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ABSTRACT
Driving can occupy a considerable part of our daily lives and is
often associated with high levels of stress. Motivated by the effec-
tiveness of controlled breathing, this work studies the potential use
of breathing interventions while driving to help manage stress. In
particular, we implemented and evaluated a closed-loop system that
monitored the breathing rate of drivers in real-time and delivered
either a conscious or an unconscious personalized acoustic breath-
ing guide whenever needed. In a study with 24 participants, we
observed that conscious interventions more effectively reduced the
breathing rate but also increased the number of driving mistakes.
We observed that prior driving experience as well as personality are
significantly associated with the effect of the interventions, which
highlights the importance of considering user profiles for in-car
stress management interventions.

CCS CONCEPTS
•Human-centered computing→ Auditory feedback; Empiri-
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1 INTRODUCTION
Stress is very common in today’s society, and affects a broad range
of physical, psychological and behavioral conditions, including
depression, anxiety, and sleep disorders [8, 9]. Furthermore, stress
has been shown to reduce job productivity and adversely affect
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overall well-being [10]. Driving, which can occupy a considerable
part of daily life, is often associated with high levels of stress. In
this context, certain levels of stress can be helpful to remain alert
and attentive, but levels that are too high or too low can negatively
impact driving performance and lead to life-threatening situations
[23, 32, 37, 40].

While the stress response is usually associatedwith physiological
indicators such as changes in core temperature, cardiovascular
tone, and respiratory patterns, breathing has also been frequently
used to counteract stress as it can be more easily controlled [7]. In
particular, voluntary deep and slow breathing has been shown to
induce physiological, affective, and cognitive calmness [14], and
deep breathing has been shown to be effective in improving and
maintaining cognitive processes such as concentration, attention,
memory, and eye-hand coordination [36]. These benefits may be
particularly helpful in the context of driving; however, it is an
open question whether it is possible to use breathing to effectively
manage stress without sacrificing driver attention, or how this may
vary across individuals.

To address this question, we built and examined a closed-loop
system in which one of two breathing interventions is triggered
whenever the drivers’ breathing rate exceeds a personalized thresh-
old. We term one of the interventions "conscious" as it is designed
to provide an acoustic guide for the driver to imitate with his or her
breathing, and contrast the other one as "unconscious" as it slightly
modulates background noise without demanding driver attention.
(The name is not a proper full description; more detail is given
below.) Both interventions were evaluated in a driving simulator
study and compared against a neutral condition.

This work is organized as follows. First, we review prior work
in the context of stress management interventions. Second, we de-
scribe our system design and experimental protocol using a car
simulator. Third, we evaluate the two systems, examine the po-
tential influence of user profile on the perception and effect of
the interventions, and summarize insights from the user’s qualita-
tive feedback. Finally, we discuss the potential implications of our
system for real-world driving and highlight areas of future work.

2 RELATED WORK
A myriad of research findings have identified breath modulation as
an effective way of improving somatic, psychiatric, and psychologi-
cal symptoms as well as overall well-being [6, 14, 36]. For example,
Soni et al. [36] have shown that deep breathing is capable of en-
hancing and maintaining cognitive processes. The benefits include
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boosting concentration, attention, memory, eye-hand coordination,
mental calculation ability, and learning. Additionally, Yogic breath-
ing has proved to be an effective intervention to manage stress,
anxiety, and depression [6]. This is complementary to the historical
evidence finding Yogic breathing effective in enhancing well-being,
mood, attention, mental focus, and stress tolerance [6]. Further-
more, slow breathing can lead to somatic benefits such as lowering
blood pressure [14].

While breathing is a physiological process under autonomic con-
trol, the fact that it can be regulated consciously to achieve desired
benefits makes it a unique signal to deliver health andwellness inter-
ventions [24]. However, trying to consciously manipulate breathing
could have a toll on user’s attention and be distracting, especially
when the user is primarily engaged in another task [1]. Researchers
have explored different ways of influencing breathing to balance the
potential distraction with the added benefits of breathing interven-
tions. These efforts have spread across a spectrum from requiring
sustained attention to effortless interventions, even masking the
true purpose of the study until after the experiment is completed
to minimize the use of attentional resources.

On one end of the spectrum, we can find breathing interventions
that require constant conscious attention. For instance, immersive
virtual environments have been developed to promote sustained
attention on breathing through generative soundtracks [31]. Other
responsive environments have tried to reflect physiological signals
in a dynamic architecture to promote awareness that may lead to
slower breathing [33]. In another study, slow vibrations through
an engineered sleeve with a pattern similar to calm breathing were
generated and found to be capable of positively influencing per-
ceived calmness [27]. To promote a more effortless approach, other
researchers have investigated visual and audio oscillating stimuli
with the aim to slow breathing of computer users engaged in a read-
ing task. In that placebo-controlled study, researchers found that
lowering breathing rate with barely perceptible rhythmic stimuli
helped improve subjective calmness and focus without negatively
impacting task performance [13]. On the other end of the spectrum,
we can find breathing modulations that require no conscious at-
tention. For instance, researchers have explored the possibility of
cultivating calmness arising from stimuli that are individualized to
the person’s breathing during a sham task. In the corresponding
study, music was composed in real-time according to the user’s
breathing patterns while they were focused on a reaction-time task,
without knowledge about how the music was being generated or its
potential purpose. Multiple physiological arousal indicators (breath-
ing rate, electrodermal activity (EDA), heart rate, and slow cortical
potentials measured in electrocardiographic signals) consistently
showed a shift towards a calmer state [22].

The automotive context provides unique opportunities for mea-
suring stress as well as designing calming interventions. Since dri-
vers are sitting with limited motion, the measurement of physiolog-
ical cues of stress such as EDA, heart rate, and respiration becomes
easier. Additionally, the driver is in a confined space surrounded by
awide variety of intervention opportunities (e.g., dashboards, music,
interior illumination). For instance, Hernandez et al. [16] suggested
several examples of just-in-place stress interventions inside the car,
such as recommending relevant music based on the emotional state,
changing the tone of voice in the navigation system to be more

empathic, or adjusting the behavior of the dashboard based on the
user’s perceived stress level. Other researchers have evaluated the
potential use of calming interventions in simulated driving scenar-
ios. For example, Paredes et al. [28] examined different types of
haptic breathing patterns and showed a strong preference towards
familiar movements which resembled breathing. In another study,
Paredes et al. [29] compared haptic guidance based on vibrations
and voice guidance based on spoken audio commands to promote
slow breathing in a car simulator, and showed that both approaches
can reduce breathing without affecting safety. Further studies have
considered the automotive context to investigate the timing of the
interventions [2] as well as how to promote attentiveness [3, 20].

3 PROTOTYPE
To investigate the effect of auditory feedback while driving, we
designed a closed-loop system that is capable of providing two
different types of audio interventions when a certain personalized
threshold of breathing rate is exceeded.

3.1 Audio Design
As a basis for our system, we use white noise that is continuously
played at a constant volume. In case of activation, the conscious
intervention is played with higher volume on top of the basic noise,
while the unconscious intervention modulates the volume of the
noise without exceeding the constant level. While the participants
are purposely introduced to the conscious guide, no instructions
are given for the unconscious guide. For a better understanding,
Figure 1 illustrates one cycle of each condition's audio shape.

3.1.1 Conscious Intervention. The goal of this intervention is to
consciously guide the user's breathing rate through an easily per-
ceptible auditory signal. In particular, the system uses two different
harmonic chords to guide through the inhalation and exhalation of
the breathing pattern. The volume of an F-major harmonic chord
modulates with the shape of a Gaussian function in the inhalation
period, and a C-major harmonic chord follows in the exhalation
period. To further promote relaxation, the ratio of inhalation and ex-
halation period is set to 0.5 in one cycle of the intervention [39]. This
intervention was motivated by the studies of Paredes et al. [28, 29]
in which they effectively influenced drivers’ breathing patterns with
a “coach-like” voice guidance. In contrast to this work, we tried to
minimize distraction by leveraging harmonic sounds instead of a
voice guidance system. To introduce users to this conscious inter-
vention, an explanatory voice sample uttering the following text
was used: “The present auditory intervention is invented to regulate
the breathing pattern of the study participants. The intervention con-
sists of two different harmonic courts, F-Chord for inhalation [audio
example], and C-Chord for exhalation [audio example]. Please listen
to the intervention sound and follow three cycles with your breathe
[audio example] - Great job. The intervention sound is not always on.
When it is on, please try to regulate your breathing by following the
sound. The provided breath rate of the sound can be different from
this example depending on the context of the study. In any cases, your
safety driving is the most important task rather than following the
intervention. Hope you enjoy the participation in the study.”
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Figure 1: Audio shape and degree of modulation for one cy-
cle of each condition.

Figure 2: Schematic overview of the closed-loop system to
provide personalized breathing regulation while driving.

3.1.2 Unconscious Intervention. The goal of this intervention is
to unconsciously support calmness and focus via subtle volume
changes of the background white noise. By the activation of the
intervention, the volume of the background noise is periodically
modulated between 30% and 100% of its volume with a Sigmoid
function. The maximum volume and the modulation were designed
to be barely noticeable during a typical driving task. This interven-
tion was motivated by the study of Ghandeharioun and Picard [13]
in which they successfully influenced breathing patterns with un-
conscious modulations in a less cognitive demanding office setting.

3.2 System Implementation
To provide just-in-time breathing interventions, we designed and
implemented the closed-loop system shown in Figure 2.

To monitor the breathing of drivers, we used the chest-worn
Zepyhr Bioharness which captures breathing and heart rate (1 Hz).
The sensor was connected to a custom Android app that received
live-streamed data from several sensors and transferred them to a
MATLAB server through Bluetooth Low Energy (BLE). The server
was responsible for the activation and deactivation of the inter-
ventions which were delivered through a wireless Bose SoundLink
Micro Bluetooth speaker.

The breathing rate of the auditory interventions was personal-
ized for each participant based on their resting physiology. There-
fore, the system required a short calibration to collect the user’s
average mean breathing rate (MBR) at rest. Similar to [13], we
set the personalized goal breathing rate (GBR) to 120% × MBR
with bottom and upper bounds of 5 and 15 breaths per minute,
respectively. While driving, the system continuously compared the
current breathing rate (CBR) and the personalized GBR, and used
the information to activate the intervention whenever CBR was
higher than GBR and deactivate it whenever CBR was below or
equal to GBR. To ensure a smooth deactivation, the system ensured
that a full breathing cycle was played without interruption.

4 USER STUDY
To evaluate the effect of both acoustic interventions, we conducted
a controlled study in a simulator environment. The technical setup
of the simulator as well as the study procedure is explained below.

4.1 Simulation Environment
We conducted a user study in the single-driver SIMESCAR SILVER
driving simulator (SIMUMAK) shown in Figure 2. The simulator
contains a steering wheel, three basic pedals (gas, brake, and clutch)
as well as a gear lever (5 gears + reverse). While the simulator
allows to switch settings between manual and automatic trans-
mission, we used automatic transmission to help reduce cognitive
load. Hardware switches for basic car features such as front light,
indicators, horn, and windshield wipers as well as safety belt are
also included. The simulated environment is provided by three
32" monitors with a viewing angle of 135 degrees. In addition, a
10" control panel is situated behind the steering wheel showing
the dashboard information. The driver’s seat is located on top of
a 2-degree of freedom moving platform that allows an inclination
of +-10 degrees to simulate longitudinal and lateral accelerations
when breaking, accelerating, and turning. Vehicle sounds are pro-
vided with 5.1 surround speakers integrated into the headboard of
the seat as well as the displays. During the driving sessions, the
simulator captures telemetry information (e.g., speed, acceleration)
as well as driving mistakes (i.e., infractions and crashes). To better
understand the driver, a webcam was installed on top of the center
screen to capture a frontal view of the drivers’ face and upper body.
In addition to the previously mentioned Zephyr sensor, participants
were equipped with a Q-sensor biosensor manufactured by Affec-
tiva which monitored EDA and skin temperature (8 Hz) to get more
insights into the user’s physiology. We extended the electrodes of
the Q-sensor using copper cables to allow an attachment at the
participant’s left middle and index fingers since the fingers have a
higher concentration of eccrine sweat glands. The Q-sensor itself
was fixed at the participants’ left wrist with an elastic wrist-worn
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Figure 3: Screenshots of the driving environment showing
other road users, street signage, and different types of roads.

band. It was always worn on the left so that it would encounter the
same motion demands, e.g., activating the turn signal1.

From the different types of maps offered by the simulator, we
selected city driving as it has been shown to be more stressful than
highway driving [15] and to generate stronger changes in the stress-
related physiological signals [35]. Furthermore, we selected sunny
weather during daytime with a medium amount of traffic to help
simulate a typical day of city driving. Figure 3 shows representative
driver’s views that included roundabouts, crossings, street signage,
and weather conditions.

4.2 Protocol
Figure 5 shows an overview of the experimental protocol which
was pre-approved by the Institutional Review Board.

At the beginning of the study, participants were requested to com-
plete the Big-Five Inventory (BFI) [17, 18] and the Patient Health
Questionnaire (PHQ) [21]. These surveys were selected to capture
relevant personal and health-related information that may have
influenced driving performance as well as the potential effect of
the interventions. The participants were then equipped with the
biosensors and brought to the simulator to adjust the seat position.
To calibrate the system, i.e. measuring the MBR during relaxation,
participants were asked to remain calm for two minutes while lis-
tening to constant background noise. To allow some adaptation to
the new setting, only the second minute was used to compute the
personalized mean breathing rate. Figure 4 shows the distribution
of the collected mean resting breathing rates as a histogram.

After the short calibration, the functionality of the simulator was
explained to the participants who were told to follow the traffic
rules during the whole experiment. Participants were then asked
to perform a 5-minute training drive on the selected map to help
familiarize with the simulation. To promote more natural driving,
participants were allowed to choose their own route on the map.
Finally, participants were introduced to the conscious breathing
guide by playing the explanatory voice sample. After clarifying
remaining questions, the main study started. The main study was

1In the future, we would recommend to switch it to always be worn on the right,
incurring fewer motion artifacts when driving an automatic transmission.

Figure 4: Histogram of the mean resting breathing rates
(MBR) for the 24 participants.

designed as a within-subjects experiment and consisted of the fol-
lowing three 5-minute drives: (I) neutral (i.e., constant background
noise), (II) conscious intervention (i.e., breathing guide + constant
background noise), and (III) unconscious intervention (i.e., mod-
ulated background noise). To help minimize potential ordering
effects, these conditions were performed in randomized order for
each participant. After each of the drives, a short questionnaire on
an Android tablet was handed to the participants to gather their
subjective ratings in terms of valence, arousal, stress, and focus
during the last driving segment. After completing the three con-
ditions, participants were asked to report if they perceived any
kind of acoustic feedback for each of them (reply options were
“yes,” “maybe” and “no”). If they answered “yes” or “maybe,” they
were additionally asked to report their subjective relaxation and
distraction caused by the feedback. All of the following questions
were requested on a 7-point Likert-scale:

• How pleasantly were you feeling during the last driving
segment? (Valence)

• How energetic were you feeling during the last driving seg-
ment? (Arousal)

• How stressed were you feeling during the last driving seg-
ment? (Stress)

• How would you rate your focus on the driving task during
the last driving segment? (Focus)

• How much did the audio feedback distract you from the
driving task? (Distraction)

• How relaxing was the audio feedback for you? (Relaxation)
The whole experiment lasted around 40 minutes and participants
received $30 as compensation.

4.3 Data Description
A total of 26 people completed the experiment. Participants were be-
tween 22 and 33 years old (M = 26.7 years, SD = 2.8 years) except
for one who was 67 years old. Among the participants, there were
14 females and 12 males and their prior real-life driving experience
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Figure 5: Overview of the experiment protocol.

ranged from one to eleven years (M = 6.4 years, SD = 3.0 years),
except for one who had around 50 years of driving experience. Eight
of the participants had prior driving experience with the simulator.
The data of two participants had to be excluded because their GBR
was never exceeded and, consequently, no intervention was trig-
gered. Thus, data from 24 participants was considered for the final
analysis.

5 RESULTS
This section provides a quantitative and qualitative analysis of
the collected data from the biosensors, the driving behavior, the
subjective questionnaires, and the potential role of participants’
profiles. All of the statistical analyses were performed using R
(version 3.6.1). The significance level for the statistical tests was set
at 5%.

For the conscious intervention, the majority of participants (21 of
24) confirmed that they were able to perceive it. However, two of the
participants stated that they were not able to listen to the breathing
guide while driving and one participant answered “maybe” arguing
that it was difficult to follow the intervention. For the unconscious
intervention, 18 of the participants stated that they did not perceive
it, while only four participants reported that they perceived the
intervention. The remaining two participants answered “maybe.”
Although there was only constant background noise in the neu-
tral condition, three participants believed that they perceived au-
dio feedback, while another three participants answered “maybe.”
Overall, these reports support that the two interventions were, as
originally intended, perceived and not perceived, respectively.

5.1 Effects of the Intervention
5.1.1 Driver Physiology. First, we analyzed the potential effect of
the interventions on the mean breathing rate. To be able to compare
the relative differences between the different conditions for all par-
ticipants, a normalization using a division by the personalized goal
breathing rate was conducted for each participant. For instance, if
a participant had a GBR of 15 breaths per minute, the mean breath-
ing rate for each condition was divided by 15. In the following, the
mean of the normalized breathing rate is denoted as MNBR. Figure 6
depicts the MNBR for all participants across conditions, showing
that the values of the boxplot corresponding to the conscious are
lower than for the neutral and unconscious conditions. Statistical
analysis showed a main effect of the different interventions on the

MNBR (Friedman, χ2 = 23.01, p < 0.0005). A posthoc compari-
son based on pairwise Wilcoxon test with Bonferroni correction
revealed that the conscious condition significantly reduced MNBR
in comparison with the unconscious condition (p < 0.0005) and the
neutral setting (p < 0.0005). However, no difference of the MNBR
in the unconscious condition was found compared to the neutral
setting (p > 0.1). Furthermore, separating the participants who
stated that they perceived acoustic feedback (PU) (N = 6) from the
participants who were not aware of the unconscious feedback at
all (NPU) indicates that there is a trend towards a decreased MNBR
for participants who believed they were receiving feedback (see
Figure 7). In line with these results, the average time under GBR in-
creased to 63% during the conscious condition in comparison to the
unconscious (12%) and the neutral condition (15%). Overall, these
findings suggest that the conscious intervention more successfully
reduced the breathing rate.

For EDA, we extracted two features for each drive, namely the
number of peaks and the mean tonic level [5]. For examination
of both features, no significant differences were found across the
conditions using Friedman test (p = 0.89 for EDA peaks and p =
0.44 for the mean tonic EDA). Based on previous work showing a
correlation of EDA features with the number of present stressors
while driving [15], these findings suggest that the driving task
evoked similar levels of stress in each of the three drives, which
supports comparability of the three conditions.

5.1.2 Driving Performance. To analyze driving performance, we
considered two types of data provided by the simulation environ-
ment: number of crashes and infractions. To help amplify the rela-
tive differences across conditions, we normalized both the crashes
and the infractions with the maximum values observed for each
participant. As potential infractions we considered: exceeding the
maximum allowed speed, moving too slow (<50% of the allowed
speed), and driving out of the lane. Themaximumnumber of crashes
observed for a single participant was seven, while ten participants
performed the three conditions without any crashes. The highest
numbers of crashes during a single drive was five. In terms of in-
fractions, the maximum values for a single drive were twelve for
exceeding the top speed, seven for moving too slow, and six for
driving out of the lane.

Figure 8 shows the mean values of the normalized total number
of crashes (MNC) for all participants across conditions as well as
their respective standard errors. As it can be seen, there were more
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Figure 6: Boxplot showing the mean normalized breathing
rate (MNBR) across conditions for all participants. Note that
***: p ≤ 0.001.
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Figure 7: Boxplot showing the mean normalized breathing
rate (MNBR) across conditions andwhether the unconscious
intervention was perceived (PU) or not (NPU) for all partic-
ipants.

crashes on average during the conscious than during the neutral
and unconscious conditions. When testing the difference of the
mean of MNC between the three conditions, a significant difference
was found (Friedman, χ2 = 6, p = 0.05). In fact, the MNC was
significantly higher in the conscious than in the neutral (p = 0.05)
and unconscious (p = 0.03) condition based on Wilcoxon paired
test with Bonferroni correction. This is evidence that following the
conscious intervention may diminish attention towards the driving
task. Furthermore, separating the participants who believed that
they perceived acoustic feedback in the unconscious condition (PU)
(N = 6) revealed a tendency towards more crashes in comparison
to the participants who did not perceive the intervention at all
(NPU) (see Figure 9). This finding suggests that even perceiving the
unconscious intervention demands some attentional resources that
may affect the focus on the driving task.
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Figure 8: Mean normalized total number of crashes (MNC)
and their standard error across conditions for all partici-
pants. Note that *: p ≤ 0.05.
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Figure 9: Mean normalized total number of crashes (MNC)
and their standard error across conditions and whether the
unconscious intervention was perceived (PU) or not (NPU)
for all participants.

When comparing the overall infractions for the different settings,
the conscious condition showed a tendency towards an increased
number of normalized infractions in comparison to the other two
conditions but no significant differences were found (Friedman,
χ2 = 2.99,p = 0.22). Amore detailed analysis of the specific types of
infractions showed a significant difference for top speed violations
(Friedman, χ2 = 9.08, p = 0.01). In fact, there were significantly
more top speed violations in the conscious setting than in the
neutral (p = 0.05) and unconscious (p = 0.02) conditions based on
Wilcoxon paired test with Bonferroni correction. This indicates that
there is less obeying of the speed limit in the conscious condition,
which could be partially related to the increased cognitive load.

5.1.3 Subjective Self-Ratings. For the subjective self ratings of per-
ceived valence, arousal, focus, and stress level, no significant differ-
ences were found based on a Friedman test (p = 0.41 for valence,
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Personality Trait High Medium Low

Extraversion N=8, 0.77 (0.05) N=7, 0.56 (0.03) N=9, 0.49 (0.05)
Agreeableness N=5, 0.90 (0.06) N=12, 0.79 (0.04) N=7, 0.65 (0.06)

Conscientousness N=9, 0.82 (0.03) N=7, 0.71 (0.04) N=8, 0.53 (0.06)
Neuroticism N=8, 0.7 (0.05) N=9, 0.49 (0.04) N=7, 0.29 (0.07)
Openness N=7, 0.87 (0.04) N=11, 0.79 (0.03) N=6, 0.63 (0.08)

Table 1: Size (N), mean, and standard deviation (in brackets)
for each considered group and personality trait.

p = 0.68 for arousal, p = 0.64 for focus, p = 0.08 for stress). These
findings are consistent with the fact that no significant difference
was detected when analyzing the features extracted from the EDA.

5.2 Role of the User Profile
To examine the role of individual differences, we extended the analy-
sis to consider the profile of each participant in terms of personality
(captured by the BFI), depression (PHQ), driving and simulator
experience. To categorize participants corresponding to the differ-
ent co-variables, we computed the respective scores based on the
participants’ responses and clustered them into different groups.
For the BFI dimensions, we assigned participants to three groups
based on the LAH-method (Low-Average-High) [38]. Table 1 sum-
marizes the sizes, the mean values and the standard deviations for
the groups of each dimension of the BFI. In terms of the PHQ ques-
tionnaire, participants were classified into five groups ranging from
no depression to severe depression using the depression severity
according to [21]. In particular, ten participants were assigned to
“none,” four to “mild,” seven to “moderate,” and three to “moder-
ately severe” depression level. No participant fell into the group
of “severe.” Due to the small number inside each group, we only
considered two main groups: non-depressed (score ranging from 1
to 4, 10 participants) and depressed (having a score of 10 or higher,
10 participants). In terms of the driving experience, participants
were divided into two groups, once into less experienced (1-5 years
of driving experience, 9 participants) and more experienced (more
than 5 years, 15 participants) drivers. Finally, the study involved 7
drivers who previously had drove in a car simulator while 17 had
not tried a simulator before.

Since the users’ profile variables were not experimentally con-
trolled, these data were not balanced per group. In this section, we
report statistical differences in the physiology, driving performance,
subjective ratings between the conscious and the unconscious in-
tervention for each subgroup. All pairwise comparisons within the
subgroups conducted in this section are based on the Wilcoxon
paired test.

5.2.1 Driver Physiology. No significant differences were found for
the effect of the interventions on the EDA features when consider-
ing depression level, previous simulator experience and personality
(all p > 0.05). For the driving experience, we found a significantly
higher average tonic EDA level for participants with less driving
experience during the conscious than in the unconscious condition
(p = 0.05). This indicates a higher stress level for inexperienced
drivers while following the conscious intervention.

5.2.2 Driving Performance. Several significant differences were
found between the conscious and the unconscious conditions, when
examining the driving performance considering the users’ profiles.
While the difference is not significant for the experienced drivers,
the number of infractions is significantly higher in the conscious
compared to the unconscious conditions for less experienced dri-
vers (p = 0.04). This suggests that the factors related to driving
experience are important for the design of in-car interventions that
may require some conscious attention.

In terms of personality, we found that the infractions are signifi-
cantly higher in the conscious than in the unconscious condition
among the participants with high neuroticism (p = 0.05). A more
detailed analysis of these infractions revealed that the major source
of infractions was associated with the number of speed violations
(p = 0.008). Further examination of the user profiles indicated a
connection between the ratings for neuroticism and the depres-
sion level. The Spearman Correlation Coefficient confirmed a sig-
nificant correlation between those two traits across participants
(ρ = 0.8,p < 0.001), which is aligned with prior research [19, 26].
These findings suggest an association between those characteris-
tics and interventions demanding cognitive load, which should be
carefully studied for real-life in-car applications.

5.2.3 Subjective Self-Ratings. Similar to the driving behavior, prior
driving experience showed an association with the subjective self-
ratings. In particular, participants having less driving experience
perceived the conscious condition as less pleasant and more stress-
ful than the unconscious (p = 0.05 and p = 0.02 respectively)
condition.

Regarding the personality traits, the groups of low extraversion
and medium openness showed significantly higher reported focus
in the unconscious than in the conscious condition (p = 0.05 for
both). While no significant differences between the conscious and
the unconscious conditions were found for perceived energy among
the subgroups, the ratings for pleasure and stress were the most
associated with the personality traits. In fact, the perceived pleasure
and stress were significantly different (lower for the pleasure and
higher for the stress) between the conscious and the unconscious
conditions among the subgroups with medium agreeableness (p =
0.05 and p = 0.03 respectively), medium conscientousness (p = 0.05
and p = 0.02 respectively), and high openness (p = 0.05 for stress).
In addition, it is established that there is a relationship between
the personality traits and the driving style and performance [4, 34].
These findings suggest that the personality traits are associated
with the perception of the interventions and may be important to
consider for the design of effective in-car breathing guides.

6 QUALITATIVE USER FEEDBACK
This section reviews qualitative responses of the participants after
completion of the study which includes acceptability, preferences,
and suggestions.

Several participants mentioned that the conscious intervention
was a good fit for driving sections with low complexity, however,
following the breathing guide in roads with high cognitive demands
was challenging (7 participants). For instance, one participant stated
“the conscious is easier for straight driving and difficult for complex
situations.” In line with this finding, two other participants stated
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that “the conscious intervention is distracting like having a phone call”
and “[the breathing is] just another thing to do.” One participant
further clarified “the conscious [intervention] is especially adding
stress during and after crashes.” On the other hand, there were
several opinions supporting the unconscious intervention may be
more appropriate for real-world driving (4 participants).

Another relevant topic was the preference of listening to music
instead of the breathing guide (4 participants). For instance, one
participant said “breathing is good and helpful but [he] would prefer to
listen to music.” To solve this issue and to be able to speak with other
passengers, one participant suggested to “put [the intervention] only
on one ear somehow.” In addition, one participant suggested that an
“unconscious modulation of the music would be perfect.”

Finally, there were several comments regarding the constant
background noise. Some of the participants perceived the constant
background noise as calming (3 participants). For instance, one
participant stated that “he did not perceive the unconscious, but the
constant noise was already calming.” Additionally, another partici-
pant described the unconscious intervention as “positive distraction.”
However, there were also participants who commented that they
ignored the background noise after some time (4 participants).

7 DISCUSSION
This paper studied two different approaches for personalized just-
in-time audio interventions to support calm breathing inside the
car: one that acted as a conscious guide, and one that attempted to
unconsciously influence breathing. Both approaches were imple-
mented and evaluated in a driving simulator with 24 participants.
Our findings show that the conscious audio guide better reduces
the participants’ breathing rate; however, it also significantly in-
creased the number of crashes. In terms of the unconscious audio
stimulation, we found a tendency towards a decrease in breathing
rate when people reported to have perceived the intervention.

The post-study interviews revealed that the conscious guide was
especially helpful in sectionswith low complexity but it was difficult
to follow the breathing guide during more cognitive-demanding
situations. These findings are further supported by the analysis of
the user’s profiles. In particular, previous experience played a cru-
cial role in driving performance during the conscious intervention.
These indicate that both focusing on the driving task and following
the breathing guide at once may be too challenging for inexperi-
enced drivers, which results in decreased driving performance and
less effectiveness of the intervention. In terms of the unconscious
intervention, the findings of Ghandeharioun & Picard [13] are not
aligned with our findings. In contrast to their study, where the
noise modulation helped to support calmness and focus in an office
setting, we could not find significant effects of the unconscious
modulation on the breathing rate and subjective focus in our driv-
ing task. We believe this discrepancy may be partly associated with
the higher complexity level of our task (i.e., city driving).

When considering user profiles, we found that personality is
associated with the effect and the perception of the interventions.
For instance, people with high neuroticism had significantly more
infractions in the conscious and people with low extraversion felt
significantly more focused in the unconscious condition. Corre-
spondingly, future audio interventions may need to be tailored

specifically to the user profile to maximize their positive and mini-
mize their negative impact. For instance, users with different pro-
files may benefit from interventions with higher or lower volumes
that help control the amount of attention that may be needed.

It is also important to note that this study suffered from some
limitations. For instance, there are some major differences when
comparing simulated and real-life driving, especially when consid-
ering potential threats and stress. Further, people usually have a
high level of familiarity with their own vehicles which is difficult
to replicate in a controlled laboratory study. We observed increased
frequency of crashes than on real road, which may reflect that
people needed time to adapt to the new environment. Finally, the
duration of our drives was restricted to five minutes which may be
too short to capture longer-term effects of breathing interventions.
We believe that future studies should investigate the associations
found in this paper with a larger number of participants, to verify
if the breathing or the user profile is the basic underlying factor
impairing driving performance. Also, future work may consider a
real-world driving experiment for improved ecological validity.

The activation of the interventions in this study was based on
the breathing rate, while several studies have shown progress in the
measurement of higher level metrics such as stress [11, 15, 25]. We
believe that a more sophisticated approach to measure stress can
help enhance the timing of the activation and deactivation of the
interventions, and thus increase both the effect of the intervention
as well as benefit the experience of the users.

Finally, driver distraction can be categorized into four different
types, namely visual, auditory, bio-mechanical, and cognitive [30],
while previous research has shown that different types of distraction
can have different effects of driving performance [12]. Accordingly,
future approaches could explore multimodal signals (e.g. combining
audio and haptic) which could allow to balance different distraction
types to minimize performance impairment as well as to consider
individual preferences and contextual needs of drivers (e.g., the
driver is speaking on the phone or wants to listen to music).

8 CONCLUSION
This paper studied two approaches for an in-car audio intervention
to support just-in-time calm breathing personalized to each driver’s
physiology: a more obvious "conscious" guide and another less
obvious "unconscious" guide. While the conscious one significantly
reduced the breathing rate, it also increased the number of driving
mistakes. In addition, we found that aspects of a users’ profile such
as prior experience and personality may play critical roles when
evaluating the effectiveness of such interventions and, therefore,
more work is needed around this space. We are looking forward to
a future when intelligent cars personalize the car environment to
make the daily commute safer and less emotionally stressful.
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