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Abstract

Pedestrians can only safely cross the road before an approaching vehicle if the time
remaining until the vehicle arrives at their position (time-to-collision, TTC) is longer than
the time needed to cross. In real traffic, the sound of a vehicle provides important in-
formation about its motion. Using a virtual reality (VR) system that combines physically
plausible acoustic simulations of approaching vehicles with visual VR simulations, we
investigated if the sound differences between electric (EVs) and conventional vehicles
(ICEVs) result in differences in the perception and behavior of pedestrians. In this pa-
per, we present an overview of our results. 1) When vehicles approaching with a con-
stant velocity are presented with the same TTC, participants estimate longer TTCs for
softer compared to louder vehicles both in an auditory-only and an audiovisual condi-
tion. This indicates potential risks associated with quieter vehicles. 2) When the sound
of an accelerating conventional vehicle is presented, this largely removes the inade-
quate consideration of acceleration (first-order estimation pattern, resulting in overes-
timated TTCs) observed in visual-only TTC estimation. 3) For accelerating EVs with
and without AVAS, the benefit provided by the car sound is significantly reduced com-
pared to ICEVs. 4) Compatible with these TTC estimation results, the collision proba-
bility in road-crossing decisions when interacting with accelerating vehicles increases
significantly with the acceleration level for EVs with and without AVAS, but remains low
for ICEVs. Taken together, auditory information is relevant for pedestrians, particularly
so when the approaching vehicle accelerates. Our data indicate potential risks associ-
ated with EVs, and raise interesting questions concerning the design of acoustic vehi-
cle alerting systems.

1. Introduction

Auditory perception and cognition are highly important for safe mobility, which requires
the ability to avoid potentially dangerous collisions with objects in the environment. A
pedestrian crossing a street must avoid being hit by an approaching vehicle. In such a
situation, our sense of hearing provides important information. For example, we can
auditorily detect a vehicle approaching us from outside our field of view. The acoustic
detection of vehicles was investigated in a number of studies [e.g., 1,2,3] and some of
these data are the basis for the current legal requirements for auditory vehicle alerting
system (AVAS) technologies [4,5]. However, other aspects of auditory perception and
cognition related to safe mobility are less well understood, because previous research
in these areas focused on visual perception or presented auditory stimuli that were
impoverished compared to the rich and dynamic sound field generated by an ap-
proaching vehicle in a real traffic scenario. To cross the road safely in front of an ap-



proaching vehicle, the time remaining until the vehicle arrives at the pedestrian's posi-
tion (time-to-collision, TTC) must be longer than the time required to cross. Thus, pe-
destrians need to estimate the TTC as accurately as possible to adjust their crossing
behavior. In real traffic, the sound of a vehicle provides important information about its
motion. Here, we present key results from a recent series of experiments on TTC esti-
mation and street-crossing decisions based on only auditory (A-only), only visual (V-
only), or combined auditory and visual information (AV). The experimental conditions
included constant-speed and accelerating approaches, and we studied pedestrians’
perception and behavior in interaction with internal-combustion engine vehicles
(ICEVs) and electric vehicles (EVs). The experiments were conducted using a novel
simulation system that we describe next.

2. Interactive audio-visual virtual-reality simulation of approaching
vehicles

When a vehicle approaches a pedestrian standing at the curb, a) the acoustic intensity
increases dynamically as the car comes closer (due to spherical spreading and air
absorption), b) the azimuthal position of the vehicle varies (because the vehicle is not
on a direct collision course with the pedestrian), resulting in dynamic changes in in-
teraural time and level differences (ITD and ILD), c) the auditory source width increases
because from the pedestrian’s perspective, the angle between, e.g., the left and right
front tires is larger when the car is closer to their position, and d) the sound spectrum
changes due to air absorption, dynamic comb-filter effects resulting from interference
between direct and reflected sound, and Doppler frequency shifts (although the latter
are generally small unless the vehicle is already rather close to the pedestrian). All of
these dynamic acoustic changes potentially provide cues to the arrival time of the ve-
hicle [6]. In addition to these motion-related effects, the vehicle sound varies depending
on travel speed, engine type, rotational engine speed, engine load, etc. [7]. However,
most previous studies on auditory or audiovisual TTC estimation and street-crossing
decisions did not present realistic acoustic stimuli providing the full range of these au-
ditory cues. To overcome these limitations, we designed and implemented a novel in-
teractive audio-visual simulation system, described in detail in [8]. Because realistic
simulation of tire, powertrain and aerodynamic noise in dynamic driving situations with
changing speed, acceleration, and engine load is a formidable challenge, we opted for
a source-based approach. The acoustic source signals are recordings made with mi-
crophones attached to the chassis of real vehicles (conventional and electric) while
these were driving at defined constant speeds or at defined positive acceleration rates
on a dry asphalt surface. The vehicles were two small passenger car models of the
manufacturer Kia Motors. The ICEV was a gasoline-powered Kia Rio 1.0 T-GDI (2019,
1.0 1, 88 kW, 3 cylinders) with manual transmission. The tires on the ICEV were Conti-
nental summer tires (ContiSportContact 5, 205/45 R17). The EV was a Kia e-Niro
(2019, 150 kW) with Michelin summer tires (Primacy 3, 215/55 R17). The EV was
equipped with an AVAS that could be active at speeds between 0.5 km/h and 28 km/h,
but could also be deactivated. The sound generated by the AVAS was compatible with
the requirements described in UNECE R138 [4]. We made recordings of the EV with
both active and inactive AVAS. During the acoustic recordings, the trajectory of the
vehicle was measured with highly precise GPS position tracking, so that at each time
point in the audio signals, the position, speed, and acceleration of the vehicle is known.
In the experiments, the motion of the sound sources in space is simulated using the



acoustic VR simulation software TASCAR [9], which provides a physically plausible
interactive simulation of the dynamic spatial sound field, with dynamic processing of
the geometry of the acoustic scene and acoustic modeling of the sound transmission
from the sources to the receiver, and renders the scene using sound field synthesis.
This simulation approach creates realistic vehicle sounds and provides all relevant
monaural and binaural distance and motion cues such as such as dynamic changes in
intensity, ITD and ILD, and frequency spectrum. In our current implementation, the
simulated scenes are rendered on 40 Genelec 8020DPM loudspeakers plus Genelec
7360 APM subwoofer, arranged in an upper and a lower ring in a large acoustically
treated space (see Figure 1, left). The direct sound of the vehicle is rendered on 32
loudspeakers positioned at ear-height and the subwoofer via 2D Higher-Order Ambi-
sonics (15" order) [10,11]. The reflected sound is rendered on the complete array,
using 3D VBAP [12]. The auditory VR simulations can be combined with three-dimen-
sional visual VR simulations presented stereoscopically on a head-mounted display
with head-tracking (see Figure 1, right). The system provides interactive simulations
because listeners can actively explore the simulated auditory and visual scene with
head movements. Vehicles can be presented at arbitrary approach angles and dis-
tances, making it possible to present, e.g., exactly the same vehicle sound at different
TTCs. Thus, the system can be used to conduct highly controlled VR experiments with
a higher degree of realism compared to previous studies in this area, without challeng-
ing the participants’ safety.

Figure 1: First author wearing the head-mounted display in the loudspeaker array. The upper ring

contains 32 loudspeakers positioned at approximately ear height. The lower ring contains 8 loud-

speakers angled up towards the participant. The subwoofer is not visible in the picture. A screen-
shot of the visual scene is shown in the right panel.

3. The effect of intensity on pedestrians’ TTC estimation and road
crossing decisions

Previous research from our lab showed an "intensity-arrival effect" [13,14]. At identical
actual TTC, participants judged softer approaching sound sources to arrive later than
louder sound sources. The intensity-arrival effect might indicate increased risks posed
by quiet vehicles like electric cars: pedestrians might overestimate the TTC of a quiet
electric car relative to a louder conventional vehicle with the same actual TTC, which



in turn could result in risky road crossing decisions for an EV. However, the two previ-
ous experiments presented simple and somewhat artificial stimuli, which were impov-
erished compared to a real approaching vehicle that generates a dynamic spatial
sound field, including sound from different sources (tire noise, powertrain noise, aero-
dynamic noise at higher speeds), as well as sound reflections from the ground surface,
with variations in the vehicle sound depending on travel speed, rotational engine
speed, or engine load. In Exp. 1, published in [8], we therefore investigated how vehi-
cle loudness affects TTC estimation when highly realistic auditory or audiovisual sim-
ulations of the approaching vehicle are provided, using the simulation system de-
scribed above. An internal-combustion engine vehicle (ICEV) and a loudness-matched
electric vehicle (EV; AVAS not active) were approaching the participant standing at the
curb of a simulated two-lane road in an urban setting, at different constant speeds (10,
30, 50 km/h). An auditory-only and an audio-visual condition were presented. The ve-
hicle loudness levels were varied by 10 dB, independent of the other factors. In our
experiments, we use a prediction-motion task [15], which is one of the best established
procedures for research on TTC estimation. The simulated car approaches the partic-
ipant for some seconds, and is then "occluded", i.e., it is no longer audible and disap-
pears from the visual display. Participants press a response button to indicate the point
in time at which the approaching vehicle would arrive at their position, had it continued
to approach them with the same constant speed after it disappeared. The estimated
TTC is defined as the time between the disappearance of the vehicle and the partici-
pant’s button press. The TTC at "occlusion" was varied between 2.0 s and 5.0 s to
present a range of TTCs relevant in daily street-crossing situations. Consistent with an
intensity-arrival effect, participants estimated significantly longer TTCs when the cars
were presented at the lower loudness level. This effect, while considerably stronger in
the audio-only condition, persisted in the audio-visual condition, confirming that audi-
tory information is used in TTC estimation even when full visual information is available
[13,14]. There was no significant difference between the mean estimated TTCs for the
ICEV and the loudness-matched EV, indicating that the sound quality differences be-
tween the vehicle types did not have a substantial effect on TTC estimation vehicles
approaching at a constant speed.

In Exp. 1, the loudness level varied from trial to trial. Although this situation corre-
sponds to an everyday street-crossing situation where the different approaching vehi-
cles also vary in loudness, the trial-by-trial level variation might have directed the at-
tention to the differences in loudness and might thus have amplified the effect of loud-
ness on TTC estimation. To investigate if not only the loudness difference between
trials, but also the “absolute” loudness of an approaching vehicle affects TTC estima-
tion, we varied the vehicle loudness level in a blockwise fashion in Exp. 2. In an audi-
tory-only condition, an ICEV approached at different constant velocities (10, 30, 50
km/h). The TTC at occlusion was varied between 1.25 and 5.0 s. Two different loud-
ness levels were generated by presenting the car either at its original sound level as
recorded on the test track, or at a loudness level increased by 10 dB. In experimental
blocks 1 and 2, the same loudness level was presented on each trial of a given block,
followed by a third block where the loudness level varied from trial to trial. Half of the
participants started with the block presenting the higher loudness level and the other
half started with the lower loudness level.
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Figure 2: Exp. 2. Mean estimated TTC as a function of the presented TTC. Blue squares: audio
gain 0 dB (lower loudness level). Orange circles: gain 10 dB (higher loudness level). Left panel: only
one loudness level presented per experimental block. Right panel: loudness levels randomly inter-
leaved within the experimental block. Error bars show * 1 standard error of the mean (SEM) across
the 22 participants.

As shown in the left panel of Fig. 2, in the blockwise condition, the estimated TTCs
were significantly shorter in blocks presenting the higher loudness level than in blocks
presenting the lower loudness level. Thus, the effect of vehicle loudness on TTC esti-
mation is not limited to conditions where the sound level varies from trial to trial. How-
ever, the effect of loudness level was much stronger in the third block, where the two
loudness levels were interleaved (right panel in Fig. 2).

Having established the effect of vehicle loudness on TTC estimation, Exp. 3 investi-
gated the effect of loudness on road-crossing decisions. An ICEV was presented, trav-
elling at different constant velocities (30, 50 and 60 km/h). Two loudness levels differ-
ing by 10 dB were presented in an interleaved fashion. The experiment comprised both
an auditory-only and an audio-visual condition to match Exp. 1. As in the TTC experi-
ments, a vehicle approached for some seconds, and was then occluded. Participants
were asked to indicate whether or not they would have crossed the road in front of the
approaching vehicle at the moment of occlusion (positive or negative crossing deci-
sion, respectively). We measured the probability of a positive decision (“gap ac-
ceptance”) across a range of TTCs at occlusion. If lower loudness results in longer
estimated TTCs, as demonstrated by the above experiments, then at a given TTC at
occlusion participants will think that they have more time available to cross the street
in front of the vehicle when it's sound is softer and will thus make a positive crossing
decision in a higher proportion of trials than for a louder vehicle. Compatible with this
result, Fig. 3 shows that the probability (pcoi) that a positive crossing decision would
have resulted in a collision’ with the approaching vehicle because the TTC at occlusion
was shorter than the time needed to cross the road was significantly higher for softer
than for louder vehicles, both in the A-only and the AV condition. In the auditory-only



condition, the effect of loudness was rather extreme, with pcoil close to zero in interac-
tion with the louder vehicles but high collision probabilities for the quieter vehicles. The
results of Exp. 3 confirm our hypothesis that quieter vehicles might cause riskier cross-
ing decisions, even when full visual information is available.
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Figure 3: Exp. 3. Mean collision probability (pcon) as a function of the velocity at occlusion. Blue
squares: audio gain 0 dB (lower loudness level). Orange circles: gain 10 dB (higher loudness level).
Left panel: auditory-only condition. Right panel: audiovisual condition. Error bars show + 1 SEM
across the 13 patrticipants.

4. Auditory information improves TTC estimation and street-cross-
ing decisions for accelerating vehicles

Vehicles often accelerate while they are approaching a pedestrian (e.g., when a vehi-
cle pulls out of a parking space and heads toward the exit of the parking lot). The
literature on visual TTC estimation consistently shows that humans have difficulty to
account for the acceleration of an object [e.g., 16,17]. Instead, they estimate the TTC
of an accelerating object as if it was moving at constant velocity. For positive acceler-
ation rates, this so-called first-order TTC estimation results in an overestimated TTC,
because the increase in velocity between the moment of estimation and the arrival of
the object is ignored. However, when a vehicle accelerates, the resulting dynamic
changes in the powertrain noise provide salient acoustic cues for acceleration. Can
pedestrians use this auditory information to account for the acceleration?

In Exp. 4, published in [18], we compared TTC estimations for an ICEV approaching
at either a constant speed (a = 0) or accelerating during the approach (a = 2 m/s?)
between a visual-only and an audio-visual condition. We used the same prediction-
motion task as in the experiments described above. Participants pressed a response
button to indicate the point in time at which the approaching vehicle would arrive at



their position, had it continued to approach them with the same acceleration after it
disappeared. In the visual-only condition, the TTC estimations showed a clear first-
order pattern: with increasing presented TTC, participants increasingly overestimated
the TTC, compatible with the literature on visual TTC estimation. However, if the sound
of the accelerating ICEV was presented in addition to the visual information, this largely
removed the first-order pattern, so that on average the estimated TTC was close to the
veridical value. This result was compatible with our expectation that the salient acoustic
signature of the ICEV sound during states of acceleration should help pedestrians to
factor the acceleration into their TTC estimations.

Does this benefit provided by the vehicle sound also apply to electric vehicles? In Exp.
5, published in [19], we obtained TTC estimations for an accelerating ICEV and for an
accelerating EV with or without activated AVAS, with acceleration rates between 0.4
and 2.6 m/s?. At a given simulated TTC at occlusion, the mean estimated TTC in-
creased significantly with the acceleration rate for the EV without AVAS, thus exhibiting
a first-order pattern and indicating insufficient consideration of the acceleration. The
increase in estimated TTC with the acceleration rate was still significant when the
AVAS was activated on the EV, but was somewhat reduced compared to the condition
without AVAS. In contrast, for the ICEV, the estimated TTC showed no significant ef-
fect of the acceleration rate, indicating that as in Exp. 4, participants were able to use
the information about acceleration communicated by the vehicle sound.

In Exp. 5, the acceleration rates and speeds at occlusion of the accelerating electric
and conventional vehicles were not identical because they exactly corresponded to the
vehicles’ motion during the recordings made for our simulation system on a test track.
These manual drives showed deviations from the intended velocity profiles in condi-
tions with acceleration, particularly so for the ICEV with manual transmission. In Exp.
6, we therefore presented the recorded sounds of the ICEV and of the EV with and
without AVAS, but the motion of the sound source simulated in the virtual scene cor-
responded exactly to an initial phase of 2.0 s with a constant speed of 10 km/h, followed
by an acceleration phase of 3.0 s with exactly a = 2.0 m/s?. Thus, the motion was
identical for all vehicle types. Also, we included a constant-speed approach matched
to the speed at occlusion of the accelerating vehicle (vocc = 31.6 km/h; note that at this
speed the AVAS was not activated), and additionally presented a visual-only condition.
Figure 4 plots the mean estimated TTC as a function of the distance between vehicle
and participant at occlusion (Docc). As a reference, the actual TTC is shown by the
dotted lines. If participants use a first-order estimation strategy in the sense of TTCest
= Docc/Voce for accelerating vehicles, then the function relating estimated TTC and Docc
would be identical in the constant speed (blue lines) and the acceleration condition
(orange lines). The results show that in the visual-only condition (right panel) and for
the EV without activated AVAS (muted loudspeaker symbols in the middle panel), this
was indeed the case, compatible with a first-order TTC estimation strategy. In contrast,
for the ICEV (left panel), the functions relating estimated TTC and distance at occlusion
differed between a = 0 and a = 2.0 m/s?, and on average the estimated TTC for the
accelerating approaches was closer to the veridical value than for the EVs. For the
accelerating EV with activated AVAS, the estimated TTCs lay again in between the
pattern for the EV without AVAS and the ICEV, as in Exp. 5. The results thus confirm
that the sound of an ICEV helps participants better to account for acceleration than the
sound of an EV.
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Figure 4: Exp. 6. Mean estimated TTC (solid lines) as a function of the distance between vehicle
and observer at occlusion. Blue symbols: constant-speed approaches. Orange symbols: accelerat-
ing approaches (a = 2 m/s?). Dotted lines show the actual TTC in the constant-speed (blue) and ac-
celeration condition (orange). Left panel: audiovisually presented ICEV. Middle panel: audiovisually
presented EV. Loudspeaker symbols indicate whether the AVAS was activated or not. Right panel:

visual-only presentation. Error bars show + 1 SEM across the 15 participants.

Although the simulated motion was identical for the three vehicle types in Exp. 6, the
recorded sound of the ICEV contained an audible (manual) gear shift, while the sound
of the EVs did not. Due to the selected presentation duration, the sound of the ICEV
ended shortly after the gear shift in Exp. 6, so that the final 500 ms of the sound corre-
sponded to a phase where the ICEV increased its acceleration rate again from less
than 2 m/s? to over 2 m/s2 In contrast, the acceleration rate of the EVs was nearly
constant across the entire presented acceleration phase. Did the higher acceleration
rate signaled during the final part of the ICEV sound contribute to the better consider-
ation of acceleration during TTC estimation for this vehicle type? To answer this ques-
tion, Exp. 7 used the same approach as Exp. 6, i.e., presenting recordings of the three
vehicle types but simulating identical motion (i.e., acceleration rate and speed at oc-
clusion). However, in this experiment we extended the presentation duration for all
vehicle types, so that after the gear shift, the ICEV was presented for one additional
second during which the acceleration rate remained close to 2.0 m/s?, just as for the
EVs. Put differently, we made sure that the final 1 s of the presented sound corre-
sponded to an acceleration rate of ~ 2.0 m/s? for all vehicle types. The left panel of
Figure 5 shows that in the V-only condition (orange symbols), the mean estimated
TTCs were close to the gray dashed line representing first-order TTC estimation. In
contrast, the mean estimated TTCs for the ICEV (green symbols) were close to the



black solid line representing veridical TTC estimation. The mean estimated TTCs for
the EVs (blue lines) showed a first-order pattern because the amount of overestimation
increased with the presented TTC, but less so than in the V-only condition. With acti-
vated AVAS (active loudspeaker symbols), the mean estimations were closer to the
veridical value than without AVAS (muted loudspeaker symbols), but were still less
accurate than for the ICEV. The results are similar to the patterns observed in our
previous experiments and thus show that the differences in the estimated TTCs for an
accelerating ICEV compared to accelerating EVs were not due to the fact that the ICEV
sound signaled a higher acceleration rate at the end of the presentation than the EV
sounds.
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Figure 5: Left panel: Exp. 7. Mean estimated TTC as a function of presented TTC and vehicle type.
The dashed gray line corresponds to first-order estimation. The solid block line represents the ac-
tual TTC. Orange symbols: visual-only condition. Green symbols: audiovisually presented ICEV.

Blue symbols: audiovisually presented EV. . Loudspeaker symbols indicate whether the AVAS was
activated or not. Right panel: Exp. 9s. Mean collision probability pcoi as a function of acceleration
and vehicle type. Same color code as in left panel. Colors and symbols indicate vehicle type and

error bars show + 1 SEM across the 24 (Exp. 6) and 15 (Exp. 7) participants, respectively.

In the final three experiments of this series, we measured street-crossing decisions in
interaction with accelerating vehicles. We expected the decisions to reflect the pattern
observed for TTC estimation. For instance, because Exp. 4-7 showed that participants
overestimate the TTC for accelerating EVs, we expected riskier street-crossing deci-
sions for EVs than when the sound of an accelerating ICEV is available.

In Exp. 8, published in [20], audiovisual simulations of an ICEV and an EV with or
without activated AVAS were presented. We presented acceleration rates between 0.4
and 2.6 m/s? as well as constant-speed approaches. For the ICEV, the probability that
a positive crossing decision would have resulted in a collision with the approaching
vehicle because the TTC at occlusion was shorter than the time needed to cross the
road did not increase with the acceleration rate but remained at a relatively low value,



similar to the average pcoi for the constant-speed approaches. In interaction with the
EV, however, pcoi was on average higher than in interaction with the ICEV and in-
creased significantly with the acceleration rate. With activated AVAS, the mean pcol
was slightly lower than without AVAS, but the increase of pcoi with the acceleration rate
was observed for both EV variants. This pattern is compatible with the TTC estimation
results described above.

Because the simulations in Exp. 8 presented the actual vehicle trajectories driven on
the test track, so that the acceleration rates differed somewhat between the ICEV and
the EVs (as in Exp. 5), in Exp. 9, we used the same experimental design as in Exp. 6
and compared approaches with a = 2.0 m/s? to constant-speed approaches with
matched vocc = 31.6 km/h, simulating again exactly the same motion for the three ve-
hicle types in an audiovisual condition. The right panel of Figure 5 shows the average
collision probability pcon, computed as in Exp. 3. As expected based on the TTC esti-
mation data, pcor was similar between the constant-speed and the acceleration condi-
tion for the ICEV (green line in the right panel of Fig 5). In contrast, for the EV with and
without activated AVAS (loudspeaker symbols), pcor Was significantly higher when the
vehicle accelerated, compared to the constant-speed condition.

In Exp. 10, we investigated street-crossing decisions in interaction with an ICEV that
either approached at a constant speed or accelerated with a = 2 m/s?. We compared
an auditory-only and an audiovisual condition, and additionally investigated how vehi-
cle loudness affects crossing decisions when the vehicle accelerates, with the same
10-dB gain variation as in Exp. 3. The presentation duration was relatively long, as in
Exp. 7, to ensure that the final 1 s of the sound of the accelerating vehicle corre-
sponded to a constant acceleration of a ~ 2 m/s?.
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Figure 6: Exp. 10. Mean collision probability (pcon) as a function of the acceleration rate. Blue
squares: audio gain 0 dB (lower loudness level). Orange circles: gain 10 dB (higher loudness level).
Left panel: auditory-only condition. Right panel: audiovisual condition. Error bars show + 1 SEM
across the 13 participants.



As shown in Fig 6, we again observed a strong effect of vehicle loudness, particularly
so in the A-only condition (left panel). The average collision probability was significantly
higher in the quieter (blue symbols) than in the louder condition (orange symbols).
Somewhat surprising, in the A-only condition, pcor was even lower in interaction with
the accelerating vehicle than for the vehicle approaching at constant speed. This ob-
servation might indicate a particularly strong consideration of vehicle loudness when
the gain is varied from trial to trial (the sound is louder when a vehicle accelerates), but
additional data are necessary to confirm this hypothesis. In the AV condition, there was
a small, non-significant increase in the average pcor at a = 2 m/s? compared to a = 0.
Taken together, the results confirm that the collision risk does not increase substan-
tially due to acceleration when the sound of an ICEV is available. Also surprising, pcon
was on average higher in the audiovisual than in the A-only condition. This finding
might be related to a more cautious decision strategy adopted when the cars were only
audible, but not visible.

Taken together, the results of this series of experiments clearly show that the vehicle
sound is important for pedestrians to account for the acceleration of an approaching
vehicle, evident in TTC estimations and street-crossing decisions. However, this audi-
ovisual benefit is reduced for EVs compared to ICEVs, even with activated AVAS.

5. Discussion and summary

The work program described briefly in this paper highlights the importance of acoustic
information and auditory perception for the safe mobility of pedestrians and other road-
users in interaction with motorized vehicles. Using a system providing more realistic
auditory simulations of approaching vehicles than in previous studies, we studied time-
to-collision estimation and road-crossing decisions. Our data clearly indicate that in
traffic scenarios, auditory perception it not only relevant for the acoustic detection of
vehicles, as it is already widely accepted, but that auditory information is also highly
important for TTC estimation and road crossing decisions. The first series of experi-
ments showed that at identical actual TTC, participants judged quieter vehicles to ar-
rive later than louder vehicles, and that riskier road crossing decisions were made for
quieter compared to louder vehicles, even when full visual information about the motion
of the approaching car was available. The second series of experiments consistently
indicated that the vehicle sound provides important information about acceleration that
is not available in the visual domain. Only when the sound of an ICEV saliently signaled
that the vehicle was positively accelerating as it approached them were participants
able to make relatively accurate TTC estimations and safe road crossing decisions.
However, for electric vehicles, this benefit provided by the car sound was significantly
reduced compared to ICEVs, even when an AVAS compatible with UNECE R138 was
active. Taken together, in street-crossing situations, pedestrians use auditory infor-
mation for judging the motion of an approaching vehicle, particularly during accelera-
tion, and even when the vehicle is in full view.

Our simulation system enables us to study auditory and audiovisual perception in
street-crossing scenarios in controlled VR experiments, but with a considerably higher
degree of realism than in previous studies in this area, and based on acoustic modeling
of moving sound sources. By using recordings of real vehicles, we maximize the real-
ism of the vehicle sounds. However, a limitation of this source-based approach is that
in our experiments, we are can only use the vehicle recordings available in our data-
base. We’re hoping that realistic simulations of the exterior sound produced by ICEVs



and EVs in dynamic driving situations (with changes in speed, acceleration, and engine
load) will become available in the future, so that we can extend our studies to other car
types, AVAS designs, acceleration levels and speeds, etc.

Our results raise a number of theoretical and practical questions, and our aim is to
answer at least some of them during the continuation of our work program.

1) Even for constant-speed approaches, it is not yet clear which of the potential audi-
tory cues discussed in the Introduction are used during TTC estimation and street-
crossing decisions, how these cues are weighted relative to each other, and how they
are combined with visual cues in an audiovisual condition. Measuring the importance
of different potential cues requires to activate or deactivate some of the cues, or to shift
cues against each other [e.g., 13]. Such experimental manipulations are only possible
in virtual environments. Even in a simulated environment, it is challenging to, e.g.,
decorrelate the time-to-collision signaled by the dynamic increase in acoustic intensity
from the TTC signaled by the dynamic change in source width, because both are by
default linked to the simulated distance. We were already able to implement a subset
of the required conditions in our simulation system and will conduct a series of experi-
ments using this technology.

2) It remains to be investigated which auditory cues participants use for detecting the
acceleration of a vehicle or for judging its acceleration rate. Which role do the potential
different (psycho-) acoustic cues (e.g., intensity/loudness, frequency spectrum/pitch,
modulation spectrum/roughness) play in this context? lIdentifying the relevant cues and
their relative weights could be helpful for designing new AVAS concepts that are better
suited for communicating an EVs state of acceleration to other road users.

3) Related to the preceding aspect, why did the sound of the EV (even with activated
AVAS) presented in our experiments fail to enable our participants to make as accurate
TTC estimations and safe crossing decisions as the ICEV sound did? One factor con-
tributing to this finding could be that participants failed to detect that the EVs were
accelerating, at least on a subset of trials. In fact, Exp. 3 in [20] showed that the prob-
ability of detecting that a vehicle accelerates based on only visual information was
between 70 and 80% at an acceleration rate of 2 m/s?, which is above the guessing
rate but still far from perfect. If, however, the vehicle sound was presented in addition
to the visual information, the detection probability increased to more than 90% for an
ICEV, to slightly less than 90% for our EV with activated AVAS, but to only about 80%
for the EV without AVAS. However, it is likely that not only a binary classification into
constant speed versus accelerating is needed for accurate TTC judgments and cross-
ing decisions, but that a more quantitative judgment of the acceleration rate provides
an additional benefit. Additional experiments are required to test this hypothesis.

4) As a complement to the previous aspect, the exact mechanisms underlying the ben-
efit provided by the sound of the accelerating ICEV also remain to be identified, as
discussed in [18]. For instance, does the acoustic acceleration signal direct the atten-
tion to acceleration-related motion cues, or does it trigger a “correction” of an initial
first-order TTC estimation?

5) How could AVAS designs be improved so that they communicate acceleration as
effectively as an ICEV? A clear limitation of our experiments is that we studied only
one AVAS variant so far, even though the increase in pitch caused by increases in
travel speed was already rather salient in the car model we studied compared to the
minimum requirements described in UNECE R138. Could the auditory perception of
acceleration be improved by making the speed-related change in pitch — that indirectly
signals acceleration - even more salient? Would it help to add more direct acceleration-
related sound quality changes? Could it be beneficial to have the AVAS activated up



to higher speeds than it is currently required? We will conduct experiments to gain
insight into these questions. In our simulation system, new AVAS sounds can be added
to the recorded sound of the EV without AVAS simply by defining the AVAS loudspeak-
ers as additional sound sources in the acoustic simulation. Ultimately, this design prob-
lem taps into the conflicting aims of reducing traffic noise while still maintaining pedes-
trian safety.
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