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Abstract

:

This study reports the results of a pilot study on spatiotemporal characteristics of drivers’ visual behavior while driving in three different luminance levels in a tunnel. The study was carried out in a relatively long tunnel during the daytime. Six experienced drivers were recruited to participate in the driving experiment. Experimental data of pupil area and fixation point position (at the tunnel’s interior zone: 1566 m long) were collected by non-intrusive eye-tracking equipment at three luminance levels (2 cd/m2, 2.5 cd/m2, and 3 cd/m2). Fixation maps (color-coded maps presenting distributed data) were created based on fixation point position data to quantify changes in visual behavior. The results demonstrated that luminance levels had a significant effect on pupil areas and fixation zones. Fixation area and average pupil area had a significant negative correlation with luminance levels during the daytime. In addition, drivers concentrated more on the front road pavement, the top wall surface, and the cars’ control wheels. The results revealed that the pupil area had a linear relationship with the luminance level. The limitations of this research are pointed out and the future research directions are also prospected.
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1. Introduction


China’s strong sustainable economic development has greatly inspired the construction of new highways, especially road tunnels. Road tunnels have become popular due to their advantages of reducing traffic transportation time, relieving pressure on ground transportation, and facilitating rapid economic development [1,2,3]. By the end of 2020, China had 21,316 tunnels with 21,999.3 km, among which there were 1394 extra-long tunnels (length > 3 km) with 6235.5 km, and 5541 long tunnels (1 km < length < 3 km) with 9633.2 km [4].



With the increase of tunnels, traffic accidents in tunnels are becoming more and more serious [5,6,7]. Although the probability of accidents occurring and the probability of being injured in tunnels is lower as compared to open roadways, the impact is of greater severity in injuries and deaths [8,9,10]. Moreover, the crash rate in tunnels is twice as high as those outside tunnels [11].



Previous traffic crash statistics and studies have shown that the human factor is a primary aspect that causes road traffic accidents [12,13,14,15,16]. Besides, statistical analysis showed that 80–90% of information used by drivers in driving was gathered by visual observation [17,18], of which dynamic information accounts for 95%. Therefore, drivers’ dynamic visual features are by far the most relevant features to a tunnel’s safe driving [19,20,21]. In the tunnel section, the driver’s speed is relatively high, and the different environments in the tunnel affect the perceived difficulty and directly influence driving safety [22]. Various studies have shown that tunnel illumination influences drivers’ driving behaviors [23]. Enhancing the illumination inside the tunnel could improve the tunnel’s visibility. Therefore, it is significant to investigate the law of drivers’ eye movements in tunnels under different illumination levels, as it could shed light on strategies to improve traffic safety.




2. Literature Review


As an important driving mode, driving visual information has an inevitable relationship with safe driving. In order to improve traffic safety in tunnels, extensive studies on the visual features and driver behavior were made [24,25,26]. Studies on drivers’ visual behaviors in tunnel environments consisted of two categories.



The first category was virtual research, which was carried out in a driving simulator. Akamatsu et al. [27] conducted the driving simulator and real road tests both during daytime and nighttime conditions, in order to analyze the influences of road tunnels and other structures on driver behavior. Ten male drivers took part in the experiment and made a round trip at 60 km/h. The experimental results demonstrated that the accelerator stroke increased before the tunnel, then remained constant on the road. However, a small decrease of the accelerator stroke occurred at 50 m before the tunnel. Gramann et al. [28] evaluated the eye movements of sixteen male students using a computer simulated tunnel. Experimental data demonstrated that the gaze position was directed toward the tunnel’s visual centroid during straight road segments. In contrast, the gaze was centered on the outer wall during turns. In addition, fixations in the stimulus were significantly fewer than those before or after the turn. In a VTI driving simulator [23], eye movement data from twenty-eight participants were recorded to investigate how tunnel lighting affects attentive and visually distracted drivers. Results showed that the tunnel design and illumination had a certain influence on the driver’s driving behavior. It can also be revealed that light-colored tunnel walls were more important in keeping the driver’s visual attention focused forward, as compared to strong illumination. Wan et al. [29] discussed the impact of sidewall markings, specifically observing the effect of tunnel color on the speed perception of drivers at a low-luminance condition, through a road tunnel driving simulation model. Tests results revealed that the temporal frequency and color of sidewall markings had a significant influence on the driver’s stimulus (vehicle speed and reaction time). In addition, under the condition of red-color combination and sidewall markings, the over-estimation of speed was the highest and speed judgment was relatively simple. Xiao et al. [30] recorded eye movement parameters and vehicle speed data of eighteen participants in a driving simulator to analyze speed control behavior and driver’s looking behavior. Drivers’ behavioral data showed that there were no significant interactive effects between visibility and traffic sign setting plans, but visibility had a significant effect on vehicle speed. Besides, fixation data showed that the fixation duration did not vary significantly at different levels of visibility. Wang et al. [31] recruited sixty-eight male coach drivers to take part in a driving mission on a simulated mountain highway. The study analyzed the drivers’ eye movement indicators, including blink duration, blink frequency, eye closing duration, and pupil diameter. The results indicated that the decrease or increase of the driver’s visual behavior could obviously reflect the variations of driving performance. Accordingly, pupil diameter, blink duration, and blink frequency were negatively correlated with changes in attentional allocation, and positively correlated with speed perception and reaction time. Han et al. [11] discussed the effect of the delineator on driver’s eye movement in different road alignment scenarios. The study collected behavioral data from thirty-five participants, including fixation time and pupil size. Drivers’ behavioral data showed that the participants had smaller pupil diameter and slower pupil diameter changes when driving in tunnels equipped with delineators. Also, they analyzed the influence of delineator configuration on the tunnel driver’s scanning path in tunnels [32], and quantified the complexity of individual switching patterns by Markov-based entropy method. The results showed that subjects’ interest areas varied with driving scenarios. Additionally, more than 50% of gaze time was spent on the left and tight curve portions of the straight-line section. Qin [33] evaluated the impact of color decoration of interior tunnel walls on the driving characteristics. The subjective evaluation, constant speed driving duration, and lane offset of sixty licensed drivers were analyzed in the study. The investigation results demonstrated that under the same environmental information, there was no significant influence on subjective evaluation value of the subjects, and environmental data in the color decoration scheme had a significant effect on their constant speed driving duration. Although it is true that experiments conducted in driving simulators do have the advantage of being easier to accomplish, are less risky, and require less of a budget than those conducted on real roads [34], they have limitations which cannot reproduce the environment on the real road [35].



The second category is field research, carried out in real tunnel scenarios. Narisada and Yoseoikawa [36] used the corneal reflection eye-maker recorder to investigate eye movements of drivers while approaching tunnel entrances. In the study, two experienced male observers drove a car at speeds between 55 km/h and 100 km/h and stated the moment they began to focus their visual attention on the tunnel entrance in front. Analysis results demonstrated that the minimum duration of the eye mark fixed on a certain point was 0.1–0.2 s, and in some cases, eye marks tended to stay in a certain position on the road scene for a relatively long time. Zhao and Liu [37] studied drivers’ characteristics variation as they passed through the tunnel exit. They also used the BP neural network to establish a mathematical model of fixation time and eye saccade amplitude at the tunnel exit portal. Results indicated that the variation of drivers’ visual characteristics changed based on the distance from the tunnel exit. Additionally, when approaching the tunnel exit, the fixation duration and number of fixation of drivers are reduced, while drivers’ saccade amplitude at the tunnel exit is increased. Yan et al. [19] collected test data of nine drivers at the tunnel entrance and inside sections to assess how drivers’ visual features had changed during driving. The drivers’ eye movement data showed an increase in the average values of fixation duration of 100 m outside the tunnel entrance, but a decrease in fixation number. In addition, drivers had a long-time fixation while driving through the tunnel. Shao et al. [38] collected drivers’ eye movement and pupil diameter together with their heart rate (HR) at the Xi’an men tunnel’s entrance and exit. Factor analysis was used to extract a comprehensive measure that could reflect nanoscopic driving behavior. Analysis results concluded that, for the entrance zone, the road section (−40 m, 40 m) is unsafe, which may cause the driving deceleration and increase in heart rate. Besides, the fluctuation rate of pupillary diameter is sharply in the section (−5 m, 25 m). Moreover, attention should be paid to the 150 m to 110 m section before the vehicle exits the tunnel. Hu et al. [39] used a head-mounted eye-tracking system to record the parameters of eye movement of thirty-two participants while driving under different spatial-visual conditions in the tunnel’s entrance zone. Results indicated that route familiarization had a significant effect on the number of fixations, average saccade amplitude, and average speed. However, route familiarization had a weak influence on the fixation duration and average saccade speed. Moreover, in the tunnel entrance zone, the fixations of familiar drivers were fewer than those of unfamiliar drivers at all driving intervals, and unfamiliar drivers chose to drive at lower speeds and tended to slow down farther from the tunnel portal. Yang and Chen [40] analyzed pupil area, XY sight angle, percentage of fixation times, and mean fixation times of participants in the Liang feng ya tunnel of the Lanhai Expressway, and studied visual behavior of drivers in extra-long tunnel sections of the expressway. The analysis data of this study demonstrated that the pupil area of the driver increased in the tunnel’s inner section, gradually enlarged, and then fluctuated continuously after entering the tunnel. Additionally, the driver’s attention in the inner section was more concentrated and downward. Fu et al. [41] discussed the differences in visual perception and driving behavior at the entrance of short, medium-length, and long tunnels, under naturalistic driving conditions. Five indicators were adopted in the study, including fixation, saccade, speed, deceleration, and position. The experiment results revealed that the length of the tunnel is a crucial factor affecting the speed of drivers at tunnel entrances. Moreover, the deceleration value under the short-tunnel condition is greater than that under medium and long tunnels. Jiao et al. [42] carried out a real-world test in the East Lake Tunnel (Wuhan, China) and collected data on drivers’ fixation and saccade from five different radii and straight sections. The results demonstrated that there are significant differences in the distribution of drivers’ fixation points under different turning and alignment conditions. Besides, the turning condition had a significant effect on mean fixation time and average fixation frequency, but the radius had no significant effect on mean fixation time and average fixation frequency.



The above-mentioned existing studies primarily concentrated on analyzing the characteristics of eye movement of the driver while the driver enters or exits the tunnel. However, the interior section of a tunnel is often the longest extension of the tunnel. The expected luminance of this section is about 2.5 cd/m2, which belongs to the mesopic vision range [43,44], thus the safety evaluation of this section is more important. In this study, an innovative method (using fixation maps) of examining the effect of luminance levels on visual characteristics was investigated. Taking the Chibai tunnel of Tongshen expressway in Tonghua City (Jilin, China) as a case study, the relationship between pupil area and fixation maps under different luminance levels was studied. Six experienced male drivers were recruited in the study, where they traversed from 252 m inside the tunnel entrance portal to 60 m before the tunnel exit portal at different luminance levels during the daytime. According to the research results, this paper also puts forward suggestions for improving highway safety.




3. Materials and Methods


3.1. Test Participants


The real vehicle test took place in a mountain road tunnel, which is more dangerous than driving on a normal road. Thus, 6 experienced male drivers participated in the study, with an average age of 39.5 years old and a standard deviation of 9.4 years. Their driving experience ranged from 12 to 32 years. All participants had a lot of tunnel-driving experience and drove through tunnels at least once a month. In addition, none of the participants showed more than slight anxiety while driving in tunnels.



To ensure the accuracy of eye-tracking data, the participants did not exhibit achromatopsia, and their visual acuity was normal. Additionally, the participants had no psychological or physical health problems and no major traffic safety incidents. Information about the driver’s age and driving experience is given in Table 1.




3.2. Driving Scenario and Environment


The Chibai tunnel of Tongshen Expressway, located in Tonghua city (Jilin Province, China), was an experimental site in this study. The characteristics of this tunnel are presented in Table 2. The tunnel is double-arched with isolated compartments for vehicles in different directions, with two lanes in each direction.



The luminance required for the tunnel interior zone can be calculated using Equation (1).


   L  i n   =  {    0.0007  v 2  − 0.0693 v + 2.6                                                   N ≤ 350     0.0005  v 2  − 0.0207 v + 0.9                                                   350 < N < 1200     0.0012  v 2  − 0.0732 v + 2.1                                                   N ≥ 1200      



(1)




where, Lin is the luminance of interior zone; v is design vehicle speed, unit is km/h; N is traffic volume, unit is veh/(h·ln). For the Chibai tunnel, v = 80 km/h, N = 704 veh/(h·ln), thus Lin = 2.5 cd/m2.




3.3. Experimental Instrument and Vehicle


For behavior tracking, the eye tracker Dikablis Ergoneers Professional 3.0 with a set of three cameras was used. One camera was for collecting the scene image with 1920 × 1080 pixels, one was for collecting left eye movement data with 648 × 488 pixels, and one was for collecting right eye movement data with 648 × 488 pixels. The eye tracker had a sampling rate of 60 Hz, a pupil tracking accuracy of 0.05°, and a glance direction accuracy of 0.1–0.3°.



The collection and preprocessing of driving behavior data was performed by D-Lab software (Ergoneers GmbH, Geretsried, Germany) [45,46,47,48]. Eye movement was recorded using an Asus laptop with an Intel Core i5, 16 G memory, 512 G SSD. The test vehicle was a front-engine, mid-size car (Wuling Rongguang 6450B, SGMW). Figure 1 shows the eye tracker and the test vehicle, and Table 3 gives basic information about the test vehicle.




3.4. Experimental Procedure


The test was conducted in clear sky weather. Before starting the test, participants were informed of the general objectives and procedures of the actual test. They were then asked to travel freely through the tunnel, based on their normal driving habits and traffic regulations. Each participant took the total length of 1566 m from 252 m inside the tunnel entrance gate to 60 m before the tunnel exit portal (shown in Figure 2), with free-flow speed of about 60 km/h under three luminance conditions (2 cd/m2, 2.5 cd/m2, 3 cd/m2, the tunnel interior luminance can be adjusted by the tunnel lighting control software [49]). Eye movement data was stored in separate files on the laptop placed in the vehicle’s rear. The period for completing the experiments for the three luminance levels was less than 1 h, for which no visual fatigue was observed. The specific steps of the test were as follows:




	(1)

	
Before testing, each participant was briefed on the objectives and procedures of the experiment. Also, each participant was familiar with the test vehicle before the test.




	(2)

	
The participant drove the vehicle to the starting point, checked the test equipment, such as laptop, power supply, and eye tracker, and the experimenter connected the eye tracker to the laptop.




	(3)

	
Before the former test, the experimenter helped the driver put on an eye tracker and adjusted the eye tracker pupil lens and the scene lens to the most comfortable angle under normal working conditions.




	(4)

	
The experimenter calibrated the eye tracker, and the participants adjusted their bodies to a comfortable sitting position and kept their heads as still as possible during the test.




	(5)

	
During the test, the experimenter checked the work of the eye tracker in real-time and corrected the abnormal data timely. As the vehicle drove out of the tunnel, test data collection stopped, thus text and video data were saved.




	(6)

	
After the driver completed the experimental test for a luminance level, the experimenter would check the accuracy of eye-movement data. If there was a problem with the data, the experiment would be redone starting from step (4), after a brief break. The experiment was repeated for the three predetermined luminance levels starting from step (2).




	(7)

	
Once a participant completed the experiments for the three luminance levels, the next participant would perform the tests starting from step (2). It is worth mentioning that all six drivers completed the experiments in strict accordance with the above steps.









During the test, when overtaking occurs, recorded data will be marked for subsequent processing easily.





4. Results and Analysis


Drivers’ visual behaviors were segmented into fixation periods and saccades. In this study, we studied the pupil area and fixation point distribution of participants at different luminance levels.



4.1. Pupil Area


4.1.1. Data Preprocessing


Before performing data analysis, original pupil data was collected by the eye tracker (Figure 3) and preprocessed to reduce the interference of abnormal data. For example, in Figure 3, pupil data in a green rectangle reflects abnormally low amplitude estimates of brief duration. This phenomenon can be caused by several factors, such as eye blink, sharp changes in luminance, and abnormal reflection in the cornea. In addition, pupil data in the red rectangle is another type of abnormal data, mainly due to the color similarity of iris and pupil dilation.



Before analyzing the dynamics of the pupil area, the pupil blink data and unlikely pupil area were eliminated. Figure 4 illustrates an example of processed data along with original data. As observed in Figure 4, preprocessed pupil data is messy, possibly due to the driver’s iris tremors and their mental activity. The noisy data is smoothed by Wavelet Transform through a MATLAB program in this study. It was noted that there were significant individual differences in eye movement parameters among the six drivers. It should be noted all experimental figures after Figure 4 used processed data only.




4.1.2. Pupil Area Analysis


Light reflection of the pupil will cause the pupil to contract when the light levels increase and vice versa. Changes in pupil areas are the most popular physiological and psychological indexes that reflect the cognitive process of drivers [50,51,52,53]. Besides, reasonable lighting conditions will keep the driver’s pupil area constant, allowing the driver to be more comfortable in the driving process and to reduce workload intensity [54,55,56].



Figure 5 shows the relationship between the driver’s pupil area and the driver’s position with respect to the tunnel entrance under different luminance levels during the daytime. As shown in this figure, the pupil area varied slightly compared to the driver’s position, but the pupil area remained nearly constant. For L = 2, 2.5, and 3 cd/m2, the pupil area ranges between 1400 and 1600 pixels, 1400 and 1600 pixels, and 1200 and 1400 pixels, respectively. Besides, the pupil area of the beginning and the exit sections are higher than the interior section. As can be inferred from Figure 5d, the pupil area decreases with an increase in luminance levels.



Figure 6 illustrates the average pupil area of each driver in three luminance levels. The correlation between pupil area and luminance level was studied. The fitting comparison between the pupil area and the luminance level revealed that a linear function exhibited a better fitting result (as shown in Figure 6). The fitting equation of average pupil area versus luminance level is given in Equation (2).


   P A  = 1944.39 − 191.8 L ,  



(2)




where PA is the average pupil area (pixel); L is the luminance level (cd/m2). The coefficient of determination of R2 is 0.974, which means that the reliability of the fitting equation is acceptable. The results clearly show that the pupil area decreased significantly with the increase of the luminance level.





4.2. Fixation


Fixation is defined as the time period where visual gaze is maintained on a single point (red point in Figure 2), which includes fixation duration, the number of fixations, and the fixation area of interest (AOI). Fixation maps of AOI are developed based on the collected fixation positions of drivers’ eyes while navigating the road tunnel [33]. A fixation map is a graphical representation of data in which values are depicted by color.



4.2.1. Data Preprocessing


Examples of fixation maps are presented in Figure 7. It can be inferred from Figure 7 that two drivers had different vision because of the distinct positions of their heads and angles from which the driver’s vision is viewed. Therefore, the view images needed to be rotated and cropped before performing the fixation map’s analysis. Thus, a datum line is necessary to adjust view images to the same angle. When the driver was sitting in the vehicle, the same vehicle body contour appeared on the scene camera. Thus, the car body contour was selected as the datum line (green lines in Figure 8). Images used in the subsequent analysis were all rotated with the intersection of the two green lines. Additionally, the redundant edges were cropped to acquire the same image size. The original and calibrated images are presented in Figure 8.




4.2.2. Fixation Maps Analysis


Drivers’ AOI reflects the degree of the drivers’ attention while driving. Drivers’ visual field in the tunnel’s environment consists of two sections: central view section and peripheral view section [57], see Figure 9. To describe the tunnel’s inside visual environment accurately, the peripheral view areas were divided into five spatial regions.



	
Region A (upper region): it represents the top wall;



	
Region B (right region): it represents the right interior wall;



	
Region C (lower region): it represents the road surface;



	
Region D (left region): it mainly includes the left interior wall;



	
Region E (dashboard): it mainly includes Vehicle’s Instrument Panel/Car Dashboard.






In this study, a MATLAB surface-mapping program was developed to create color fixation maps. The program calculating the fixation points’ centroid and spread distance of fixation points aims to compare subjects’ visual behavior in three luminance level scenarios. Fixation maps were generated based on the fixation points extracted from the calibrated scene images. On the fixation map, warmer colors denote a higher concentration of fixation points, while colder colors show a lower concentration.



Figure 10 presents fixation maps extracted from the eye-tracking frames of six participants for the three luminance levels: (a) 2 cd/m2, (b) 2.5 cd/m2, (c) 3 cd/m2. The results show that the portion with high gaze frequency is concentrated on the road surface (region C), the top wall surface (region A), and with somewhat less frequency on the steering wheel (region E). Figure 10d illustrates the percentage of fixation points in each area for the three luminance levels. The results in Figure 10d show that region C has the largest fixation points for the three luminance levels, followed by region A, then region E.



Figure 11 gives the percentage of fixation point numbers in each region under three luminance levels. It can be concluded that the gaze frequency in region C significantly decreases as the luminance level increases. Likewise, the gaze frequency in regions A and O decreases as the luminance level increases. However, the gaze frequency in regions B and D increases as the luminance level increases.






5. Conclusions


Through field research, drivers’ eye movement data were collected by eye-tracking equipment. By analyzing these data, the study explored how luminance levels affect drivers’ visual characteristics (pupil area and fixation point) when driving through the tunnel interior zone. Only six drivers (a small sample size due to the integration of safety considerations, limited time, and funds), were used in this study because this process was conducted as a pilot test. The conclusions are as follows:




	(1)

	
When driving through the tunnel interior zone, the pupil area remains at a relatively stable level. The results showed that the luminance level had a significant effect on the drivers’ eye movement indicators, pupil area, and fixation point position.




	(2)

	
The average pupil area was negatively correlated with luminance level, which implies that the driver’s dynamic visual acuity can be improved by reducing his pupil area, which in turn increases his ability to identify moving objects. Moreover, the relationship between pupil area and luminance level fitted a linear function.




	(3)

	
When driving in the tunnel, the participants’ fixation areas are mainly on the front road pavement, on the top wall surface, and on the dashboard. The results revealed that the road pavement is the most important region for drivers in the tunnel’s interior zone.




	(4)

	
Although the study presented some promising practices, the study also has limitations. The main limitation is the small sample size (i.e., 6 drivers). Future studies should increase the number of drivers to confirm the results. Also, future studies should be carried out under different weather conditions. Furthermore, the tests should distinguish between the novice subjects and the experienced subjects, male and female subjects, in addition to other parameters.
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Figure 1. Photos of (a) eye tracker; (b) test vehicle. 
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Figure 2. Driver’s view at different locations. 
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Figure 3. Original data of pupil area. 
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Figure 4. Processed data. 
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Figure 5. Box plot of average pupil area of drivers for different luminance levels in the daytime: (a) under 2 cd/m2; (b) under 2.5 cd/m2; (c) under 3cd/m2; and (d) comparison results of average pupil area for three luminance levels. 
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Figure 6. Pupil area versus luminance level. 
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Figure 7. Fixation maps of two participants. 
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Figure 8. Original and calibrated images. 
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Figure 9. Drivers’ visual space and visual region division. 
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Figure 10. Fixation map of the six participants for the three-luminance levels: (a) 2 cd/m2; (b) 2.5 cd/m2; (c) 3 cd/m2; (d) illustrates the percentage of fixation points in each region for the three luminance levels. 
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Figure 11. Comparison of fixation areas percentage. 
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Table 1. Basic information of participants.
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	Participant
	Driving Experience (Years)
	Age
	Driver’s License Type
	Vision





	1
	13
	32
	A 1
	>1.0



	2
	12
	35
	A
	>1.0



	3
	14
	36
	A
	>1.0



	4
	12
	37
	A
	>1.0



	5
	16
	39
	A
	>1.0



	6
	32
	58
	A
	>1.0







1 Driving license type A indicates that drivers are allowed to drive heavy passenger vehicles.
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Table 2. Characteristics of Chibai tunnel.
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	Item
	Information





	Length (m)
	1878



	Height (m)
	7.45



	Lanes (m)
	3.75 × 2



	Shoulder width (m)
	1.5



	Design speed (km/h)
	80



	Speed limit (km/h)
	60



	Lighting facilities
	LED



	Longitudinal slope
	0 degree
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Table 3. Information about the test vehicle.






Table 3. Information about the test vehicle.





	Item
	Information





	Vehicle weight
	1.2 tons



	Engine displacement
	1.2 L



	Maximum torque
	112 Nm



	Maximum power
	61 KW (83 Ps)
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