.7);Ψ is a coefficient of
road ramp and Ψ � f + i, where f is rolling coefficient (take
it as 0.01 ∼ 0.02 for cement and asphalt concrete pavement)
and i is road slope [19].-is paper assumes that the vehicle is
driving on a dry and level asphalt road.

-e travel distance of the vehicle during its deceleration
is denoted by D; it can be expressed as

D � 
3

1
Di, (3)

where i� 1, 2, 3, D1 is the driving distance from braking
behaviour beginning to vehicle start decelerating, D2 is the
driving distance during vehicle’s uniform motion, and D3 is
the distance that the vehicle decelerates to stop.
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According to (1)–(3), the layout interval of the pre-
positive distance of warningmarkings under different design
speeds is calculated. -e calculated value of layout interval is
shown in Table 1.

In light of the first group of warning markings that
should not be too short and combining with “Road Traffic
Signs and Markings” (GB5768-2009) of China, we adjust
upper limit of layout interval for the first group of pre-
positive distance of crosswalk warning markings to 20m and
adjust the lower limit of layout interval as multiples of 10.
-e adjusted value of layout interval is shown in Table 2,
which will be used in experiment as boundary condition.

2.2. Simulations Experiment Design and Procedure

2.2.1. Simulation Modelling. To simulate driving behaviour
and output vehicle’s operation data, the simulate experiment
was conducted in UC-win/Road version 13.0. UC-win/Road
version 13.0 is simulation software, which can establish the
actual road alignment and surrounding environment con-
ditions. -e software system has a variety of road markings,
flowers, trees, and other 2D modelling database; buildings,
motor vehicles, pedestrians, and other 3D modelling data-
base; as well as roads, walls, and other materials database. In
the UC-win/Road version 13.0 simulation laboratory, the
driving simulator is used to simulate the driving scene which
is similar to the real situation to obtain the real road similar
visual feeling when driving. -e experiment scene is dis-
played on 3-side display screen in 135° visual field range, at
the same time; it is equipped with sound equipment to
output the sound heard during driving, which makes the
simulation environment more realistic.

-is experiment simulation modelling is divided into 4
steps.

Step 1. Calibrate terrain environment: import the
terrain information into software, set the project area to
China, and edit it, where the terrain elevation needs to
be set to more than 0m; determine the test terrain.
Step 2. Define the road: the two-way four-lane urban
roads are selected as the research sections. -e lane
width is 3.5m, the width of the crosswalk is 1m, and the
width of the road markings is 0.15m. -e other road
plane and section data are default.
Step 3. Set up road ancillary facilities: set up the ma-
terial, colour, height, and other parameters for the road

markings, and build the buildings on both sides of the
road, with greening and other urban scenes, so that it
can truly reflect the actual situation of the city road.
Step 4. Determine the experiment parameters.

(1) Design Speed.-e unsignalized crosswalk on the road
section is generally set on the main road and the secondary
road with the design speed lower than 50 km/h. -erefore,
30 km/h, 40 km/h, and 50 km/h were selected as the design
speeds of this experiment.

(2) Parameters of Crosswalk Warning Markings Setting.-e
layout interval of the prepositive distance of the crosswalk
warningmarkings is in Table 1. For the design speed of 30km/h,
the prepositive distance interval of the first group of crosswalk
warning markings is 20–50m, and the increment of the pre-
positive distance is 10m. For the design speed of 40km/h, and
the prepositive distance interval of the first group of crosswalk
warning markings is 20–90m, and the increment of the pre-
positive distance is 10m. For the design speed of 50km/h,
prepositive distance interval of the first group of crosswalk
warning markings is 20–120m, and the increment of the pre-
positive distance is 10m. According to the current standard for
the size of crosswalk warning markings in China, the shape
length, width, and line width of themarkings are 3m, 1.5m, and
0.2m, respectively. And the markings interval is 20m.

(3) Roads. In order to provide sufficient driving time for
drives to achieve normal driving behaviour in the experi-
ment, it is necessary to reserve enough length road section
driving in front of crosswalk. -erefore, when the driving
simulation experiment was carried out under the design
speed of 30 km/h, the first crosswalk was set at the location of

The point of finishing
deceleration

The point of seeing crosswalk
warning marking clearly

The distance for drivers to action (D)

Interval

Prepositive
distance (L)

Figure 1: -e process of recognizing crosswalk warning markings.

Table 1: -e calculated value of the prepositive distance.

Design speeds (km/h) L1 (m)
30 5–42
40 9–85
50 14–119

Table 2: -e adjusted value of the prepositive distance.

Design speeds (km/h) L1 (m)
30 20–50
40 20–90
50 20–120

Journal of Advanced Transportation 3



k0 + 500m, and others were set at a distance of every 500m.
-e simulation section consists of 4 crosswalks, with a total
length of 2500m, as shown in Figure 2. For the design speed
of 40 km/h, the simulation section consists of 8 crosswalks,
and the crosswalk was set every 500m, with a total length of
4500m. For the design speed of 50 km/h, the simulation
section consists of 11 crosswalks, and crosswalk was set every
500m, with a total length of 6000m.

(4) Other Parameters. Small vehicles are used as simu-
lation objects to carry out simulation tests during the day
when the weather conditions are good. All the simulated
roads are free traffic flow of 2300 pcu/h with pedestrian
signs, crosswalk signs, and no speed hump. Figure 3 shows
the UC-win/Road version 13.0 simulation modelling.

2.2.2. Simulation Procedure. Forty healthy participants with
a C1 driver’s license (quasidriving type in China: car) were
selected. Among all the participants, 24 males and 16 females
were included, and their driving ages were in the range of
0.5–15 years (mean 3.24, variance 0.8). -e participants were
all ensured to have more than eight hours of sleep and were
not allowed access to drinking or irritant drugs before the
experiment.

To familiarize operating methods of the UC-win/Road
version 13.0 driving simulator and the operating perfor-
mance of the steering wheel, signal, horn, brake, throttle,
etc., we conducted a practice for all participants by com-
pleting the acceleration and deceleration operation
according to the warning information which may occur in
the scene before the formal experiment. -e driving lane in
our experiment is fixed, so the participants will not be af-
fected by other driving behaviours in the road during the
driving simulation, which can more directly reflect the speed
and the influence of the prepositive distance of crosswalk
warning markings on the driver’s performance and improve
the accuracy of the data. During the experiment, all par-
ticipants will take the SMI eye tracker; we calibrate the range
of crosswalk warning markings as the area of interest, collect
the eye movement data, and judge whether the participants
pay attention to the crosswalk warning sign before the
crosswalk and generate the corresponding driving behav-
iour, to screen out the effective vehicle operation data.

-e prepositive distance starts from the lower limit of each
design speed and ends at the upper limit shown in Table 1, and
the increment of prepositive distance for each group was 10m.
-erefore, there are three groups of experiments in total as
shown in Table 3. -e driving experiment starts from the be-
ginning of the simulated road, and one experiment is completed
after the road is finished. When one simulation experiment is
completed, the eye movement data and vehicle operation date
were collected from eye tracker and UC-win/Road version 13.0,
respectively. 40 participants took part in all the scenes designed
in our experiment.

2.3. Data Processing

2.3.1. Data Filters. Both UC-win/Road version 13.0 driving
simulator and SMI eye tracker were used in this experiment.

Some time difference will occur when the two pieces of
equipment output data. So two kinds of data were compared
and analysed to seek data synchronization, and we need to
determine the driver’s corresponding driving behaviour
after having noticed the crosswalk warning markings in the
simulated driving experiment and eliminate the free driving
time without crosswalk warning sign and the time driver put
no attention on crosswalk warning markings as well as
abnormal time, so as to intercept the effective experimental
time and screen out the effective vehicle operation data such
as vehicle speed and deceleration.

2.3.2. Data Reduction. -e UC-win/Road version 13.0
simulation software obtains data according to each frame;
there are 60 frames per second, and 60 sets of data were
obtained. Because the adjacent data time difference is only
41–42ms, the five consecutive sets of data are basically same
data, which cannot reflect the law of data change and cause
errors in data processing; besides, a large number of data
samples also bring operational difficulties to data analysis.
-erefore, we take one set of data every 0.5 s, that is, two sets
of data in one second.

3. Results

Researches usually evaluate the deceleration effect by ana-
lysing the change of the vehicle movement states [14]. To
quantitatively evaluate the effect of the crosswalk warning
markings, the rate of speed reduction and the times of
maximum deceleration were used to evaluate and compare
the effectiveness of crosswalk warning markings.

As such, the rate of speed reduction was defined as
follows:

θ �
v2 − v1

v1
, (4)

where v1 is the speed when vehicle passes the crosswalk
warning markings; v2 is the speed when vehicle passes the
stop lines; and θ is the relative speed difference.

According to each participant deceleration distribution
during their driving under three design speeds, the pre-
positive distance was recorded when the deceleration turned
out biggest, and the times of maximum deceleration of 40
participant at each prepositive distance are counted.

3.1. Effect of Prepositive Distances on Deceleration (Design
Speed of 30 km/h). -e rate of speed reduction at different
prepositive distances under a design speed of 30 km/h is
shown in Figure 4(a); the times of maximum deceleration at
different prepositive distances under a design speed of
30 km/h are shown in Figure 4(b).

When the design speed is 30 km/h, we found that all
different prepositive distances of crosswalk warning mark-
ings have an impact on vehicles’ speed reduction. A sig-
nificance test revealed that the prepositive distance of
crosswalk warning markings influences vehicle’s speed re-
duction significantly under 30 km/h (P< 0.05). When the
prepositive distance is 30m, the speed reduction rate of the
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vehicle at crosswalk warning markings and stop line is
13.5%, and the degree of speed reduction is the largest. It can
be seen that when the front distance is 30m, the deceleration
effect will be most obvious. At the same time, when the

prepositive distance of the crosswalk warning markings is
30m, we also got the most frequency occurring times of
maximum deceleration, as 16 out of 40 participants per-
formed the maximum deceleration behaviour there. It could

20m 20m 30m20mk0 + 000 k0 + 500 k1 + 000

Figure 2: -e simulation section k0 m− k1 + 000m crosswalk and setting of crosswalk warning markings at 30 km/h.

Figure 3: -e UC-win/Road simulation modelling.

Table 3: -e experiment groups.

-e groups of experiment Design speeds (km/h)
-e prepositive distance of the crosswalk warning markings (m)

20 30 40 50 60 70 80 90 100 110 120
Experiment 1 30 ○ ○ ○ ○ × × × × × × ×

Experiment 2 40 ○ ○ ○ ○ ○ ○ ○ ○ × × ×

Experiment 3 50 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
“○” represents the prepositive distance of the crosswalk warning markings set under the design speed in the experiment, while “×” are not.
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Figure 4: -e rate of speed reduction and times of maximum deceleration at a design speed of 30 km/h. (a) -e rate of speed reduction. (b)
-e frequency of maximum deceleration.
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be concluded that when the optimal prepositive distance is
30m under the design speed of 30 km/h, the effect of de-
celeration is better than others.

3.2. Effect of Prepositive Distances on Deceleration (Design
Speed of 40 km/h). -e rate of speed reduction at different
prepositive distances under a design speed of 30 km/h is
shown in Figure 5(a); the times of maximum deceleration at
different prepositive distances under a design speed of
40 km/h are shown in Figure 5(b).

As shown in Figure 5, when the design speed is 40 km/h,
we found that all different prepositive distances of crosswalk
warning markings have an impact on vehicles’ speed re-
duction. A significance test revealed that the prepositive
distance of crosswalk warning markings influences vehicle’s
speed reduction significantly under 40 km/h (P< 0.05).
When the prepositive distance is 40m, the rate of speed
reduction is the largest, which is 15.2%, indicating that the
deceleration effect is most obvious. In terms of deceleration,
when the prepositive distance of the crosswalk warning
markings is 40m, the times of maximum deceleration are
most; 15 out of 40 participants preformed the maximum
deceleration behaviour there. -erefore, for design speed of
40 km/h, the deceleration effect is most obvious when the
prepositive distance of the crosswalk warning markings is
40m. It could be concluded that when the optimal pre-
positive distance is 40m under the design speed of 40 km/h,
the effect of deceleration is better than others.

3.3. Effect of Prepositive Distances on Deceleration (Design
Speed of 50 km/h). -e rate of speed reduction at different
prepositive distances under a design speed of 30 km/h is
shown in Figure 6(a); the times of maximum deceleration at
different prepositive distances under a design speed of
50 km/h are shown in Figure 6(b).

As shown in Figure 6, the biggest reduction rate of 17.6%
occurred when the prepositive distance is 60m. A signifi-
cance test revealed that the prepositive distance of crosswalk
warning markings influences vehicle’s speed reduction
significantly under 50 km/h (P< 0.05). In terms of decel-
erations, the vehicle has the most deceleration times when
the prepositive distance of the crosswalk warning markings
is 60m. 12 out of 40 participants preformed maximum
deceleration behaviour there.-erefore, for the design speed
of 50 km/h, the deceleration effect is most obvious when the
prepositive distance of the crosswalk warning markings is
60m. It could be concluded that when the optimal pre-
positive distance is 60m under the design speed of 50 km/h,
the effect of deceleration is better than others.

4. Discussion

-e purpose of this study is to determine the optimal
prepositive distance for crosswalk warning markings at
different design speeds. If the prepositive distance is too

long, the information of crosswalk warning signs will
gradually disappear during the process of driving, which will
lose the effect of the crosswalk warning markings and
sometimes even reduce the driver’s trust in it on other
sections. While if the prepositive distance is too short, which
always means the deceleration distance is too short to stop,
then this will lead to safety risks.

On the basis of the experimental results, it could be
concluded that when the design speed is 30 km/h, 40 km/h,
and 50 km/h, the optimal prepositive distance of the first
group of crosswalk warning markings is 30m, 40m, and
60m, respectively. It shows that the optimal prepositive
distances are varied with different design speeds. On one
hand, at different vehicle speeds, the driver’s visual range can
be different, which makes the position different when they
are taking a decelerating action before the crosswalk warning
markings. On the other hand, in the process of deceleration,
vehicles running at higher speed need longer deceleration
distance to achieve deceleration or stop. -erefore, under
different design speed, the optimal prepositive distances of
crosswalk warning markings are different.

-e “Road Traffic Signs and Markings” (GB5768-2009)
of China stipulates that the prepositive distance of the
crosswalk warning markings should be 30–50m [10].
Compared with this paper’s research results when the design
vehicle speed is 30 km/h and 40 km/h, the optimal pre-
positive distances of 30m and 40m are within the range
specified in standard. When the design speed is 50 km/h, the
optimal prepositive distance is 60m, which is not in the
standard setting range, which is because the difference of
vehicle speed is not taken into consideration in the regu-
lations of prepositive distance of crosswalk warning
markings. When the speed is high, the distance required in
the “Road Traffic Signs and Markings” (GB5768-2009)
specification does not meet the need of deceleration. A study
of roads in the Netherlands, Spain, and Sweden found that
the distance where the driver decided to take action before
the crosswalk was about 50m, and it could be seen that traffic
markings with the function of reminding to decelerate at a
certain distance before the crosswalk had a corresponding
effect on vehicle deceleration; however, according to current
study and standard, the difference of the influence of dif-
ferent prepositive distance on the slowing effect is ignored
under different design speeds [20]. -is paper studied the
effectiveness of the layout of the prepositive distance for the
crosswalk warning markings under three design speeds,
making the crosswalk warning markings more scientific and
reasonable.

Similar to many other researches, this paper is also
limited by the characteristics of the drivers. -e current
sample is not so representative of the age distributions in
China. In particular, older drivers are substantially under-
represented. In addition, the paper regards the size and
interval of the crosswalk warning markings as a certain
value, whether different size and interval will produce dif-
ferent results, which is a direction worthy of further study.
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5. Conclusion

Based on mathematical modelling and UC-win/Road ver-
sion 13.0 driving simulator, this paper proposed the optimal
prepositive distance of the crosswalk warning markings
under different design speeds for unsignalized road section.
-e rate of speed reduction and the times of maximum are
selected as the evaluation indicators to explain the decel-
eration effect of crosswalk warning markings. -e results
show that the distribution of speed reduction rate and

maximum deceleration times with different prepositive
distance basically present similar regularity under different
design speeds. When the design speed is 30 km/h, 40 km/h,
and 50 km/h, the speed reduction rate and maximum de-
celerations times all reach the peak when the prepositive
distance of the crosswalk warning markings is 30m, 40m,
and 60m, respectively. It could be concluded that the most
reasonable prepositive distance of the crosswalk warning
markings, respectively, is 30m, 40m, and 60m, when the
design speed is 30 km/h, 40 km/h, and 50 km/h. -e
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Figure 6: -e rate of speed reduction and times of maximum deceleration at a design speed of 50 km/h. (a) -e rate of speed reduction. (b)
-e frequency of maximum deceleration.
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Figure 5: -e rate of speed reduction and times of maximum deceleration at a design speed of 40 km/h. (a) -e rate of speed reduction. (b)
-e frequency of maximum deceleration.
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conclusion has important reference significance for the
specification refinement and revision of the prepositive
distance setting of the crosswalk warning markings.

In view of the environment assumed in our experiment,
the UC-win/Road version 13.0 driving simulation experi-
ment only considered the traffic conditions of small cars and
fixed the lane for drivers, which may influence the action of
drivers because of visual shield and so on. -erefore, future
research should consider the more simulation conditions to
enrich this research.
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