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Acoustic feedback inside a car is composed of different sources, which give information on the driver’s actions
and the dynamic state of the car. This acoustic feedback influences the driver’s perception of movement in a
multisensory integration. The development of electric motorizations brings new balance between noise sources
inside the car, due to the loss of engine sound that is present in traditional internal combustion engine cars. To
study the influence of this modified noise sources balance on driving, we focused on speed perception. A car
simulator was used for this purpose. 24 participants were asked to accelerate up to a given target speed, while the
speedometer was hidden. We studied the speed they actually reached with three types of acoustic feedback
(engine sound, electric motor sound, no sound), in two visual conditions (night and day). We found that acoustic

feedback alters the driver’s speed perception.

Introduction

Speed management is an important part of driving, as a
key factor in road safety. Indeed, speed increases the risk of
crash [1] as well as the fatality risk in crash [8]. Drivers
have to rely on their speed perception between two glances
at the speedometer. Many studies on speed perception have
been led in laboratories or in the natural situation (on the
road), with different experimental methods. For instance,
Evans [3] asked participants in the front passenger seat to
estimate the speed on a subjective scale. Milosevic [14] in
the same experimental conditions preferred a direct
estimation of speed, on an absolute scale (in km/h). Triggs
and Berenyi [20] compared passengers’ estimation of speed
during day and night conditions. Conchillo et al. [2] studied
the influence of the traffic on the speed estimation for
passengers. Other studies were led in driving simulators,
and established relative validity between the car and the
driving simulator experiments (for instance [4]). All the
studies cited above showed that drivers tend to
underestimate speed in both cases, and this tendency is
even stronger in a driving simulator.

Speed perception within the context of driving is an
everyday example of multisensory integration. Our
environment is perceived through a set of perceptual
modalities that are combined within the perceptual system.
Hence, when perceiving motion, all the sensory cues are
combined into global information where each modality can
heavily impact each other. A well-known example of
multisensory  integration involving hearing is the
ventriloquist illusion [7] in which the observer mislocates
the voice source. We also can cite the McGurk effect [11]
where the perceived speech varies with the speaker’s lip
movements. The effect of auditory cues on visual
perception has also been investigated, for instance by
Shams, Kamitani and Shimojo [18] who showed that a light
spot seems to flash when it is accompanied with multiple
auditory beeps. An interesting point is the asymmetrical
pattern in cross-modal integration. While visual events
strongly affect auditory ones, the opposite effect is weaker.
This suggests that vision tends to dominate audition in
cross-modal perception. A review of studies related to
multisensory contributions to the perception of motion has
been given by Soto-Faraco, Kingstone and Spence [19].
This review pointed out that one modality can influence
various aspects of perceived motion, such as perception
threshold of apparent motion, trajectory or speed.

Automobile noise sources can give information about
the vehicle speed. Richard [15] showed that the noise due to
aerodynamic and tire-road interaction kept the same
spectrum over speeds, but its level was correlated to the
vehicle speed. The engine noise is also representative of the
engine speed, which variations are highly correlated to the
vehicle speed variations between two gear shifts. Many
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studies have been led on the in-cab perception of engine
noise, for instance [16, 17]. For passengers’ comfort,
modern car design tends to reduce the in-cab noise level
without considering the multisensory integration in
perceived motion. Moreover, the development of electric
motorizations alters the balance of noise sources known
from engine cars, due to the loss of engine noise. With
quieter motorizations, the engine noise vanishes and the
driver only perceives the sound produced by the tire-road
interaction and the aerodynamic noises. We cannot predict
how these changes will impact the driver’s perception of
motion. Only a few studies examined the effect of reduced
auditory feedback on speed perception. While Evans [3] or
Matthews and Cousins [10] reported that drivers tend to
underestimate speed to a greater extent when they wear
earmuffs, no significant influence from the auditory
feedback was found by McLane and Wierwille [12], or by
Horswill and McKenna [6]. Nevertheless, these
experiments did not mention the degree of attenuation of
acoustic feedback. Two studies were conducted on the
influence of the acoustic feedback on speed estimation.
Horswill and Plooy [5] asked participants to make relative
judgments of speed comparing two video based stimuli.
The first video used a fixed speed as a reference (60 km/h
with the acoustic feedback measured in the car); the second
used varying speed (from 48 to 72 km/h) and different
sound levels (the level measured in the car and a 5 dB
attenuation). Merat and Jamson [13] compared speeds
produced by participants in a driving simulator in 3
different conditions: with acoustic feedback and
speedometer, with acoustic feedback but no speedometer
and without acoustic feedback or speedometer, considering
two target speeds: 30 and 70 mph. Both studies showed a
significant underestimation of speed with reduced noise
level. Merat and Jamson also pointed out difficulties for
drivers to maintain a target speed without sound. However,
these latter experiments examined the influence of the
sound pressure level of the acoustic feedback, but not the
nature of this acoustic feedback.

The experiment reported in the present paper aims at
studying the influence of changes in the balance between
in-cab noise sources due to the development of new
motorizations.

2
2.1

Method

Participants

24 volunteers, 22 males and 2 females were recruited
for this study. Participants were aged between 18 and 54, (8
between 18 and 24, 8 between 25 and 34, 6 between 35 and
44, and 2 between 45 and 54). They all held a driving
license.
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2.2 Design

The ‘SHERPA’ static driving simulator developed by
PSA Peugeot Citroén was used for this study. It is
composed of the front half of a car placed in front of a
semi-circular screen (Figure 1).

Figure 1: Picture of the driving simulator used for the study

To study the influence of changes caused by new
motorizations on the driver’s perception of motion, we
tested three acoustic feedbacks: ENGINE car (noises from
engine, wind and tire-road interaction), ELECTRIC car
(noises from wind and tire-road interaction), or NO SOUND.
In-vehicle sound pressure levels as function of vehicle
speed are represented in Figure 2.
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Figure 2: Diagrams of sound pressure levels in relation to
vehicle speed

Moreover, as visual information predominates auditory
information for speed perception, we wanted to check if the
influence of acoustic feedback increased when the quality
of the visual conditions decreased. Hence, two visual
conditions, DAY and NIGHT, were tested.

Regarding the speed, we studied two target speeds: 70
and 90 km/h, both reached by two different speed gaps, i.c.
20 and 40 km/h (difference between target speed and initial
speed). Consequently, four pairs of initial and target speeds
were tested (30-70, 50-70, 50-90 and 70-90 km/h)

These experimental variables that were crossed to form
a complete experimental design are reported in Table 1.

Table 1: Experimental variables

Acoustic Visual Target speed | Speed gap
Engine
Night 70 20
Electric
Day 90 40
No sound
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Every stimulus was repeated three times. Consequently,
each participant tested 72 stimuli.

2.3 Procedure

The test was divided in two sessions (day and night) of
one hour each. In order to reduce learning effects, half of
the participants began with the daytime visual condition,
while the other half began with the nighttime condition.

The participants were asked to accelerate from initial to
target speed, with a hidden speedometer, on a straight two-
lane road with trees randomly planted along both sides. No
traffic was added to avoid additional disturbance for the
driver. Three areas were represented by lines drawn on the
road (Figure 3):

e The first area was used to reach the actual test zone.
In this area the participant turned on the car,
accelerated to reach the initial speed of the
acceleration area and switched to the 4™ gear. The
speedometer was on during this phase.

e As the participant crossed the line and entered the
second area, the speedometer was hidden the
driver was asked to accelerate to reach the target
speed before attaining the next line.

o Finally, in the last area the participant was asked to
maintain the target speed reached in the second
area.

ideal speed

M target speed ,
initial speed -
! ! distance (m)
1 L
200 450 550
Speedometer on | Speedometer hidden :
Acceleration aintenance
areca area
start stap

Figure 3: Layout of test areas and ideal speed reached by
the participants

At the beginning of each phase, the participants
underwent a training period to become familiar with the
simulator and calibrate their speed perception.

We chose the ENGINE condition as acoustic feedback for
this calibration to create a familiar ambiance in the
simulator, since the drivers are used to hearing engine noise
when they drive their own cars and therefore might have
been surprised by the silence of electric motorization.

For the calibration of direct estimation of speed,
participants were asked to accelerate up to the target speed,
without speedometer. The experimenter told them which
speed they actually had reached, to let them adjust their
speed for the next try. After five accurate accelerations
(£ 5 km/h) for each target speed, the training was over and
the test began.

The stimuli were presented to the participants in a
random experimental design. The speed actually reached by
the participants and their actions (gas pedal depression)
were recorded and stored automatically throughout the
experiment.
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3 Results

We studied the error between the speed actually reached
by the participants in the maintenance area and the target
speed. We focused on two parameters:

e The mean error of speed along this area, which gives
information on the value of the speed perceived by
the participants;

e The standard deviation of this error of speed along
the maintenance area in order to study the
accuracy of the speed maintenance.

Consistency between participants was verified by
principal component analysis, while the influence of each
experimental variable was verified by an analysis of
variance (ANOVA).

3.1 Mean acceleration profiles

Mean acceleration profiles from 50 to 90 km/h in the
daytime condition are plotted below (Figure 4).

engine ———e¢lectric === =no sound

Maintenance
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Figure 4: Mean acceleration profiles for the 50 to 90 km/h
acceleration in daytime condition

These examples of profiles explain the strategy used by
the drivers and reveal that the drivers tried to reach the
target speed as quickly as they could, with a mean
acceleration of about 1.5 m/s> when they entered the
acceleration area, corresponding to an 80% gas pedal
depression. Then, they tried to maintain the speed when
they believed they had reached the target speed.

We can notice that without acoustic feedback, drivers
tended to accelerate for a longer time and accelerated more
in the maintenance area. Moreover, in all the acoustic
conditions, acceleration was always non-zero and positive
in the maintenance area, which means that the drivers kept
accelerating although they believed they kept a constant
speed.

3.2 Mean speed in the maintenance area

The mean error between the reached speed and the
target speed over the maintenance area gives information
on the speed perceived by the drivers. We conducted an
ANOVA on these errors values to examine the influence of
each experimental parameter.

Results of the ANOVA show a significant influence of
acoustic feedback on speed perception (p <0.001). This
effect is particularly important when no acoustic feedback
is presented, in which case the errors are considerably
higher than when electric and engine feedbacks are added.
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As opposed to the observation we made in a real car, we
observe that the underestimation of speed is stronger with
engine car feedback, than with electric car feedback. Even
if the difference is small, it is significant with a Duncan
test.

The ANOVA conducted also points out the influence of
the visual condition (p < 0.001), with a smaller error in the
night condition; and the influence of speed gap (p <0.001)
with a smaller error for a 40 km/h acceleration.

The target speed does not have a significant influence
(p=0.518).

We also notice the influence of stimuli repetition
(p<0.001). The Duncan test conducted on repetition
separates the first repetition from the two following, with a
smaller error on the first attempt.

Mean error values between experimental and target
speeds with respect to acoustic feedback and experimental
variables are given below in Table 2.

Table 2: Mean error values (km/h) with respect to acoustic
feedback and experimental parameters between speeds
actually reached by the participants and target speeds

Acoustic feedback >
Engine | Electric | No sound
Experimental variables
Day 6.3 5.1 10.9
Visual
night 4.9 4.0 8.6
70 km/h 5.7 4.4 9.3
Target speed
90 km/h 54 4.6 10.1
20 km/h 7.8 7.2 12.0
Speed gap
40 km/h 3.3 1.9 7.5
1 4.6 3.9 8.4
Repetition 2 5.8 5.0 11.0
3 6.2 4.7 9.8
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We can notice that drivers underestimated their speed
and produced a higher speed than the target speed. All the
mean errors are indeed positive. This underestimation is
greater without acoustic feedback with errors almost twice
as big as in conditions with acoustic feedback.

3.3 Standard deviation of speed in the
maintenance area

The way drivers maintain the target speed within the
maintenance area was also interesting because it gives a cue
about the reliability of speed perception in each condition.

We checked the accuracy of the drivers’ maintenance of
speed with the standard deviation of the error between the
speed that was actually reached and the target speed within
the whole maintenance area (blue area in Figure 4).
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Results of the ANOVA conducted on the standard
deviation of the error on the maintenance area are different
from the mean produced speed. We still observe an
influence from visual stimuli (p < 0.011) with a better
accuracy by night, but concerning the speeds, both the
speed gap (p < 0.001) and the target speed (p < 0.002)
influence speed perception. At low speeds, drivers more
easily maintained a steady speed. This was also the case
when the difference between the target speed and the initial
speed was small.

The repetition has no longer any influence (p < 0.607).

Regarding the acoustic feedback, there is still an
influence (p < 0.001), but now, the engine car condition
gave rise to the best accuracy. Drivers produced a more
stable speed with the engine car feedback than with the
electric one. The task was most difficult without acoustic
feedback. A Duncan test reveals a significant difference
between the three acoustic conditions.

Mean standard deviations over the participants are given
below, in Table 3.

Table 3: Standard deviation of errors between speeds
actually reached and target speed, in relation with acoustic
feedback and experimental parameters

Acoustic feedback 2>
Engine | Electric | No sound
Experimental variables
Day 0.96 1.07 1.31
Visual
night 0.87 1.01 1.20
70 km/h 0.89 0.97 1.18
Target speed
90 km/h 0.94 1.11 1.33
20 km/h 0.81 0.99 1.24
Speed gap
40 km/h 1.02 1.10 1.27
1 0.91 1.06 1.20
Repetition 2 0.93 1.07 1.28
3 0.89 1.01 1.28
4  Discussion
4.1 Acoustic feedback

The influence of acoustic feedback is the core of this
study. The mute condition shows the importance of in-cab
noise in drivers’ speed perception. When they drove
without sound, participants tended to drive significantly
faster.

Even if this is an extreme condition that will never be
reached in automotive industry, it reveals that the driving
task is strongly affected by the noise perceived inside the
car. Surprisingly, we observed that drivers tended to drive
faster in the maintenance area for stimuli in which we
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presented an engine noise feedback, even if the difference
with electric feedback stimuli was weak.

On the contrary, we observe that engine noise is helpful
when drivers have to accurately maintain the speed. Engine
noise gives information to the driver about the engine
speed, which is correlated to the vehicle speed. This
information is easily treated by the driver. A change in
engine noise pitch means that the engine speed, and thus the
vehicle speed, varies. Consequently, engine noise gives
precious information for speed maintenance. Once more, in
extreme conditions with no acoustic feedback, the task was
much harder and participants had many difficulties in
maintaining a steady speed. This difficulty increased as the
mean speed values increased.

4.2 Speeds

Concerning the target speed, we did not observe
significant differences, but the target speeds were very
close (only 20 km/h difference); a speed effect might
appear with a greater difference in the target speeds.

On the contrary, the speed gaps seemed to influence
speed perception. We observed that the deviation between
the speed that was actually reached and the target speed
was higher for a 20 than for a 40 km/h acceleration. On the
first hand, this result might be due to a protocol bias caused
by the fact that the acceleration areas have the same length
for both speed gaps. As seen in Figure 4, the participants
kept accelerating when they believed they were maintaining
their speed. Moreover, as drivers tried to reach the target
speed as quickly as possible, they had a longer distance to
travel before they reached the maintenance area for a 20
km/h acceleration than for a 40 km/h acceleration.
Consequently, when they reached the maintenance area,
their speed derived to a greater extent towards higher
speeds with a lower speed gap. However, even if there
might have been an experimental bias due to the length of
the acceleration area, this does not infer with the
conclusions of the study because the relative influence of
acoustic feedback is robust to initial and target speeds. On
the other hand, we observed that the mean acceleration
produced by all the drivers was higher at the moment they
reached the target speed for a 20 km/h acceleration than for
a 40 km/h acceleration.

The results are different for the maintenance accuracy:
the lower the target speed and the speed gap, the more
accurately the drivers maintained their speed. Participants
more accurately maintained a low speed and even more
with a low speed variation, a result consistent with that of
Merat and Jamson [13].

4.3 Visual

The ANOVA conducted showed that the mean error
between actual and target speeds was lower by night. By
night, drivers tended to drive slower than by day because
they had less visual marks and less easily anticipated their
trajectory. Consequently, drivers who underestimated their
speed more closely approached the target speed by night
since their speed was reduced due to the degraded visual
condition.

However, in a driving simulator, participants do not feel
the same risky situation as in a real car. Hence, we would
think that they would reduce their speed to a lesser extent
due to the fact that they do not see a long distance ahead
and focus their perception on the lateral stream, which
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gives a better estimation of speed perception, particularly in
low light conditions. Lower speed by night is consistent
with previous studies [9].

5 Conclusion

In agreement with previous studies on speed perception,
we observe that drivers tended to underestimate their speed
while they were driving. Moreover, this underestimation
was greater in daytime than in nighttime conditions. In this
study, we focused on the acoustic feedback perceived by
the driver inside the car. We did not study the influence of
sound pressure level, but the nature of the noise per se.
More precisely, we pointed out the influence of the engine
noise. We can see that acoustic feedback seems to be very
important in the steady speed maintenance task. Drivers
underestimated their speed to a greater extent when no
acoustic feedback was present and tended to drive faster
than in conditions in which acoustic feedback was present.
The engine speed information given by engine noise was
helpful when the driver had to accurately keep a steady
speed. These results were robust to the target speed we
asked the subjects to reach and the acceleration they had to
produce.

Non-accurate absolute estimation of speed by drivers
does not really matter in natural driving tasks, since they

can use their speedometer to check their speed.
Nevertheless, it could be more problematic between two
glances at the speedometer. Consequently, relative

estimation of speed is necessary for drivers. They should be
able to keep a constant speed while focusing on the road.
As revealed by the present study, engine noise is a useful
source of information to stabilize speed. We can therefore
infer that the lack of motor noise in electric motorizations
can make it difficult for the driver to respect speed
limitations, which might increase risks on the road.
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