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a b s t r a c t

Although discrete auditory stimuli have been found useful for emergency braking, the role
of continuous speed-related auditory feedback has not been investigated yet. This point
may though be of importance in electric vehicles in which acoustic cues are drastically
changed. The present study addressed this question through two experiments. In experi-
ment 1, 12 usual drivers were exposed to naturalistic auditory feedback mimicking those
issued from electric cars, while facing dynamic visual scenes in a 3D driving simulator.
After being passively travelled up to a sustained constant speed, subjects had to stop their
car in front of a traffic light that unexpectedly turned to red. Modifications of the speed-
related auditory feedback did not impact braking initiation and regulation. In experiment
2, synthesized auditory feedback based on the Shepard-Risset glissando was provided to a
new sample of 15 usual drivers in the same task. Pitch variations of this acoustic stimulus,
although not scaled to an absolute speed, were manipulated as a function of visual speed
changes. Changing the mapping between pitch variations of the synthesized auditory feed-
back and visual speed changes induced adjustments on braking which depended on accel-
eration/deceleration feedback. These findings stressed the importance of the acoustic
content and its dynamics for car speed control.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

With the commercialization of electric vehicles at a larger scale, there is a growing interest regarding the impact of sound
on driving. Indeed, electric vehicles produce little sound, due to the lack of internal combustion engine noise. This improves
comfort for drivers and their environment. However, it also results in the drastic reduction of source of information regard-
ing car displacement. While this can obviously impact the safety of pedestrians and other road users such as cyclists, it also
raises the question of how this reduced auditory feedback could directly affect driving. Since driving safety has mostly been
associated with drivers perception and control of their actual speed (Aarts & van Schagen, 2006; Brooks et al., 2011; Horswill
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& McKenna, 1999; Joksch, 1993), it appears crucial to investigate how acoustic content during driving may influence drivers
speed perception and its effective regulation.

Actually, both presence and level of internal noise have been found critical for visual speed judgments. In the absence of
acoustic feedback, or when this feedback is reduced, drivers tend to underestimate their speed to a greater extent (Evans,
1970; Horswill & Plooy, 2008; Matthews & Cousins, 1980; Merat & Jamson, 2011). For instance, based on psychometric esti-
mates, Horswill and Plooy (2008) showed that a 5 dB attenuation of the ambient sound led to a decrease in perceived visual
speed of about 5 km�h�1 (for a 60 km�h�1 reference visual speed). However, a critical question remains to be solved before
the auditory influence on road safety can be assessed: While the level of ambient sound may affect subjective speed estimates,
does this necessarily impact driving behavior? Although recent findings supported a direct link between motion perception
scores and driving performance, including braking responses (Wilkins, Gray, Gaska, & Winterbottom, 2013), the specific conse-
quences of sound manipulation on driving control (and not only on speed estimates) has not yet been investigated.

Currently, auditory-based Advanced Driving Assistance Systems (ADAS) provided in modern vehicles are mostly focused
on discrete alerting stimuli which may help drivers to trigger earlier braking reactions (Chang, Lin, Fung, Hwang, & Doong,
2008; Mckeown, Isherwood, & Conway, 2010). This appears all the more effective when the intensity of such alerting stimuli
is directly referred to the time to collision as for looming auditory warnings (Gray, 2011).

The question arises as to whether continuous speed-related auditory feedback could provide more subtle and smoother
speed regulation than discrete or collision-related signals provided to the drivers. In other words, whether different types of
online auditory feedback directly referred to car speed changes may impact braking is a relevant issue which has remained
unexplored to our knowledge.

The present study therefore aims at investigating the direct influence of continuous auditory feedback on visual speed
regulation through a braking task presented in a 3D-driving simulator. Specifically, the question was addressed via two
experiments, in which the content of the acoustic information was manipulated, either using naturalistic sound recordings
resembling those which would be emitted by an electric vehicle, or using synthesized sounds evoking motion dynamics
through pitch variations. Overall, we hypothesized that sound content and its inherent dynamics conveyed by acoustic
variations could be decisive for influencing driving in terms of speed regulation and braking.

2. General methods

The main device was composed of a fixed-based driving simulator inserted into a 3D immersive environment (Fig. 1). The
virtual reality display (CAVE for Cave Automatic Virtual Environment) corresponded to a 3 m wide, 4 m high box space with
three vertical screens constituting walls and a horizontal screen for the floor. The three vertical surfaces were back-projected,
and the ground received direct projection with a 1400 � 1050 pixel resolution and a 60 Hz frame rate (more details about
this setup can be found in Bringoux et al., 2009). In-house software (Ice�) was used to build and control virtual scenarios.
It enabled projection of a virtual scene composed of a dynamic driver’s perspective observed from a car travelling along a
straight two-lane road. The driving simulator included a brake pedal with a mechanical gauge to control online the decel-
eration of the virtual car, from which visual and auditory cues were displayed and adjusted in real-time. Drivers’ actions
and simulator responses were linked directly without transformation (e.g.., no simulated inertia, no skid, straight handling).
Maximal deceleration capabilities were standardized in both experiments at 16 m�s�2.

In both following experiments, the virtual car was first passively accelerated up to a 90 km�h�1 (i.e., 25 m�s�1) constant
visual speed (Fig. 2). For all trials and conditions, the level of the initial passive acceleration was set at 3.25 m�s�2. In the
Fig. 1. Illustration of the main setup. A driving simulator was placed in a CAVE-like environment to provide realistic 3D visual stimuli to which different
auditory stimuli were scaled and displayed to the drivers via earphones.
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constant speed section, green traffic lights were positioned along the road at 40 m intervals. When the car was either 80 m or
40 m from a light, the light could turn red. This was done either after a pseudorandom driving duration at constant speed
(Panels A and B; Fig. 2) or at the end of the acceleration phase, i.e., as soon as the car reached 25 m�s�1 (Panels C and D;
Fig. 2). The first scenario was used in both experiments, whereas the second was used in Experiment 2 only. The driver
Fig. 2. Schematic representation of the procedure used for both experiments. Upper panels [A and B]: sequence of events leading to braking after travelling
at constant speed, with an 80 m (Panel A) or 40 m (Panel B) stopping distance. Panels A and B correspond to situations presented in Experiments 1 and 2.
Lower panels [C and D]: sequence of events leading to braking at the end of the passive acceleration ramp, with an 80 m (Panel C) or 40 m (Panel D) stopping
distance. Panels C and D correspond to situations presented in Experiment 2 only.
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was instructed to brake as soon as the light turned red and bring the car to a stop at the light (i.e., with the front bumper
aligned with the post of the traffic light).

Car position over time was recorded at a sample acquisition frequency of 60 Hz. The car position signal was low-pass fil-
tered (Butterworth filter; frequency cut-off: 2; order: 2) and derivatives taken to get speed and acceleration signals over time
(Fig. 3). Car final position (CFP) was defined as the signed distance separating the front of the stationary vehicle after braking
from the center of the post of the light. Braking initiation/termination were defined as the time when vehicle speed dropped
below 24.99 m�s�1 and 0.01 m�s�1 respectively, following the constant speed section, enabling reaction time (RT) and brak-
ing time (BT) to be calculated. Peak deceleration (PD) as well as the normalized time-to-peak deceleration relative to braking
duration (rTPD) were extracted from the acceleration signal.

For each experiment, all the experimental conditions were presented in a pseudo-random order. Statistical analyses were
performed using repeated-measures analyses of variance (ANOVAs), after having carefully ensured that normality and vari-
ance homogeneity of the data were respected, hence allowing parametric comparisons. Post-hoc tests (Newman-Keuls) were
also performed when necessary. The level of significance was set at .05 for all statistical analyses.

3. Experiment 1

3.1. Participants

Twelve young healthy subjects participated in this experiment (7 males, 5 females; mean age: 25.9 ± 6.4). They had all
held a driving licence for at least 2 years and were regular drivers (minimum twice a week). They declared no history of pre-
vious sensory or motor disorder. They had normal audition and normal vision or corrected-to-normal vision. All of them
signed a written informed consent form prior to the study, in accordance with the 1964 Declaration of Helsinki and the study
had the written consent of a local institutional review board (IRB) which specifically approved it.

3.2. Experimental conditions

Two optic flow conditions were used (poor vs. rich optic flow). Specifically, low vs. high informational content relative to
optical edge rate (i.e., the rate at which local visual discontinuities cross a fixed point of reference in the observer’s field of
view) and optical texture (Fajen, 2005) was provided via the absence or presence of roadside trees and whether the line in
the middle of the road was solid or broken. A traffic light was set to switch from green to red only once the car had been
travelling at 25 m�s�1 for at least 8 s. This was done to provide a sufficient standardized experience of constant speed to
the drivers. In addition, the light turned red when the car was either 40 m or 80 m away from the light, hence defining
two stopping distances (i.e., emergency vs. controlled).

A realistic ambient sound reproducing aerodynamic and rolling noises (thus simulating the sound produced by an electric
vehicle) was displayed to the driver via headphones (HD 650 Sennheiser�). For this, several acoustic stimuli were recorded
binaurally at various speeds in an internal combustion engine vehicle (Peugeot 308�) with the engine turned off, using an
artificial head recording system (HSM III Head Acoustics�). Sound segments were interpolated using Audacity� software
Fig. 3. Typical plots representing car position to light (black bold line), speed (blue dotted line), and acceleration (red dashed line) as a function of time, for a
single trial recorded in Experiment 2 (Trigger event: constant speed; Stopping distance: 80 m; SSSF: Mapping 2; see methods). Raw parameters allowing for
subsequent kinematics processing are also indicated (Light trigger; Braking initiation; Peak Deceleration; Braking termination). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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and scaled relative to the 3D visual stimuli using in-house virtual reality software (Ice�). The displayed sound corresponded
either to the simulated visual speed of the driving simulator or to a higher or lower speed (up to 20% discrepancy). In other
words, the drivers were provided sounds that corresponded to equal, faster or slower speeds than they actually drove. Dif-
ferent naturalistic Speed-related Sound Scale Factors (SSSF; i.e., ‘‘audiovisual gains”) were thus manipulated. For instance, a
SSSF of 1.1 means here that the sound displayed for a given visual speed actually corresponded to a sound recorded at a 10%
higher speed. Coincident sound level variations were measured using a digital sound level meter (SL-4022 REED�) held next
to the microphone. The extreme auditory ratios ranged from 65.9 to 70.1 dB when the visual speed was set at 25 m�s�1. In
summary, for this experiment, ANOVAs were performed on the selected variables (see general methods) for 2 visual scenes
(poor vs. rich optic flow) � 2 stopping distances (40 vs. 80 m) � 5 naturalistic speed-related sound scale factors (SSSF: 0.8;
0.9; 1; 1.1; 1.2 of visual speed).

3.3. Results

3.3.1. Car Final Position (CFP)
With regard to the participants ability to stop the car at the traffic light, the ANOVA showed a main effect of stopping

distance, F(1,11) = 4.71, p < .05. The shorter the stopping distance, the more forward the CFP (closer to the light, as drivers
stopped on average before the target, see Fig. 4). There were no other main effects and no interactions between all factors
regarding this variable, p > .05. The analysis of within-subject standard deviation (SD) with regard to car final position did
not reveal any significant main effects or interactions between any factors.

3.3.2. Reaction Time (RT) and Braking Time (BT)
Regarding the time to trigger and the time to execute braking, the ANOVA showed a main effect of stopping distance for

RT, F(1,11) = 24.76, p < .001, and BT, F(1,11) = 48.05, p < .001, but no other main effects and no interactions between any fac-
tors appeared for these two variables. The shorter stopping distance led to a shorter reaction time and braking time (Fig. 5).
RT and BT within-subject SD were lower for the shorter stopping distance, F(1,11) = 28.47, p < .001 and F(1,11) = 24.12,
p < .001 for RT and BT respectively, but no other main effects or interactions between any factors regarding RT and BT vari-
ability were significant.

3.3.3. Peak Deceleration (PD) and relative Time-to-Peak Deceleration (rTPD)
Analysis of car kinematics during braking revealed that the stopping distance also significantly impacted PD,

F(1,11) = 49.15, p < .001. The shorter stopping distance led to a higher peak deceleration (Fig. 6A). Noticeably again, no other
main effects or interactions between any factors were significant regarding PD. The ANOVA conducted on within-subject SD
also revealed a significant decrease in PD variability with the shorter stopping distance, F(1,11) = 9.36, p < .01, but as for
previous observations, no other main effects or interactions between any factors regarding PD variability were significant.
When focusing on the normalized time-to-peak deceleration relative to braking time (rTPD), the analysis did not reveal
any significant main effects or interactions between any factors (Fig. 6B). In other words, the temporal organisation of
braking was unaffected by the various experimental conditions.

3.4. Intermediate discussion (Experiment 1)

The key purpose of this first experiment was to investigate whether speed-related modifications of naturalistic aerody-
namic and rolling noises could change the braking behavior of drivers. Overall, among all the experimental conditions used,
Fig. 4. Car final position to light (CFP) as a function of realistic SSSF for both stopping distances. Error bars represent the 95% confidence interval.



Fig. 5. Reaction time to braking (RT; Panel A) and braking time (BT; Panel B) as a function of realistic SSSF for both stopping distances. Error bars represent
the 95% confidence interval.
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stopping distance appears to be the only independent variable likely to impact braking. Indeed, the shorter stopping distance
(40 m = emergency braking) led the driver to stereotypically react earlier, and brake stronger within a decreased time inter-
val, nevertheless leading to a more forward car final position (i.e., closer to the traffic light) compared with the longer stop-
ping distance. This is in line with observations reported when drivers are requested to respect a sufficient braking distance to
avoid collisions (Konstantopoulos, Chapman, & Crundall, 2010).

On the other hand, use of a poorer visual scene in the present experiment had no consequence on braking preparation and
performance. This is somewhat in contradiction with some reports which clearly showed a strong impact of visibility (Hills,
1980; Muhrer & Vollrath, 2010), and optic flow (DeLucia & Tharanathan, 2009; Fajen, 2005; Fajen, 2008) on driving. How-
ever, a recent work unambiguously demonstrated that drivers did not slow down significantly until visibility distance was
drastically reduced (Brooks et al., 2011), suggesting that the visual deterioration used here was insufficient to modify braking
behavior.

In addition – and most importantly with regard to the present objectives, use of a naturalistic sound comparable to that
produced by an electric car was here unable to modify braking when strictly referred to visual scene kinematics. In other
words, a ±20% change in speed-related aerodynamic/rolling noises displayed to the driver is insufficient to convey informa-
tional content susceptible to deteriorate or improve driver performance. The amount of change of the acoustic stimulus level
is, however, of the same order as in Horswill and Plooy’s study (Horswill & Plooy, 2008) on perceived speed (from 67.5 to
72.5 dB).

Thus, it makes good sense to ask whether the absence of acoustic influence on speed regulation was due to its intrinsic
content rather than its change in terms of sound level. Although auditory perception of car speed was initially found to rely
on sound level (Gatehouse & Frankie, 1980), several recent findings have suggested that sound ‘‘structure” could participate
in defining speed perception. For instance, it has been shown that the frequency content of engine noise can modulate



Fig. 6. Peak deceleration (PD; Panel A) and relative time-to-peak deceleration (rTPD in % of the braking duration; Panel B) as a function of realistic SSSF for
both stopping distances. Error bars represent the 95% confidence interval.
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drivers perception of speed changes (Roussarie, Richard, & Bezat, 2004; Sciabica, 2011). This issue related to sound content is
specifically tackled in the following experiment.

4. Experiment 2

4.1. Participants

Fifteen young healthy subjects participated in Experiment 2 (7 males, 8 females; mean age: 26.9 ± 2.2). None of them took
part in Experiment 1. The same prerequisites for participants inclusion used in Experiment 1 were adopted for this second
experiment.

4.2. Experimental conditions

Compared with Experiment 1, only one visual scene was presented (i.e., poor optic flow condition). The traffic light was
set to switch from green to red either as soon as the car reached the end of the acceleration ramp or when it had been trav-
eling at constant speed for at least 8 s, thus defining two light trigger events. This event also occurred when the car was
either 40 m or 80 m away from the changing light, thus defining two stopping distances as in the previous experiment. Each
trial was performed either without any sound or accompanied by aerodynamic and rolling noises simulating an electric vehi-
cle plus a synthesized sound developed to give further information on vehicle dynamics to the driver. Based on the metaphor
of internal combustion engine noise, the pitch variations of this sound were correlated to vehicle speed changes. The higher
the magnitude of the acceleration or deceleration, the faster the pitch increased or decreased respectively. This sound was
generated in a manner similar to the Shepard-Risset infinite glissando (Shepard, 1964), using a Gaussian-filtered harmonic
comb, allowing continuous pitch variations to be maintained over long accelerations. The pitch could be controlled via two
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parameters: the central frequency of the Gaussian window, which varied exponentially from 120 Hz at idle to 600 Hz at
36 m�s�1, and the harmonic components of frequency variation at a speed directly mapped to the vehicle speed variations.

Therefore, sound content was here unrelated to a specific visual speed level (i.e., no absolute matching) contrary to the
previous experiment. However, the pitch variation of the sound was directly correlated to visual speed changes (i.e., relative
matching). With an arbitrary reference mapping (Mapping 1), corresponding to a pitch variation of one octave per 12.5 m�s�1

of vehicle speed variation, two other speed-related sound scale factors were tested. They were obtained by either dividing by
2 (Mapping 0.5) or multiplying by 2 (Mapping 2) the pitch variation with respect to visual speed changes. In addition, aero-
dynamic and rolling noises from a combustion engine car (Peugeot 308�) were recorded binaurally with the engine turned
off and played back at the corresponding speed using a granular synthesis technique. Acoustic feedback was generated using
the Hartis synthesizer developed by PSA Peugeot-Citroen� and displayed to the driver via headphones (HD280 Pro Sennhei-
ser�), whose sound level was controlled online with respect to car speed.

Hence, for this experiment, 2 light trigger events (end of acceleration vs. constant speed) � 2 stopping distances (40 vs.
80 m) � 4 synthesized speed-related sound scale factors (SSSF: No sound; Mapping 0.5; Mapping 1; Mapping 2) ANOVAs
were performed on the selected variables (see general methods).

4.3. Results

4.3.1. Car Final Position (CFP)
Analyses performed on CFP revealed a main effect of the stopping distance, F(1,14) = 28.86, p < .001. The shorter stopping

distance led to a more forward CFP (closer to the traffic light with drivers also stopping before the target on average, see
Fig. 7). The ANOVA also yielded a main effect of SSSF, F(3,42) = 12.58, p < .001, and, most importantly, a significant interaction
between SSSF and stopping distance, F(3,42) = 15.48, p < .001. As illustrated in Fig. 7, the presence of sound (regardless of
content) led to a more backward CFP for the shorter stopping distance (no sound vs. all auditory mappings: p < .001). Con-
versely for the longer stopping distance, the higher mapping between sound and vision led to a more forward CFP as com-
pared with the lower mapping, p < .001 and to the no sound condition, p < .05. The ANOVA did not reveal any significant
main effect of the trigger event or any interactions with the other factors. Within-subject SD regarding CFP also decreased
with the shorter stopping distance, F(1,14) = 5.97, p < .05 and when sound was available, regardless of content, F(3,42) = 5.11,
p < .01 (no sound vs. ‘‘increasing” auditory mappings of 0.5, 1, 2: p < .05, p < .01, p < .01, respectively). There was no main
effect of the trigger event or interactions between any factors regarding within subject variability for this parameter.

4.3.2. Reaction Time (RT) and Braking Time (BT)
Analysis on RT, which corresponds to braking preparation, revealed a main effect of the trigger event, F(1,14) = 4.78,

p < .05, a main effect of the stopping distance, F(1,14) = 86.56, p < .001 and a main effect of the synthesized SSSF,
F(3,42) = 13.46, p < .001. Notably, significant interactions were found between trigger event and stopping distance, F
(1,14) = 30.09, p < .001 as well as between trigger event and SSSF, F(3,42) = 2.85, p < .05. The longer stopping distance led
to a higher RT. This effect was more pronounced when the stimulus-to-brake was triggered just at the end of the acceleration
phase (Fig. 8A).

Interestingly, the presence of sound (regardless of mapping) significantly decreased RT values (no sound vs. all auditory
mappings, p < .001), and this effect was more pronounced when the stimulus-to-brake was triggered just at the end of the
acceleration phase (Fig. 8B). RT individual variability was affected by the stopping distance (i.e., within-subject SD was
Fig. 7. Car final position to light (CPF) as a function of synthesized SSSF for both stopping distances. Error bars represent the 95% confidence interval. Stars
represent the level of significance for statistical differences (*p < .05; ***p < .001).



Fig. 8. Reaction time to braking (RT) as a function of stopping distance (Panel A) and synthesized SSSF (Panel B) for both trigger events. Error bars represent
the 95% confidence interval. Stars represent the level of significance for statistical differences (***p < .001).
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significantly higher for the longer stopping distance, F(1,14) = 19.75, p < .001, but no other main effects or interactions
between any factors regarding RT variability were significant.

Analysis on BT, which corresponds to braking performance, revealed a main effect of the trigger event, F(1,14) = 7.58,
p < .05, a main effect of the stopping distance, F(1,14) = 164.45, p < .001 and a main effect of SSSF, F(3,42) = 3.43, p < .05.
Notably, significant interactions were found between trigger event and stopping distance, F(1,14) = 7.85, p < .05 as well as
between stopping distance and SSSF, F(3,42) = 6.61, p < .001. Unsurprisingly, the longer stopping distance led to a higher
BT, this effect being more pronounced when the stimulus-to-brake was triggered after constant speed (Fig. 9A). More nota-
bly, whereas the presence of sound and variations in auditory mapping did not yield any significant effects on braking time
for the shorter stopping distance, p > .05, the ANOVA revealed a significant influence of sound for the longer stopping dis-
tance (Fig. 9B).

The higher the auditory mapping, the lower the BT, except compared with the no-sound condition. When considering
individual variability on BT, a significant interaction was found between stopping distance and SSSF. Indeed, the presence
of sound decreased within-subject SD on BT only for the shortest stopping distance at auditory mappings of 0.5 and 2,
p < .05. Neither main effects nor interactions between any other factors regarding BT variability were significant.

4.3.3. Peak Deceleration (PD) and relative Time-to-Peak Deceleration (rTPD)
Analysis on PD during braking revealed a main effect of the trigger event, F(1,14) = 5.32, p < .05, a main effect of the stop-

ping distance, F(1,14) = 17.89, p < .001 and a main effect of SSSF F(3,42) = 9.67, p < .001. Notably, significant interactions were
found between trigger event and stopping distance, F(1,14) = 9.28, p < .01 as well as between stopping distance and SSSF, F
(3,42) = 8.68, p < .001. The longer stopping distance led to a lower PD, and this effect was more pronounced when the
stimulus-to-brake was triggered at constant speed (Fig. 10A).

More strikingly, whereas the presence of sound and variations in auditory mapping did not yield any significant effects on
PD for the shorter stopping distance, p > .05, the ANOVA revealed a significant influence of sound for the longer stopping



Fig. 9. Panel A: Braking time (BT) as a function of stopping distance for both trigger events. Panel B: BT as a function of synthesized SSSF for both stopping
distances. Error bars represent the 95% confidence interval. Stars represent the level of significance for statistical differences (*p < .05; **p < .01; ***p < .001).
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distance (Fig. 10B). Indeed, the lower auditory mapping decreased PD and the higher auditory mapping increased PD com-
pared with the no sound condition. Furthermore, the higher the auditory mapping, the higher the PD. PD individual variabil-
ity was affected by the stopping distance (i.e., within-subject SD was significantly higher for the longer stopping distance,
F(1,14) = 19.75, p < .001), but no other main effects or interactions between any factors regarding PD variability were
significant.

Analyses conducted on the relative time-to-peak deceleration (rTPD) revealed a main effect of the stopping distance,
F(1,14) = 31,7, p < .001, and, most importantly, a significant interaction between stopping distance and SSSF,
F(3,42) = 8.15, p < .001. As illustrated in Fig. 10C, whereas increasing auditory mapping led to an earlier peak deceleration
for the shorter stopping distance, it conversely delayed rTPD for the longer stopping distance.

4.4. Intermediate discussion (Experiment 2)

As in Experiment 1, stopping distance influenced braking behaviour, but this effect was mainly modulated by the moment
at which the light turned to red. Indeed, a longer stopping distance allowed the driver to brake more smoothly (i.e., lower
peak deceleration) within a longer amount of time, especially when the light trigger was set after constant speed (i.e., a com-
fortable cruise-like condition). A longer distance for braking also allowed the driver to react more slowly. This effect was
magnified when the light trigger was set at the end of the acceleration phase. In that situation, the fact that the event
occurred at the earliest moment (in the range of possible trigger occurrences) could constitute an element of surprise which
may affect reaction time. Overall, car motion kinematics (e.g., speed variations vs. cruise condition) have unsurprisingly been
found to be crucial to the way drivers react to unexpected events on the road (Vollrath, Schleicher, & Gelau, 2011).

The key finding of the second experiment lies in how sound was found to impact speed regulation. All the extracted vari-
ables were affected by the use of the synthesized sound. During emergency braking (i.e., for the shorter stopping distance),
the presence of sound led to more cautious behaviour, mostly independent of the applied auditory mapping. This is



Fig. 10. Panel A: Peak Deceleration (PD) as a function of stopping distance for both trigger events. Panel B: PD as a function of synthesized SSSF for both
stopping distances. Panel C: relative time-to-peak deceleration (rTPD in % of the braking duration) as a function of synthesized SSSF for both stopping
distances. Error bars represent the 95% confidence interval. Stars represent the level of significance for statistical differences (*p < .05; **p < .01; ***p < .001).
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supported by a shorter reaction time (similar for all auditory mappings) and a shorter relative time-to-peak deceleration
(except for the lower auditory mapping), which enabled the driver to stop the car before the light when synthesized auditory
feedback was provided. Conversely, when the stopping distance was longer, providing the driver with enough time to per-
form the task, more subtle regulations were observed. In this case, while the presence of sound, regardless of its content, also
lowered reaction time, increasing the auditory mapping induced a delayed relative time-to-peak deceleration, which was
compensated for by a higher peak deceleration, leading to a shortened braking time. In other words, when a comfortable
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distance is allowed for braking, the variation of sound dynamics during car deceleration also interacts with visual speed per-
ception: a larger decrease in sound pitch during initial deceleration (e.g., Mapping 2) may lead the driver to perceive car
deceleration as higher than it actually is. As a consequence, he/she may underestimate the actual instantaneous speed
and accordingly perform the main braking ‘‘later but stronger” on approaching the traffic light. These points, put in perspec-
tive with the findings from Experiment 1, will be further discussed in the following section.

5. Discussion

The present study was designed to address the influence of speed-related auditory feedback on braking, this feedback
comprising either naturalistic sound recordings comparable to those produced by electric cars, or synthesized sounds whose
pitch variations are linked to motion dynamics. At first glance, the two experiments yielded contradictory results with regard
to acoustic influence on braking behaviour. Firstly, various explanations that may help understanding of why speed-related
changes of aerodynamic and rolling noises alone had no impact on braking initiation and regulation will be reviewed. Sec-
ondly, the specific influences observed when using synthesized auditory feedback which was also speed-related, but not
scaled to specific visual velocities, will be considered. Finally, applied considerations will be addressed regarding the design
of ADAS in modern cars, taking into account the main findings of the present study.

5.1. Realistic aerodynamic and rolling noises variations did not impact braking

Braking is a critical driving behavior based on speed regulation, which has been found to be highly related to perceived
speed (Horswill & McKenna, 1999). For this reason, as perceived speed has been found to be affected by changes in auditory
feedback issued from car recordings (Horswill & Plooy, 2008), a main and significant influence of acoustic information on
overall braking behavior was expected. This was clearly not the case in Experiment 1: the sound variations applied did
not modify any parameters of the braking kinematics. Notably in this experiment, the range of sound level variations
(�5 dB, see Methods) was comparable to the one used in Horswill & Plooy’ study (2008). This observation thus excludes
sound level as a key factor to explain the difference in sound influence found in the two studies. Rather, the specific sound
content and its interactions with other experimental factors might be advanced as reasons. Firstly, isolated aerodynamic and
rolling noises are rarely experienced by drivers of cars fitted with internal combustion engines. It is plausible that prior expo-
sure to these noises could be necessary for such auditory feedback to become informative (Kobayashi, Teramoto, Hidaka, &
Sugita, 2012; McKeown & Isherwood, 2007). More critically, the frequency variations characterizing aerodynamic and rolling
noises across the various sound scale factors were substantially lower than those which would be obtained using sounds
from internal combustion vehicles. The question arises as to whether the frequency component of the acoustic information
displayed, and specifically its dynamics, constitutes a relevant and meaningful source of information about speed changes
(Denjean et al., 2013). At this stage, it cannot be excluded that sound variations like those issued from electric cars could
become informative with increasing vehicle speed and gaps between visual and auditory-evoked speeds. Nevertheless,
the results from the second experiment gave some hints as to the way acoustic structure and dynamics could play a major
role in speed estimates and speed control during braking.

5.2. Contextual influences of sound contents and dynamics offered by sound synthesis

Interestingly, displaying synthesized sound including rapid pitch variations as a function of speed changes led to signif-
icant braking modulations. These modulations were notably different when comparing emergency braking situations (i.e.,
shorter stopping distance) and more comfortable conditions during which braking could be regulated (i.e., longer stopping
distance). Firstly, the overall influence of sound revealed during emergency braking was characterized by a lower reaction
time to braking and an earlier time-to-peak deceleration, leading the driver to stop the car more backward from the light
(see intermediate discussion for Experiment 2). It is hypothesized that this cautious behaviour may be derived from an over-
estimation by drivers of car speed before the braking trigger in the presence of auditory feedback. The results indeed suggest
that the level of speed reached at the end of the acceleration ramp was perceived as higher than it actually was when the
synthesized sound was present, regardless of its mapping relative to optic flow. Here, it seems important to emphasize sound
dynamics for the emergence of such an effect. The synthesized sound variations induced during initial acceleration may be
processed by the central nervous systemwith visual inputs to yield an amplified speed sensation, which remains even after a
sustained period of constant speed (as suggested by the absence of interaction between trigger event and speed-related
sound scale factor). The overall impact of sound dynamics upon speed estimates has already been suggested in a previous
work showing that temporal acoustic irregularities (i.e., sound pulses) may provoke an arousal effect allowing drivers to
decrease their reaction time under simulated driving conditions (Suied, Susini, & McAdams, 2008).

More strikingly, the present results suggest that sound dynamics may also operate during car deceleration, leading to
more subtle influences on speed regulation when drivers have enough time to brake (i.e., longer stopping distance). Indeed,
increasing the rate of pitch variation of the synthesized sound may also lead to an enhanced deceleration sensation. In other
words, the drivers might initially consider braking too hardly when they start to regulate their speed, this effect being stron-
ger with higher auditory mapping (i.e., with faster initial sound pitch decrease). Consequently, they might proportionally
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delay the occurrence of the main braking phase (as attested by a longer relative time-to-peak deceleration), but compensate
for this delay by braking more strongly (i.e., higher peak deceleration) when becoming aware of proximity to the traffic light.
This strategy led however the drivers to stop the car somewhat further forward. In this situation, sound dynamics mainly
exerted an influence on braking during the deceleration phase when the drivers had time to integrate this information into
behavioural regulations.

Several recent findings have shown that movement perception and control may be strongly influenced by continuous
variations of a synthesized sound, as has been reported for instance in functional rehabilitation and learning (Danna
et al., 2014; Rodger, Young, & Craig, 2014). Nevertheless, the specific influence of each speed-related sound attribute has
yet to be thoroughly tested, including tone, pitch, timbre, and specific perceptual effects such as the ones corresponding
to the Risset illusion or Phasing (Kronland-Martinet, Ystad, & Aramaki, 2012). To our knowledge, however, this is the first
time that the manipulation of sound content has been so closely linked to driving behavior. This may have important reper-
cussions in the design of human-machine interfaces in automotive research and the way acoustic information could be
implemented in modern vehicles (e.g. hybrid or electric).

5.3. Application for automotive research and development

Although some previous applied experiments have revealed a positive influence of sound on braking by using discrete
alerting auditory stimuli (Chang et al., 2008; Mckeown et al., 2010), we are not aware of any study which demonstrated
specific contextual influences on driving of continuous speed-related auditory feedback produced by sound synthesis. Firstly,
providing such synthesized auditory feedback appears highly beneficial to driving safety during emergency braking, as it
favours faster reactive responses comparable to those observed for ‘‘alerting” stimuli. Secondly, beyond enhancing contex-
tual awareness about driving state (Janssen, Iqbal, & Ju, 2014; Walker, Stanton, & Young, 2008), the continuous synthesized
sound used here participated in fine speed regulation, especially when a sufficient amount of time was allowed for the dri-
vers to incorporate its variations. Noticeably however, while faster sound pitch variations may yield relative speed overes-
timation following acceleration, the same faster pitch variations may conversely yield speed underestimation following
deceleration. Thus, from a behavioural standpoint, it is highly important to consider ‘‘directional” aspects of sound dynamics
when providing speed-related auditory feedback in electric cars. ADAS designers could for instance implement reversible
mappings as a function of car acceleration/deceleration to take into account the different effects sound manipulation has
on braking. Finally, the present data support the idea that sound content has a significant impact on speed regulation. Appro-
priate synthesized sounds may thus intuitively help controlling hybrid or electric vehicles without learning to interpret aero-
dynamic/rolling noise. Specifically, dynamic properties of sound could be better suited for immediately informing about
speed variations rather than absolute speed itself. Indeed, while the exclusive use of auditory feedback may become relevant
for cueing drivers about relative speed changes, we argue that it may become unreliable for reaching and keeping a given
speed value (e.g., drive to reach and maintain 90 km�h�1) because of the absence of a natural scaling between sound and
speed. Overall, our findings have also to be considered in relation with the subjective preferences of drivers which may also
define sound acceptance in modern vehicles (Wogalter, Lim, & Nyeste, 2014). Furthermore, the experience level and age of
drivers could affect their ability to integrate this new informational content, a hypothesis which must be tested in future
studies. At last, the validity of our results has to be challenged in more dynamic contexts, where inertial cues (i.e., vestibu-
lar/somatosensory inputs) are available to the drivers.

6. Conclusion

The key conclusion of the present study could be stated as follows: modulating naturalistic sounds such as those audible
in electric cars seems unable to affect braking initiation and control in a 3D-driving simulator. On the other hand, providing
synthesized sound displaying unambiguous speed-scaled pitch variations can influence the way drivers initiate and regulate
braking, presumably by helping them better access information about vehicle speed changes.
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