Article

Effect of Road Markings and Traffic Signs Presence
on Young Driver Stress Level, Eye Movement and
Behaviour in Night-Time Conditions: A Driving
Simulator Study

Darko Babic¢ 1, Dario Babi¢ »*, Hrvoje Cajner 2, Ana Sruk 3 and Mario Fioli¢?

! Faculty of Transport and Traffic Sciences, University of Zagreb, 10000 Zagreb, Croatia;
darko.babic@fpz.unizg.hr (D.B.); dario.babic@fpz.unizg.hr (D.B.); mario.fiolic@fpz.unizg.hr (M.F.)

2 Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, 10000 Zagreb, Croatia;
hrvoje.cajner@fsb.hr

3 Department of Neurology, Sveti Duh University Hospital, 10000 Zagreb, Croatia; srukana@gmail.com

* Correspondence: dario.babic@fpz.unizg.hr

Received: 20 March 2020; Accepted: 2 May 2020; Published: 11 May 2020

Abstract: The study investigates how the presence of traffic signalling elements (road markings and
traffic signs) affects the behaviour of young drivers in night-time conditions. Statistics show that
young drivers (< 30 years old) are often involved in road accidents, especially those that occur in
night-time conditions. Among other factors, this is due to lack of experience, overestimation of their
ability or the desire to prove themselves. A driving simulator scenario was developed for the
purpose of the research and 32 young drivers took two runs using it: a) one containing no road
markings and traffic signs and b) one containing road markings and traffic signs. In addition to the
driving simulator, eye tracking glasses were used to track eye movement and an electrocardiograph
was used to monitor the heart rate and to determine the level of stress during the runs. The results
show statistically significant differences (dependent samples f-test) between the two runs
concerning driving speed, lateral position of the vehicle, and visual scanning of the environment.
The results prove that road markings and traffic signs provide the drivers with timely and relevant
information related to the upcoming situation, thus enabling them to adjust their driving
accordingly. The results are valuable to road authorities and provide an explicit confirmation of the
importance of traffic signalling for the behaviour of young drivers in night-time conditions, and
thus for the overall traffic safety.
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1. Introduction

Night-time driving represents one of the most complex driving conditions. Human eye functions
are the best at high levels of illumination, while during night-time our visual field is narrowed and
shortened, and the perception of colour, shape, texture, contrast and movement is reduced. This is
due to the fact that the vision is progressively mediated by rod photoreceptors (specialised for low
lighting) as light levels reduce [1]. Numerous studies have proven that the risk of road accidents
increases at night and that the drivers’ ability to avoid a collision is impeded in low visibility
conditions [2-6].

Although traffic volume is significantly lower during the night, compared to daytime, more than
half of all traffic fatalities occur after dark [1]. The latest EU statistics show that a high number of road
fatalities occur at night between Friday and Saturday and between Saturday and Sunday. The peak
during weekends is particularly pronounced for the age group between 15 and 30 years old [7].

Safety 2020, 6, 24; doi:10.3390/safety6020024 www.mdpi.com/journal/safety



Safety 2020, 6, 24 2 of 17

Young (predominantly male) drivers are more involved in road accidents even though they usually
drive less frequently than the older drivers [8-11]. The causes for such statistics are different and
represent a combination of young driver’s personality, driving inexperience, capability to assess the
situation and overestimation of their own abilities, social and situational factors (such as the influence
of alcohol and opiates, peer pressure, fatigue, socio-economic status, etc.) and other factors (time of
the day and week, amount of time on the road, environmental factors etc.) [12-17].

Taking into account the complexity of road accidents, modern road safety strategies are based
on a comprehensive interdisciplinary approach that simultaneously seeks to improve transport
infrastructure, superstructure, legislation and education of traffic participants.

One of the most cost-effective ways to increase road safety is to apply measures related to traffic
signalling elements i.e., road markings and traffic signs. Namely, while driving, the driver receives
more than 90% of information visually [18], which is why road traffic safety depends mainly on the
timeliness of the information the driver gets, which is mostly transmitted by road markings and
traffic signs. For that reason, a body of literature has investigated the relationship between traffic
signalling elements and driver’s behaviour.

Several studies highlight a correlation between the lateral position of the vehicle within the lanes
and road markings. In other words, the drivers change the lateral position of the vehicle and move it
closer to the edge of the road, thus reducing the risk of head-on collision, with the increase of the
road markings width [19-22]. A significant reduction in the frequency of centre line crossing was also
observed with the use of markers, transverse warning markings, vibration markings, and road curve
signs [23]. Other studies have shown a positive influence of road markings as a speed reduction and
compliance measure. Daniels et al. presented the results of two evaluation studies that analysed two
additional types of road markings in order to support driver decisions regarding speed on 70 km/h
roads in Belgium [24]. The first marking type was a white 0.5 m long line painted on the right side of
the roadway, close to the existing continuous edge line in longitudinal direction and repeated every
50 m. The second type was a white number ‘7, marked close to the edge line like the first type and
repeated every 50 m. Their impact on driver behaviour was evaluated in two ways: field study on
four road segments and evaluation on a driving simulator. The results of the first part of the study
did not show a significant impact of additional road markings on the driving speed. However, the
evaluation on a driving simulator did report an impact of additional road markings on the lateral
positioning of the vehicle. Ding et al. carried out several driving simulator studies on this subject [25—
27]. The studies were based on an analysis comprising vehicle operations and drivers’ psychological
and physical reactions. The results indicated that transverse speed reduction markings could
significantly impact driver behaviour (speed and positioning). Charlton, Starkey and Malhotra used
a driving simulator to test the potential indicating speed limits with two types of road markings [28].
The first type was designed to provide visually distinct cues to indicate speed limits of 60, 80 and 100
km/h (“Attentional”), while the second type (“Perceptual”) was designed to affect the drivers’
perception of speed. The markings were compared to a standard undifferentiated set of markings.
The authors concluded that the association of road markings with specific speed limits may be a
useful way to improve speed limit compliance and increase speed homogeneity.

In addition, several other studies also highlighted the potential of different perceptual measures
related to road markings and traffic sign on driver’s behaviour in various traffic situations such as
curves, gates and intersections [29-38].Furthermore, some studies indicate that the quality of traffic
signalling may influence the probability of road accidents occurring, especially in the night-time
conditions. In other words, with the increase of the road markings and traffic signs retroreflection the
number of accidents during night-time would decrease [39-44].

Although previous research indicates that traffic signalling has a positive impact on road safety,
some pilot projects show that removal of, namely road markings, may reduce the driving speed [45].
In addition, the concept of “shared space” on roads which suggest that in smaller populated area
with lower traffic levels, the removal of traffic signalling may influence the drivers to be more
attentive and cautious, which results in speed reduction.
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From the literature it can be concluded that the effect of traffic signalling on driver behaviour,
particularly in night-time conditions, has not been fully explored. In other words, most of the studies
investigated the effect of traffic signalling measures on driver’s behaviour in daytime conditions.
However, during the night driver’s perceptual capabilities are significantly reduced which is one of
the reasons why, as stated earlier, more than a half of all traffic fatalities occur after dark. In addition,
little is known about the influence of traffic signalling elements (road markings and traffic signs) on
a driver’s road visual scanning behaviour and stress levels.

The aim of this study is to investigate how the presence of traffic signalling influence the
behaviour of young drivers, as the most vulnerable driving group, in night-time conditions based on
data related to driving speed, acceleration and deceleration, lateral position of the vehicle.
Furthermore, using heart rate and eye movement measures we have analysed the driver’s stress level
while driving on the scenarios with and without traffic signalling elements. As far as it is known to
the authors, this is the first study which used ECG and eye tracker to evaluate effect of traffic
signalling measures on driver’s behaviour at night-time.

The more precise objectives will be outlined below.

2. Objectives and Hypotheses

Based on the road accidents statistics and aforementioned gaps in the literature, the main
objective of this study is to analyse how the presence of traffic signalling elements (road markings
and traffic signs) affect the behaviour of young drivers in night-time conditions in terms of driving
speed and the position of the vehicle within the lanes, visual scanning of the road and the
environment, and stress levels during driving. Modern research equipment was used for this
purpose, namely: driving simulator, eye tracking glasses for the driver and portable
electrocardiogram.

The main hypotheses of the study are:

1. Presence of traffic signalling will lead to a decrease in driving speed and to more stable
driving of young drivers in night-time conditions;

2. The level of stress of young drivers will be lower during driving in night-time conditions
on the road with traffic signalling;

3. Drivers will visually scan the road and the environment more actively if the road
contains traffic signalling.

A driving simulator scenario has been developed for the purpose of the study, representing a
ride on a two-way rural road passing through smaller settlements. The motive for the study is the
statistics that show that the most road accidents (in the EU 55% in 2017) occur precisely on such roads
[7]. Moreover, due to limited financial resources available for maintenance, the quality of traffic
signalling on rural roads is often not satisfactory.

A more detailed description of the research methodology has been given in the following
chapters.

3. Methodology

3.1. Research Equipment

As already mentioned in the previous chapter, modern research equipment was used for
research purposes, namely: driving simulator, eye tracking glasses for the driver, and portable
electrocardiogram.

(1)  Driving simulator

The driving simulator used for this research (Carnetsoft B. V.) belongs to a group of static
simulators consisting of a driver section (driver seat with pedals, steering wheel and shifter) and
three interconnected displays, 30 ‘in size, 5760 x 1080 resolution and 30 Hz frame rate. The hardware
is consisted of a computer with a NVidia GeForce GTX 1080 Ti graphics processing unit (GPU) with
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3GB of video memory, Intel Core i7 7700K central processor unit (CPU) with 4 cores, 8 threads and
frequency of 4,20GHz, 32GB of RAM, 250GB SSD for storage and Windows 10 Pro 64-bit operating
system. The simulator provides an interactive display of reality with a 210° environment with over
six channels (left, middle and right views plus three rear-view mirrors).

The described simulator has been used in several studies related to the driver’s behaviour which
validates its use in this study [46-50].

(b)  Eye tracking glasses

Tobii’s mobile and non-invasive glasses (Tobii Pro Glasses 2) were used to track the participant’s
eye movement. The glasses are equipped with cameras, recording unit and a computer unit with
installed software that records, captures and stores collected data. The glasses are the basic part of
the system since their cameras capture every movement of participant’s eyes, and they are designed
very similarly to standard prescription glasses. They have four eye tracking cameras (two cameras
per eye) and four sensors (gyroscope and accelerometer). The camera installed on the front of the
glasses records the space in front of the participant with a 1920 * 1080 pixel HD resolution and a
viewing area of 160° horizontally and 70° vertically, while the remaining cameras that record eye
movement are placed in eyeglass lenses. Figure 1 shows the eye tracking glasses used in this project.

(c)  Electrocardiogram (ECG)

Electrocardiography is the process of recording the electrical activity of the heart by using an
electrocardiogram, a device that measures and records electrical signals from the heart via several
electrodes attached to the chest. For the purpose of the study, a Holter ECG device was used to record
and monitor the operation of the heart while the person is moving and performing other activities.
In such a measurement mode, seven electrodes are connected to a smaller portable device, as shown
in Figure 1.

Figure 1. Position of the Holter ECG heart rate measurement electrodes.

3.2. Scenario Design

The scenario has been designed as a two-way road with lanes 3.25 m wide and 6.61 km long,
including active traffic in opposite direction. Parts of the section include driving through populated
areas with a speed limit of 50 km/h while other parts simulate an open road outside populated areas
with a speed limit up to a maximum of 90 km/h in accordance with the legal regulations in the
Republic of Croatia. The section includes six four-way intersections with traffic from other directions,
two pedestrian crossings with pedestrians crossing them, and ten sharp curves (radius ranging from
50 m to 100 m) marked with chevrons. The section is marked with 15 cm wide white edge and centre
lines and contains a total of 55 traffic signs placed in the direction of driving in accordance with the
Croatian design standards. Of a total of six intersections, drivers had the right of way on four of them
(intersections 1, 2, 3 and 5) while at two intersections (intersections 4 and 6) they had a stop sign i.e.,
they did not have the right of way. Houses and other environmental elements such as trees were
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present in the scenario. Both the sound of traffic in the environment and the sound of the participant’s
car were included.
The scenario has been developed in the Carnetsoft B. V. Road design tool and is shown in Figure 2.
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Figure 2. Representation of driving scenario (green route).

3.3. Participants

For the purposes of the research, 32 younger participants (volunteers) with a valid driving
license were recruited. Of a total of 32 participants, 23 were male (71.88%), while nine were female
(28.13%). The average age of participants was 25 years (X = 25.11; range = 21.6-29.8; SD = 1.81). The
average driving experience of participants was six years (X = 6.53; range = 2-11; SD = 2.18).

The sample mentioned above was chosen due to the fact that younger drivers (between the age
of 15 and 30), especially males, are more involved in road accidents. One of the reasons is that
younger drivers are somewhat inexperienced, reckless, and prone to overestimate and prove
themselves, which is why they are more inclined to risky behaviour on the road. This has also been
confirmed by the fact that the participants assessed their driving ability with an average grade of 8.22
(from the scale 1-10) although 40.62% of them drove only a few times a week (28.13%) or a few times
a month (12.50%). According to their own estimates, the participants drove on average 10,468.75
kilometres a year.

Of 32 participants, nine (28.12%) participated in a traffic accident as drivers (in total they
participated in ten accidents). Overall, 40% of them were at fault for the accident. Six participants had
a mild eye prescription and wear glasses or lenses when driving.

None of the participants had any significant physical or other impairment, and they gave their
consent to participate in this study. In addition, none of the participants reported any sign of driving
simulator sickness.

Data on participants are given in Appendix A.
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3.4. Research Procedure

The testing room was set up in the Department of Traffic Signalling, Faculty of Transport and
Traffic Sciences, University of Zagreb, Croatia. Before the test was conducted, each participant
became acquainted with the research equipment and research procedure. Data collection and
participant anonymity were ensured to follow the Declaration of Helsinki and the study was
approved by the Ethics Board of the Faculty of Transport and Traffic Sciences, University of Zagreb.

The participants were instructed by researchers that their driving knowledge and ability are not
being evaluated and that they can freely leave at any given time, especially if they feel some kind of
side effects such as simulator sickness. The participants also signed a consent form to take part and
filled in a short questionnaire related to certain personal information such as age, gender, date of
obtaining the driver’s license, assessment of their own driving ability, number of road accidents in
which they participated and in which they were guilty, frequency of driving, own estimate of
kilometres per year, and other comments and possible problems related to the visual system.

After that, the participants were equipped with the research equipment (eye-tracking glasses
and electrocardiograph) and sat at the driving simulator. Before performing the runs according to the
defined scenario, the participants had a warmup session of about 5-10 min to get acquainted with
the driving simulator and other research equipment.

The research consisted of two runs per the same scenario in night-time and dry pavement
conditions. During one of the runs, traffic signalling elements (road markings and traffic signs) were
not present in the scenario, while during other they were “included”. The order of the runs was
randomized for each participant in order to counterbalance the order effect. The average total driving
time for both runs was 14.25 min (SD = + 1.16 min). After every run the participants evaluated the
stress level and driving complexity on a scale from 1 to 10 (1-extremely demanding; 10-extremely
easy). The representation of research implementation is shown on Figure 3.

(b)

Figure 3. Representation of research implementation: (a) scenario without traffic signalling;

(b) scenario with “included” traffic signalling.
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3.5. Variables Used to Describe the Behaviour of Participants and Data Analysis

In order to validate the defined hypotheses, the data related to driving speed, acceleration and
deceleration, lateral position of the vehicle, heart rate and basic eye movements (fixation and seizure)
were collected. The names, definitions, and units of the variables used are shown in Table 1.

Table 1. Names, definitions and units of the variables.

Variable name Definition Unit
Driving speed Change in the position of the vehicle in a unit of time. km/h
Acceleration/deceleration Change in speed in a unit of time. m/s?

The position of the vehicle determined by the distance from
the middle of the front bumper to the middle of the right
edge line.

Lateral position Negative value-vehicle movement is to the right (towards m
the edge line).
Positive value-vehicle movement is to the centre of the road
(towards the centre line).

Heart rate Rate of cardiac cycle change. bpm
Fixations-number and Condition of the eye when it is “motionless”, or when itis N and
duration temporarily still while observing an object or reading words.  (ms)
Saccades-number and N and

Eye movement between two fixations.

duration (ms)

The above data were extracted from Carnetsoft B. V. “Data Analysis” software, Tobii Pro
Analyzer and Holter EKG software and processed with an “R” statistical tool.

The dependent samples t-test was used to test the differences between measured variables
between two drives. Correlation analysis (Spearman’s correlation coefficient) was used to test the
connection between variables.

4. Results
The results have been described separately for every part of the research equipment.
a) Driving simulator data

During the run with no traffic signalling elements, the average driving speed of the participants
was 58.63 km/h (SD = 8.66) and they have been positioning the vehicle towards the right edge of the
road for a longer period (on average 4.11 min of the total driving time). The participants positioned
the vehicle closer to the centre of the road for slightly more than 40% of the driving time (2.78 min on
average). The average lateral movement towards the centre of the road during this run was 0.59 m
and towards the right edge 0.37 m. It may be inferred from the movement mentioned above that the
participants had an unstable driving trajectory ranging from almost one meter (0.96 m) left-to-right
in the run without traffic signalling elements. The positive correlation between driving speed and
deceleration (Spearman’s correlation coefficient with p < 0.05: 0.443) and the lateral position of the
vehicle (Spearman’s correlation coefficient with p < 0.05: 0.378) have also confirmed riskier behaviour
of the participants while driving on the scenario without traffic signalling. Namely, with the increase
in driving speed during this drive, the participants were decelerating more often and more suddenly
and positioning the vehicle closer to the centre of the road.

On the other hand, during the run that included traffic signalling elements, the participants
drove in a more stable manner, positioning the vehicle in the 0.54 m left-to-right range, although a
positive correlation between driving speed, deceleration and the lateral positioning of the vehicle
closer to the centre of the road was also confirmed (Spearman’s correlation coefficient with p <0.05:
0.642 and 0.450, respectively). Driving stability and less risky behaviour of the participants during
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the run with traffic signalling were also confirmed by the fact that the participants drove closer to the
centre of the road and closer to the right edge of the road for approximately the same time. Namely,
the participants positioned the vehicle closer to the centre of the road for 4.05 min on average and
closer to the right edge of the road for 3.59 min on average which indicate better lateral control of the
vehicle. In addition, during this drive, the participants drove slower, averaging 52.49 km/h (SD =
5.90), adjusting their behaviour to the upcoming situation.

The statistical significance of the results obtained in the two drives was tested by using the
dependent samples t-test. The t-test results confirmed a statistically significant difference between
the driving speed and the lateral position of the vehicle between the scenario with traffic signalling
on the road and the one without it. A statistically significant difference in variables acceleration and
deceleration were not proved. Table 2 shows the aforementioned results.

Table 2. T-test results for variables obtained from the driving simulator.

Variable p Description

. p < 0.05-statistically significant
Driving speed 0.001 difference

Acceleration 0898 P > 0.05-no statistically significant
difference

Deceleration 083 P > 0.05-no statistically significant
difference

Lateral position of the vehicle towards the left side of 0000 P < 0.05-statistically significant
the road (centre line) ' difference

Lateral position of the vehicle towards the right side 0000 P < 0.05-statistically significant
of the road (edge line) ' difference

Higher speed and unstable trajectory during the run without traffic signalling elements, as well
as lack of information provided by traffic signalling, also resulted in more mistakes by the
participants. In total 14 road accidents were recorded, categorized as: head-on collision, vehicle
collision at junctions, run-off-road on curves and car-pedestrian collision. During the run in which
the participants received timely information through traffic signalling, the number of accidents was
reduced by 78.57% (a total of three traffic accidents). The three accidents have been categorized as
run-off-road on curves.

b) Eye tracking data

The dependent samples t-test results represented in Table 3 show a statistically significant
difference in the number of fixations, the duration of fixations, and the number of saccades between
the two drives. The statistically significant difference was not determined only for the saccade
duration. The results show that during the drive with traffic signalling the participants had a
significantly higher number of eye fixations in relation to the drive without signalling. As the
saccades represent eye movements between two fixations, their number was also higher in the
scenario with traffic signalling elements. On the other hand, the duration of fixations was
significantly longer during the run without traffic signalling, compared to the drive with signalling
elements. This indicates that during the run without the traffic signalling the participants focused
longer on road and environmental elements that they could see, at least to some extent, in order to
gather information on the upcoming situation.

The duration of saccades to a certain extent depends on the velocity of eye movement and the
desired point of fixation. Namely, if a person’s gaze is fixed on a certain point on the right side of the
visual field and then on a point on the opposite side of the visual field, the duration of the saccade
between the two fixations will be longer. Based on the above mentioned fact, the results (absence of
significant difference in duration of saccades between two drives) indicate that the drivers principally
directed their gaze to roughly the same area within the visual field. In other words, the manner of
their visual scanning of the environment did not differ in the two runs.
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Table 3. T-test results of participants” eye movement.

Variable p Description
Number of fixations 0.004  p <0.05-statistically significant difference
Duration of fixations 0.023  p<0.05-statistically significant difference
Number of saccades 0.000  p<0.05-statistically significant difference
Duration of saccades 0.085  p>0.05-no statistically significant difference

The analysis of the correlation between the driving speed and the eye movements during the
performed runs can lead to a conclusion that the number of fixations during both runs is negatively
correlated with the driving speed (Spearman’s correlation coefficient with p <0.05: drive without
signalling = -0.848, drive with signalling = 0.355).

Furthermore, during the run that included traffic signalling, on average, the participants looked
at 54.38% (Min = 10.91%, Max = 81.82%, SD = 15.23%) of the total 55 traffic signs set on the route.
Although on average the participants directed their gaze at more than half of the signs, this does not
mean that they understand their meaning, given that active attention is also required to perceive an
object [51]. In order to verify the extent to which the participants are aware of the traffic signs, during
the drive they were asked randomly about the meaning of a certain sign (stop sign, sharp curve,
speed limit, etc.) or the colour of the sign (e.g., colour of the chevrons). Questions were asked shortly
after the participants passed the sign. Of a total of 260 questions asked (X = 8.13 questions per
participant), the participants responded correctly to 195 or 75% (X = 6.09 per participant), which
confirms that the participants really perceived the signs.

In addition to the signs, road markings are also an important element of visual guidance for
drivers. The analysis of the results of participants’ gaze direction on a longitudinal marking (centre
line, right or left edge line) shows that the drivers were mostly oriented by the right edge line and the
centre line, and much less by the left edge line (Appendix B). On average, 55.97 times the drivers
directed their gaze to the right edge line (45.98% of the total number of views on longitudinal
markings), 53.28 times they were looking at the centre line (45.41%), and 12.69 times to the left edge
line (10.40%).

¢) Electrocardiographic data

The average heart rate of the participants during the drive without traffic signalling was 89.10
beats per minute (5D =17.04) and 85.71 (SD =16.27) during the drive with traffic signalling. Although
the average heart rate decreased slightly during the drive with traffic signalling, this difference was
too low to be statistically significant, as demonstrated by the t-test (p = 0.41> 0.05). Ultimately, it can
be concluded that the level of stress and driving complexity during both runs did not significantly
affect the participants’ heart rate. However, subjective assessments of the complexity of both
performed runs suggest that the participants found the drive with traffic signalling as less demanding
and stressful. On average, the participants assessed, on the scale from 1 to 10, the run without traffic
signalling as moderately demanding (X = 5.06), with two participants assessing it as extremely
demanding (grade 1). The drive with traffic signalling, participants assessed as easy (X = 9.3), with
the lowest rating of 5, given by two participants.

The summary of the results is presented in Table 4.
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Table 4. Summary of the results.

10 of 17

Variable name Driving Condition Mean SD
ith .
Wit .ou't road markings and 58.63 km/h 8.66 km/h
Driving speed traffic signs
Wltk} 1"oad markings and 52.49 km/h 5.90 km/h
traffic signs
Accel.: 0.15
Accel.: 0.67 m/s?
Without road markings and e m/s m/s?
traffic si Decel.: 0.22
Acceleration/deceleration ratiiesigns Decel.: 1.00 m/s? me/z;e 0
With road markings and Accel:0.67 m/s> 0.09 m/s?
traffic signs Decel.: 1.02 m/s2  0.35 m/s?
Wltk}oujc road markings and 048 m 021 m
Lateral vositi traffic signs
ateral position - :
Wlt}} ?oad markings and 027 m 0.09 m
traffic signs
Wltl?oujc road markings and 89.1 bpm 17.04 bpm
traffic signs
Heart rate With road markings and
P & 85.71 bpm 16.27 bpm
traffic signs
Number:
4390.07
Without road markings and 16513.84 390.0
traffic signs Duration:
Fixations - number and 1756.31 ms 1242.75 ms
ti :
duration . . Number 3380 87
With road markings and 18935.13
traffic signs Duration:
1421.80 ms 721.65ms
ber: 1373. 7
Without road markings and Number: 137350 638.70
. Duration: 55.56
traffic signs 7.43 ms
Saccades - number and ms
duration Number: 1785.16  649.88
With road markings and um .er
traffic signs Duration: 57.79 6.44 ms

ms

5. Discussion

This study analysed the presence of traffic signalling elements (road markings and traffic signs)
on the behaviour of young drivers in night-time conditions. A driving simulator scenario has been
developed for this purpose, representing a characteristic two-way rural road which goes through a
smaller populated area as well as unpopulated area. In order to determine the impact of traffic
signalling on the behaviour and stress level in young drivers, the participants drove the same scenario
twice: a) without traffic signalling elements and b) with present traffic signalling elements.

The results show a positive impact of traffic signalling on the driving speed and the lateral
position of the vehicle. Namely, the average driving speed decreased during the drive with present
traffic signalling elements by 10.47% compared to one without them, which is to a certain extent
contrary to the previous opinion that the visual guidance provided by adding longitudinal road
markings leads to higher speeds [21,52,53]. In addition, while driving on a road without traffic
signalling, the participants had an unstable driving trajectory ranging from almost one meter left to
right and positioning the vehicle most of the time closer to the centre of the road, thus increasing the
risk of head-on collision, which is consistent with the previous knowledge [21]. During the drive with
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traffic signalling, the participants drove in a more stable manner, positioning the vehicle more evenly
within the road lanes, thus reducing the risk of a head-on collision with vehicles from the opposite
direction and a run-off-road collision.

Furthermore, it is known that young drivers often misjudge situations and overestimate their
own abilities due to inexperience [12,14,15,54]. These results suggest that the lack of visual
information provided by signalling elements during the drive without these elements has further
influenced the perception of the upcoming situation of young participants, making them drive faster
and more unstable which ultimately resulted in a higher number of mistakes. Namely, during the
drive without signalling elements, in total 14 road accidents were recorded (head-on collision, vehicle
collision at junctions, run-off-road on curves and car-pedestrian collision), while this number was
reduced by as much as 78.57% during the drive in which the participants received timely relevant
information through road markings and traffic signs.

The presence of traffic signalling also influenced how the participants visually scanned the road
and the environment. During the run containing traffic signalling, the participants’ eyes were more
active and more fixed to road elements in order to gather as much information as necessary for safe
tracking of the road trajectory. A higher number of fixations, i.e., more active visual scanning of the
environment, implies more active attention of the participant, which can ultimately positively affect
traffic safety [55,56]. Moreover, the duration of fixations during the run without traffic signalling
elements was statistically significantly longer compared to the run with signalling elements,
indicating that in order to gather information on the upcoming situation the participants focused
longer on the road and environment elements that they could see, at least to some extent.

The analysis of the correlation between the driving speed and the eye movements during the
performed runs shows that the number of fixations during both runs is negatively correlated with
the driving speed. In other words, at greater driving speed, the participants had less time to scan the
road and the environment and had to gather enough information on the upcoming situation with
fewer fixations. During the run without traffic signalling, the participants could not rely on the
signalling for information, which is why they often wrongly assessed the situation, driving at a
greater speed compared to the run containing traffic signalling. With the increase in driving speed,
the participants’ eye activity slowed down, which, coupled with untimely information, caused the
drivers to make frequent mistakes or cause road accidents (14 in total).

Additionally, in the run containing traffic signalling, the participants on average looked at
54.38% of traffic signs on the route and could remember as much as 75% of them, which confirms
that they perceived them. Compared to previous studies that did not use the eye tracking method
[57-61], the percentage of perceived traffic signs was significantly higher, but was similar to recent
research conducted by using the mentioned method [62]. In addition to the signs, the analysis of the
results of participants” gaze direction on a longitudinal marking (centre line, right or left edge line)
shows that the drivers were mostly oriented by the right edge line and the centre line, and much less
by the left edge line, which is in line with previous literature findings [63,64].

The results of stress level measurement obtained from a portable ECG device did not show any
statistically significant differences between the two runs, but the subjective assessment of the
complexity or stress level of each run suggests that driving in a scenario with traffic signalling was
considerably less demanding and stressful.

6. Conclusions

A limited amount of visual information available to the driver, reduced and narrowed field of
vision as well as the impaired ability and accuracy of perception of colour, shape, texture, contrast
and movement, result in an increased risk of road accidents during night-time driving. The statistics
on accidents show that more than half of all road traffic fatalities occur at night-time, although traffic
volume during the night is significantly lower compared to daytime. Young drivers are a particularly
vulnerable group because (due to driving inexperience, decreased capability to assess the situation
and overestimation of their own abilities, along with social and situational factors, etc.) they often do
not perceive and understand the upcoming situation in a timely manner.
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Although road markings and traffic signs are known to be the most cost-effective solution, their
influence on driver’s stress level, eye movement and overall behaviour at night-time has not been
sufficiently studied. For these reasons, this study provides a valuable expansion of the existing
knowledge. Based on the obtained results it can be concluded that the hypotheses of the study were
confirmed, that is, during the run in a scenario containing traffic signalling elements, the participants:

1. Drove considerably slower and more stably in terms of lateral positioning of the vehicle
during driving.

2.  More actively visually examined the surroundings of the road, the accompanying road
elements and traffic signalling.

3. Adjusted their behaviour to the upcoming situation, i.e., to the information received
through traffic signalling.

4. Made significantly less mistakes that resulted in road accidents.

5. Feltless stress during driving, which ultimately resulted in a more comfortable and safer
ride.

Considering all the above, this study provides a clear confirmation of the importance of traffic
signalling for the behaviour of young drivers in night-time conditions, and thus for the overall traffic
safety. Road markings and traffic signs provided the drivers with timely and relevant information
related to the upcoming situation, thus enabling them to adjust their driving accordingly. Since the
quality of traffic signalling on low-volume rural roads is often not satisfactory due to lack of
maintenance, further to the results of this study we advise road authorities to properly and timely
maintain the traffic signalling elements in order to increase road safety.

As night-time visibility of road markings and traffic signs depends on their retroreflection,
further studies should focus on researching the impact of different levels of road marking and traffic
sign retroreflection on driver behaviour, driver level of stress and cognitive load during driving in
night-time conditions. In addition, since Advanced Driver-Assistance Systems (ADAS) in modern
vehicles to some extent rely on road markings and traffic signs, future studies should be aimed at
understanding how different levels of their visibility affect the systems. As the majority of previous
studies highlighted the positive effect of different traffic signalling measures on driver behaviour
during daytime, further work should focus on evaluating those measures under reduced visibility
conditions when they are most needed.

The modern research equipment used in this research has, nonetheless, certain limitations. They
are primarily related to the driving simulator where external validation is an often-mentioned issue,
even though it has many advantages. Specifically, a fixed-base simulator used in the research does
not provide a completely realistic, real-life driving feeling. However, that disadvantage was
somewhat reduced by including the sound and by conducting the research in a completely dark
environment (in order to get a more realistic feeling of night-time conditions). In addition, the number
of participants is also one of the study limitations. Although the number of participants is around the
average in the literature (most of the simulator studies have between 30 and 40 participants), a bigger
sample size could provide more accurate results. Moreover, this study was focused only on younger
drivers (< 30 years of age).
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Appendix A Participant Data

Participant Age Driv.ing Dri.v%ng Parti?ipated . Driving Estin.late
code Sex (yrs) experience ability 1n. Guilty frequency of driven
(yrs) assessment an accident km/yr

S01 M 294 11 5 Yes (1) No A 18,000
S02 F 298 11 5 No No A 12,500
S03 F 256 6 4 No No A 12,000
S04 M 226 4 5 Yes (1) No B 1000
S05 F 276 9 3 No No B 500
S06 M 239 6 5 Yes (1) Yes A 10,000
S07 M 231 5 4 Yes (2) Yes B 8000
S08 M 245 7 4 Yes (1) No C 5000
S09 M 234 5 5 No No A 19,000
5010 M 249 6 4 No No B 2000
5011 M 249 6 5 No No C 5000
5012 F 244 6 4 No No B 10,000
S013 M 245 6 5 Yes (1) No A 16,000
5014 M 250 6 4 No No A 15,000
5015 M 253 8 4 Yes (1) No A 25,000
5016 M 252 7 4 No No A 40,000
5017 M 231 5 4 No No A 10,000
5018 F 241 4 2 No No B 1000
5019 M 232 5 4 No No B 5000
5020 M 258 8 5 No No A 30,000
5021 M 253 6 5 No No A 10,000
5022 M 268 9 4 No No B 5000
5023 M 257 8 4 No No A 10,000
5024 M 247 2 5 No No A 5000
5025 F 240 6 3 No No C 5000
5026 M 235 2 3 No No B 500
5027 F 216 4 3 No No C 2000
5028 M 270 9 5 No No A 25,000
5029 M 252 7 5 No No A 7000
5030 F 261 8 5 Yes (1) Yes A 5000
5031 F 252 7 4 No No A 3000
5032 M 281 10 4 Yes (1) Yes A 12,500

A —every day; B - a few times a week; C - a few times a month; 1 - very bad; 2 - bad; 3 - good; 4 - very

good; 5 - great.

Appendix B Number of Times the Participants Viewed the Road Markings and Percentage Share

of Viewed Traffic Signs
Participant Number of Views = Number of Views  Number of Views Percentage Share Of
Code Towards the Right =~ Towards the Left Towards the Viewed Traffic
Edge line Edge line Center line Signs (%)
501 77 27 50 3091
502 8 1 4 54.55
503 15 10 53 81.82
S04 64 16 58 56.36
S05 54 8 25 21.82
S06 72 20 90 60.00
507 100 8 80 54.55
S08 28 14 42 61.82
S09 47 6 52 78.18
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510 46 4 46 70.91
S11 43 12 70 65.45
512 63 20 69 67.27
513 190 6 70 76.36
S14 66 21 89 45.45
515 85 37 87 58.18
S16 47 21 67 58.18
S17 46 13 6 50.91
518 50 11 77 49.09
519 7 6 23 50.91
520 45 2 44 34.55
S21 47 17 52 61.82
S22 70 6 77 61.82
523 28 2 18 50.91
S24 17 1 12 36.36
525 140 44 99 67.27
526 61 27 67 60.00
S27 30 1 14 54.55
528 53 2 67 61.82
529 80 16 54 58.18
S30 16 6 20 45.45
S31 90 18 112 43.64
532 6 3 11 10.91
Arithmetic mean 55.97 12.69 53.28 54.38
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