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ABSTRACT
In Level 3 automated vehicles, drivers must take back control when
prompted by a Take Over Request (TOR). However, there is cur-
rently no consensus on the safest way to achieve this. Research has
shown that participants interact faster with an avatar when this
“glows” in synchrony with participant physiology (heartbeat). We
hypothesized that a similar form of synchronizationmight allow dri-
vers to react faster to a TOR. Using a driving simulator, we studied
driver responses to a TOR when permanently visible ambient light-
ing was synchronized with participants’ breathing. Experimental
participants responded to the TOR faster than controls. There were
no significant effects on self-reported trust or physiological arousal,
and none of the participants reported that they were aware of the
manipulation. These findings suggest that new ways of keeping
the driver unconsciously “connected” to the vehicle could facilitate
faster, and potentially safer, transfers of control.
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1 INTRODUCTION
The rapid advance of automation technology will change the way
drivers interact with their vehicles. With the introduction of Level
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3 automated driving technology, drivers will be able to engage in
leisure and work activities while the car takes care of the driving
[30]. In other words, drivers will be increasingly “out of the loop”
[24, 25], and they will no longer be required to attend to the driv-
ing environment and the actions of the automated vehicle [25].
Nonetheless, until vehicles are fully automated, drivers will still
need to manually take back control when prompted by a Take Over
Request (TOR).

Although driver performance during manual take overs has been
studied extensively (for a review, see [39]), and a vast variety of
design solutions have been investigated (e.g. [4, 37]), there is still
no consensus on how smooth and safe transfers of control can be
achieved. In this respect, recent critiques point out that allowing
drivers to disengage from the driving task and then expecting them
to promptly respond to a safety-critical event within a matter of
seconds might be unrealistic or unfeasible [19, 36]. Yet, recently
approved United Nations regulations (still awaiting implementation
at the national level) allow restricted on-road deployment of Level
3 functionality [14]. This makes our work particularly urgent. The
current study investigates a novel transfer-of-control approach,
exploiting results from the large literature on so called “peripersonal
space” (PPS), which is defined as the space immediately surrounding
the body and reachable by a single arm movement [9, 28, 29].

An important property of PPS is its plasticity: it can be modified
by experience. Experiments have shown, for example, that extero-
ceptive inputs, coupled with synchronous feedback, can enhance
participants’ self-identification with virtual avatars and objects (e.g.
[2, 16, 31, 32]). A classic example is the “rubber hand illusion” [5, 32]:
when a rubber hand is softly stroked synchronously with the par-
ticipants’ hand, participants perceive the rubber hand as their own;
with asynchronous stroking the illusion disappears. Interestingly,
interoceptive inputs can operate in a similar way. For instance,
Adler et al. [1] have shown that visuo-respiratory synchronization
can lead participants to perceive breathing in a virtual body or even
a simple geometrical object. Similarly, a recent study by Heydrich
et al. [16] has shown that empathic participants interact faster with
an avatar when it “glows” in synchrony with their heartbeat. In the
literature, these effects are often explained as changes in the way
participants perceive their PPS [10, 18, 28].

Perceptions of the body and its immediate surroundings are
strongly affected by the use of hand-held tools. Tools, by allowing us
to reach otherwise unreachable space, affect representations of PPS
and modify our body schema (e.g. [3, 6, 12, 17, 23, 27, 38]). The study
we present here was based on the conjecture that vehicles affect PPS
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in similar ways to hand-held tools, and that the plasticity of PPS
could be exploited to improve human interaction with automated
vehicles. In line with studies using similar visual paradigms [1, 16],
we hypothesized that synchronization of vehicle ambient lighting
with participants’ breathing would lead to faster responses to a
TOR.

The study took place in a driving simulator, simulating a vehicle
equipped with Level 3 automated driving technology [30]. Partic-
ipants were divided into three groups: a Sync group, a Random
group and a Repetitive group. In the “Sync group”, the cockpit
lights in the simulated vehicle pulsed in synchrony with the partic-
ipant’s breathing pattern. In the “Random group” the lights pulsed
randomly. In the “Repetitive group” they pulsed at a constant rate.
In all three groups, participants were instructed to manually take
over control of the vehicle on receiving a TOR. In all three groups
the lights started pulsing rapidly during the TOR.

We expected that visuorespiratory synchronization would ex-
tend participants’ PPS and that, as a result, the sudden disruption of
the sync pattern would lead to faster reaction times when drivers
were requested to take back control of the vehicle. To gain further
information into the effect of our manipulation we also measured
driver self-reported trust before and after the experiment, driver
self-identification with the automated vehicle, and driver levels of
physiological arousal.

2 METHODS
2.1 Participants
Thirty-six participants were recruited, and joined the study in ex-
change for study credits. Participants registering for the study on-
line were asked to confirm that they met the eligibility criteria
which were shown on screen. Participants’ eligibility was double-
checked at the end of the study through a short set of control
questions. As a result of these checks, eight participants were ex-
cluded because they did not meet the eligibility criteria (either they
had no driving experience, or they had previous experience with
commercially available automated driving technology). One further
participant was excluded due to missing data. The final sample
consisted of 16 females and 11 males (N = 27), all between 18 and
38 years of age (M = 22.15, SD = 3.63). Participants had a driver’s
license for at least one year and had, on average, 4.41 years of driv-
ing experience (SD = 3.51). The majority reported that they drove
twice per week (37%) or once per month (29.6%). 14.8% of drivers
drove every day, and another 14.8% once per week.

None of the drivers reported previous experience with automated
vehicles, neither as drivers nor as passengers. All participants re-
ported normal or corrected to normal (i.e., lenses or glasses) vision,
no color vision deficits and did not commonly suffer from motion
sickness.

2.2 Task
The core task was for a participant to manually take back control of
the automated vehicle (Level 3) when the Take Over Request (TOR)
was issued. The simulated environment consisted of a four-lane
motorway, with no traffic. Participants manually drove the vehicle
for the first three minutes of the study. Then, a flashing icon on the
instrument cluster prompted them to let go of the steering wheel,

leading to the activation of automated driving (AD) mode (Figure
1). Although AD mode could be deactivated at any time by moving
the steering wheel or pressing one of the pedals, participants were
asked to relax and take back control only when the TOR was issued.

In-vehicle ambient lighting indicated whether the AD mode was
active. Ambient lighting was displayed throughout the vehicle’s
cockpit: on the windshield, on the side and rear windows, and on
the floor mats. Therefore, feedback was always visible, even when
participants stopped paying attention to the road. When pulsing,
cockpit lights changed from a light blue “base color” (RGB 0, 155,
255) to a slightly modified “emissive color” (RGB 0, 120, 255). We
adopted a between subject design, and randomly assigned partici-
pants to one of three groups: in the Synchronized (Sync) group, the
intensity of the cockpit lights oscillated between a minimum value
at the end of the outbreath and a maximum value at the end of the
inbreath. In the Random group, it rose and fell in a randomized
pattern with a mean frequency of 0.5 Hz. In the Repetitive group, it
rose and fell in a sine wave pattern at a constant frequency of 0.5
Hz.

Importantly, “Random” and “Repetitive” were control conditions.
By including them in the design we could test whether the hypoth-
esized effects were due by the specific experimental manipulation,
rather than mere disruption of a visual pattern.

After fifteen minutes of driving in AD mode, a TOR was issued:
the lights started pulsing rapidly, together with a red icon on the
instrument cluster (Figure 1). In all groups, the TOR disrupted the
current light pattern. Participants were instructed to take over as
fast as possible, and had around eight seconds (based on [13, 26])
to manually take over control of the vehicle before crashing into
a simulated barrier placed on the driving lane. Road construction
signs were visible at the onset of the TOR (Figure 1), while the bar-
rier became visible around five seconds before impact. Participants
who avoided the barrier (74%) drove the vehicle manually for one
more minute.

2.3 Materials
The study was conducted in a fixed-base simulator, consisting of
a Playseat Evolution seat with a Logitech G29 steering wheel and
pedals (Figure 2). The VR environment was displayed through an
Oculus Rift headset [11]. Participants’ breathing was measured
via an UFI Pneumotrace II [33] respiratory belt transducer (RBT),
connected via a LabJack U3-LV to the computer. The RBT was
used to synchronize participant’s breathing pattern with in-vehicle
ambient lighting.

Reaction time was measured as the time between the TOR and
the moment the driver moved the steering wheel or pressed one of
the pedals, deactivating the AD mode. Furthermore, Galvanic Skin
Response (GSR) was measured via a MySignals developer kit [22].
GSR was used to measure participants’ physiological arousal.

Trust was measured through a modified version of the Trust
in Automation scale [20, 34, 35], before (Pre Trust) and after (Post
Trust) the driving experience. As in [34] and [35], the modified
version involved a 7-point Likert scale (1 = totally disagree; 7 =
totally agree) indicating level of agreement with seven statements.
The term “ACC system”, originally used in [34], was replaced with
“self-driving car” The scale had a high level of internal consistency,
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Figure 1: Left: the car in manual mode (icon on instrument cluster shows manual mode; started pulsing once AD mode was
available); Middle: the car in automated mode (blue AD mode icon is displayed and the blue visual pattern in the windshield
is active). Right: TOR (icon flashes red, and frequency of blue windshield visual pattern is rapidly increased).

Figure 2: The driving simulator set-up.

with a Cronbach’s alpha of .90 for the pre-questionnaire and .81 for
the post-questionnaire.

To investigate participants’ self-identification with the auto-
mated vehicle, we administered a second questionnaire adapted
from [1], which has previously been used to study body illusions
induced by interactions with virtual avatars or geometrical figures
[1, 2, 5, 21]. Participants were asked to indicate their level of agree-
ment with eight statements, using a 7-point Likert scale (-3 = totally
disagree; +3 = totally agree). Cronbach’s alpha for this scale was
.83.

2.4 Procedure
Participants were welcomed, told that they would experience a
simulated automated vehicle and made aware of the task. After
filling in an informed consent form, a demographic questionnaire
and the pre version of the Trust in Automation scale, participants
were shown a video of the task. After the video, participants sat
down in the driving simulator. The RBT was placed below the
participants’ rib cage at the level of the diaphragm. GSR sensors
were attached to the index and middle fingers of the left hand.

Participants were asked to wear the VR headset. A three-minute
test run followed. Practice helped participants to get used to the
virtual environment, the sensitivity of the steering wheel and the
way in which the AD mode was activated.

Once participants had indicated that they understood the pro-
cedure, the experiment began. When completed, participants
were helped out of the equipment and asked to fill out the self-
identification and Post Trust questionnaires. Finally, all participants
were asked if they thought that cockpit lights had been pulsing
synchronously with their breathing pattern. The purpose of the
experiment was explained further, and the experimenter responded
to follow-up questions. The entire study lasted approximately 45
minutes.

3 RESULTS
3.1 Reaction Time
A Kruskal-Wallis test showed that take over reaction times (RTs)
differed across conditions, H(2) = 6.22, p = .03. Dunn’s pairwise
comparisons with Bonferroni adjustments were carried out for the
three groups. As expected, participants of the sync group (M =
2.81, SD = .88) took back control of the vehicle faster, compared to
participants of the Random group (M = 4.25, SD = 1.63), p = .029.
Although the graph seems to suggest a difference between the RTs
of Sync and Repetitive (M = 3.86, SD = .99) groups, such difference
was not statistically significant, p = .224. No difference was found
between the RTs of the Repetitive and Random conditions, p = 1
(Figure 3).

3.2 Rates of Collision
One participant out of nine in the Sync group crashed into the
barrier (11.1%). In the Random group and the Repetitive group
three out of nine crashed in each group, 33.3% in each case. A chi-
square test between the experimental group and the pooled controls
showed a significant difference between the two groups, X2 (1, N =
27) = 5.44, p = .02. These results are compatible with the hypothesis
that synchronization can contribute to safety.

3.3 Other Measures
A Kruskal-Wallis test showed no significant differences between
the self-reported Pre- (M = 4.21, SD = 1.1) and Post-Trust (M =
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Figure 3: Take over reaction times. Error bars represent standard error of means.

4.96, SD = .94) of the three groups, p > .05. Similarly, no significant
between-group differences were found in terms of self-reported
self-identification and physiological arousal (data not shown, all
p’s > .05). When asked at the end of the experiment, none of the
participants reported that they were aware of the manipulation.

4 DISCUSSION
In this study, we investigated whether drivers’ perceptions of their
immediate surroundings could be modulated by visuorespiratory
synchronization, reducing reaction times to TORs in a Level 3 au-
tomated vehicle. The results show that synchronizing in-vehicle
ambient lighting with participants’ breathing pattern led to a reduc-
tion of take-over reaction times and crashes. These results are in
line with literature showing that interoceptive inputs can modulate
bodily self-consciousness and therefore lead to changes in partici-
pants’ PPS [1, 2, 10, 16]. We found no other significant behavioral
and physiological differences between our conditions, and none of
the participants reported that they were aware of the manipulation.

We believe that the safe interaction between drivers and au-
tomated driving systems requires new multidisciplinary design
solutions. To our knowledge, this is the first study to investigate
manipulation of drivers’ PPS as a way of achieving faster and pos-
sibly safer transfers of control.

A vast literature shows that tool use induces plastic changes,
leading to perceived body transformations (e.g. [8, 10, 18]). Against
this background, it is not hard to believe that just as professional
baseball players experience the bat as an extension of their own
arm, Formula1 and MotoGP pilots experience their vehicles as
extensions of their own bodies.We conjecture that non-professional
drivers bond with their vehicles in a similar way, and that the rise
of automated driving technology is likely to weaken this bonding.

Our results suggest that adoption of paradigms widely used in
experimental psychology can help to keep the driver unconsciously

“connected” to the vehicle, and therefore improve interaction with
the system. If confirmed, they open a whole new set of design pos-
sibilities: in fact, drivers’ peripersonal space could be manipulated
not only to guarantee a safer driving experience, but also a more
comfortable one. Interestingly, several car companies (e.g. Mer-
cedes, BMW) already offer drivers the possibility of customizing
the look and feel of the vehicle’s interior cabin by modulating the
ambient lighting.

Furthermore, although ambient lighting could be synchronized
with other physiological responses (e.g. heart rate), breathing can
be easily measured by integrating sensors in the seatbelt. Our study
was designed with the idea that follow-up research questions could
be investigated in the real world, taking advantage of non-invasive
sensors and technology already widely present in automobiles.

5 LIMITATIONS
The study has several limitations. A bigger sample would have
allowed a more rigorous statistical analysis, especially for the com-
parison of participants’ crash rates. Therefore, the conclusion that
the synchronization of visuorespiratory feedback leads to lower
crash rates should be taken with caution. Moreover, our sample was
mostly composed of young graduate and undergraduate students
– a highly educated population that tends to be at ease with new
technology. In brief, behaviors observed in our participants might
diverge widely from other populations. This impacts the generaliz-
ability of our findings. In view of these considerations, follow up
studies should consider testing samples of elderly, less educated
and more experienced drivers.

It would be useful to explicitly test a condition with no manip-
ulation of ambient lighting. Based on the study reported here, we
cannot exclude that reaction times would have been even faster
in the absence of visual stimuli (no ambient lighting or constant
ambient lighting). Furthermore, we are well aware that the speed
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at which drivers take over control does not necessarily reflect take-
over quality [39]. In our study, drivers in the Sync condition crashed
less frequently than controls. Future studies should carefully evalu-
ate not just the speed of drivers’ reactions to the TOR, but also the
quality of these reactions.

Studies show that ambient lighting can have a positive influence
on drivers’ (perceived) safety, interior attractiveness and perceived
interior quality [7, 15]. Nonetheless, more research is needed to
understand whether synchronized lighting could annoy or distract
users when used for long periods. In our study, we used blue light. In
the future it would be useful to investigate the use of other colors. It
would also be useful to study whether combining ambient lighting
with an auditory alert produces stronger results. Not including
audio alerts was a conscious decision in our experimental design:
using two distinct stimuli would have made it hard to understand
whether observed effects were driven by the alerts, the ambient
lighting, or a combination of the two.

An additional limitation concerns the lack of traffic in our simu-
lation. We deliberately placed our participants in a scenario where
they were unlikely to be paying attention to the road. We do not
know what would have been the effect of traffic.

Finally, even if follow-up studies confirm the success of our
manipulation, vehicles equipped with Level 3 driving technology
may still pose significant safety concerns. In particular, drivers who
are “out of the loop” may not respond adequately to TORs.

6 CONCLUSION
In this study, we found that visuo-respiratory synchronization fa-
cilitates faster responses to TORs during Level 3 automated driving.
To our knowledge, this is the first study of this kind. Our findings
suggest that new ways of keeping the driver unconsciously “con-
nected” to the vehicle could facilitate faster, and potentially safer,
transfers of control. We speculate that the technique we described,
and other similar techniques, could lead to increased safety and
comfort, as well as faster take overs.
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