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To study the influence of illumination and longitudinal slope at the entrance and exit of
an undersea tunnel on driver EEG characteristics, a real vehicle experiment was
performed with the Jiaozhou Bay Undersea Tunnel. The experimental data of a driver’s
real vehicle experiment were collected using an illuminance meter, EEG instrument, video
recorder and other experimental equipment. The EEG power spectrum was classified
according to frequency, the difference between the EEG power spectrum at the entrance
and exit sections and other regions was analyzed, and the influence of the illumination
and longitudinal slope of the undersea tunnel on the brain activity of drivers was studied.
The region near the entrance and exit of the undersea tunnel was divided equidistantly,
the changes in the EEG power of the driver during the process of entering and exiting the
undersea tunnel were analyzed, and the changes in brain activity and different brain
regions during the process were studied. Based on the EEG power, the model of
illumination, longitudinal slope and their coupling effect was established. The traffic
safety of the entrance and exit of the undersea tunnel was analyzed, and a high-risk driving
region was found. The results show that the power spectrum of the entrance and exit
sections of the undersea tunnel is obviously different from those of other sections. At 50
m behind the entrance point and 50 m in front of the exit point of the undersea tunnel, the
power of the β wave changes rapidly and is at a high level. The consistency between the
variation law of the β wave and the variation law of illumination is high. At the entrance
and exit of the undersea tunnel, the active regions of the driver’s brain are concentrated in
the frontal lobe and occipital lobe.
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1. INTRODUCTION

The undersea tunnel is a strategic traffic channel that plays
a vital role in urban traffic. Once a traffic accident occurs, it
will easily cause large-scale regional traffic congestion.
According to relevant studies, the entrance and exit of the
tunnel are accident-prone areas of highway tunnels, and the
accident rate and severity of the entrance and exit are higher
than those of other areas [9, 10]. Therefore, the physiological
and behavioral characteristics of drivers at the entrance and
exit of undersea tunnels is very important to study for safe
operation and traffic accident prevention.
Some scholars have conducted relevant research on driver
psychology and behavior at the entrance and exit of tunnels.
Pan et al. [11] took the road alignment of the tunnel as the
research object and analyzed the linear change characteristics
of different areas in the tunnel. This study found that the
entrance and exit areas of the tunnel are where the longitudinal
slope is largest and the psychological fluctuations in drivers is
greatest. Zhao et al. [12] studied a long highway tunnel and
found that the driver will have obvious physiological
fluctuations and anxiety at the tunnel entrance. Jiao et al. [13]
took an urban underwater tunnel as the research object,
analyzed the driver’s eye movement parameter changes at the
tunnel entrance and exit, and found that the driver's adaptation
time to the “black hole effect” and “white hole effect” was 8.6
s and 2.3 s, respectively. Du et al. [14] found that the
illumination changes at the tunnel entrance would severely
interfere with the vision of the driver and proposed the use of

The undersea tunnel is a large-scale artificial traffic facility
built under the seabed for vehicle flow to solve traffic
problems across bays [1]. It has the advantages of safety, high
efficiency, less land occupation, no obstruction to sea
navigation, all-weather traffic and a large traffic capacity [2,
3]. The undersea tunnel can be considered a special highway
tunnel. Compared with ordinary highway tunnels, undersea
tunnels have an obvious characteristic: complex longitudinal
slope changes. The undersea tunnel needs to be introduced into
the seabed from the land first, then pass under the seabed, and
finally pass out to the land. This scheme leads to the entire
process of the undersea tunnel; in particular, the entrance and
exit will have a large longitudinal slope change, which will
have an adverse effect on the driving process. At the same time,
the entrance and exit of the undersea tunnel are located in the
transitional area of natural light from the outside [4-6]. The
difference in illuminance inside and outside the tunnel will
cause the “black hole effect” and “white hole effect” at the
entrance and exit, and drivers will experience short-term visual
obstacles. This change process and related phenomena will
directly affect the driving ability of the driver [7]. Under the
interaction of the longitudinal slope and illumination changes,
drivers will face greater challenges in behavior and
psychology, which will lay hidden dangers for driving safety
[8].
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line-of-sight guidance to optimize the tunnel traffic
environment to improve the driver’s sense of position in the
tunnel.
The existing studies of tunnel traffic safety have shown that
the drastically changing traffic environment is a major cause
of traffic accidents. In terms of research indicators, most
existing studies use eye movement indicators, such as the
degree of eyelid closure, pupil area, blink frequency, and
fixation time, as well as the heart rate, heart rate growth rate,
heart rate variability and other ECG indicators, to study the
physiological changes in drivers and then evaluate traffic
safety in a specific environment [15, 16]. Reimer [17]
analyzed the relationship between the traffic environment and
driving tasks during driving and found that driving safety is
closely related to indicators such as the pupil area, blink
frequency and fixation time. He et al. [18] found that the pupil
area of drivers differs between lighting conditions in highway
tunnels, and a sharp decrease in illumination will unsettle
drivers and then induce traffic accidents. Peng et al. [19]
studied the relationship between driver fixation points and
driving efficiency in mountain highway driving and
established a safety evaluation model of eye movement
characteristics. Feng et al. [20] established a model of the
longitudinal slope, vehicle speed and heart rate variability rate
and found that in the slope range of 3.5% to 4.0%, the driver's
heart rate variability was the highest, and the driver was the
most unsettled.
At present, the research on traffic safety at the entrance and
exit of tunnels is primarily based on ordinary highway tunnels,
and few studies are available on undersea tunnels. At the same
time, most of the parameters studied are eye movements or
ECG indicators. Compared with ordinary highway tunnels and
urban highway tunnels, undersea tunnels have a deeper
undercrossing depth, which leads to more complex
longitudinal slope changes [21]. On this basis, this study takes
the Jiaozhou Bay Undersea Tunnel as the experimental site to
conduct real vehicle experiments. Taking the driver’s EEG
signal as the parameter, combined with the illumination
change and longitudinal slope at the entrance and exit of the
Jiaozhou Bay Undersea Tunnel, the EEG signal change law of
the driver is analyzed. The mechanism of the coupling effect
of the illuminance and the longitudinal slope of the undersea
tunnel on the driver is explored to provide a theoretical basis
for the operation and management of undersea tunnels and to
ensure traffic safety.

the sampling rate is 5 times/s. The EEG data acquisition
equipment is an Emotiv EEG instrument. The measuring range
of the equipment is 0.2-45 Hz, and the sampling rate is 258
times/s. The electrode placement method of the international
10-20 system is adopted. There are 16 channels in total. The
location of each channel is shown in Figure 1 and Figure 2.
Among them, channels AF3, F3, F7, AF4, F4, and F8 are
located in the frontal lobe, P3, P7, P4, and P8 are located in
the parietal lobe, channels FC5, T7, FC6 and T8 are located in
the temporal lobe, and channels O1 and O2 are located in the
occipital lobe [22, 23].
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Figure 1. Positions and names of electrodes

2. EXPERIMENTAL SCHEME DESIGN

(a) Left view

(b) Right view

(c) Front view

(d) Emotiv EEG instrument

Figure 2. Electrode distribution during EEG data collection

2.1 Experimental site

2.3 Experiment time and driver

The experimental site of this study is the Jiaozhou Bay
Undersea Tunnel in Qingdao. The total length of the tunnel is
7.8 km, of which the cross-sea section is 4.1 km, and the
deepest section is 82.8 m below sea level. It has 3 lanes in both
directions, and the maximum speed limit is 80 km/h.

The real vehicle experiment time of this study is from July
to August 2020. To avoid interference of the drivers by traffic
flow as much as possible, the experimental period is selected
in the common period (9 am to 11 am and 2 pm to 4 pm). From
the traffic accident statistics of the whole tunnel, there are
more traffic accidents at the entrance and exit sections [8]. One
of the main reasons is that the illumination inside and outside
the tunnel is quite different, and the “black hole effect” at the
entrance and the “white hole effect” at the exit are more
serious. The undersea tunnel has 24-hour artificial lighting and
the illumination of the tunnel is stable in the range of 60-200
lux. The illumination outside the tunnel can reach 4000080000 lux on sunny days. The greater the illumination outside

2.2 Experimental equipment
The experimental vehicle in this study is a Chevy car that is
in good condition. The illuminance data acquisition equipment
is a TES-1339R professional illuminance meter. The
measurement range of the equipment is 0.01-999900 lux, the
resolution is 0.01 lux, the measurement accuracy is 3%, and
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the tunnel, the more serious the “black hole effect” at the
entrance and the “white hole effect” at the exit of the undersea
tunnel, and the greater the threat to traffic safety. In fact, for
the entrance and exit of the undersea tunnel, the harsh
environment is a sunny day with high illumination. Therefore,
in order to ensure the practicability of this study, the sunny day
with better weather was selected for the experiment. Before
the experiment, the natural light intensity will be measured to
ensure that the natural light illumination is higher than 40000
lux in the experimental period.
A total of 26 drivers participated in the real vehicle
experiment. All the drivers had more than 2 years of driving
experience and were in good health. Three days before the real
vehicle test, all drivers were supposed to hold to a reasonable
diet and good sleep without drinking and medication behaviors.
To make the drivers better adapt to the experimental vehicle
and route, all drivers have 1-2 trial drives before the
experiment.
A series of processing such as bad segment elimination,
EEG segmentation, filtering, EEG frequency segmentation,
baseline calibration, and artifact removal are performed on the
collected EEG data, and then the EEG power spectrum, EEG
power and other characteristic quantities are further extracted.
Laida criterion method is selected to eliminate the abnormal
values in the EEG data, and the formula is as follows:

X i − X  3

Illumination (lux)

through the entrance and exit.

150 m

Entrance point

150 m

Exit point

Figure 3. Illumination distribution
3.2 Power spectrum analysis
According to the frequency, EEG signals can be divided
into δ waves, θ waves, α waves and β waves [24, 25]. The EEG
frequency can reflect the excitement of neurons to a certain
extent. The higher the EEG frequency is, the more active the
brain state will be; the lower the EEG frequency is, the greater
the inhibition of neuron excitement will be [26]. The EEG
power spectrum indicates the degree of excitement or
inhibition of the brain. When the brain is in an excited state,
low-frequency signals decrease and high-frequency signals
increase. When the brain is in a suppressed state, highfrequency signals decrease and low-frequency signals increase
[27].
The entrance section and exit section of the undersea tunnel
are selected as the research objects, 150 m after the entrance
section and 150 m before the exit section are selected as the
control group, and the EEG power spectrum changes of the
driver passing through the area near the entrance and exit of
the undersea tunnel are compared and analyzed.
Figure 4 shows that the power spectrum of the EEG α and β
waves of the driver is obviously greater at the entrance section
than 150 m behind the entrance section. The power spectrum
of the δ and θ waves of the driver is obviously smaller at the
entrance section than 150 m behind the entrance section. This
result shows that the driver’s brain is more excited at the
entrance section than 150 m behind the entrance section of the
undersea tunnel. When the driver drives into the undersea
tunnel, with the sharp decrease of illumination at the entrance
of the undersea tunnel, the driver will have a “bright-darkbright” visual change process, which will cause serious
interference to the driver’s vision, the driver’s ability to
perceive the road environment is reduced, the mentality is
highly stressed, and the probability of traffic accidents
increases.
Figure 5 and Figure 4 have the same trend, which shows that
the driver’s brain is more excited at the exit section than 150
m before the exit section of the undersea tunnel. When the
driver drives away from the undersea tunnel, with the sharp
decrease of illumination at the exit of the undersea tunnel, the
driver will have a “dark-bright-dark” visual change process,
which will also cause serious interference to the driver’s vision,
and induce traffic accidents.

(1)

where, Xi is the data of each experimental sample; X is the
arithmetic mean of each sample;  is the standard deviation of
the experimental sample.
3. RESULTS AND ANALYSIS
3.1 Characteristic analysis of the entrance and exit of an
undersea tunnel
The existing research shows that the length of the entrance
and exit sections of the undersea tunnel is approximately 150
m, and the influence distance of the tunnel external light is
approximately half of the length of the entrance and exit
sections of the undersea tunnel [11]. Take the average
illuminance of all drivers during the experiment and draw the
illuminance distribution map from the Huangdao District to
the Qingdao District of the Jiaozhou Bay Undersea Tunnel
(Figure 3).
Figure 3 shows that the illuminance at the entrance and exit
of the undersea tunnel changes dramatically from 58000 lux to
100 lux. The illumination of the artificial lighting in Jiaozhou
Bay undersea tunnel is stable in 60-200 lux. Therefore,
whether the illuminance is greater than 200 lux is used as the
criterion to determine whether a certain area of the undersea
tunnel is affected by the natural light outside the tunnel, and
then calculate the influence distance of the natural light. It can
be found that the influence distance of external light at the
entrance of the undersea tunnel is slightly larger than that of
the exit, and the influence distance of external light at the
entrance and exit is 91 m and 70 m, respectively. At the same
time, the entrance and exit of the undersea tunnel have a large
longitudinal slope, and the driver will be affected by the
coupling of illumination and longitudinal slope when driving
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(d) Comparison of the β wave power spectra at the entrance
Figure 4. Comparison of the power spectra at the entrance of the undersea tunnel
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(d) Comparison of the β wave power spectra at the exit
Figure 5. Comparison of the power spectra at the exit of the undersea tunnel
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3.3 Power analysis
The power spectrum of the EEG signal can be further
processed to obtain the power of the EEG signal. Because EEG
signals can be considered random signals, the power of EEG
signals can be obtained using the following methods:

1
1 n
Pi = Si (t ) dt = x ( k )
t
n k =1

(2)

where, Pi is the EEG signal power of frequency (i= δ wave, θ
wave, α wave, β wave); t is the time; Si(t) is the power
spectrum; x(k) is the amplitude of various EEG discrete points;
and k is the period.
In the study of driver physiological states, EEG power is
often used to represent driver brain activity [28, 29]. Among
them, β waves and (θ+α)/β are the most sensitive to brain
activity. The greater the power of the β wave is, the more
excited the driver’s brain will be, and the lower the power of
the β wave is, the sleepier the driver’s brain will be; the larger
(θ+α)/β is, the sleepier the driver’s brain will be, and the
smaller (θ+α)/β is, the more excited the driver’s brain will be.
In general, the β wave power of the driver’s EEG is between
3-7, and (θ+α)/β is between 4-16.
Taking the study area of the undersea tunnel as 50 m in front
of the entrance point to 150 m behind the entrance point and
150 m in front of the exit point to 50 m behind the entrance
point, the power values of the β wave and (θ+α)/β of all
experimental drivers passing through the study area are
calculated (Figure 6, Figure 7).
Figure 6 shows that while entering the undersea tunnel, the
driver’s EEG signal β wave and (θ+α)/β change drastically.
From 30 m before the entrance point to 30 m after the entrance
point, the β wave increases rapidly and reaches the peak value.
From 40 m after the entrance point to 150 m after the entrance
point, the β wave gradually decreases. Over the entire entrance
section, the β wave is maintained at a high level. From 40 m
before the entrance point to 40 m after the entrance point,
(θ+α)/β decreases rapidly and reaches the minimum value.
From 50 m to 130 m after the entrance point, (θ+α)/β increases
slowly. Over the entire entrance section, (θ+α)/β is maintained
at a low level. Generally, the driver’s brain activity level
changes dramatically from approximately 30 m before the
entrance point of the undersea tunnel. Approximately 30 m
after the entrance point, the driver’s brain activity level
reaches its peak, gradually decreases, and remains highly
active over the entire entrance section.

Figure 7. β wave and (θ+α)/β change process in the exit area
Figure 7 shows that while driving out the undersea tunnel,
the driver’s EEG signal β wave and (θ+α)/β changes
drastically. From 50 m in front of the exit point to 40 m after
the exit point, the β wave changes rapidly and is maintained at
a high level. From 80 m before the exit point to 30 m after the
exit point, (θ+α)/β decreases first and then increases and is
maintained at a low level. In general, brain activity is highly
active from 80 m before the exit point to 40 m after the exit
point.
Combined with Figure 3, a high degree of agreement is
found between the variation law of β wave power and the
illumination variation law of the entrance and exit sections.
Near the entrance and exit, the illumination and β wave power
are at a high level and change violently. Far from the entrance
and exit, the illumination and β wave power gradually
decrease and tend to be stable.
The brain topographic map is a plane map in the shape of
the human brain and can clearly reflect the activity of different
regions of the brain [30]. Taking the first experimental driver
as an example, the EEG signal power was processed to obtain
a brain topographic map, as shown in Figure 8 and Figure 9.

Figure 8. Brain topographic map of the process of entering
the undersea tunnel

Figure 6. β wave and (θ+α)/β change process in the entrance
area
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where, f1(x) is the β wave power (10-8V2/Hz); x1 is the
illuminance (lux). The fitting determination coefficient R2 is
0.95, indicating that the reliability of the fitted model is good.
The β wave power increases first and then slowly decrease,
and when the illuminance value is 41000 lux, the β wave
power reaches the maximum. When the illuminance value is
less than 8000 lux, the β wave power changes fastest; when
the illuminance value is greater than 3000 lux, the β wave
power is at a higher level, and the driving risk is high.
Figure 11 shows that when a driver is driving in an undersea
tunnel, the model of (θ+α)/β of the EEG signal and the
illuminance is:

f 2 ( x) = 3.37 − 4.12 x1 +4.49 x12 − 2.37 x13 +6.07 x14
−7.34 x15 +3.36 x16

(4)

where, f2(x) is the (θ+α)/β; x1 is the illuminance (lux). The
fitting determination coefficient R2 is 0.92, indicating that the
reliability of the fitted model is good.
As the illuminance increases, (θ+α)/β first decreases and
then slowly increases. When the illuminance value is 37000
lux, (θ+α)/β reaches the minimum. When the illuminance
value is less than 6500 lux, (θ+α)/β changes the fastest; when
the illuminance value is greater than 1000 lux, (θ+α)/β is at a
low level, and the driving risk is high.

Figure 9. Brain topographic map of the process of driving
out of the undersea tunnel
Figure 8 and Figure 9 show that the driver’s brain
topographic map changes substantially, and the change trend
is similar to that in Figure 6 and Figure 7. From 30 m before
the entrance point to 100 m after the entrance point, the
driver’s brain activity level is higher, and the active brain
region gradually transits from the occipital lobe to the frontal
lobe. The occipital lobe and frontal lobe are the visual function
center and the motor function center, respectively, which
indicates that while driving into the undersea tunnel, the driver
is first disturbed by vision and then by d movement. Ninety
meters before the exit point and 30 m after the entrance point
of the undersea tunnel, the driver’s brain activity level is
higher, the active brain regions are primarily concentrated in
the frontal lobe, and the changes in active brain regions are not
obvious.

Figure 10. Fitting curve of illuminance and β wave power

4. MODELING
4.1 Model of the illumination of the undersea tunnel and
driver EEG power
Take the average of the β wave power and (θ+α)/β of the
EEG signal, take the illuminance of the undersea tunnel as the
independent variable, and take the β wave power and (θ+α)/β
as the dependent variable, and use ORIGIN to fitting them.
The scatter diagram and fitting curve of illuminance, β wave
power and (θ+α)/β of the undersea tunnel are shown in Figure
10 and Figure 11.
Figure 10 shows that when a driver is driving in an undersea
tunnel, the model of the β wave power of the EEG signal and
the illuminance is:

f1 ( x) = 6.21 + 5.39 x1 − 4.37 x − 1.95 x − 4.35 x
2
1

+4.62 x15 − 1.87 x16

3
1

4
1

Figure 11. Fitting curve of illuminance and (θ+α)/β
4.2 Model of the longitudinal slope of the undersea tunnel
and driver EEG power

(3)

Take the average of the β wave power and (θ+α)/β of the
EEG signal, take the longitudinal slope of the undersea tunnel
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as the independent variable, and take the β wave power and
(θ+α)/β as the dependent variable, and use ORIGIN to fitting
them. The scatter diagram and fitting curve of the longitudinal
slope, β wave power and (θ+α)/β of the undersea tunnel are
shown in Figure 12 and Figure 13.

where, f2(x) is the (θ+α)/β; x2 is the longitudinal slope (%). The
fitting determination coefficient R2 is 0.91, indicating that the
reliability of the fitted model is good.
With increasing longitudinal slope, (θ+α)/β first increases
to the maximum value when the longitudinal slope is -0.5 and
then decreases. The fitting curve is approximately symmetrical.
The greater the absolute value of the longitudinal slope is, the
smaller (θ+α)/β will be, and the more active the driver’s EEG
will be.
4.3 Model of the coupling effect of the illuminance and
longitudinal slope and driver EEG power
Taking the illuminance and longitudinal slope of the
undersea tunnel as the independent variable, and take the β
wave power as the dependent variable, and use ORIGIN to
fitting them. The fitting surface and model of the β wave
power under the coupling effect of the longitudinal slope and
illuminance of the undersea tunnel are as follows:

Figure 12. Fitting curve of the longitudinal slope and β wave
power

Figure 14. Fitting surface of β wave power under coupling
effect of longitudinal slope and illumination

Figure 13. Fitting curve of the longitudinal slope and (θ+α)/β

f1 ( x, y ) = 4.51 − 0.08 x1 − 3.87 x2 + 0.13 x12 + 1.28 x2 2

Figure 12 shows that when a driver is driving in an undersea
tunnel, the model of the β wave power and the longitudinal
slope is:
f1 ( x) = 3.08 + 0.2 x2 +0.11x2 2 − 0.02 x23 +0.01x2 4

where, f1(x,y) is the β wave power (10-8V2/Hz); x1 is the
illuminance (lux); x2 is the longitudinal slope (%). The fitting
determination coefficient R2 is 0.79, indicating that the
reliability of the fitted model is good.
The regions with β wave power higher than 7 were divided
into two types: risk driving regions and high-risk driving
regions. Figure 14 shows that risk driving regions are
distributed in zones with illuminance greater than 38000 lux;
high-risk driving regions are distributed in zones with
illuminance greater than 52000 lux and longitudinal slope
gradients of -4% to -2.5% or 2.5% to 4%. Combined with
Figure 3, it is apparent that the illumination at 28 m behind the
entrance point and 13 m in front of the exit point of the
undersea tunnel is greater than 52000 lux, so this zone is a
high-risk driving region. The length difference of the high-risk
driving region at the entrance and exit of the undersea tunnel
is related to whether a shading shed is installed. There is no
shading shed at the entrance of the Jiaozhou Bay Undersea
Tunnel, but a shading shed is installed at the exit. The shading
plate can slow down the dramatic changes in illumination and
reduce the “white hole effect” at the exit of the undersea tunnel,

(5)

where, f1(x) is the β wave power (10-8V2/Hz); x2 is the
longitudinal slope (%). The fitting determination coefficient
R2 is 0.89, indicating that the reliability of the fitted model is
good.
The fitting curve of the longitudinal slope and β wave power
resembles a convex parabola. With the increase in longitudinal
slope, the β wave power decreases first and then increases and
reaches the minimum value when the longitudinal slope is -0.8.
The fitting curve is approximately symmetrical. The greater
the absolute value of the longitudinal slope is, the greater the
power of the β wave will be, and the greater the EEG activity
of drivers will be.
Figure 13 shows that when a driver is driving in an undersea
tunnel, the model of (θ+α)/β and the longitudinal slope is:
f 2 ( x) = 13.35 − 1.34 x2 − 2.78 x2 2 +0.12 x23 − 5.74 x2 4

(7)

(6)
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reduce the “black hole effect” and “white hole effect”, which
is conducive to driving safety.
(2) The tasks of driving into and out of the undersea tunnel
are approximately inverse processes. The closer the driver is
to the entrance and exit of the undersea tunnel, the lower the
power of the δ and θ waves of the driver’s brain will be, and
the higher the power of the α and β waves is, the more excited
the brain will be.
(3) From 30 m before the entrance point to 100 m after the
entrance point and 90 m before the exit point to 30 m after the
exit point, the driver’s brain activity level was higher, and the
active brain regions were primarily concentrated in the frontal
lobe and occipital lobe.
(4) The illumination and longitudinal slope of the entrance
and exit of the Jiaozhou Bay Undersea Tunnel have an
important effect on driving safety. The area approximately 20
m behind the entrance point and the area approximately 10 m
before the exit point are high-risk driving regions.
To further study the EEG changes of drivers at the entrance
and exit of the undersea tunnel, the following issues need
further exploration.
(1) The real vehicle experiments in this study were
performed during the common period when traffic volume was
smaller. During the experiment, the driver did not receive
interference from other vehicles. If the driver is in a congested
traffic flow, the results may be different from those of this
study.
(2) This study did not distinguish certain characteristics of
drivers. Drivers of different genders, age groups, and levels of
driving experience may have different perceptions of
longitudinal slope and illumination changes. Therefore,
further research is needed on different driver types.
(3) The research object of this study is the entrance and exit
of the undersea tunnel. The entrance and exit of the undersea
tunnel have a complicated longitudinal slope while the
illumination changes. No longitudinal slope change occurs at
the entrance and exit of ordinary road tunnels. Therefore, the
conclusions of this study are not fully applicable to ordinary
road tunnels.

thereby reducing the length of the high-risk driving region at
this exit [31].
Taking the illuminance and longitudinal slope of the
undersea tunnel as the independent variable, and take the
(θ+α)/β as the dependent variable, and use ORIGIN to fitting
them. The fitting surface and model of (θ+α)/β under the
coupling effect of the longitudinal slope and illuminance of the
undersea tunnel are as follows:

Figure 15. Fitting surface of (θ+α)/β under the coupling
effect of the longitudinal slope and illumination
f 2 ( x, y ) = 13.67+0.19 x1 − 1.07 x2 + 0.01x12 − 7.18 x2 2

(8)

where, f2(x,y) is the (θ+α)/β; x1 is the illuminance (lux); x2 is
the longitudinal slope (%). The fitting determination
coefficient R2 is 0.89, indicating that the reliability of the fitted
model is good.
The region with (θ+α)/β less than 4 is divided into two
categories: risk driving regions and high-risk driving regions.
Figure 15 shows that when the longitudinal slope of the
entrance section is -3.50%, the road section with illuminance
greater than 42000 lux is a risk driving region, and the road
section with illuminance greater than 53000 lux is a high-risk
driving region. When the longitudinal slope of the exit section
is 4.00%, road sections with illuminance greater than 49000
lux are risk driving regions, and road sections with illuminance
greater than 56000 lux are high-risk driving regions.
According to Figure 3, the high-risk driving region is 22 m
behind the entrance point of the undersea tunnel and 7 m in
front of the exit point.
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