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Abstract

The role played by emotions and attention is crucial for the development of advanced driver assistance systems that improve
safety by flexibly adapting to the current state of the driver. In the present study, we used immersive virtual reality as a testing
tool to investigate how different emotional states affect drivers’ attention in a divided attention task. Two different emotional
states, diversified by valence and arousal, were induced before performing a divided attention task in a driving simulation.
The experimental task developed for this study allowed us to explore if and how two different emotional states can affect the
way drivers divide their attention between a central driving-related task and a peripheral visual task. Our results showed that
scared drivers presented lower reaction times at the central task compared to relaxed drivers. On the contrary, the emotional
state did not affect the performance at the peripheral task, which revealed instead a significant effect of the eccentricity at
which the visual stimuli were presented, influencing both the accuracy of targets’ perception and participants’ reaction times.

Keywords Virtual reality - Attention - Emotions - ADAS

1 Introduction

According to the latest annual report by the European Road
Safety Observatory (European Road Safety Observatory
2021), EU still has an average of 44 road deaths per million
inhabitants. Statistics for other regions of the world are simi-
lar or worse. Even though a precise figure is hard to obtain,
it is believed that a significant fraction of road accidents are
caused by human error. Distraction is often the cause behind
aroad accident (Stewart 2022), but the emotional state of the
driver is a factor that should not be underestimated because
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it is able to directly influence driving behaviors, and affects
drivers’ attention and perception. For this reason, the auto-
motive industry is rapidly moving toward the development
and introduction of monitoring systems able to recognize
drivers’ emotional states (see Zepf et al. (2020) for a survey
on the topic). In the literature, most of the research works
that explore the interaction between emotions and driving
behavior focuses on traffic-related attributes, such as driv-
ing speed, infractions, distance from other vehicles, aggres-
sive behaviors, or accidents (Deffenbacher et al. 2002, 2003;
Jeon and Walker 2011). For instance, in a study involving
taxi drivers and performed in real-life driving situations,
five different emotional states, two positive (i.e., happy and
relaxed), two negative (sad and angry), and a neutral state,
were considered while monitoring driving speed. Results
showed that negative emotions significantly increase driv-
ing speed, while a neutral emotional state was related to a
decreased speed. Interestingly, relaxed and happy emotional
states did not affect driving speed (Kadoya et al. 2021).
Emotions also affect hazard perception. In a recent study,
positive and negative emotional states have been explored
in relationship with hazard perception in young and old
drivers using simulated driving environments. The results
show how young drivers reported the highest perceived haz-
ard for negative emotions, as opposed to older drivers who
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reported the highest perceived hazard while experiencing
positive emotions (Huo et al. 2022). Drivers’ emotional state
also affects the sustainability of their vehicles, as emotions
heavily impact electric cars’ battery range (Dominguez et al.
2022; Lamanuzzi et al. 2020).

All the studies reported above have focused on explor-
ing the interaction between different emotions and driving
behavior. However, recognizing an emotion and collecting
measurements on it in a real-life scenario is not a trivial task.
For this reason, one of the most widely used experimental
methods in studies on the topic consists of using driving
simulations preceded or accompanied by a phase of induc-
tion of the desired emotional state. Over the years, several
methods have been developed for emotion induction, each
of them based on different mechanisms and usually defined
as “Mood Induction Procedures (MIPs)” (Westermann et al.
1996; Jallais and Gilet 2010). Images, sounds, and videos
are among the traditional media for emotion induction and
include the mostly adopted databases in this sense. Previous
works on the effect of emotions on driving behavior often
relied on these means (e.g. Jones et al. (2014); Chan and
Singhal (2015); Pécher et al. (2009); Zhang et al. (2022),
while others included different techniques, such as auto-
biographical recall (Jeon and Zhang 2013; Jeon 2016) or
combinations of autobiographical imagination, and music
Steinhauser et al. (2018); Huo et al. (2022).

Anger seems to be the most influencing and studied
emotional state in the driving context, with a huge amount
of data on the topic. Several scales and measures have
been developed to assess angry drivers and their behav-
ior (e.g., Deffenbacher et al. (1994); DePasquale et al.
(2001); Stephens et al. (2019)). Studies based on natu-
ralistic data have shown that compared to not aggressive
drivers, aggressive drivers have 35 more chances of being
involved in a crash (Dingus et al. 2016). They also seem
to be more prone to risky behaviors affecting themselves
and other road users (Precht et al. 2017; Abdu et al. 2012;
Zhang et al. 2022). While research has mostly focused on
anger, less empirical research has been performed on other
affective states. For example, sad drivers showed either
similar (Jeon 2016) or different driving-related behaviors
when compared to angry drivers. Other works, used dif-
ferent factors from the appraisal theory and focused on the
emotional outcomes that traffic situations have on the emo-
tional state of drivers (Smith and Lazarus 1990; Scherer
et al. 2001), highlighting the effect of anger and fear on
risk perception (Lu et al. 2013). In road traffic safety,
positive affects are often considered less able to induce
vigilance and alertness in drivers (Lewis et al. 2007);
whereas, negative emotions, like fear or tension, are more
used (Lewis et al. 2008) than their positive counterparts.
However, fear does not always seem to effectively reduce
risky behavior. As reported in Cutello et al. (2021), risky
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driving behaviors in young drivers were heightened after
seeing 2D and Virtual Reality (VR) fear-related content
connected to road safety; while, positive messages cor-
related with a reduced proneness to risky behaviors.

A vast number of research works also considers the rela-
tionship between emotions and attention, focusing on the
role that emotionally relevant stimuli may have in driving
our attention. For example, fear-relevant visual stimuli can
be detected significantly faster than neutral or fear-irrele-
vant stimuli (Ohman et al. 2001). It is also well known the
special role played by human faces expressing emotions,
especially because the information conveyed may be rel-
evant for survival and adaptation. Expressions of anger or
fear can be detected even before the face becomes the focus
of attention, and that information can then be used by the
visual system to determine the following attention allocation
(Gerritsen et al. 2008). The relationship between emotion
and cognition is also supported by neurological evidence,
with different activation of brain areas during cognitive
tasks that involved also emotion-related stimuli (Pessoa
2008) and different temporal thresholds for access to con-
sciousness during masked visual perception tasks involving
distinct affective states, with a lower threshold for negative
moods (Kuhbandner et al. 2009). Focusing on negative emo-
tions such as anger and fear, Finucane (2011) reported how
the latter emotional state resulted in lower reaction times
during a selective attention task, while (Soares et al. 2009)
did not report differences between fear-related pictures and
non-fear-relevant pictures in a visual search paradigm using
animals pictures, highlighting, however, a slower disengage-
ment of attention.

Still, these findings explored how the external emotional
quality of the stimuli affects our attention. However, emo-
tions can also affect the way individuals perceive and allo-
cate their attention while experiencing a particular emotional
state. On this point, fewer works considered the effect of
emotions on drivers’ attentive and perceptive attributes. For
example, it has been reported that different emotional states
also affect drivers’ perception and attention allocation in
different ways. In a localization task of road elements, sad
and angry drivers showed respectively, higher error rates
and slower performances compared to drivers with a neutral
mood (Jallais et al. 2014). Steinhauser et al. (2018) explored
the effects that emotional states of anger, calmness, and hap-
piness have on driving domain, for example by promoting
aggressive behaviors, or by influencing attentive processes.
A recent work explored the effect of different emotional
states on visual cognitive efficiency, analyzing drivers’ fixa-
tion time and identification accuracy to different visual cog-
nitive tasks. Their results showed that emotions significantly
affect drivers’ visual perception, with surprise, fear, anxiety,
helplessness, and pleasure generally decreasing the perfor-
mance at different visual cognitive tasks (Liu et al. 2022).
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In the driving domain, most of the traffic-related informa-
tion is acquired through the visual channel. An important
concept regarding human visual perception and attention
span is represented by the Functional or Useful Field of
View (UFOV) (Sanders, 1970; Ball et al., 1988), defined as
the total visual field area in which useful information can be
acquired within one eye fixation (i.e., without eye or head
movements). The UFOV size represents a good predictor of
traffic crash risk (Ball et al. 1993; Clay et al. 2005) and its
assessment, that evolved over the years (Owsley 2013), is
now a widespread measure of driving readiness, especially
for older individuals. The test is composed of three sub-
tests. In the first, the observer is required to focus only on a
central task and discriminate a visual target. In the second
sub-test, the central task is accompanied by a simultane-
ous peripheral task in which the observer has to locate a
peripheral target presented with an eccentricity of 10°, 20°,
or 30° along any of eight possible radial directions. Finally,
the third sub-test replicates the second one with the addi-
tion of peripheral distracting stimuli. The eccentricity of
a visual stimulus significantly affects visual and attention
processes (e.g., Edwards and Goolkasian (1974); Carrasco
et al. (1995); Adam et al. (2008); Staugaard et al. (2016)).
Similarly, task complexity and the relative priority given
to multiple tasks can also influence peripheral perception
(Rogé et al. 2002). Considering perception and eccentricity,
Carrasco et al. (2003) found that the speed of information
processing varies with eccentricity, with faster processing
for same-size stimuli appearing at 9° than 4° eccentricity.

The goal of the present work is to explore the effects that
different emotional states, characterized by low and high
arousal, have on drivers’ attention and on the way they per-
ceive and react to central and peripheral stimuli. To do so,
we developed a divided attention task in an immersive VR
driving simulation. Participants were required to focus on a
central visual task while simultaneously attending to periph-
eral stimuli, presented at different eccentricity values. Since
the experimental task developed for the present work was
implemented in immersive VR, we decided to use as MIP
a combination of sounds and affective virtual environments
specifically designed and developed for inducing distinct
emotional responses in the user (Dozio et al. 2021, 2022).
The choice of a setup entirely based on a head-mounted dis-
play (HMD) was made to provide an immersive and continu-
ous experience, avoiding interruptions between the induction
of the desired emotional state in the participants and the
beginning of the experimental tasks. In addition, we further
smoothed the transition between the two phases by keeping
the sounds of the affective VR environments to extend the
effect throughout the driving-related experimental tasks. On
this point, HMD-based driving simulations proved to deliver
a similar experience to desktop-based ones, with the main
differences usually linked to presence and immersiveness,

and perceived simulator sickness, but usually limited to
long-running experiences (Cao et al. 2020; Malone and
Briinken 2021).

The current paper proposes a fully immersive methodol-
ogy to explore the interaction among emotional states, reac-
tion times, and perception accuracy in driving contexts. Our
results showed a difference in the reaction times for the cen-
tral task depending on the emotional response induced, with
faster responses for scared drivers. However, the emotional
state did not significantly affects participants’ performance
in the peripheral task, where the most influencing factor was
instead represented by the eccentricity of the visual stimulus,
with significantly slower reaction times and lower detec-
tion accuracy for the most peripheral stimuli. The results
obtained provide new insights concerning the dynamics that
regulate attention and emotions, shedding light also on the
multifaceted aspects that must be taken into account when
utilizing VR as a testing tool in scenarios involving visual
perception and visuospatial attention.

2 Materials and methods

In the following section, we present the procedure, the
experimental task performed by the participants, the experi-
mental setup, and finally the analysis performed on the data
collected during the experiment.

2.1 Participants

The study involved a total of 30 participants (11 female)
aged between 21 and 43 (M = 28.77; SD = 4.17) who vol-
untarily took part in the experiment. All had normal or cor-
rected to normal vision. Possessing a driving license was a
requirement for participating in the study. The majority of
the participants had their driving license for more than 5
years (86.7%), and 13.3% for more than 1 year.

Each participant provided written informed consent
before taking part in the study. All data were collected
anonymously. The study was approved by the Politecnico di
Milano Ethical Committee.

2.2 Procedure

Before starting the experiment, participants were asked to
read and sign a consent form. Then, they were instructed
about the structure of the study. After this, participants had
to fill in a questionnaire in which they were asked to rate
their experience with VR technology, the number of years
since they obtained their driving license, and to evaluate
their current emotional state through the 9-point scales of
the Self-Assessment Manikin (SAM) (Bradley and Lang
1994), assessing valence, arousal, and dominance. Once
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the questionnaire was completed, participants were asked
to wear an HMD, and they were guided through a short
training of the experimental task. When they felt confident
with the procedure, they were allowed to proceed with the
next step, which consisted in exploring the affective VR
environment. The training phase lasted on average 3 min;
while, the affective VR environments had a fixed duration
of 90 s. As soon as this step was completed, the driving
simulation was presented and participants were free to start
the experimental task which lasted about 3 min. Once par-
ticipants completed the experimental task, they were asked
to remove the headset and complete the SAM question-
naire again. The choice of collecting valence and arousal
rates at the end of the experimental task and not right after
the exploration of the affective VR scenario was made to
avoid interruptions between the MIP and the actual experi-
mental task that could have resulted in a detachment from
the ongoing experience, with a consequent reduction in
the sense of presence and immersiveness, finally under-
mining the effectiveness of the MIP (Diemer et al. 2015),
and also because the emotion induction procedure was
maintained during the driving task using the same sound
stimuli of the affective scenarios. The entire experiment
lasted about 15 min. To avoid possible learning effects, the
training phase was characterized by the same features of
the experimental task, but was located on a different track
and characterized by a different distribution of braking
points and target appearances. During every phase of the
study, the HMD view presented to the participants was
replicated on the laptop monitor to which the HMD was
connected. The experimenter monitored the execution of

( Emotion induction \

Relaxation

all the different steps that constituted the presented study.
The study procedure is depicted in Fig. 1.

2.3 Emotion induction

Participants explored one of two affective VR environ-
ments developed and tested in Dozio et al. (2021, 2022) and
adapted to immersive VR. One was designed to elicit fear
and involved exploring a dark house, full of scary elements
and characterized by ominous and eerie sounds. The other
was meant to induce relaxation and was set on a tropical
beach during sunset, with the sounds of waves, seagulls, and
birds chirping in the background. Both scenarios had a fixed
duration of 90 s. After exploring the affective VR environ-
ment, the sounds characterizing each scenario were main-
tained during the following experimental task to prolong
participants’ emotional response throughout the experiment.

2.4 Experimental task

In the VR scenario, participants were seated in the driv-
ing seat of a left-hand driving vehicle (ego) located on an
urban road. A leading vehicle was initially located at a dis-
tance of 30 m. When participants were ready, both the ego
and the leading vehicle started to accelerate at 5 m/s until
a speed of 13 m/s was reached, then both proceeded on a
pre-defined track maintaining a constant speed of 13 m/s
and following a right-hand traffic flow. The experimental
task consisted of a divided attention task, constituted by a
central and a peripheral task. Concerning the central task,
participants were asked to focus on the leading vehicle in

Relaxing sounds

Experimental task

Valence -
Arousal
rates

/'
30 participants Valence -
dividedin two Arousal
groups rates
-y N Fear

Mmanane

Central braking task

+
KPeripheral target perception task/
4

Eerie sounds

\

90 s

Fig. 1 Schematic representation of the experimental procedure. Par-
ticipants were randomly divided in two groups and asked to rate their
current emotional using the SAM valence and arousal dimensions.

@ Springer

~180s

Then they were asked to explore one of the two affective VR environ-
ment and perform the experimental task. Finally, they were asked to
rate again their emotional state
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front of them for the entire duration of the experiment.
During the ride, the leading vehicle performed 10 braking
actions distributed along the track, reaching a complete
stop in approximately 2 s in each brake and restarting after
a time interval that ranged between 2.5 and 4 s, accelerat-
ing at 5 m/s until reaching the speed of 13 m/s.

Participants’ central task was to perform a braking
action on the ego vehicle in response to the braking of the
lead vehicle. The braking action was achieved by press-
ing a trigger on the right controller. Both vehicles had
the same characteristics in terms of speed, acceleration,
and deceleration. As soon as the brake button/pedal was
released, the ego vehicle would accelerate again at 5 m/s
until the speed of 13 m/s was regained. In the event that
the distance between the two vehicles was equal to or
below 20 m due to delayed braking actions, the system
automatically managed the restart of the ego vehicle to
restore the original distance of 30 m.

At the same time, participants were required to perform
a peripheral task, which consisted in press any left con-
troller button any time a visual target (i.e., a pedestrian)
appeared on the left or right side of the road. Targets could
be located at an eccentricity of +15°, +20°, +30°, appear-
ing randomly on the right or left side of participants’ vehi-
cle, though this distinction was not considered during the
analysis, where results regarding eccentricities of the same
magnitude and opposite side were aggregated. Therefore,
this variable could assume three levels: eccentricity = 15°,
eccentricity = 20°, and eccentricity = 30°. A total of 15
targets appeared along the track, five for each eccentricity
level. Since the distance between the ego and the leading
vehicle could slightly change depending on the partici-
pants’ reaction times at the central task, peripheral targets
automatically adapt their lateral position to match the three

Fig.2 Overview of the VR
environment with targets’ loca-
tion

eccentricity levels cited above. Figure 2 shows a view of
the VR environment.

The eccentricity values used in the current study were
chosen to explore differences in perception accuracy
between the more peripheral measure used in the original
UFOV procedure (i.e., 30°) (Ball et al. 1988), and values
closer to the actual side of the road (i.e., 10° and 15°), repre-
senting a plausible dangerous situation for a driving context.
The target appearance time was set at 125 ms and kept con-
stant for all the eccentricity levels. This was made for two
main reasons. Initial works on visual processing speed used
a 125 ms presentation time (Sekuler and Ball 1986), which
has been extended to cover a range from 16.67 to 500 ms
in subsequent versions of the UFOV assessment (Edwards
et al. 2006; Owsley 2013). Considering this, an appearance
time of 125 ms represented a good compromise that allowed
us to stay close to the lower threshold used in recent tests,
but not too close to make the task excessively complex for
participants of different ages and maybe not completely
accustomed to VR technology. The second reason was due
to practical needs. Since participants were virtually seated
in a moving vehicle, longer target appearance times would
have resulted in evident changes in eccentricity, which had
to be avoided being eccentricity our independent variable.
Finally, targets’ distance from the participants’ position was
always 25 m, assuming the participants’ position as zero and
measuring in the direction of the ego vehicle movement.
This distance was chosen to match the average distance
of the leading vehicle during the experiment, as observed
in a pilot study involving 9 participants conducted before
the actual experimental phase. To ensure a correspondence
between the real world and the VR environment, the scenario
was built assuming that 1 Unity unit corresponds approxi-
mately to 1 m in the real world. To do so, all the elements

~25 m distance
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constituting the scenario were proportionate following this
assumption (e.g., pedestrian height was approximately 1.8
units; lane width was approximately 4 units).

2.5 Study design

The experiment followed a mixed design. The emotional
states induced in the participants constituted the between-
subjects factor, and determined two experimental conditions.
The participant sample was split into two groups, one for
the relaxed condition, induced using the relax VR scenario,
and one for the fear condition, induced through the fear VR
scenario. The different eccentricities of targets’ appearances
represented the within-subjects factor. As described above,
the targets’ eccentricity represented the lateral position with
respect to the center of the participants’ field of view. The
dependent variables were constituted by the performance at
the central and peripheral task, measured in:

e Central task - Braking Reaction Time (RT}): the time
interval measured in ms from the moment in which the
leading car started to brake and the moment in which par-
ticipants pressed the breaking command. A brake reac-
tion was considered valid only if it occurred within 2.5 s
after the beginning of the leading car braking action.

e Peripheral task - Target Reaction Time (RT,); the time
interval measured in ms from the moment in which the
visual target (i.e., a pedestrian) appeared and the moment
in which participants confirmed to have seen it by press-
ing any right controller’s button. To avoid random press-
ings, participants’ responses were recorded only one time
in an interval that lasted 2 s after each target appearance.
After that interval, the target was counted as missed.

e Peripheral task - Target perception accuracy: the number
of targets missed for each eccentricity level.

2.6 Experimental setup

The experimental task was performed in a VR scenario
developed with Unity engine (version 2020.3.23). Par-
ticipants were using a Meta Quest 2 headset (resolution
1832 x 1920 per eye; refresh rate 72 Hz) and Touch control-
lers. Throughout all the tasks, participants remained seated.
During the training session, participants were asked to adjust
the seat height in order to find their best position inside the
VR vehicle. The experimental setup is depicted in Fig. 3.

2.7 Data analysis
An a priori statistical power analysis to estimate sample size
using G*Power was performed. We set a repeated meas-

ures ANOVA with the three conditions as a within-partic-
ipants factor and the two emotional responses elicited as a
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Fig.3 Experimental setup used
in the current study

between-participants factor. Approximately 30 participants
are required to obtain a power of 0.95, an alpha level of 0.05,
and a medium effect size (f = 0.3) (Faul et al. 2007).

We performed two normality tests (i.e., Kolmogo-
rov—Smirnov and Shapiro—Wilk) on all the data collected
during the experiment. Concerning the emotional response
measured on the SAM valence and arousal scales, data did
not follow a normal distribution and were analyzed apply-
ing a Wilcoxon signed-rank test to compare each partici-
pant’s response before the emotion induction procedure and
at the end of the experiment. Furthermore, we performed a
Mann—Whitney U test on the measures collected at the end
of the experiment, to check differences between the two con-
ditions. Similarly, the data related to the central task (R7))
were not normally distributed and we therefore decided to
proceed with a nonparametric Mann—Whitney U test to com-
pare data between the two experimental conditions. A post
hoc power analysis was performed using G¥*Power, result-
ing in a statistical power of 0.86 with a sample size of 15
participants per group. Considering the peripheral task, RT,
data were normally distributed and were analyzed applying
a one-way repeated measures ANOVA with eccentricity as
a three levels within-factor, and the two experimental condi-
tions as the between-subjects factor. On the contrary, data
concerning the number target missed for each eccentricity
level were not normally distributed. We therefore performed
a nonparametric Mann—Whitney U test to check differences
between the two experimental conditions, followed by a post
hoc analysis with Wilcoxon signed-rank test to explore dif-
ferences between the three eccentricity levels.

3 Results

In this section, we report the results of the analysis con-
ducted for the experimental tasks. For the central task, we
report the differences identified in participants’ reaction
times related to the emotional response induced before start-
ing the task. For the peripheral task, we present how partici-
pants’ reaction times and target perception vary according
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to the eccentricity of the visual target and depending on
the emotion induced. Descriptive statistics are reported in
Table 1.

3.1 Emotion induction

The results of the Wilcoxon signed-rank test highlighted a
statistically significant change in valence and arousal meas-
ures before and after the emotion induction procedure for
both the fear (Zy,jenee = —3.336; p < 0.001); (Zp,gusa1 = —
3.448; p < 0.001) and the relax condition [(Zyyence = ~
3.176; p = 0.001); (Z5,ousa = —3-461; p < 0.001)]. Thus, we
checked the results of the Mann—Whitney U test to compare
the valence and arousal measures collected before and after
the emotion induction procedure. As expected, the analysis
of the valence and arousal rates collected before the emotion
induction procedure did not identify significant differences
(p > 0.05) between the two groups. On the other hand, the
results concerning the rates collected at the end of the exper-
iment showed that valence rates in the fear condition signifi-
cantly differed from those obtained in the relax condition
Uvatence = 9.5; Z=—4.362; p < 0.001). The same significant
difference was identified for the arousal measure (U ,qusa =
0; Z=-4.817; p < 0.001). More specifically, valence rates
were significantly higher in the relax condition (M = 6.87,
SD = 0.91) compared to the fear condition (M = 4.20; SD
= 1.37). On the contrary, arousal rates were significantly
higher in the fear condition (M = 6.53; SD = 1.4) compared
to the relax one (M = 2.27; SD = 0.46).

3.2 Central task - RT,

The analysis of the braking reaction times revealed a sig-
nificant difference between the two conditions [U(Ng., =
150; Npaax = 150) =4770; Z =—8.626; p < 0.001)]. Scared
participants braked earlier (M = 537 ms; SD = 116 ms)
in response to the leading car braking action compared to
relaxed drivers (M = 760 ms; SD = 284 ms).

3.3 Peripheral task - RT,

Results of the one-way ANOVA showed a significant effect
of eccentricity [F(1.684, 136.437) = 46.322; p < 0.001; n}f
= 0.364]; while, the interaction between eccentricity and
the conditions was not statistically significant [F(1.684,

136.437) = 1.266; p > 0.05; 112 = 0.015]. Pairwise com-
parison between the three eccentricity levels showed that
targets presented at 30° (M, = 718 ms; SDg,, = 180 ms;
M, o0 = 732 ms; SD,,, = 200 ms) of eccentricity correlated
with slower RT, significantly different from those related to
targets presented at 15° (My.,, = 508 ms; SDy,.,, = 93,9 ms;
M, 1. = 595 ms; SD,,,, = 137 ms) and 20° (M., = 546 ms;
SDy.,, = 106 ms; M., = 578 ms; SD,,, = 154 ms), which
did not present differences between them.

elax

relax

3.4 Peripheral task - target perception accuracy

The results of the Mann—Whitney U test did not highlight
significant differences in the number of targets missed
between the two conditions for each eccentricity level [(U,5
= 106.5; Z = —0.384; p > 0.05); (U, = 105; Z = —0.363;
p > 0.05); (Usy = 106; Z = —0.274; p > 0.05)]. Therefore,
we proceeded with a Wilcoxon signed-rank test to explore
differences between the three eccentricity levels, indepen-
dently from the experimental condition. Results showed
that the number of targets perceived differed significantly
between the three eccentricity levels. In particular, partici-
pants missed more targets at 30° of eccentricity (M = 2.03),
compared to both targets presented at 15° (M = 0.23; Z=—
4.19; p < 0.001) and 20° (M = 0.57; Z=—4.021; p < 0.001),
which also show statistically significant differences between
them (Z = —2.077; p < 0.038). Concerning the years since
the driving license was obtained, no significant effects have
been found on the central and peripheral tasks’ measures.

4 Discussion

The research works available on the interaction between
emotions, driving behavior, and attention is mainly focused
on traffic-related attributes and present a heterogeneous
pool of MIP. The results obtained in the presented study
allowed us to introduce a new methodology to induce spe-
cific emotional responses, allowing us to have an insight into
the effect that two clearly distinct emotional states have on
a divided attention task. As visible in Fig. 4a, the analysis
of the valence and arousal rates certified that we effectively
induced two different emotional responses, characterized
by a slightly negative valence and high arousal for the fear

Table 1 Descriptive statistics

Central task  15° target 20° target 30° target
related to the central task (RT), cnrer tas argers areers argets
in ms) and the peripheral task RT, RT, Missed  RT, Missed  RT, Missed
(RT, in ms and target perception
accuracy) Condition M SD M SD M M SD M M SD M
Fear 537 116 508 939 0.27 546 106 0.6 718 180  2.07
Relax 760 284 595 137 0.2 578 154 0.3 732 200 2
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Fig.4 Data related to the experiment measures, including participants’ emotional response, reaction times for the central and peripheral task,

and target perception accuracy (***p < 0.001; *p < 0.05)

condition as opposed to positive valence and low arousal for
the relax condition. The two emotional states were induced
using immersive VR environments, allowing participants to
seamlessly carry out the entire experiment without removing
the headset and facilitating the maintenance of the elicited
emotional state for the whole duration of the experiment. To
the best of our knowledge, this is one of the first experimen-
tal works on the topic carried out entirely in VR and may
represent a good starting point for future works focused on
exploring the effects of a wider range of emotional states on
drivers’ attention.

The experimental task developed for this study allowed
us to explore if and how two different emotional states can
affect the way drivers divide their attention between a central
driving-related task and a peripheral visual task. Specifi-
cally, the central task consisted of a driving-related action

@ Springer

widely used in studies on the topic (i.e., a braking task fol-
lowing a leading vehicle), accompanied by a simultaneous
peripheral task capable of providing information on two very
important aspects: the horizontal extension of the driver’s
field of view, and the role it plays on the reaction times to
perceived stimuli as a function not only of different eccen-
tricities but also of the emotional state experienced by the
driver.

The analysis of results revealed a significant effect of
the emotional state of the participants on the reaction times
related to the central braking task. On the contrary, drivers’
emotions did not significantly affect the perception and the
reaction to peripheral stimuli. As shown in Fig. 4b, scared
drivers reacted significantly faster than relaxed drivers, high-
lighting the importance that the driver’s level of activation
seems to have on a driving-related task, where a level of
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medium-high activation seems to be preferable to a state of
greater relaxation that could appear to be even counterpro-
ductive in certain situations.

The goal of this study was not only to assess drivers’
divided attention performance depending on different emo-
tional responses, but also to assess the extent of a driver’s
visual field and how increasing eccentricity of a visual target
affects the accuracy of the driver’s perception and the speed
of its reaction in an immersive VR driving simulation.

As anticipated, the reaction times in response to periph-
eral targets did not highlight a significant effect of the driv-
ers’ emotional state. Nevertheless, as visible in Fig. 4c,
relaxed drivers presented systematically slower responses,
even if not statistically significant, suggesting that an accept-
able level of activation is nonetheless functional in a driving
situation, particularly in contexts of divided attention such
as the one treated in the current experimental task. Still,
the analysis of the results revealed significant differences
depending on the three eccentricity values considered. Par-
ticipants’ reaction times in response to targets presented
at 15° and 20° of eccentricity did not show significant dif-
ferences between them, while targets presented at 30° of
eccentricity significantly differed from data related to all
the other targets, revealing slower responses independently
from the emotional state elicited. Moreover, when consider-
ing the accuracy with which participants effectively detected
peripheral targets, results showed a decrease in accuracy as
eccentricity increased. Figure 4d shows how the highest
number of missed targets was found in targets presented at
30° of eccentricity, where participants’ missed an average of
two out of ten targets, a result that significantly differed from
the other two eccentricity values. In this case, a significant
difference was observed also between targets presented at
20° and 15° of eccentricity, with a slightly higher number
of targets missed at 20°.

The developed methodology and the results obtained may
represent an important starting point for the development of
innovative and more precise ADAS systems, capable of tak-
ing into account the reaction capacity of a driver as a func-
tion of the position of an object in the surrounding environ-
ment. Furthermore, VR simulations are now a common tool
during the development and testing of driver assistance sys-
tems (Gelder and Paardekooper 2017; Clement et al. 2022;
Siebke et al. 2023). Previous experiments investigated the
impact of distance, eccentricity, and time of visibility on the
accuracy of perceiving visual targets within immersive vir-
tual environments (Dozio et al. 2023). The results obtained
provided reference measures to understand the relationship
between these factors and perception accuracy. The pre-
sent study allows us to broaden the scope by incorporating
additional factors related to the emotional sphere and reac-
tion speed. By considering the interplay between emotional
states, reaction times, and perception accuracy, the current

research work further explored the intricate components
influencing visuospatial attention within immersive VR,
achieving a heightened level of detail in characterizing the
complex dynamics involved and expanding our understand-
ing of the multifaceted aspects that must be considered while
using VR as a testing tool in contexts where visuospatial
attention and visual perception are involved.

5 Conclusions

The emotional responses elicited differed in terms of valence
and arousal which significantly affected the way people
reacted to the central task. On the contrary, the emotional
state did not affect the performance of the peripheral task,
which revealed instead a significant effect of the eccentric-
ity at which the visual stimuli were presented, influencing
both the accuracy of targets’ perception and the reaction
times. Although the emotional state did not influence the
peripheral task, the results obtained offer a useful measure
of the role that the eccentricity of a visual target can have
on the accuracy with which it is perceived, and on the time
interval within which a driver is able to react to it. Further-
more, the research works available on the effect that emo-
tions have on driving behavior and drivers’ attention include
a wide range of emotional responses, but fail to provide a
consistent MIP throughout all the different works, provid-
ing heterogeneous and sometimes contradicting results.
Future development should try to apply the methodology
presented in this paper expanding the range of emotional
responses, also considering emotional responses that differ
only in one dimension (e.g., same valence, different arousal),
in order to obtain comparable results that might reveal dif-
ferent interactions with the considered measures. Finally,
the current study relied on simplified interactions with the
driving environment. Future works will aim to explore the
topics of emotions and attention while driving in even more
immersive and ecologically valid simulation contexts (e.g.,
using a pedal for the braking actions and buttons on the
steering wheel for secondary tasks’ interaction), ensuring
a more natural interaction with the vehicle and the driving
actions performed.
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