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-e driving behavior in highway tunnels is more complicated than that in regular roadbed sections because the former is
usually affected by black and white hole effects, tunnel clearance, and bad illumination. Unfortunately, the current Chinese
criteria and theUniform Traffic Control Equipment Manual (MUTCD) 2009 guidelines provide no clear method for setting exit
advance guide signs in highway tunnels. Hence, a driving simulator-based experiment was conducted in the current study to
analyze the effects of exit advance guide signs on the trajectory, speed, and acceleration of passenger cars in a highway tunnel
under three different service levels. It was found that when the service level is first service level, second service level, and third
service level, the setting of the exit advance guide signs made the initial transverse location of the vehicle from the tunnel exit
advance by 13.39%, 21.20%, and 5.73%, the lane change distance is shortened by 6.34%, 20.18%, and 15.34%, the average speed
is decreased by 1.44%, 2.40%, and 0.08%, and the acceleration is decreased to −0.10m·s−2, −0.11m·s−2, and −0.06m·s−2. -us,
the exit guide signs in the tunnel played a certain optimization role in improving the traffic flow state of the section and
reducing the traffic accident rate.

1. Introduction

In the past ten years, many mountain highways have been
built in China. Limited by terrain conditions, the number of
tunnels is increasing. It is reported that the accident rate in
tunnels is lower than that on highways; however, the ac-
cident fatality rate is higher [1, 2].When vehicles come out of
a tunnel, white hole effects, frequent lane changes, and traffic
flow interweaving can easily cause accidents. However, due
to tunnel space limitations, the setting of these signs in
tunnels quite differs from that in regular roadbed sections.
-e influence of exit advance guide signs in highway tunnels
is closely related to traffic safety. Exit advance guide signs are
a crucial aspect of highway design because they are essential
information sources for highway users to calibrate their
driving behavior and evaluate route possibilities [3].
However, the current criteria provide no clear method for
setting exit advance guide signs in highway tunnels.

Highway tunnels are very common in mountainous
areas. Tunnels can constitute about 90% of a highway, with
only 10% of original roadbed sections. For example, the
Chengkai highway in Chongqing bridges and tunnels ac-
count for 80%, and original roadbed sections only account
for 20% [4], because the driver in the tunnel-interchange
closely spacing section needs to not only experience the
“light adaptation” stage but also to confirm the traffic signs
along the line. When the driving environment is compli-
cated, the driver needs to increase the additional driving load
to deal with this information [5–8]. -erefore, the driving
behavior in highway tunnels is more complicated than that
in original roadbed sections, leading to different traffic flow
characteristics and accident risk levels. Unfortunately, the
current Chinese criteria [9–12] and the Uniform Traffic
Control Equipment Manual (MUTCD) 2009 guidelines
provide no clear method for setting exit advance guide signs
in tunnels. Driving behavior is one of the important
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indicators to test whether the setting of road signs is rea-
sonable, and driving speed is the direct embodiment of
driving behavior and the basis of traffic sign design in
tunnels [13]. However, only driving speed cannot reasonably
explain the relationship among wrong driving behavior,
road characteristics, and traffic accidents; hence, vehicle
trajectories also should be detected to evaluate the traffic
system effect on the vehicle driving state [14]. -e proper
understanding of the trajectory and speed of passenger cars
inside and outside of highway tunnels can help engineers to
propose an effective design method of exit advance guide
signs.

Exit advance guide signs in tunnels can significantly
improve the safety in highway tunnel-interchange sections
[15].-ere are many researches on tunnel exit advance guide
signs. However, very few studies have discussed the setting
methods of separated exit guide signs on the trajectory and
speed of cars in highway tunnel-interchange sections. -e
study proposed a separate exit guide sign, which included
location and distance signs. Location signs of Chinese
characters with a height of 40 cm and a width of 20 cm were
set on the top of the tunnel, and distance signs with a
character height and width of 1.5m and a total sign length of
22.5m were set 62.6m away from location signs. Forty-two
participants took part in this experiment. Vehicle trajecto-
ries out of the tunnel, vehicle speed and acceleration at 200m
before and after the lane line crossing position, and vehicle
speed and acceleration at 200m after the tunnel exit were
analyzed under three different service levels to explore the
influences of setting exit advance guide signs on driving
behavior. -is study can provide a theoretical basis for
engineering applications and support the optimization of
exit advance guide signs design in the tunnel.

-is paper is organized as follows: Section 2 provides a
literature review, Section 3 describes the method of our
experiment, Section 4 shows the experimental results and
discussions, and Section 5 presents our conclusions.

2. Literature Review

2.1. Setting Methods of Exit Advance Guide Signs in Tunnels.
Due to the limitation of tunnel space, the setting of exit
advance guide signs in highway tunnels is different from that
in ordinary roadbed sections. Unfortunately, the current
Chinese criteria [9–12] and the MUTCD 2009 guidelines
provide no clear setting method for exit advance guide signs.
Huang et al. [16] conducted a driving simulation experiment
consisting of five design alternatives of advance guide signs
and two exit ramp spacing variations. -e results showed a
better design of advance guide signs, enabling drivers to
more easily locate destination exits and change lanes fewer
times, reducing drivers’ need to decelerate, and improving
traffic flow. Yao et al. [17] evaluated the effectiveness of
traffic guide signs at intersections and found that scheme 2
had a better impact on drivers’ behavioral data. Wang and
Liu [18] extracted and selected highway tunnel traffic signs
based on environmental factors and reported that the
proposed algorithm had good recognition results. Upchurch
et al. [19] analyzed the effects of different sign setting

schemes based on the geometry of a simulated tunnel and
sign positions. Lu et al. [20] proposed the separate guide
signs in tunnel exits that are placed using an eye tracker and
simulation test platform. By changing the placement posi-
tions of signs, they analyzed the influence of exit advance
guide signs on the driver’s eye movement in the moun-
tainous highway tunnel. Based on the ergonomics and traffic
theory using the rate of change of the pupil area, Yan et al.
[21] proposed a model for setting traffic signs in adjacent
tunnel groups’ safety. Zwahlen et al. [22] investigated the
effectiveness of setting ground-mounted diagrammatic ad-
vance guide signs in urban multilanes leading to freeways.
However, there has been little research on the setting
methods of advance guide signs at highway tunnel exits. As
bottleneck sections of road networks, frequent traffic acci-
dents occur in tunnels [23, 24]. Under the conditions of
complex geometry and restricted warning time, alternative
freeway guide signs can improve driver safety. -is finding
verifies Arup’s conclusion that alternative road signs can
induce drivers to enter the exit lane earlier, thereby reducing
the probability of changing lanes and missing the exit [25].

However, highway tunnels, urban tunnels, and tunnel
groups are quite different in terms of their highway service
level, traffic volume, the length of the tunnel-interchange
spacing section, operation speed, and tunnel illumination. In
particular, tunnel groups on mountainous highways are
more affected by black and white hole effects and have a
greater impact on the vision and driving characteristics of
drivers.

2.2. Effects of Traffic Signs on Passenger Car Speed.
Driving behavior is one of the important indicators to test
whether the setting of road signs is reasonable, and driving
speed is the direct embodiment of driving behavior and the
basis of road alignment design. Speed is closely related to
traffic safety. When the average speed increases by 5%, the
injured impact increases by 10%, and the fatal impact in-
creases by 20%. Studies have shown that speed has a qua-
dratic relationship with the risk of impact, a quadratic
relationship with the risk of injury, a cubic relationship with
the risk of serious injury, and a quartic relationship with the
risk of death. [26, 27] -erefore, driving speed can to some
extent reflect the rationality of the setting of exit advance
guide signs in a highway tunnel. Kazemi et al. [28] con-
ducted 527 questionnaires that were filled up randomly in 45
days and found that driving speed, accidents in the last five
years, occupation, driving time, and the number of accidents
per day are the most important ones for the drivers. Malin
and Luoma [29] evaluated the short- and long-term effects of
speed display signs on driving speed at pedestrian crossings
in a low-speed (40 km/h) urban environment. It was found
that the installation of speed displays at pedestrian crossings
reduced the driving speed and contributed to the safety of
pedestrians. Akbari and Haghighi [30] evaluated the effects
of four different low-cost traffic-reducing measurements on
driving speed and lateral distance. Van Houten and Van
Huten [31] explored the effectiveness of traffic signs with the
phrase “Begin Slowing Down Here” written on them in a
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transitional zone with a speed limit and observed that the
number of motorists who exceeded the displayed speed was
reduced. Shinar and Vogelzang [32] evaluated symbolic and
text displays in highway signs in terms of their compre-
hension speed and accuracy. A total of 30 signs with various
displays and levels of familiarity were presented, and it was
noticed that the addition of texts to symbols improved the
comprehension speed. Song et al. [33] collected speed data
by traffic survey equipment to evaluate the present position
of interchange advance guide signs. In order to overcome the
empirical pitfalls of current Chinese specifications and
MUTCD 2009 guidelines for determining the placement
distance of freeway exit advance guide signs, Guo et al. [34]
analyzed the driving maneuver of exiting traffic based on
different variables, such as the number of lanes and oper-
ating speed. It was reported that the proposed distance
reduced the number of lane changes in the area from the
ramp nose to 500m upstream by 58.93% as compared to
current Chinese specifications and by 27.35% as compared
to MUTCD 2009 guidelines.

However, the existing literature mainly focuses on the
research between traffic signs and vehicle speed. -e tunnel
environment is quite different from the ordinary road
section. Affected by the linear, lighting, and closed envi-
ronment, the vision and sight distance in the tunnel are
lower than those in the ordinary road section, and the
driver’s judgment on the speed is more inaccurate. -ere-
fore, it is important to study the influence of traffic signs in
tunnels on vehicle speed.

2.3. Effects of Traffic Signs on Passenger Car Trajectory. In
practice, two types of driving behaviors are noti-
ced—unconscious wrong driving behavior and conscious
wrong driving behavior. Among them, unconscious wrong
driving behavior may have a direct or indirect relationship
with traffic facilities and surrounding environments. Due to
driving factors, vehicle factors, and traffic environments, the
real trajectory of a vehicle is different from the expected
vehicle trajectory in road design. In the design of highway
routes, it is assumed that vehicle trajectories are consistent
with the plane alignment. However, in actual driving pro-
cesses, only when a driving channel is very narrow, vehicle
trajectories will be close to the middle line of the lane. When
the road surface is wide, drivers have ample opportunity to
choose different driving paths within the channel range [35].

-e effects of traffic signs on driving behavior are not
completely understood. It is known that humans react to
traffic signs instinctively. Vilchez [36–38] identified which
traffic signs were more ergonomic for participants based on
the trajectories of participants in a tracking task. It was
pointed out that the signs least representative of their
meanings produced a quantitative and qualitative deviation
from the center of the road than the most representative
ones. Hang et al. [39] conducted a driving simulator-based
experiment to understand the effects of lane-end sign dis-
tance and traffic volume on driving behavior. A conceptual
model was also proposed to divide the whole lane-changing
process into three stages. It was found that the last guide sign

being positioned further upstream of lane dropping areas
could help lower the speed variance and most drivers
merged after seeing the guide sign. -e number of tunnels
on highways is increasing nowadays, especially in China.
However, the current criteria and guidelines provide no clear
setting method for exit advance guide signs. Effective ad-
vance guide signs would contribute to the improved service
level, road capacity, and operation of highways. Some
scholars have studied advanced guide signs of closely spaced
exit ramps on urban highways and evaluated the effec-
tiveness of traffic guide signs at intersections. -e trajectory,
speed, and acceleration of the vehicle can reflect the influ-
ences of setting signs to a certain extent. Unfortunately, no
research has been carried out on evaluating the exit advance
guide signs in tunnels according to the trajectory and speed
of passenger cars. -e driving behavior in tunnels is more
complicated than in roadbed sections because the former
requires the cognitive processes of drivers [40, 41]. If exit
advance guide signs are set on the top of a tunnel, the font
size should be reduced due to the limitation of tunnel
clearance. If a traffic sign is installed at the emergency
parking strip end wall, heavy motor vehicles would obstruct
it from being viewed by light motor vehicles. -erefore, it is
necessary to study the effects of setting exit advance guide
signs in a highway tunnel on the trajectory and speed of
passenger cars. In this study, exit advance guide signs
consisting of location and distance signs were used to an-
alyze their influences on passenger cars.

3. Methods

Driving behaviors under six different working conditions
were investigated by a driving simulator. A driving simulator
can create nearly any driving scenario and collect vehicle
speed and position data at any resolution. -e speed and
trajectory data of cars were collected by the driving simulator
to conduct an in-depth analysis of driving behavior.

3.1. Participants. According to the method of mathematical
statistics [42, 43], the sample size of the driver required for
this simulation test is determined. -is simulation experi-
ment selected 42 participants. -e sex and age of the par-
ticipants were controlled by the sex and age ratio of Chinese
motor vehicle drivers, 22 males and 20 females. -e average
age was 33 years (range 23–58). All participants obtained
Chinese driving licenses, with a driving age of 1–15 years,
and 18 participants’ driving age of more than three years
(rich driving experience), visual acuity or corrected visual
acuity above 5.0, none color blindness, weak color, and good
mental state. During the experiment, the participants were
required to drive in a tunnel below a speed of 80 km/h and
leave the highway after seeing the exit sign for the target
destination “Xue bao shan,” with Chinese characters “雪宝
山.”

3.2. Test Apparatus and Driving Scenario. A driving simu-
lator and an eye tracker were used as experimental tools. -e
driving simulator included the UC-win/Road simulation
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software (FORUM 8) and a driving operating system (PXN-
V3 Pro; Shenzhen PXN Electronics Technology Co., Ltd.).
-e driving operating system included a steering wheel,
pedals, gears, and a handbrake controller (Figure 1). Con-
sidering the difference between the real world and driving
simulator [44, 45], the driving simulator is used to restore
the real driving environment to the greatest extent, and the
test data of vehicle trajectory, speed, and acceleration are
collected to evaluate the traffic sign setting method proposed
in this paper.

3.3.TestDesign. In this paper, the tunnel-interchange closely
spacing section of Yuxiang highway in western mountainous
areas of China is taken as the prototype. Combined with the
traffic collocation and traffic volume of the real vehicle test,
the UC-win/Road software is used to build the simulation
test section. -e simulation test section is a one-way two-
lane mountain highway tunnel with a design speed of
80 km/h and a tunnel length is 1000m.-e driving simulator
is used to simulate and test the tunnel under different traffic
volumes and different spacing. According to the difference
in traffic collocation and traffic volume, three levels of
service level are set. -e traffic collocation is determined by
the real vehicle experiment of Yuxiang highway. According
to aerial photography records and statistical analysis, small
vehicles accounted for 68.29%, medium vehicles accounted
for 13.93%, and heavy vehicles accounted for 17.78%. In
order to explore the effect of the exit advance guide sign
setting method proposed in this paper, considering the most
unfavorable principle of driving environment, the traffic
volume is set according to the maximum traffic volume
under different road service levels. -e maximum traffic
volume corresponding to different road service levels is
shown in Table 1.

At present, the traditional exit sign in the tunnel is
generally set on the top of the tunnel. According to the
different spacing of tunnel-interchange sections, each service
level sets six working conditions. Working conditions 2, 4,
and 6 are the test group, and 1, 3, and 5 are the comparison
group. -e sign setting mode of the test group is “location
sign + distance sign.” -e comparison group only set the
“location sign,” where the “location sign” is set on the top of
the tunnel and the information is the location name. -e
“distance sign” is set on the sidewall of the tunnel, and the
information is the distance of the front exit. -e distance
from the tunnel exit to the starting point of the ramp entry
deceleration lane of working conditions 1 and 2 is 300m.-e
distance from the tunnel exit to the starting point of the
ramp entry deceleration lane of working conditions 3 and 4
is 350m. -e distance from the tunnel exit to the starting
point of the ramp entry deceleration lane of working con-
ditions 5 and 6 is 400m. -e ramp exit deceleration lane
length for each condition is set to 150m with reference to
“Guidelines for design of highway grade-separated inter-
sections” (JTG/T D21-2014) [12]. -e specific test scheme is
shown in Table 2. -e driving simulator is hard to simulate
the complex light environment of the tunnel. -us, the exit
advance guide signs are set at 500m ahead of the tunnel exit

to avoid the adverse effect of the “white hole effect” on the
visibility of the sign.

-e proposed separated exit guide signs included lo-
cation and distance signs, as shown in Figure 2. Location
signs were set in the middle of the top of the tunnel.
According to “Road traffic signs and markings” (GB-5768.2-
2009) and “Specification for road traffic signs and markings”
(JTG D82-2009) standards, the height chosen of Chinese
characters is 40 cm, which is related to speed. Distance signs
were placed 62.6m from location signs, with a character
height and width of 1.5m and a total sign length of 22.5m.

According to the design of most mountainous highways
in China, the basic experiment was set on a dual-lane
highway with a design speed of 80 km/h. As most cars were
driven in the left lane, and lane changing was not allowed in
the tunnel according to Chinese traffic rules, driving in the
right lane was not considered. When a vehicle was driven in
the left lane, it was forced to change the lane after leaving
the tunnel to enter the exit ramp; however, it was not
necessary when driving in the right lane. -erefore, this
paper only simulates the scene of the car driving in the left
lane.

3.4. Test Data Processing. -e FORUM 8 simulation plat-
form is used to export 42 groups of test data, including time,
speed, acceleration, vehicle location, steering wheel angle,
and vehicle location offset data. Due to the mass data
exported by the simulation platform, R language pro-
gramming software is used to calculate the mean value of
multiple data within every 1m in the data with 1m as a scale,
which can better compare the influence of driving speed,
acceleration, and other variables on tunnel group-outlet-
interchange spacing under different working conditions.

Figure 1: Driving simulator.

Table 1: Maximum traffic volumes corresponding to different
service levels of the highway.

Service levels Maximum traffic volume (Q/pcu/h)
First level 550
Second level 1,200
-ird level 1,550
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In this paper, the Pauta criterion in statistics is used to
eliminate abnormal data. In the X-Y coordinate system,
some data exceed the detection range in the X and Y di-
rections, and these abnormal data need to be eliminated. At
the same time, there are certain errors in the data obtained
from the experiment, which will also lead to the generation
of abnormal data. -e specific formula of the Pauta criterion
method is expressed as

xi − x


> 3σ. (1)

When the difference between the value of a data xi in the
sample and the average value of the sample is greater than 3
times the standard deviation of the sample, the data is ab-
normal and should be discarded.

4. Results and Discussion

4.1. Vehicle Trajectory. In order to describe the running
track of the test vehicle conveniently, the test model is shown
in Figure 3.

Taking the left edge as the reference line, the trajectory
offset data of vehicles after driving out of the tunnel were
collected by UC-win/Road. -e mean value of the obtained
data from 42 groups of participants was calculated after
removing the outliers; thus, vehicle trajectories under dif-
ferent highway service levels and working conditions were
obtained (Figures 4–6).

Figures 4–6 display the variation trends of the traverse
distances of vehicles during the lane change operation. By
analyzing the significance, we found that the vehicle tra-
jectories under different working conditions of the different
service levels differed greatly. -e position where the vehicle
trajectories crossed the lane line was regarded as the in-
termediate point of lane shift, and the backward calculation
method was employed to calculate the starting position and
distance of vehicle shift. -e calculated results are presented

in Table 3, where the transverse distance (L2) indicates the
distance between the vehicle position and the tunnel exit.

-e following inferences can be drawn by analyzing
Table 3.

(1) Under the same working condition, the starting
position of vehicle transverse movement at the first
service level was significantly smaller than that at the
second and third service levels. When the service
level is the first level, second level, and third level,
within the allowable lane change range, the initial
transverse location of the vehicle in the test group is
13.39%, 21.20%, and 5.73% earlier than that in the
comparison group, and the lane change distance is
shortened by 6.34%, 20.18%, and 15.34%, indicating
that when the designed service traffic at the first
service level was much smaller than that at the
second and third service levels and the interference
of surrounding vehicles on driving vehicles was
small, the drivers took the lane change operation
earlier to ensure sufficient safety confirmation dis-
tance. When traffic increases to a certain extent, with
the increase in the traffic volume, the change of the
initial transverse location of vehicles was not
obvious.

(2) Under different service levels and the same working
condition, the distance between the location of ve-
hicles crossing the lane line and the tunnel exit in-
creased with the increase in the service level. Taking
working condition 1 as an example, the location of
the vehicle crossing the lane line is 130m from the
tunnel exit and the vehicle transverse distance is
102m under the first level.-e location of the vehicle
crossing the lane line is 231m away from the tunnel
exit and the vehicle transverse distance is 135m
under the second level. -e location of the vehicle

Table 2: Test scheme.

Working condition 1 2 3 4 5 6
Spacing (m) 300 300 350 350 400 400
Sign location Top Top and sidewall Top Top and sidewall Top Top and sidewall
Spacing is the distance from tunnel exit to starting point of ramp entry deceleration lane.

Figure 2: Location sign + distance sign.
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crossing the lane line is 283m away from the tunnel
entrance and the vehicle transverse distance is 187m
under the third level. -e rest working conditions
have this rule. -erefore, with the increase in traffic
volume at the tunnel exit, the lateral distance of
vehicles to the inner lane also increased. -e reason

is that with the increase of traffic volume, the driver’s
choice of lane change time is limited by the sur-
rounding vehicles, usually taking slow driving in the
original lane to seek lane change time, so the vehicle’s
lateral distance will increase.

(3) Under the same service level, the starting location of
vehicle transverse displacement of each test group
was closer than that of their corresponding com-
parison group. Under the same service level, the
starting location of each test group is closer than that
of the corresponding comparison group. For ex-
ample, under the first level, the starting location of
working condition 2 is 44m, which is closer than that
of working condition 1, which is 59m; the starting
locations of working conditions 4 and 6 are 61m and
76m; and the starting locations of working condi-
tions 3 and 5 are 67m and 83m, which have the same
rule. It shows that setting the distance sign of the
tunnel sidewall has a guiding effect on the driver, so
that the driver understands the distance of the front
ramp, has certain psychological expectations for the
ramp exit, and can complete the lane change in
advance within a limited distance to ensure sufficient
safety confirmation distance.

Tunnel exit

Spacing Deceleration lane

L2

L1 L21 L22 L23 L24 L3

Figure 3: Test model. L1 is the “light adaptation” distance; L2 is the traverse distance; L21 is the wait insertion distance; L22 determines
whether it is the distance of the inserted gap; L23 is the adjusting distance; L24 is the transverse distance to the inner lane; L3 is the safety
confirmation distance.
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Figure 4: Vehicle trajectories under different working conditions
of the first service level.
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Figure 5: Vehicle trajectories under different working conditions
of the second service level.
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Figure 6: Vehicle trajectories under different working conditions
of the third service level.
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(4) Taking the first level as an example, in the three
different working conditions of the test group and
the comparison group, the starting location of ve-
hicle transverse movement in working condition 6
(76m) is greater than that in working condition 4
(61m), and the starting location of vehicle transverse
movement in working condition 4 (61m) is greater
than that in working condition 2 (44m).-e starting
location of vehicle lateral movement in working
condition 5 (83m) is greater than that in working
condition 3 (67m), and the starting location of
vehicle lateral movement in working condition 3
(67m) is greater than that in working condition 1
(59m), which also has this rule under the second and
third service levels. It is found that when the distance
between the tunnel-interchange spacing increases
from 300m to 500m, the driver is freer to choose the
time of lane change. In order to ensure sufficient L23
(adjusting distance), the driver generally changes
lane later, so the starting location of the transverse
movement is also larger.

(5) -e function of the deceleration lane is to enable the
vehicle to drive at a safe speed when entering the
ramp, so as to avoid skidding, rollover, or hitting the
guardrail. -e driver can change to the right lane
earlier in the upstream of the deceleration lane,
which is an important guarantee for the safe de-
celeration of the vehicle. From the diagram of vehicle
trajectory, it can be obtained that under the three
service levels, the distance of transverse ending
position in the experimental group was less than that
in the comparison group, and the difference was the
most significant under the second and third service
levels. For example, under the second service level,
the transverse ending position in working condition
4 is 96m ahead of that in condition 3. -erefore, it

can be shown that the separated exit advance guide
signs proposed in this paper can provide effective
driving information for drivers and complete lane
change operation quickly and safely, complete the
lane change operation, and drive into the deceler-
ation lane to slow down, avoiding the driver due to
the lack of exit guidance information. -e adverse
conditions such as forced lane change or missing the
interchange exit in a short distance have a good effect
on improving the road traffic safety guarantee vehicle
from the expressway tunnel to the interchange exit
section to effectively slow down on the deceleration
lane and drive into the ramp.

4.2. Vehicle Speed andAccelerationwithin 200mafterDriving
Out of the Tunnel. -e speed and acceleration data of ve-
hicles within 200m after driving out of the tunnel under
different working conditions were collected by the UC-win/
Road simulation software. Taking the tunnel exit as the zero
point, the speed and acceleration data of vehicles under
different working conditions were studied. -e mean values
of the obtained data from 42 groups of participants under
each working condition were calculated, and abnormal data
were eliminated according to the Pauta criterion.-e vehicle
speed and acceleration curves within 200m after the tunnel
exit under the first, second, and third service levels and
different working conditions are displayed in Figures 7–9.

-e vehicle running speed at the tunnel exit under each
working condition (V1), the vehicle running speed at 200m
outside the tunnel exit (V2), the absolute value of average
acceleration (|a|), the difference between V1 and the design
speed (ΔV1), and the difference betweenV2 and design speed
(ΔV2) are presented in Table 4.

-e following inferences can be drawn by analyzing
Figures 7–9 and Table 4.

Table 3: Vehicle traverse position.

Service level Working condition Traverse starting
position (m)

Lane change
position (m)

Traverse ending
position (m) Transverse distance (m)

First level

1 59 130 161 102
2 44 130 155 111
3 67 162 200 133
4 61 139 178 117
5 83 180 211 128
6 76 165 188 112

Second level

1 129 231 264 135
2 105 172 214 109
3 160 264 360 200
4 110 205 264 154
5 178 260 398 220
6 153 284 333 180

-ird level

1 128 283 315 187
2 108 201 312 204
3 138 299 441 303
4 149 292 360 211
5 153 277 478 325
6 138 337 413 275
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Figure 7: Vehicle speed and acceleration curves within 200m after the tunnel exit in the first service level. (a) Speed curve (b) Acceleration
curve.
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Figure 8: Vehicle speed and acceleration curves within 200m after the tunnel exit in the second service level. (a) Speed curve (b) Ac-
celeration curve.
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Figure 9: Vehicle speed and acceleration curves within 200m after the tunnel exit in the third service level. (a) Speed curve (b) Acceleration
curve.
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(1) -e vehicle speed in each service level under six dif-
ferent working conditions within 200m of the tunnel
exit decreased gradually.Moreover, the vehicle speed of
each test group was lower than that of their corre-
sponding comparison group. For example, under the
first level, the speed change of working condition 2 was
reduced from 69km/h to 59 km/h, and the speed
change of working condition 1 was reduced from
70km/h to 62 km/h. Under the same abscissa, the
speed of working condition 2 was less than that of
working condition 1. It is noticeable that the designed
traffic signs were inductive. As the distance informa-
tion between the tunnel group and the interchange exit
was provided in the tunnel, the drivers could reduce the
vehicle speed as soon as possible after leaving the
tunnel and change the lane in advance, reducing rear-
end accidents caused by excessive speed differences.

(2) From the acceleration curve (b) of all service levels, it
can be seen that the change trend of acceleration of the
test group was more gentle than that of the com-
parison group, and the change range is small. Under
the same service level, the absolute value of the av-
erage acceleration of the test group was less than that
of the comparison group. For example, under the first
service level, the working conditions 2, 4, and 6 were
0.10, 0.10, and 0.12, and the working conditions 1, 3,
and 5 were 0.11, 0.13, and 0.19. When exit advance
guide signs were set on the sidewall of the tunnel, the
change of vehicle acceleration was significantly less.

(3) Except for working condition 1 in the first service level,
under the same working condition, ΔV1 under each
working condition in the first service level was lower
than that in the second service level andΔV1 under each
working condition in the second service level was lower
than that in the third service level. Taking working
condition 2 as an example, the first service level
ΔV1� 10.97< the second service levelΔV1� 13.45< the

third service level ΔV1� 15.21. Except for working
condition 2 in the first service level, under the same
working condition, ΔV2 under each working condition
in the first service level was lower than that in the
second service level and ΔV2 under each working
condition in the second service level was lower than that
in the third service level. Taking working condition 1 as
an example, the first service level ΔV2�18.47< the
second service level ΔV2�18.72< the third service level
ΔV2� 20.05. With the decrease of service level, traffic
volume increases, and the running vehicle is greatly
affected by the surrounding vehicles when changing
lanes.-e difference between the running speed and the
design speed will increase, and the driving comfort will
decrease. -is is consistent with the research results of
Zhu et al. [46].

4.3. Vehicle Speed and Acceleration before and after the Lane
Change Operation. -e mean values of the obtained data
from each working condition in three different service levels
were calculated. -e vehicle speed and acceleration curves
within 200m before and after the lane change position under
different working conditions in each service level are pre-
sented in Figures 10–12.

Taking the position where the vehicles crossed the lane
line as the reference point, the speed and acceleration data
within 100m before and after the reference point were
analyzed. In order to expedite the calculation process, ve-
hicle positions across the lane line were taken, and the
obtained results are presented in Table 5.

-e average vehicle speeds of the test and comparison
groups before 100m of the lane line crossing position, the
average speeds before 50m of the lane line crossing position,
the average speeds at the lane line crossing position, the
average speeds after 50mof the lane line crossing position, the
average speeds after 100m of the lane line crossing position,
and the total average speeds are presented in Table 6.

Table 4: Average speed and acceleration at different sections within 200m after the tunnel exit.

Service level Working condition V1 (km/h) V2 (km/h) |a| (m·s−2) ΔV1 (km/h) ΔV2 (km/h)

First level

1 69.86 61.53 0.11 10.14 18.47
2 69.03 59.24 0.10 10.97 20.75
3 71.83 63.75 0.13 8.16 16.26
4 69.78 62.20 0.10 10.21 17.80
5 73.42 64.44 0.19 6.58 15.56
6 72.94 63.38 0.12 7.06 16.62

Second level

1 69.89 61.28 0.11 10.11 18.72
2 66.55 59.63 0.07 13.45 20.37
3 70.50 63.30 0.09 9.50 16.70
4 69.71 61.79 0.08 10.29 18.21
5 73.41 63.16 0.12 6.59 16.84
6 71.38 62.81 0.10 8.62 17.19

-ird level

1 67.09 59.95 0.08 12.90 20.05
2 64.79 57.98 0.07 15.21 22.02
3 66.87 60.42 0.06 13.13 19.58
4 65.61 58.92 0.07 14.38 21.08
5 68.78 62.52 0.06 11.22 17.48
6 66.34 61.49 0.02 13.66 18.51
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-e following inferences can be drawn by analyzing
Figures 9–11 and Tables 5–6:

(1) -e vehicle speed in each service level under six
different working conditions tended to decrease
before and after the lane line crossing position; thus,
the vehicles got into the traffic flow on the right
during the lane change operation.

(2) It can be seen from Table 6 that the speed of each
section of the text group was lower than that of the
comparison group under the first, second, and third
service levels, and the average speed of the test group
is 1.44%, 2.40%, and 0.08% lower than that of the
comparison group, indicating that the driver reduces
the speed to carry out lane change in advance and the

warning effects of the exit advance guide signs are
better than those of the tunnel top sign only.

(3) Under each service level, the acceleration of the six
working conditions in the range of 200m before and
after the vehicle lane change is less than 0, indicating
that the vehicle has deceleration behavior. In order to
compare and analyze the (b) group diagram of
Figures 9–11, it is found that the acceleration change
in the comparison group is larger and the acceler-
ation change rate is larger. For example, the accel-
eration curve of working condition 1 and working
condition 5 under the first service level has a sharp
rise and fall curve section, indicating that the driver
has a sharp brake or forced lane change behavior
during the lane change. However, the change trend
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Figure 10: Vehicle speed and acceleration curves within 200m before and after the lane change position in the first service level. (a) Speed
curve. (b) Acceleration curve.
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Figure 11: Vehicle speed and acceleration curves within 200m before and after the lane change position in the second service level. (a) Speed
curve. (b) Acceleration curve.
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Figure 12: Vehicle speed and acceleration curves within 200m before and after the lane change position in the third service level. (a) Speed
curve. (b) Acceleration curve.

Table 5: Vehicle speed and acceleration within 100m before and after the lane change position.

Service
level

Working
condition

Before 100m
(km/h)

Before 50m
(km/h)

At the lane line crossing
position (km/h)

After 50m
(km/h)

After 100m
(km/h)

Acceleration
(m·s−2)

First level

1 67.78 65.45 63.15 61.17 58.69 −0.14
2 66.42 63.76 60.74 58.79 57.50 −0.11
3 68.22 66.10 64.30 62.06 59.93 −0.14
4 67.11 64.82 62.66 60.73 58.96 −0.09
5 67.30 64.34 62.32 60.53 59.12 −0.14
6 67.62 64.95 62.69 60.68 59.30 −0.11

Second
level

1 66.76 64.07 61.53 59.33 57.48 −0.14
2 62.56 60.99 58.43 57.01 55.69 −0.12
3 67.34 64.32 61.87 60.29 59.20 −0.15
4 66.27 63.68 61.44 58.77 56.91 −0.11
5 68.29 65.89 63.72 61.64 60.72 −0.09
6 68.18 65.47 63.15 61.48 59.87 −0.12

-ird level

1 61.64 59.32 57.21 55.28 54.20 −0.10
2 60.29 58.24 56.30 54.55 53.54 −0.08
3 61.69 59.28 57.10 55.47 54.34 −0.09
4 61.37 59.39 57.23 55.83 55.15 −0.06
5 63.02 61.05 59.52 58.34 57.33 −0.04
6 62.39 60.37 58.82 57.62 56.91 −0.04

Table 6: Average speeds within 100m before and after the lane change position.

Service
level Group Before 100m

(km/h)
Before 50m

(km/h)
At the lane line crossing

position (km/h)
After 50m
(km/h)

After 100m
(km/h)

Average speed
(km/h)

First level
Comparison

group 67.77 65.30 63.25 61.25 59.24 63.36

Test group 67.05 64.51 62.03 60.07 58.59 62.45

Second
level

Comparison
group 67.46 64.76 62.37 60.42 59.13 62.83

Test group 65.67 63.38 61.01 59.09 57.49 61.32

-ird
level

Comparison
group 62.12 59.88 57.94 56.36 55.29 58.32

Test group 61.35 59.33 57.45 56.01 55.20 57.87

Journal of Advanced Transportation 11



of acceleration in the test group is more gentle than
it. According to the existing research of Yang et al.
[47], the lower the change rate of acceleration, the
higher the driver’s driving comfort. -erefore, the
exit advance guide signs set in this paper have a
certain effect on improving the driver’s driving safety
and comfort.

5. Conclusion

-is paper proposed the exit advance guide signs in a tunnel
by using a driving simulator. By changing the signs place-
ment positions, tunnel-interchange spacings, and traffic
volumes, we obtained the influences of exit advance guide
signs on the trajectory and speed of passenger cars in
highway tunnels.-e results show that when the service level
is the first level, second level, and third level, compared with
setting exit guide sign only at the top of the tunnel, the
separated exit advance guide signs in the tunnel proposed in
this paper makes the initial transverse position of the vehicle
from the tunnel exit advance by 13.39%, 21.20%, and 5.73%,
the lane change distance is shortened by 6.34%, 20.18%, and
15.34%, the average speed is decreased by 1.44%, 2.40%, and
0.08%, and the acceleration is reduced to −0.10/m·s−2, −0.11/
m·s−2, and −0.06/m·s−2. -erefore, under the premise of
ensuring safety and comfort, the separated exit advance
guide signs in the tunnel with different service levels, tunnel
exit-interoperability, and different spacing are better. Ef-
fective advance guide signs would contribute to the im-
proved service level, road capacity, and operation of urban
highways. Some scholars have studied advanced guide signs
of closely spaced exit ramps on urban highways [15] and
evaluated the effectiveness of traffic guide signs at inter-
sections [24]. No research has been carried out on evaluating
the exit advance guide signs according to the trajectory and
speed of passenger cars. -is study can provide a theoretical
basis for engineering applications and support the optimi-
zation of exit advance guide signs design in a tunnel. -e
main limitation of the paper lies in only considering a two-
lane single-hole tunnel with a speed limit of 80 km/h. In fact,
different driving speeds have a certain impact on the driver’s
identification of objects.-is paper only studies the straight-
line tunnel, but it is more difficult for the driver to accurately
perceive the speed and maintain the trajectory in the curve
section. In future research, we should pay attention to the
influence of different linear tunnels on the speed and tra-
jectory of the driver. In addition, this paper did not consider
the driver’s heart rate, blood pressure, and other psycho-
logical indicators, and the lighting of the tunnel between the
real world and the driving simulator is different; however,
these physiological indexes could be considered in future
work.

Data Availability

Driving behaviors under six different test schemes were
investigated by a driving simulator. A driving simulator can
create nearly any driving scenario and collect vehicle speed
and position data at any resolution. -e speed and trajectory

data of cars were collected by the driving simulator to
conduct an in-depth analysis of driving behavior.
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