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Abstract: The increase in the number of traffic accidents due to the increasing number of urban
underpass tunnels necessitate a better investigation of drivers’ visual characteristics when entering
the tunnels. A total of 20 drivers were gathered to perform a real vehicle experiment in an urban
underpass tunnel. The saccade angle, saccade frequency, and fixation time were selected as the
research indexes. The urban underpass tunnel entrance was divided into five sections, namely the
external straight line section, the upper half of the ramp, the lower half of the ramp, the shading shed
section, and the entrance inner section. The results showed that the saccade angle and frequency of
the ramp were significantly smaller than that of the external straight line and the tunnel interior, and
the saccade range in front of the entrance was more concentrated. The changes in fixation time and
the difference range of 15th-85th fixation time threshold in each section were analyzed. The fixation
time of all sections was distributed within the range of 149.476 to 475.414 ms. The driver’s fixation
was more and more concentrated when the sidewalls were higher and closer to the portal.

Keywords: urban underpass tunnel; saccade characteristics; fixation characteristics; traffic safety

1. Introduction

With rapid urbanization, underpass tunnels have become a new type of road form in
many major cities. Compared to conventional counterparts, urban underpass tunnels have
a crucial impact on drivers’ sight distance and sight zone due to their unique alignments,
including wide road environment outside the entrance, downhill in front of the entrance,
sidewalls on both sides of the downhill, and monotonous limited space in the tunnel [1].
The sustainability of urban tunnel traffic development is not only reflected in energy and
environment [2], the improvement of tunnel traffic environment and traffic safety will be
conducive to healthy and sustainable development.

After entering the tunnel, the driver suffers from poor visual environment and lacks
visual impact in this relatively confined environment [3]. Furthermore, the driver’s vig-
ilance reduces, which leads to distraction [4,5]. Compared to uphill in the tunnel exit,
drivers are more nervous when driving downhill [6]. The dramatic transition in the visual
environment while entering the tunnels often increases the likelihood of traffic accidents,
such as rear-end collisions. The accident rate near the entrance and exit of tunnels is sig-
nificantly higher than that of other sections [7]. A study in Singapore analyzed 608 traffic
accidents in tunnel and the results also showed that the traffic accident rate in the transition
zone was higher than that in the interior, and the accident type was mainly multivehicle
collisions [8].

Existing studies have shown that the safety and accident prevention techniques des-
tined for tunnels need to integrate the principles of physiology and ergonomics with a
particular focus on the visual adaptability of drivers [9]. Understanding drivers’ physi-
ological, psychological and accident proneness would help to design safety policies and
improve road safety [10]. In the research of driver’s visual characteristics aiming at the
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white and black hole effects at the tunnel entrance and exit, the visual oscillation duration
was used to quantitatively evaluate the visual load and driving safety [11]. The difficulty
of visual information was closely related to visual characteristics, such as driver’s fixa-
tion time, which was positively correlated with the difficulty of the work and the visual
load [12]. When entering a highway tunnel, the average fixation time of drivers in the
daytime showed an increase, which was negatively correlated with the vehicle speed. It
should be noted that the same behavior was not observed at night [13]. In the straight-line
section of the tunnel, the fixation point was concentrated on the visual centroid of the
tunnel. The average fixation point, however, was concentrated on the sidewall of the tunnel
when making a turn [14]. The fixation of experienced drivers was mostly concentrated in
the center of the sight area compared to novice drivers [15]. While driving into the curved
sections of extra-long urban underwater tunnels, the driver’s saccade time increased with
the increase of section radius, and the visual load on small radius curves and long straight
sections was higher [16].

Gil-Martín et al. proposed a reasonable setting of shading sheds to improve the visual
adaptability at tunnel entrances and hence the traffic safety [17]. Zhang et al. studied the
impact of sun glare on traffic safety in urban tunnels and designed a sunshade system [18].
Wan et al. studied the impact of signs on the sidewalls of highway tunnels to determine the
low-cost traffic engineering methods [19]. The results revealed that the color and frequency
of signs had a significant impact on the stimulation of drivers’ reaction time. Zheng et al.
used a visual guiding method to improve drivers’ sense of speed, distance, direction,
and position in tunnels [20]. Chen et al. analyzed the influence of sidewall decoration
on drivers’ brain activity through experiments, and the results validated that sidewall
decoration could provide the drivers with better space and speed perception [21]. Qin et al.
found out that visual comfort and driving safety inside the tunnel could be improved by
adding environmental information on tunnel sidewalls [22].

The current research mainly focuses on highway tunnels and their inner sections, often
neglecting the visual characteristics of drivers in urban underpass tunnels, especially in the
entrance sections. The entrance of urban underpass tunnel is quite different from that of
highway tunnel. For example, the road before urban underpass tunnel portal is a continu-
ous downhill, and there are side walls on both sides of the ramp, and the tunnel entrance is
usually equipped with a shading shed. Hence, this paper studies these characteristics in the
external straight-line section, the entrance ramp section, and the entrance internal section,
based on the alignment before tunnel entrance and the characteristics of sight distance and
sight zone. Based on the analysis of fixation and saccade characteristics, the fixation time
threshold of each section is analyzed, and accordingly, the measures to improve visual
guiding are provided. We believe that our work investigating the entrance section of urban
underpass tunnels will positively impact traffic safety, reducing the number of accidents.

2. Materials and Methods
2.1. Real Vehicle Experiment

The real vehicle experiment was conducted in an urban underpass in Wuhan, China,
during the peak period of 9:00 to 11:00 a.m. on weekdays under good weather conditions
to minimize the interference of surrounding vehicles on the drivers’ fixation and saccade
behaviors. Carrying out the experiment on weekdays can reduce the variables of traffic
flow between weekdays and weekends. The alignment of the tunnel entrance and the
division of road sections used in this study are shown in Figures 1 and 2.
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Figure 1. Front view of the urban underpass tunnel.

Figure 2. Schematic diagram of each section of an urban underpass tunnel entrance.

As shown in Figure 1, the tunnel entrance is composed of the external straight-line
section, the entrance ramp section, and the entrance internal section. The sidewall of the
ramp becomes higher when it gets closer to the tunnel portal, i.e., the shorter the sight
distance, the smaller the sight zone. To study the visual characteristics of each road section
combining alignment characteristics, considering the road environment such as straight
line, downhill ramp, shading shed, and tunnel, the entrance ramp section is divided
into upper and lower halves and the tunnel entrance internal section is divided into the
shading shed section and the entrance inner section. The red and blue sectors in Figure 2
respectively show the driver’s sight zone and sight distance in different road sections.

2.2. Research Indexes

Saccade angle and frequency can reflect the driver’s viewpoint shift, physiological
and psychological changes, and indicate how safe they drive [23]. The fixation time
objectively demonstrates the difficulty that the driver experiences when extracting road
information, for which the short-term fixation characteristics are better [24]. Due to the
changes in sight distance and zone when entering a tunnel, the saccade angle can reflect
the change of driver’s fixation point spatial dimension, and the fixation time can reveal the
temporal dimension.

To better understand the influence of entrance ramp and the sidewalls on saccade
vision, time-weighted average saccade angle and saccade frequency were introduced
as follows:
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Sm =

Nm
∑

i=1
(Si × ti)

Nm
∑

i=1
ti

, (1)

pm =
Nm

Tm
, (2)

where Sm is the drivers’ time-weighted average saccade angle while driving with alignment
m (in degrees), m ∈ {the external straight line section, the upper half of the ramp, the lower
half of the ramp, the shading shed section, the entrance inner section}, Nm is the number
of saccades while driving with alignment m (in times), Si is the saccade angle of the i-th
saccade (in degrees), ti is the saccade time of the i-th saccade (in seconds), pm is the saccade
frequency while driving with alignment m (in numbers/seconds), and Tm is the total time
while driving with alignment m (in seconds).

An eye tracker can acquire the fixation time and number, which can be formulated as:

qj,m =
Mj,m

Mm
, (3)

where qj,m denotes the drivers’ frequency distribution of fixation time ratio in the j-
distribution interval while driving with alignment m, Mj,m means the number of fixation in
the j-distribution interval while driving with alignment m (in times), and Mm represents
the total number of fixation while driving with alignment m (in times).

2.3. Participants and Data Collection

A total of 20 effective drivers (14 males and 6 females) aged from 25 to 43 participated
in the real vehicle experiment. They were engaged in different occupations such as engineer,
designer, company employee, teacher and graduate student. All drivers were in good
health, with normal or corrected vision, and experienced in urban underpasses. The field
investigation showed that almost all vehicles ran at a speed close to the speed limit of
the tunnel when entering it, so the variations in vehicle speed were not considered in this
study. During the test, all drivers drove into the tunnel at a free-flow speed close to the
tunnel speed limit.

For data acquisition, Dikablis Professional eye tracker (see Figure 3) worn by the
driver was used to record basic eye movements, such as saccade and fixation. Before
starting the test, the driver was allowed to get used to the tracker to avoid any interference
during the test.

Figure 3. Dikablis eye tracker.

The collected data were extracted by the D-Lab software (see Figure 4). In data
analysis, the external straight-line section was marked as Section A, the upper half of the
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ramp was marked as Section B, the lower half of the ramp was marked as Section C, the
shading shed section was marked as Section D, and the entrance inner section was marked
as Section E to study the visual characteristics of different road sections more conveniently.
The length of Section A was the driving distance of 10 s before the downhill point. Section
B and Section C took half of the length of the downhill ramp respectively. Obviously,
Section D was the length of the shading shed. And the length of Section E was the driving
distance of 10 s after driving through the shading shed and entering the tunnel. The data of
each Section can be accurately divided by the video and time recorded by the equipment.

Figure 4. Analysis interface of D-Lab software.

3. Results
3.1. Saccade Angle and Frequency

The saccadic eye movement is mainly controlled by instantaneous visual information
of the surrounding environment and the global search strategy, and when the target is
within the range of the saccade angle, it is easy to be recognized, which is not true for the
out-of-range case [25]. The time-weighted average saccade angle, the maximum, and the
standard deviation of each section are shown in Table 1.

Table 1. Saccade angle statistics of each section.

Type Section A Section B Section C Section D Section E

Average
value/Degree 11.798 8.893 7.517 8.719 11.223

Maximum/Degree 40.022 31.419 18.825 24.262 33.109
Standard
deviation 8.846 7.835 4.364 6.502 6.995

The time-weighted average saccade angle and frequency of each section is illustrated
in Figure 5.
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Figure 5. Saccade angle and frequency of each section.

Figure 5 shows that Section C had the lowest saccade angle, Section A had the largest,
and the overall distribution was Section C < Section D < Section B < Section E < Section A.
It should also be noted that the trend of the maximum value of each section was the same.
The saccade angle of Section A was 1.570 times of Section C, which was 2.027 for standard
deviation. This means that the saccade range and dispersion of the external straight-line
section were stronger.

The distribution of saccade frequency was Section B < Section C < Section D < Section E
< Section A. Although the sequence of saccade frequency and the angle were different, they
showed that the saccade range on the ramp section was small, and the drivers’ saccade
activity in the external straight-line section and the entrance inner section was intense.

3.2. Fixation Time

The fixation time became longer with the increasing difficulty of target information
processing. The fixation distribution, on the other hand, becomes denser with the increasing
complexity of cognitive activities [26]. The driver’s fixation time was analyzed for all
sections at 50 ms intervals. Figure 6 shows the frequency distribution of fixation time in
different sections.

Figure 6. Frequency distribution of fixation time in different sections.
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The proportion of fixation time to frequency distribution in different sections was
different. The highest proportions of Section A, Section B, Section C, and Section E appeared
in the interval of [200, 250) ms, which were 12.329%, 16.250%, 19.767%, and 17.829%,
respectively. Section D, on the other hand, reached its highest value, 20.833%, in the
interval of [250, 300) ms.

By accumulating the proportion of each frequency interval, it was found that 95% of the
fixation time was within 1150 ms, and 90% of the fixation time was within 950 ms. The total
proportion of the five sections was more than 80% in the intervals of [600, 650), [550, 600),
[550, 600), [550, 600), [600, 650) ms, i.e., more than 80% of the fixation time of all sections was
concentrated at 600 ± 50 ms.

3.3. Fixation Time Threshold

Some studies on driver’s fixation time threshold showed that the fixation time should
not be less than 100 ms [27], while others claimed that the minimum fixation time should
be at least 200 ms [28]. Hence, it is necessary to investigate the reasonable threshold range
of the fixation time in different sections of urban underpasses to improve the safety at their
entrance. Figure 7 shows the cumulative frequency of fixation time in different sections.

Figure 7. Cumulative frequency of fixation time in different sections.

For the interval of [200, 250) ms, the cumulative frequencies of the five sections were
similar. For the interval of [250, 400) ms, the cumulative frequency of Section A was
significantly lower than that of the other sections. For the interval of [350, 700) ms, the
cumulative frequency of Section C was significantly higher than that of the other sections.
Starting from the point of 650 ms, Section B and Section C obtained higher cumulative
frequencies than the other three sections, and similar to each other.

The cumulative frequency of fixation time of the five sections was fitted, and their
accuracies were compared. The fitted mathematical models of Section A–E were shown in
Equations (4)–(8), respectively.

F = −1E− 6t2 + 0.0024t− 0.1864, (4)

F = −1E− 6t2 + 0.0024t− 0.1519, (5)

F = −1E− 6t2 + 0.0027t− 0.2076, (6)

F = −1E− 6t2 + 0.0022t− 0.1182, (7)

F = −1E− 6t2 + 0.0024t− 0.1613, (8)
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where F is the cumulative frequency of fixation time, t is the drivers’ fixation time (in seconds).
Referring to the 85th/15th percentile speed as the basis of speed limit theory [29],

the range of the 15th–85th was considered as the fixation time of interest, i.e., the fixation
time within this range was reasonable and acceptable for all drivers. For the fixation time
less than the 15th, the driver’s interest could not be aroused. For the fixation time more
than the 85th, it was hard to extract the fixation information. After obtaining the fitting
curves, the fixation time values of the 85th and the 15th were calculated via interpolation
as summarized in Table 2.

Table 2. Fixation time threshold for different sections.

Type Section A Section B Section C Section D Section E

85% 564.705 538.109 475.414 608.268 545.248
15% 149.476 133.182 139.669 129.536 137.597

For the 85th fixation time, it was hard to extract information from the fixation point.
The sections were enumerated as Section C (475.414 ms) < Section B (538.109 ms) < Section E
(545.248 ms) < Section A (564.705 ms) < Section D (608.268 ms), where the difference
between the maximum and the minimum was 132.854 ms. The ranking for the 15th fixation
time was Section D (129.536 ms) < Section B (133.182 ms) < Section E (137.597 ms) <
Section C (139.669 ms) < Section A (149.476 ms). For this time, the difference between the
maximum and the minimum values was only 19.940 ms, which was very close.

Considering all road sections, the range occurred between the lowest value of the 85th
fixation time and the maximum value of the 15th fixation time, which were 475.414 ms and
149.476ms, respectively. In other terms, when entering the tunnel, the driver’s fixation time
in each section was in the range of 149.476 to 475.414 ms.

4. Discussion
4.1. Saccade Characteristics

Previous studies have shown that there was a positive correlation between the driver’s
saccade angle and sight distance [16]. In the process of entering the urban underpass tunnel,
the distribution of the driver’s saccade angle in each section is shown in Figure 8. Here
we discuss the results of the saccade angle in combination with the changes of the sight
distance and sight zone in different sections of the tunnel, such as the external straight-line
section, the ramp, and the entrance inner section.

Figure 8. Saccade angle distribution of Section A–Section E.
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Due to the spacious environment and various signs of the external straight-line section,
the drivers needed to pay extra attention to surrounding vehicles and their vicinity in this
area. Hence, the saccade angle, saccade angle dispersion, and saccade frequency were
the largest. The changes of sight distance and sight zone in different sections of urban
underpass tunnel entrance are shown in Figures 9 and 10.

Figure 9. Driver’s sight distance and sight zone in the upper half of the ramp (Section B).

Figure 10. Driver’s sight distance and sight zone in the lower half of the ramp (Section C).

In the upper half of the ramp, since the sidewall of the downhill section became
gradually higher, the driver’s sight zone was increasingly limited, and the sightline was
concentrated at the entrance. Hence, the saccade angle and frequency were reduced. The
saccade angle and the standard deviation of the lower half of the ramp were the smallest,
i.e., the dispersion of the saccade angle in front of the entrance was smaller and the saccade
range was more concentrated.

Looking back at the driving video recorded of the eye tracker for analysis, in the
shading shed section, the driver has just entered the tunnel. Due to the limited sight
distance and zone, the driver needed urgent perception of changes in the surrounding
environment, so the saccade angle and frequency were improved compared to the lower
half of the ramp. After entering the tunnel through the shading shed, the saccade angle
and frequency were similar to those of the straight-line section; however, the standard
deviation was 20.925% lower, and the saccade range was more concentrated.



Sustainability 2021, 13, 5224 10 of 12

4.2. Fixation Characteristics

The statistics of drivers’ fixation time in Section A–Section E are shown in Table 3. The
average and median values both showed that the fixation time of the external straight-line
section (Section A) and the entrance inner section (Section E) was significantly longer
than that of other sections, and the lower half of the ramp (Section C) and the shading
shed section (Section D) have the smallest fixation time. The standard deviation also
reflected that the fixation time distribution of section C in front of tunnel portal was more
concentrated, and the smallest standard deviation was 33.372% lower than the maximum.

Table 3. Mathematical statistics of drivers’ fixation time of each section.

Type Section A Section B Section C Section D Section E

Average value/ms 443.212 418.313 381.116 419.891 434.357
Median value/ms 383.000 308.500 300.000 283.000 317.000
Standard deviation 302.535 329.168 219.319 300.569 309.730

According to the changes of visual environment in different sections of tunnel entrance,
the 85th and the 15th fixation times proposed in this paper were discussed. Figure 11
shows drivers’ the 15th and the 85th fixation times and the difference between them in
different sections.

Figure 11. Fixation time thresholds of different sections.

The differences between the 15th and the 85th fixation times in the external straight-
line section, the upper and the lower halves of the ramp, the shading shed section, and the
entrance inner section were 415.229, 404.927, 335.745, 478.732, and 407.651 ms, respectively.
As revealed, the fixation range became more concentrated when the fixation time threshold
gets smaller. The 15th–85th fixation time and the different range of the external straight-line
were larger than that of the ramp section. The surrounding environment, such as the signs,
of the external straight-line section was more complex than that of the ramp section; hence,
the driver had to focus on extracting the key information required for the drive. The sight
zone of the ramp section was narrow, and the environment was relatively monotonous.
The driver paid more attention to the direction of the entrance, and the distribution range
of the fixation time in the ramp section was the smallest. The 85th fixation time threshold
of the lower half of the ramp was smaller than that of the upper half, which indicated that
the driver’s fixation was more and more concentrated when the sidewalls were higher and
closer to the portal.

In the shading shed section, the driver’s 85th fixation time and the range of 15th–85th
difference were the largest. The longer the fixation time, the harder it gets to recognize [12].
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The visual load and the psychological pressure in the tunnel were higher compared to the
outside [11], and the fixation time of this section was significantly longer than that of the
external section of the tunnel. After driving through the shading shed section, the driver
gradually adapted to the tunnel despite the limited space; hence, the fixation time of this
section was shorter than that of the shading shed section.

5. Conclusions and Future Work

Alleviating the adverse effects of vision before entering the tunnel is of utmost im-
portance to enhance traffic safety in the tunnel. The research conducted the real vehicle
experiment in an urban underpass tunnel, the drivers’ saccade and fixation characteristics
at different sections of the entrance were studied. The main research conclusions were
as follows:

(1) The distribution of saccade angle in entrance different sections was the lower half of
the ramp < the shading shed section < the upper half of the ramp < the entrance inner
section < the external straight-line section. Saccade range on the ramp section was
small, and the drivers’ saccade activity in the external straight-line section and the
entrance inner section was intense.

(2) For the 85th fixation time threshold, the enumeration was as follows: the lower half
of the ramp < the upper half of the ramp < the entrance inner section < the external
straight-line section < the shading shed section. And more than 80% of the fixation
time in all entrance sections was within 600 ± 50 ms.

(3) According to the calculation results of the fixation time threshold, the driver’s fixation
time was in the range of 149.476 to 475.414ms under normal circumstances when
entering the urban underpass tunnel.

(4) This study could provide a theoretical basis for line-of-sight guidance and traffic
safety improvement at tunnel entrance.

This paper studied the fixation and saccade characteristics of drivers in consideration
of underpass entrance alignment, drivers’ sight distance, and sight zone. However, the
changes in the drivers’ pupil area and the subtle variations in vehicle speed were not
considered when entering the tunnel. In our future studies, we will investigate these issues
for a better understanding. At the same time, the improvement of visual guiding and traffic
safety facilities based on the drivers’ visual characteristics is our next focus.
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