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Abstract: Roundabouts are considered as one of the most efficient forms of intersection that sub-
stantially reduce the types of crashes that result in injury or loss of life. Nevertheless, they do not
eliminate collision risks, especially when human error plays such a large role in traffic crashes. In
this study, we used a driving simulator and an eye tracker to investigate drivers’ eye movements
under cell phone-induced distraction. A total of 45 drivers participated in two experiments con-
ducted under distracted and non-distracted conditions. The results indicated that, under distracting
conditions, the drivers’ fixation duration decreased significantly on roundabouts, and pupil size
increased significantly.

Keywords: roundabout; eye movement; driving simulator; eye tracker

1. Introduction

Roundabouts are a proven safety countermeasure and are safer than conventional
signal-controlled and stop sign intersections. Nevertheless, they do not eliminate the risk
of traffic crashes. Navigating through roundabouts can be an intricate task because of
driver–car interactions, circulatory geometry, and environment perception. According to
the Professional Association of Training Companies in Logistics, Transportation, and Road
Safety, the majority of drivers make one or more mistakes when passing through round-
abouts. That is, 65% do not occupy an appropriate lane as they exit roundabouts, 15% drive
straight into roundabouts by crossing lanes, and 60% do not use proper turn signals [1].
Similar results were presented in the annual crash reports provided by Spain’s National
Traffic Department (DGT), which stated that traffic accidents at roundabouts increased
by 34% from 2012 to 2016 and that fatal accidents in these road junctions doubled during
the same period [2]. Most traffic crashes that occur at roundabouts are entering/exiting
circulating crashes, rear-end crashes, collisions with pedestrians and cyclists, and collisions
with parts of roundabouts (e.g., central island, curb) [3,4]. Arndt and Troutbeck [3] reported
that roughly 80% of traffic crashes at roundabouts take place on entry lanes, mostly because
of a driver’s failure to give the right of way to oncoming traffic or vulnerable road users [5].

Distraction is one of the critical threats to the health and the safety of drivers, account-
ing for 22% of rear-end crashes [6] and 3% of single-vehicle crashes at roundabouts [7].
These statistics are supported by the findings of [8] from a roadside observation intended
to capture the prevalence of drivers’ secondary behaviors. The authors found that 21.1%
of drivers are engaged in distracting activities at roundabouts and that the most common
sources of distraction are holding and/or talking on a phone (8.4%) and having a conversa-
tion with passengers (3.4%). Distraction is also prevalent among pedestrians crossing the
road [9,10]. According to the survey conducted by [9], talking on a mobile phone while
crossing the street increases the risk of conflict with a vehicle.
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As distraction is generally underreported in national databases and police reports,
previous research attempted to determine its potential sources and prevalence using sur-
veys [11–13] and experimental testing [14–18]. Although survey questionnaires can be
used to identify potentially distracting activities that lead to traffic crashes, major con-
cerns arise as to the reliability of self-reported data. In contrast, experimental testing
approaches such as naturalistic driving studies, field observations, and driving simula-
tions provide researchers with realistic information regarding distracting activities and
driver performance.

Past research efforts uncovered that the use of cell phones while driving impairs a
driver’s performance [19–21]. However, most of these works focused on occurrences on
straight road segments [22,23], intersections [24–27], and railway crossings [28,29]. Few
investigated cell phone-induced distraction effects on drivers’ performance parameters at
roundabouts [30,31]. Nonetheless, these roundabout-oriented works did not assess drivers’
eye movements on roundabouts under distracted and non-distracted conditions. Table 1
shows some driving simulation studies that revolved around cell phone-induced distraction.

Table 1. Summary of previous works.

Paper Road Type Driving Performance Parameters Eye’s Behavior Parameters

Strayer et al. [20] Multilane highway Driving speed; following distance;
brake onset time N/A

Yan et al. [21] Urban road

Brake reaction time; driving
speed fluctuation;
car-following distance undulation;
car-following time

N/A

Choudhary and
Velaga [19] Rural highway

Speed; variation in longitudinal
acceleration; steering reversal rate;
standard deviation of lane positioning

N/A

Pawar and Patil [27] Stop-controlled intersections in
four-lane undivided major road

Response time; deceleration rate;
average speed while approaching
intersection and at the intersection

N/A

Jin et al. [32] Urban highway

Mean/std of throttle opening value;
mean/std of steering wheel angle;
std of vertical acceleration;
mean/std of longitudinal velocity;
mean/std of lateral acceleration

Mean/std of saccadic velocity;
mean/std of blink frequency;
mean/std of peak saccadic velocity;
mean/std of blink duration

Papantoniou, P. [23] Rural and urban routes

Speed; lateral position; direction;
average brake; average gear;
motor revolution; space headway;
time to headway; time to line crossing;
reaction time

N/A

Li et al. [25] Signalized and unsignalized
intersections N/A Glance frequency; glance duration

Li et al. [26] Intersections
Approaching speed; reaction distance;
maximum deceleration/acceleration;
waiting time; gap acceptance

N/A

Liu and Ou [22] Highway

Response time; the response accuracy;
mean and variance of speed (m/s);
standard deviation of lateral acceleration
(m/s2); standard deviation in longitudinal
acceleration (m/s2); lateral lane position

N/A

Haque et al. [30] Single-lane roundabouts

Reaction distance; initial speed; time to
reduce initial speed to the minimum value;
gap selection; post-encroachment time;
time taken to cross the roundabout; time
to recover speed

N/A
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Eye Movement and Distracted Driving

Given the increase in distracted driving-related crashes around the world, various
researchers [33–35] attempted to investigate the visual characteristics relevant to distracted
driving, as eye movement data can uncover important information in the assessment
of secondary tasks. For example, Bao and Boyle [33] evaluated drivers’ visual scanning
behaviors using in-vehicle cameras to monitor drivers’ head movements as they make right-
and left-hand turns and straight-through driving maneuvers at intersections. Romoser and
Fisher [34] used an eye tracker to determine participants’ points of gaze during turns at
intersections in two different conditions: (1) when drivers are stationary at an intersection
and are waiting for a break in traffic to execute a turn and (2) when drivers begin a turn and
are aiming to move in the direction from which other vehicles are most likely to come into
conflict with their vehicles. Similarly, Romoser, Pollatsek, Fisher, and Williams [35] used an
eye tracker to assess the glance patterns of drivers who approach and enter intersections.

In consideration of the above-mentioned issues, the present study was aimed at
investigating differences in scanning behaviors under distracting and non-distracting
conditions on roundabouts. We chose to focus on these junctions rather than intersections,
as some crashes still occur on the former. Moreover, as some dominantly occurring crash
types on roundabouts such as rear-end crashes, entering-circulating crashes, and single-
vehicle collisions occur at different parts of roundabouts [4], we examined five locations on
roundabouts to assess drivers’ behaviors.

2. Methodology
2.1. Driving Simulator

In carrying out our investigation, we used a driving simulator specially designed for
training purposes. It enables the simulation of realistic driving scenarios under different
traffic and weather conditions in a safe environment. A driving simulation system can
calculate speed, acceleration, and other motorist or vehicle characteristics on the basis of
the performance of a driver. The system can also configure vehicles through changes to
traction, gears, and other components. The apparatus used in this work was equipped with
three 43 inch monitors designed to visualize a simulated road environment. Computer
graphics were used to produce a front image, a side mirror image, and a rear-view mirror
image of road traffic conditions. Figure 1 presents the driving simulator used in our study.
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2.2. Eye Tracker

To assess drivers’ eye movements, we used Tobii Pro Glasses 2 (Figure 2), which
features a one-point calibration procedure, auto parallax compensation, and slippage
compensation, thus allowing for persistent calibration throughout testing. The eye tracker
was equipped with two cameras and had a sampling rate of 100 Hz. For the analysis of
drivers’ behaviors on roundabouts, we defined various areas of interest (AOIs), namely
front mirror, windshield, driver-side mirror and window, and passenger-side mirror and
window. The data recorded by the eye tracker were analyzed using the Tobii Pro Lab
software, through which participants’ fixation duration and eye pupil size for each AOI
were determined. These two metrics are important because they reveal a driver’s visual
distraction. As reported by Jiang et al. [36], distraction among pedestrians is associated
with increased pupil diameter and reduced fixation duration.
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2.3. Participants

Prospective participants were screened for eligibility, and if eligibility criteria were
satisfied, they were provided a consent form approved by the Institutional Review Board
of the University of Burgos. A total of 45 individuals, specifically 13 females and 32 males,
participated in this study. They were healthy, 19 to 56-year-old adults living in Burgos,
Spain, who had no eye diseases and mental illness but had intact physical functioning and
limb movement. They were selected based on years of driving experience and frequency of
vehicle use in real life.

2.4. Procedure

All the participants were given detailed information about the study in advance, and
data were collected from those who provided informed consent. Each participant filled out
a survey questionnaire with questions related to demographic factors and particularities
of individual driving. They later received an introductory tour of the simulator and
were allowed a practice drive for familiarization with the apparatus and simulated road
environment. The virtual road environment featured a multi-lane rural and urban roads
that encompassed six roundabouts with stable traffic flow and where drivers had a high
degree of freedom to select speed and operating conditions; nevertheless, such conditions
were somewhat influenced by other vehicles on the road. Additionally, all the participants
were tasked to drive in clear weather conditions and during the day. After the training,
they were instructed to operate in two counterbalanced experimental drives. Before each
experiment, a trained research assistant fitted the eye tracker onto each test participant’s
head. During the calibration, the test participant was asked to look at a calibration card
(target) held in front of him/her for a few seconds. The assistant then initiated recording
using the Tobii Glasses Controller software running on a computer. After the session, the
assistant stopped the recording and removed the head unit from the test participant. All
interactions with the eye tracker (listing the participants to be tested, initiating calibration,
starting/stopping recordings, etc.) were done through the Tobii Glasses Controller software.
In the non-distracting experiment, the participants were asked to drive through a simulated
route with six roundabouts while refraining from using a cell phone. Depending on each
individual driving style and behavior, every subject had to drive for approximately 10
to 15 min without any distraction, keeping attention focused on the road. The other
experiment was performed fully under cell phone-induced distraction. That is, the trained
research assistant placed a single phone call as well as sent multiple WhatsApp messages
to participants during the experiment. During the call, the research assistant maintained a
natural conversational flow that required participants to respond to various open-ended
questions. Typical questions included inquiries related to future plans, the academic course,
and preferred leisure activities. In addition, the participants were asked to open Instagram
and go through the feed. These applications were selected because they are downloaded
frequently from the app store/play store and are popular among young people, which is
this study’s target group. The participants were instructed to drive as they typically would
on a real road, adhering to the speed limit as well as other traffic laws outlined by DGT.
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2.5. Data Analysis

First, the Tobii Pro Lab software was used to output videos and corresponding CSV
files. Second, we extracted information related to pupil diameter and fixation duration
via the AOIs and for each location inside and outside roundabouts. As shown in Figure 3,
all the measurements were made in five roundabout locations, namely, (1) 50 m behind
the entry line, (2) pre-entrance, (3) at the entry line, (4) at the entrance, and (5) on the
exit line. The total fixation duration for each AOI inside roundabouts was measured.
For between-group comparisons (distracting vs. non-distracting conditions), multiple
paired t-tests were conducted for matched samples to determine whether the measured
parameters under distracting and non-distracting conditions significantly differed. Paired
t-tests were chosen, as the observations were not independent of one another (e.g., each
subject participated in both experiments.). For each participant, we essentially looked into
differences in the values of fixation duration and eye pupil diameter and tested whether
the mean of these differences was equal to zero. We also used a one-sided alternative that
involved calculating the task load (TL) score in cases wherein such load was higher under
distracted driving than under non-distracted driving:

H0: mean (TLdistracting − TLNon-distracting) = 0 (1)

Ha: mean (TLdistracting − TLNon-distracting) > 0 (2)
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With regard to the eye pupil size, we proposed a one-sided alternative wherein the
median pupil dimeter (PD) under distracting conditions was higher than that under non-
distracting conditions:

H0: mean (PDdistracting − PDNon-distracting) = 0 (3)

Ha: mean (PDdistracting − PDNon-distracting) > 0 (4)

A similar one-sided alternative was put forward for fixation duration, that is, a case
wherein fixation duration (FD) under non-distracting conditions was higher than that
under distracting conditions:

H0: mean (FDNon-distracting − FDdistracting) = 0 (5)
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Ha: mean (FDNon-distracting − FDdistracting) > 0 (6)

Lastly, in order to realize whether there exist gender differences in fixation durations
under distracting condition, the non-parametric Mann–Whitney U test was used because
of its robust properties in calculating unequal sample size between conditions [37].

H0: Median (FDMale) = Median (FDFemale) (7)

Ha: Median (FDMale) 6= Median (FDFemale) (8)

To reject the null hypothesis, we considered a level of significance of 0.1 (one-sided)
and used STATA (version 16) for this purpose.

3. Results
Between-Group Comparison of Eye Parameters in Roundabouts

A total of 13 participants were excluded from the analysis because their eye move-
ments were not detected by the eye tracker. In location 1, there was a significant between-
group difference in fixation durations when the drivers were looking at all the AOIs: front
mirror (p = 0.0005), windshield (p = 0.020), driver-side mirror (p = 0.005), driver-side win-
dow (p = 0.030), passenger-side mirror (p = 0.034), and passenger-side window (0.003). In
location 2, a significant between-group difference in fixation durations was found when
the participants were looking at front mirror (p = 0.030), windshield (p = 0.040), driver-side
mirror (p = 0.009), driver-side window (p = 0.014), and passenger-side window (p = 0.049).
However, no such difference was found with respect to gazes on the passenger-side mirror.
With reference to location 3, the between-group difference in fixation durations was signifi-
cant only when the participants looked at front mirror (p = 0.080), windshield (p = 0.050),
driver-side mirror (p = 0.085), and driver-side window (p = 0.077). As regards location
4, a significant between-group difference in fixation duration occurred only when the
drivers looked at the driver-side mirror (p = 0.087). Finally, in the matter of location 5,
the fixation durations differed significantly between the groups when the driver looked
at mirror (p = 0.037), windshield (p = 0.006), and driver-side mirror (p = 0.088). Table 2
summarizes the results.

Table 2. Paired t-test for the comparison of fixation durations under distracting and non-distracting situations.

Location
p-Values

Front Mirror Windshield Driver-Side
Mirror

Driver-Side
Window

Passenger-Side
Mirror

Passenger-Side
Window

No. 1 0.0005 0.020 0.005 0.030 0.034 0.003

No. 2 0.030 0.040 0.009 0.014 0.253 0.049

No. 3 0.080 0.050 0.085 0.077 0.0694 0.026

No. 4 0.469 0.425 0.087 0.623 0.856 0.593

No. 5 0.037 0.006 0.088 0.226 0.937 0.735

Inside
Roundabouts 0.0003 0.005 0.001 0.010 0.202 0.012

For each AOI inside roundabouts, a significant between-group difference in total fixa-
tion durations arose when the participants looked at front mirror (p = 0.0003), windshield
(p = 0.005), driver-side mirror (p = 0.001), driver-side window (p = 0.010), and passenger-
side window (0.012). As for pupil size (Figure 4), the results of the paired t-test showed
that the median left (p = 0.02) and right (p = 0.04) pupil diameters increased significantly.
In contrast, for each AOI inside roundabouts, there was no significant difference between
male and female participants in fixation duration under distracting condition.
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4. Discussion

This study investigated the effects of cell phone-induced distraction on drivers’ eye
movements inside and outside roundabouts. For this purpose, two driving simulator sce-
narios featuring distracting and non-distracting conditions were featured in experiments.

The analysis of the drivers’ eye movements suggested that the participants drove
less cautiously when they were approaching roundabouts (location 1), considering the
reduced fixation durations in all AOIs as a result of cell phone-induced distraction. Similar
trends for all the AOIs except the passenger-side mirror were observed in location 2, where
the drivers were near entry lines. This similarity can be explained by the attempts of
most of the drivers to exit the left lane and keep right when approaching an entry line
and before entering a roundabout. Moreover, the majority of the drivers involved in
the experimented reduced fixation duration on an entry lane approaching a roundabout
(location 3), especially for the driver-side window. This finding is critical, as it indicates that
the drivers paid reduced attention to oncoming traffic in roundabouts, which can result
in entering-circulating crashes. In contrast, in location 4, no significant change in fixation
duration was observed with respect to the driver-side window, meaning that the drivers
started paying attention to oncoming traffic only when their vehicles were fully inside
the roundabout. This behavior can elevate the risk of side-swipe crashes. As for location
5, a significant drop in fixation duration in connection to front mirror, windshield, and
driver-side window was found, thereby likely increasing the risk of rear-end and exiting-
circulating crashes when drivers exit a roundabout. Finally, comparing distracting and
non-distracting scenarios highlighted that the total fixation duration inside roundabouts
decreased by 36% on average, thus posing a significant crash risk. The participants who
drove in roundabouts under distracting conditions exhibited wider eye pupil diameters
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than those shown by those who drove in roundabouts under non-distracting conditions,
which is consistent with the findings of [36].

To tackle distracted driving challenges on roadways, especially on roundabouts,
various effective countermeasures are recommended. Awareness campaigns are proven
strategies to educate about distracted driving. According to reference [38], a one week
distracted driving awareness campaign at a large university, which consisted of mass
emails and group discussions with students, substantially improved distracted driving
behaviors among students. In addition, legislative countermeasures such as cell phone
use bans were associated with reductions in observed handheld phone use among young
drivers [39]. As for technology countermeasures, the most current technology is phone-
based blocking applications, which often use the phone’s GPS to track whether the user
is in a moving vehicle. There are many other technology-based approaches that monitor
driver’s performance [40], eye behavior [41], and phone usage [42] and provide real-time
alerts to drivers aimed at reducing distracted driving.

5. Conclusions

The results on driver performance and eye movements indicated that between-group
differences in fixation durations and eye pupil diameters were significant. That is, the
participants drove less cautiously near and inside roundabouts when they were exposed to
cell phone-induced distraction. Our exploration into the drivers’ behavior during travel on
a roundabout under distracting and non-distracting scenarios showed that the drivers were
compelled to exert more effort to keep their eyes on the road as they used their cell phones.

The findings can be used by decision makers as reference in developing distraction-
specific technologies so that cell phones cannot be used by drivers on roadways, especially
when they pass through roundabouts. The results can also serve as a guide in the establish-
ment of test methods designed specifically to compare eye glance metrics for each AOI with
accepted criteria for evaluating whether a task excessively interferes with driver attention
and becomes unsuitable for a driver to perform while driving.
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