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Abstract: To improve the safety performance of urban tunnels,
the fixation transfer characteristics of drivers with different
driving experience levels in urban tunnels were investigated.
First, a real vehicle test was performed in an urban tunnel,
and the eye movement data of 10 drivers with different driving
experience levels were collected using a Dikablis eye-tracking
system. Second, the driver fixation range was divided into
eight areas of visual interest by using the K-means clustering
method, and the fixations in different sections of the tunnel
were comparatively analyzed. Finally, on the basis of the
divided areas of visual interest, fixation transfer rules and the
stationary distribution characteristics of drivers with different
driving experience levels on different sections of the tunnel
were discussed using Markov theory. Results indicate that
drivers’ probability of repeated fixation is greater and that the
efficiency of visual search is lower at internal sections of
tunnels than in external sections. Drivers obtain information
mainly from the straight upper front and straight lower front
areas, and the probabilities of fixation points in these two
areas at the threshold and exit sections are significantly higher
than those in other sections. Relative to experienced drivers,
novice drivers allocate little attention to the straight upper front
area and rear-view mirrors. Hence, they have weak fixation
when looking forward, and they lack experience in obtaining
information on rear-approaching vehicles and controlling
speed.
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eye movement,

nderground tunnels play an important role in three-
dimensional urban traffic networks as they alleviate
traffic congestion on the ground and improve traffic oper-
ation efficiency. An urban tunnel is a tubular, semi-en-
closed traffic area. Although the accident rate for urban
tunnels is often lower than that for open roads, the acci-
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dent death rate is often higher. The main reasons are as
follows: 1) greatly varied luminance inside and outside
tunnels'"’; 2) closed, narrow, and long special circum-
stances'”’; 3) a linear shape of poor consistency'”; and
4) driver perception of distance and speed at tunnels that
differs from that on open roads''. Tunnel lighting is the
most important objective factor, and driver perception of
the tunnel environment is the most important subjective
factor. Thus, drivers’ correct perception of the environ-
ment is the premise of tunnel safety. Among the total in-
formation acquired by human sensory organs, vision ac-
counts for 80% , more than 95% of which is dynamic
visual information.

Vision researchers use eye trackers to reveal the cogni-
tive process of individuals by extracting data such as fixa-
tion point, fixation duration and sequence, saccade am-
plitude, and pupil area from recorded eye movement traj-
ectories. This technology has also been gradually applied
to traffic safety research. For instance, the time for ob-
serving the road in front accounts for 80% of total travel
time, and the mean time for gaze shifting from the road
in front to other areas is 0. 65 s. Eye fixation behaviors
while watching videos and while driving have also been
compared. Comparison results show that fixation times
for traffic signs, information, or road markings decrease
as drivers become increasingly familiar with the environ-
ment. According to a study of visual adaptability, drivers
need to increase eye fixation duration to perform tasks in
addition to driving"”'. When drivers travel in road tun-
nels, their visual characteristics are affected by the tunnel
environment. Visual patterns and textures on tunnel walls
have been found to influence drivers’ perception of speed.
Thus, accidents inside tunnels are more serious than those
on open roads, and light-colored tunnel walls have been
considered to be relatively safe. However, current re-
search has mainly focused on road tunnels, and few stud-
ies have explored urban tunnels and the visual characteris-
tics of different tunnel sections.

An increasing number of studies have found that driv-
ing experience affects eye movement behaviors. Previous
research has revealed that experienced drivers’ visual
search range is wider than that of novice drivers" . Thus,
experienced drivers have better visual cognition and reac-
tion ability than novice drivers'”. Meanwhile, the influ-
ence of visual search patterns on risk identification has al-
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so been studied™. Moreover,
driving assessment approach has been proposed to study
older drivers’ visual search patterns. Results show that ol-
der drivers with good executive function skills perform
frequent eye fixations on curves and inside vehicle fea-
tures'” .

Many mathematical models are used to predict traffic
parameters, and they include Bayesian networks, neural

networks, support vector machines, and Markov mod-
(10]

a gaze-based integrated

els
models is poor because of the assumption that attributes
are independent of one another. Meanwhile, neural net-
work models have a long learning curve. Markov models
are powerful finite state machines that are widely used in

However, the performance of Bayesian network

sequence modeling. Driver fixation transition exhibits a
non-after-effect property; i.e., the probability of a fixa-
tion moving to the next point is related only to the present
point. Therefore, the Markov chain model is used in the
current work.

The aim of this study is to investigate the fixation tran-
sition characteristics of experienced and novice drivers in
urban tunnels. The results are expected to provide insights
into which elements an effective training program should
feature. Section 1 describes the experiment in detail, in-
cluding the test route, participants,
dure, and data collection. Section 2 presents the K-means
clustering algorithm and Markov chain theory. The for-

apparatus, proce-

mer is for dividing the area of fixation interest ( AOI),
and the latter is for analyzing the fixation transition char-
acteristics of drivers with different experience levels at an
urban tunnel. Section 3 presents the detailed analysis re-
sults for the fixation point distributions, fixation transition
probabilities, and stationary distributions. These charac-
teristics of drivers with different driving experience levels
and at different tunnel sections are compared. Section 4
concludes the study.

1 Data

1.1 Driving route determination

Shuiximen tunnel in Nanjing, China, was selected as
the experimental tunnel. The length of the tunnel is 1. 66
km, and the speed limit is 60 km/h. The selected tunnel
is dual for a three-lane motorway with double holes. The
width of each lane is 3.5 m, and the clear height in the
tunnel is 4.5 m. The lighting condition is good enough to
guarantee safe driving. Moreover, lane changing is pro-
hibited in tunnels where solid lines exist. All experiments
were conducted during a nonpeak hour in the daytime. In
the experiment, the lighting condition was kept constant
to ensure that it did not affect the participating drivers’
visual behaviors.

The tunnel was divided into the access zone, threshold
zone, transition zone, interior zone, and exit zone on the
basis of the illumination intensity recommended by tunnel

lighting standards. To investigate the differences in the
fixation transition characteristics of drivers at the internal
and external sections of the tunnel, this study considered
the zone outside the tunnel exit. The threshold and transi-
tion zones were combined into one zone because their
measured illumination intensities were close ((32 209 +
2.48% ) lux). Therefore, the experimental tunnel was
divided into the access zone, threshold zone,
zone, exit zone (road section before the exit portal of the
tunnel), and parting zone (road section after the exit por-
tal of the tunnel). The selected route section and length
of each zone are shown in Fig. 1.

interior

Direction

—| o5

Access Threshold Exit Parting
zone zone zone zone

Interior zone

(¢)
Fig.1 Division of experimental tunnel. (a) Access zone; (b) In-
terior zone; (c) Entire route (unit: m)

1.2 Participants

Ten drivers with different professions, ages, and driv-
ing years or mileage (per year) participated in our experi-
ment. Although such a number of participants may not be
enough to support other research topics, such as lane
changing behaviors, they provided enough valuable eye
movement data, including fixation, saccade, and blink
information, to reflect drivers’ fixation transfer character-
istics while making lane changes.

The participants were recruited via advertisements and
flyers positioned around the Nanjing University of Science
and Technology University and surrounding shopping cen-
ters. All participants held a standard Chinese driver’s li-
cense and had a normal or corrected-to-normal vision.
Specifically, five novice drivers and five experienced
drivers participated in the study;
women, and seven of them were men. The novice drivers
included undergraduate college students, fresh graduates,
and company employees. The experienced drivers were
all professional taxi drivers with no record of any major

three of them were

traffic accident. The novices were unfamiliar with the se-
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lected tunnel conditions and had a mean age of 23. 2 years
(M =23.2, SD =1.7), a mean driving experience of
3.0 years (M =3.0, SD =1.3), and annual average
mileage ranging from 5 000 to 20 000 km. The experi-
enced drivers had a mean age of 34.0 years (M =34.0,
SD =1.8), a mean driving experience of 8.2 years (M =
8.2, SD =1.6), and annual average mileage ranging
from 150 000 km to 300 000 km.

1.3 Apparatus

The participants’ eye movements were measured using
a Dikablis head-mounted eye tracker designed by Erg-
oneers Company ( see Fig. 2). They drove a Dongfeng
PEUGEOT 307 equipped with four cameras and one lumi-
nance transducer in real traffic flow. Two QR codes
mounted on the front windshield were regarded as the ref-
erence of the fixation point coordinates.

é Camera

Luminance -'

(a)

Wide angle HD .
scene camera ~ Drawstrin
1 920x1 080 with cor

stopper

(c)

(a) Cameras and luminance transducer;

Fig.2 Equipment used.
(b) Dikablis pro glass; (c) Glance path map in D-Lab 3.0 softmare

The eye movement data and field scene data were visu-
alized and recorded in real time by using D-Lab 3.0 soft-
ware on a PC. D-Lab 3.0 software not only recorded the
data but also helped the researchers analyze the data
through its wide range of module-specific analysis func-
tions. When an eye fixation point fell on the control panel
area, the affected area was filled with a selected color.
Meanwhile, the anterior (up to three) and present eye
fixation points with sequence and duration were visual-
ized. In the “data analysis” window, the required statis-
tics could be calculated and exported from the “eye track-

er statistics” window.

1.4 Procedure

The tests were conducted at 10: 00—11: 00 AM and
3:00—5:00 PM between June 8 and 10, 2017,
the interference of high traffic volume during the morning
and evening peak periods. The three days were sunny,
and the natural illumination intensity was 33 000 lux,
which was measured by a luminance transducer. The se-
lected route section required approximately 60-90 s to
drive.

The participants’ personal information was registered
before the experiments. They were instructed to keep
driving in the middle lane, but they were not informed of
the purpose of the experiment.

to avoid

The order of participants
was random.

First, the participants were instructed to adjust the seat
and steering wheel of the vehicle upon arrival at the site.
They were then asked to wear the eye tracker glasses.
The equipment was calibrated using the markers on the
front windshield; recalibration was necessary for instances
in which the participants moved their heads. Second,
they were instructed to drive from the start point to the
destination point. All participants had the opportunity to
drive the test vehicle briefly to familiarize themselves with
it. Data collected during this period were excluded. Each
participant was tested on three occasions following his/
her respective driving habits to guarantee data validity. A
lab assistant sat in the passenger seat for the sake of safe-
ty. The lab assistant did not chat with the drivers in the
process but informed them of the completion of the test.

1.5 Data collection

All data were recorded with in-vehicle cameras and
stored in a PC database. The videos could be played in
D-Lab software at various speeds (from 0.1 to 10,
ding frame-to-frame), and the eye movement data were
synchronized in visualization windows.
ted from D-Lab for the study were as follows:

1) Fixation point coordinates relative to markers (only
for experienced drivers) —for dividing the area of visual
interest based on K-means clustering algorithm.

2) Fixation durations ( for experienced and novice driv-
ers) —or analyzing driver fixation distributions and visual
attention ratios for different AOIs.

3) Sequences of fixation transition ( for experienced
and novice drivers) —for analyzing driver fixation transi-
tion probabilities and stationary distributions.

2 Methods

inclu-

The data extrac-

2.1 K-means clustering algorithm

The division of the AOI was the basic task of the re-
search. In previous work, the AOI is simply divided into
several areas of equal size or divided through video play-

back. However, the former has low accuracy, and the
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latter requires great effort.
have been gradually used in recent years to overcome
these problems.

Commonly used clustering algorithms include K-means

Many clustering algorithms

clustering, hierarchical clustering, fuzzy clustering, spec-
tral clustering,
clustering is a typical algorithm based on distance similar-
ity. For a given dataset S comprising N data objects, the
K-means clustering algorithm aims to partition them into
k non-intersection clusters. The K-means clustering algo-
rithm is described as follows:

and density-based clustering. K-means

Input Desired number k of clusters and dataset S con-
taining n objects.

Output & disjointed clusters.

1) K objects were randomly chosen from S as the initial
cluster centers.

2) Each object was sorted into a cluster whose mean
had the least squared Euclidean distance.

3) Cluster means were updated, and the mean of each
changed cluster was recalculated.

4) Step 2) was repeated until the new cluster centers
were the same as those obtained in the previous iteration.

5) Experienced drivers were selected as subjects to di-
vide the AOIs. The drivers showed distinct differences in
eye size. A total of 12 000 + 10% fixation point coordi-
nates for each driver were extracted, and the coordinates
were clustered using the program compiled in MATLAB.

As the coordinate system rotated when the drivers
moved their heads, only fixation point coordinates falling
on the front window were clustered. In the clustering
process, k was taken as 4, 5, and 6. By contrast, the
boundaries of the clustering areas were the clearest when k
was equal to 4 and were thus suitable for actual situations.
As shown in Fig. 3, the red, yellow, blue, and green
areas correspond to the left front (left mirror), straight

i %
#

i+
o

(b)
Fig.3 Result of fixation point clustering. (a) Clustering result of
front areas; (b) AOI division

upper front ( windshield), straight lower front ( control
panel), and right front areas (right mirror). Considering
the functional areas of the windshield and the participants’
driving habits, we divided the AOIs on the windshield in-
to five areas, namely, left front-2, straight upper front-
3, straight lower front-4, rear mirror-8, and right front-
5. Thus, the total number of AOIs is 8, as shown in Fig.
3(b).

2.2 Markov chain model

A Markov chain is defined as a random sequence {X,,
n=0,1,2,...,}, with I = {i,, i, i,, ...
space state. For any value n =0, 1,2, ...

} serving as the
and for all states

indexed up to this value of n, iy, i, ...,1,,1i,,, €I, the
following holds:
P(Xn+l S ‘Xo =iy, X, =4, ..., X, =in) =
P(Xn+l =in+1 ‘Xn=in) (1)

The aforementioned identity can be regarded as a Mark-
ov property. The so-called Markov property is a non-af-
ter-effect property, which means that the probability of
moving to the next state depends only on the present state
and not on previous states. For a time-homogeneous
Markov chain, the probability of moving from state i to j
during ¢ for k time steps is

Pt k) =P(X,,=j|X,=i)  i,jel;1=0;k>0

(2)

The probability of a single step transition is P (1, 1),
(i,jel,t=0) and is denoted as P, . In this study, the
frequency of fixation transition between different AOIs
could indirectly and approximately estimate the transition
probability because fixation numbers and transitions be-
longed to a large sample of events. The system transition
matrix P is equal to

P11 PIZ Plf
P2| Pzz Pz,

P= : ijelP,=0; 3 Py =1
Pz] Pi2 P =

(3)

For a time-homogeneous Markov chain, 7, is called a
stationary distribution if it satisfies

iel

277']- = 1,77']-20
iel

;= Z TP
} (4)

According to Eq. (4), eight-wavelength photometry
was established on the basis of the fixation’s one-step
transition probabilities for drivers with different driving
experience levels. The equation is written as
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{[P" - diag(1,1,1,1,1,1,1,1)] }7 = 0
8 } (5)

i=1

3 Results
3.1 Fixation point distribution

The experimental tunnel was divided into five zones to
study the drivers’ fixation transition characteristics at dif-
ferent sections of the tunnel. The following results were
obtained:

e Fixation distributions of drivers with different driv-
ing experience levels

1) The experienced drivers paid most attention to the
straight upper front area, followed by the straight lower
front and right front areas. The novice drivers paid most
attention to the straight lower front area, followed by the
straight upper front area.

2) Relative to the experienced drivers, the novice driv-
ers paid close attention to the left front area and minimal
attention to the interior rear-view mirror and right front
area.

These results show that experienced drivers have excel-
lent ability to obtain information about distant road condi-
tions and are likely to notice traffic signs installed on the
right side or overhead of the road. By contrast, novice
drivers focus closely on nearby road conditions and their
vehicle speed because they lack driving experience and
are unfamiliar with the road.

e Differences between visual attention ratios in differ-
ent tunnel sections

1) For experienced drivers, the ratio of fixation dura-
tion in the straight upper front area to the total fixation
duration in all AOIs increased rapidly from the access
zone to the threshold zone. The ratio then gradually de-
creased from the interior zone to the parting zone.

2) For novice drivers, the ratio of fixation duration in
the straight upper front area to the total fixation duration
in all AOIs changed remarkably from the access zone to
the parting zone. When they drove from the interior zone
to the exit zone,
straight upper front area to the total fixation duration in all
AOIs decreased significantly.

Hence, the experienced and novice drivers’ fixation

the ratio of fixation duration in the

distributions varied across the five tunnel sections. Driv-
ers generally experience great difficulty in obtaining dis-
tant road conditions at the internal zones of tunnels be-

cause of limited tunnel lighting and visual range.
3.2 Analysis of driver fixation transition probability

The eye fixation data of five experienced and five nov-
ice drivers were collected frame by frame. Each fixation
point had its own serial number and fixation duration and
could be visualized in the area on which the point fell.

Driver fixation transition probability was calculated, as
shown in Tab. 1.

1) From the access zone to the parting zone, the sum
of the probabilities of the fixation point shifting from oth-
er AOIs to the left window, right window, and interior
35%, 54%, 36%, and
53% , respectively. Hence, the drivers were greatly con-
cerned about the information of rear-approaching vehicles
before entering the tunnel. When the drivers entered the
tunnel and before they left the tunnel, they became in-
creasingly focused on the information about the road
ahead.

2) The probability of repeated gaze at the same object
in the forward visual field (left front area, straight upper
front area, straight lower front area, right front area) was
greater at the three internal zones than at the two external
zones. At the internal zones ( threshold zone,

rear-view mirror was 88%,

interior
zone, exit zone), the probability of repeated gaze at the
same object was greater in the forward visual field than in
the other AOIs. Moreover, the novice drivers’ repeated
gaze probability was greater than that of the experienced
drivers. This result suggested that the drivers had to gaze
at the same object repeatedly because of the greater diffi-
culty in obtaining information inside the tunnel than in the
external zones. The tunnel environment exerted great in-
fluence on the novice drivers.

3) At the access zone, the probability of repeated gaze
at the same object was greater in the straight upper front
(30% ) and right front area (30% ) than in the other AO-
Is. At the internal zones, the probability was relatively
high in the left front (35% ) and right front (36% ) are-
as. At the parting zone, the probability was relatively
high in the left front (37% ) and straight upper front
(31% ) areas. In combination with the videos recorded in
the D-Lab software, several traffic signs were installed
above the road, and a speed limit sign for the tunnel was
installed on the right side. Therefore, the drivers paid
close attention to the traffic sign information so as to safe-
ly enter the tunnel. When traveling inside the tunnel, the
drivers were especially mindful of the traffic flow on both
sides of the roadway so as to adjust the speed and direc-
tion of the vehicle.

4) At all zones, the probabilities of fixation points of
the novice drivers mainly transferring from other AOIs to
the straight lower front area were 39%, 48%, 35%,
32%, and 37% ; those of the experienced drivers trans-
ferring from other AOIs to the straight upper front area
were 22% , 32%, 31% , 35% , and 31% . The transition
probability of the former was generally greater than that
of the latter. The experienced drivers’ fixation transition
distribution was more uniform than that of the novice
drivers, thereby proving that the information search range
of the experienced drivers was more dispersed than that of
their novice counterparts.
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Tab.1 One-step fixation transition probabilities at different tunnel sections
Zone Experienced drivers Novice drivers
r0.037 0.100 0.353 0.479 0.010 0.021 0.000 0.0007 r0.024 0.298 0.276 0.100 0.102 0.090 0.110 0.0007
0.058 0.250 0.090 0.225 0.114 0.020 0.245 0.000 0.201 0.247 0.253 0.190 0.100 0.002 0.005 0.002
0.104 0.070 0.345 0.398 0.002 0.009 0.071 0.001 0.200 0.080 0.253 0.141 0.153 0.071 0.001 0.101
Access 0.080 0.021 0.273 0.307 0.057 0.070 0.190 0.002 P 0.002 0.202 0.117 0.216 0.290 0.051 0.101 0.021
zone 0.003 0.005 0.164 0.291 0.296 0.177 0.063 0.001 0.007 0.091 0.074 0.326 0.300 0.131 0.001 0.070
0.000 0.000 0.220 0.545 0.230 0.000 0.005 0.000 0.020 0.050 0.245 0.222 0.421 0.000 0.001 0.041
0.114 0.252 0.091 0.441 0.101 0.001 0.000 0.000 0.254 0.100 0.100 0.441 0.09 0.015 0.000 0.000
L0.000 0.005 0.325 0.425 0.245 0.000 0.000 0.000 L0.067 0.013 0.471 0.271 0.178 0.000 0.000 0.000-
r0.000 0.123 0.321 0.515 0.021 0.000 0.020 0.0007 r0.000 0.101 0.500 0.098 0.267 0.033 0.001 0.0007
0.011 0.280 0.147 0.498 0.017 0.001 0.045 0.001 0.002 0.298 0.410 0.264 0.012 0.009 0.001 0.004
0.010 0.092 0.333 0.390 0.150 0.002 0.020 0.003 0.010 0.122 0.310 0.178 0.233 0.019 0.001 0.127
Threshold | 0.011 0.090 0.231 0.460 0.070 0.001 0.135 0.002 P 0.050 0.070 0.130 0.350 0.291 0.101 0.005 0.003
zone 0.010 0.015 0.233 0.300 0.360 0.010 0.067 0.005 0.100 0.002 0.148 0.220 0.328 0.100 0.002 0.100
0.000 0.065 0.156 0.545 0.234 0.000 0.000 0.000 0.133 0.023 0.399 0.143 0.301 0.000 0.000 0.001
0.001 0.003 0.176 0.600 0.220 0.000 0.000 0.000 0.001 0.001 0.208 0.514 0.276 0.000 0.000 0.000
L0.000 0.103 0.234 0.544 0.119 0.000 0.000 0.000- L0.002 0.002 0.468 0.196 0.332 0.000 0.000 0.000-
r0.000 0.230 0.280 0.417 0.010 0.005 0.056 0.0027 r0.000 0.060 0.395 0.325 0.200 0.010 0.005 0.0057
0.128 0.410 0.120 0.245 0.054 0.000 0.042 0.001 0.133 0.333 0.190 0.170 0.147 0.015 0.002 0.010
0.001 0.123 0.330 0.350 0.161 0.002 0.030 0.003 0.050 0.187 0.310 0.123 0.290 0.024 0.001 0.015
Interior 10,037 0.143 0.197 0.381 0.134 0.018 0.082 0.008 P 0.050 0.100 0.298 0.300 0.200 0.040 0.006 0.006
zone 0.003 0.006 0.167 0.280 0.400 0.123 0.004 0.017 0.009 0.006 0.276 0.200 0.315 0.173 0.001 0.020
0.001 0.010 0.210 0.290 0.384 0.000 0.100 0.005 0.015 0.030 0.398 0.271 0.275 0.000 0.001 0.010
0.098 0.190 0.000 0.500 0.100 0.002 0.110 0.000 0.002 0.001 0.210 0.500 0.200 0.087 0.000 0.000
L0.003 0.013 0.133 0.301 0.400 0.150 0.000 0.000 L0.003 0.022 0.390 0.310 0.225 0.050 0.000 0.000-
r0.000 0.222 0.284 0.297 0.082 0.050 0.065 0.0007 r0.000 0.129 0.371 0.272 0.202 0.005 0.021 0.0007
0.088 0.393 0.230 0.240 0.001 0.008 0.040 0.000 0.054 0.382 0.206 0.180 0.157 0.002 0.018 0.001
0.004 0.195 0.372 0.325 0.070 0.002 0.031 0.001 0.063 0.072 0.424 0.256 0.154 0.001 0.027 0.003
Exit [ 0.120 0.054 0.247 0.387 0.020 0.081 0.090 0.001 P 0.117 0.083 0.289 0.317 0.18 0.001 0.010 0.000
zone 0.003 0.010 0.262 0.289 0.390 0.011 0.032 0.003 0.015 0.045 0.211 0.326 0.360 0.040 0.001 0.002
0.004 0.072 0.220 0.330 0.264 0.000 0.110 0.000 0.005 0.110 0.407 0.306 0.171 0.000 0.001 0.000
0.098 0.190 0.100 0.500 0.110 0.002 0.000 0.000 0.002 0.001 0.500 0.287 0.210 0.000 0.000 0.000
L0.011 0.026 0.210 0.212 0.390 0.151 0.000 0.000- L0.002 0.082 0.401 0.210 0.264 0.000 0.041 0.000-
r0.015 0.100 0.260 0.600 0.015 0.010 0.000 0.0007 r0.080 0.200 0.298 0.300 0.102 0.003 0.017 0.0007
0.010 0.370 0.368 0.237 0.010 0.005 0.000 0.000 0.101 0.370 0.222 0.213 0.079 0.003 0.010 0.002
0.091 0.345 0.366 0.091 0.100 0.005 0.001 0.001 0.100 0.144 0.279 0.221 0.190 0.002 0.000 0.064
Parting 1 0.200 0.211 0.100 0.287 0.100 0.030 0.070 0.002 P 0.143 0.157 0.270 0.277 0.126 0.001 0.024 0.002
zone 0.001 0.005 0.291 0.241 0.307 0.153 0.001 0.001 0.011 0.050 0.225 0.301 0.332 0.030 0.001 0.050
0.000 0.000 0.250 0.500 0.245 0.005 0.000 0.000 0.010 0.114 0.355 0.345 0.172 0.001 0.001 0.002
0.000 0.000 0.300 0.599 0.100 0.001 0.000 0.000 0.050 0.202 0.245 0.411 0.090 0.001 0.000 0.001
L0.020 0.103 0.352 0.445 0.080 0.000 0.000 0.000- L0.020 0.067 0.355 0.199 0.355 0.002 0.002 0.000-

3.3 Analysis of stationary distributions of driver fix-
ation transition

When the system of a Markov chain reaches a steady
state, the probabilities of the state will no longer change
with time. Therefore, in this work, the distribution prob-
abilities of the driver fixation points tended to be stable
after a long drive. The solution of the eight-wavelength
photometry is shown in Tab. 2.

1) In the access zones, many traffic signs were visible,
and traffic density increased. To ensure safe driving, the
drivers tended to gaze at the straight lower front and
straight upper front areas before entering the tunnel. At-
tention to the left front area was focused more on the part-
ing zone than on the access zone, but the attention to the
control panel area was minimal.

2) Attention to the four front areas was greater at the

internal zones than at the external zones, but attention to
the left window, right window, and interior rear-view
mirror was minimal. Attention to the straight upper front
and straight lower front areas was greater at the threshold
and exit zones than at the other zones. This result showed
that the drivers were more focused on the road ahead than
on the road behind when driving inside the tunnel because
of the minimal need for overtaking and lane changing and
the limited tunnel lighting and visual range, particularly
at the threshold and exit zones.

3) When driving into the tunnel, the experienced
drivers’ fixation points had a higher probability of falling
into the straight upper front area and interior rear-view
mirror than those of the novice drivers. This result indica-
ted that in comparison with the novice drivers, the experi-
enced drivers had a higher frequency of searching for rear
vehicle information and were more accustomed to noticing
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distant road conditions to make decisions ahead of time.
Novice drivers were relatively careful about their vehicle
speed control as they lacked driving experience.

4 Conclusions

1) Only after gazing repeatedly at the same object can
drivers obtain enough information when driving inside a
Visual search efficiency is lower in internal zones
than in external zones.

2) The straight upper front and straight lower front are-
as are the main AOQIs for drivers to collect information as
they are clearly reflected at threshold and exit zones.

3) Novice drivers’ visual attention to the straight lower
front and control panel areas is greater than that of experi-
enced drivers, but their visual attention to the straight up-
per front area and rear-view mirror is lower. This result
indicates that relative to experienced drivers, novice driv-

tunnel.

ers have a weak fixation when looking forward, and they
lack experience in obtaining rear vehicle information and
speed control.
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