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Abstract
To cross a road safely, pedestrians estimate the time remaining until an approaching vehicle arrives at their location (time-to-
collision, TTC). For visually presented accelerated objects, however, TTC estimates are known to show a first-order pattern 
indicating that acceleration is not adequately considered. We investigated whether added vehicle sound can reduce these estima-
tion errors. Twenty-five participants estimated the TTC of vehicles approaching with constant velocity or accelerating, from a 
pedestrian’s perspective at the curb in a traffic simulation. For visually-only presented accelerating vehicles, the TTC estimates 
showed the expected first-order pattern and thus large estimation errors. With added vehicle sound, the first-order pattern was 
largely removed, and TTC estimates were significantly more accurate compared to the visual-only presentation. For constant 
velocities, TTC estimates in both presentation conditions were predominantly accurate. Taken together, the sound of an accel-
erating vehicle can compensate for erroneous visual TTC estimates presumably by promoting the consideration of acceleration.

Keywords Acceleration · Audiovisual perception · Time-to-collision · Pedestrian safety

Introduction

Successful mobility requires, among others, to avoid colli-
sions with objects. Pedestrians estimate the time approaching 
cars need to arrive at their position (time-to-collision, TTC)1 
to adjust their behavior and avoid collisions (Butler et al., 
2016; Dommes et al., 2013; Petzoldt, 2014). What role does 
a vehicle’s sound play in addition to visual information in this 
context? To answer this question, it is necessary to investigate 
the use and weighting of visual and auditory information 
in TTC estimation (DeLucia et al., 2016; Keshavarz et al., 
2017; Prime & Harris, 2010; Zhou et al., 2007), which has 
received little attention so far in research and theorizing. At 
the same time, this question has important practical implica-
tions for traffic safety, for instance in the context of wearing 

noise-cancelling headphones as a pedestrian or when con-
fronted with quieter electric vehicles. In this study, we shed 
light on TTC estimation for accelerated objects and dem-
onstrate that auditory information plays an important role.

The Impact of Auditory Information on TTC 
Estimation

The impact of auditory information on TTC estimation has 
been investigated only in a small number of studies, which 
reported largely consistent results (DeLucia et al., 2016; 
Hofbauer et al., 2004; Keshavarz et al., 2017; Prime & Har-
ris, 2010; Zhou et al., 2007). For instance, DeLucia et al. 
(2016) presented objects approaching the observers on a 
collision course and at constant velocities, in three differ-
ent conditions – auditory-only, visual-only, and audiovisual. 
Whereas TTC estimates in the auditory-only were signifi-
cantly shorter than in the visual condition, TTC estimates for 
visual and audiovisual objects did not differ substantially. In 
the audiovisual condition, participants based their estimates 
on both auditory and visual cues, but relied more strongly on 
visual information (e.g., optical size) compared to auditory 
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cues (e.g., sound pressure level). The stronger reliance on 
visual than auditory cues in audiovisual TTC estimation was 
also found for a frontally approaching vehicle in a virtual 
traffic scenario (Keshavarz et al., 2017). In sum, additional 
auditory information was not found to play a major role in 
TTC estimation for constant velocity object approaches.

However, these studies do not reflect the complex nature 
of common everyday scenarios. In urban traffic, road users 
are often confronted with accelerating vehicles, for exam-
ple, when drivers try to catch a green traffic light. The sound 
of an accelerating vehicle with internal combustion engine 
with its dynamically increasing engine speed and load is 
particularly salient and clearly communicates the vehicle’s 
accelerating state. Thus, it is conceivable that the audi-
tory information plays a stronger role when the approach-
ing vehicle accelerates, compared to a constant velocity 
approach. It is noteworthy that previous studies have con-
sistently shown that the visual processing of acceleration is 
poor, (e.g., Calderone & Kaiser, 1989; Snowden & Brad-
dick, 1991; Werkhoven et al., 1992), and that TTC estimates 
for accelerating objects show pronounced errors, (e.g., Ben-
guigui et al., 2003; Benguigui & Bennett, 2010; Bennett & 
Benguigui, 2016; Kaiser & Hecht, 1995; Lee et al., 1983; 
Rosenbaum, 1975; Senot et al., 2003), as we will discuss in 
greater detail below. For this reason, it is conceivable that 
the characteristic sound profile of an accelerating vehicle 
provides information that is not readily available in vision, 
thus significantly improving TTC estimation. However, 
the role of auditory information during TTC estimation for 
accelerating vehicles has not yet been studied, but the pre-
sent study aims to fill this gap.

Visual TTC Estimation for Accelerated Approaches

For objects approaching with constant velocity, at each 
moment in time t, the TTC between the object and the posi-
tion of arrival is determined by the ratio of instantaneous 
distance D(t) to the first derivate of distance with respect to 
time, i.e., its instantaneous velocity v(t), TTC(t) = D(t)

v(t)
 . Lee 

and Young (1985) termed this the “tau-margin”. For accel-
erating objects, however, the TTC also depends on the accel-
eration. If the object accelerates at a constant rate a, then 
TTC(t) =

−v(t)+
√

2a ⋅D(t)+(v(t))2

a

 . Thus, both velocity and accel-
eration have to be considered to accurately estimate the TTC 
of an accelerating object. Previous studies on TTC estima-
tion for accelerating objects have quite consistently shown 
that humans do not adequately consider the acceleration in 
their visual TTC estimates, which may be related to their 
relatively low visual sensitivity for detecting acceleration, 
(e.g., Gottsdanker et al., 1961; Snowden & Braddick, 1991; 
Werkhoven et al., 1992). If acceleration is not considered (or 

not perceived), the TTC estimate equals the tau-margin and 
represents a so-called first-order estimation (Tresilian, 
1995). For a positive acceleration, the first-order estimation 
results in overestimated TTCs (Benguigui et al., 2003; Ben-
guigui & Bennett, 2010; Bennett & Benguigui, 2016; López-
Moliner et al., 2003), because the vehicle would take longer 
to reach the arrival position if it were to move constantly at 
the instantaneous velocity obtained at the moment of estima-
tion than if it were continuously increasing its speed as it 
accelerates. The first-order TTC at time t is related to the 
actual TTC as TTC1(t) = TTC(t) +

a⋅(TTC(t))2

2v(t)
 . Thus, the 

deviation of the first-order estimate from the actual TTC 
increases linearly with acceleration, increases as a quadratic 
function of actual TTC, and decreases with the instantaneous 
velocity at the moment of estimation t.

In traffic, if the remaining time to an approaching vehicle 
is estimated to be longer than it actually is, the probability 
of a collision increases. In fact, observers in a virtual traffic 
environment overestimated the TTC of an oncoming accel-
erating vehicle (Tharanathan & DeLucia, 2006), and initi-
ated an evasive maneuver to avoid a collision later when the 
approaching vehicle accelerated than when it was traveling at 
a constant speed (Tharanathan, 2009). In sum, temporal esti-
mation of accelerating objects based on visual information has 
proven to be quite erroneous. However, there are no results 
whether auditory information can improve the TTC estimates 
for accelerating objects and, thus, enhance traffic safety.

Theoretical models of interceptive actions, e.g., catching 
a ball, assume that the prediction of future object motion 
involves both the processing of current object information 
as well as an expectation of object dynamics represented in 
a prediction model (for review, see Zago et al., 2009). Such 
a predictive model is based on prior knowledge, for instance, 
about gravitational forces that lead to acceleration of falling 
objects (Zago et al., 2004), or the memory of previously seen 
motion (Rust & Palmer, 2021). Even though these models 
focus on the visual domain and interceptive tasks, it is con-
ceivable that the familiar sound of an accelerating vehicle 
could trigger expectations about the future vehicle motion. 
Against the background of low visual acceleration sensitivity 
(e.g., Gottsdanker et al., 1961; Snowden & Braddick, 1991; 
Werkhoven et al., 1992), such expectations may not be based 
on purely visual information.

In the present experiment, we measured TTC estimations 
for vehicles presented only visually or audiovisually. The vehi-
cles either accelerated or traveled at a constant speed during 
the approach. In line with previous research, we hypothesized 
no significant benefit of audiovisual over visual-only presen-
tation for constant-velocity vehicle approaches. In contrast, 
we expected a significant improvement in TTC estimates for 
accelerating vehicles when the vehicle sound is presented.
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Methods

Auditory Stimuli and Simulation

Participants observed an approaching car in a virtual urban 
scenario (Fig. 1), which was presented audiovisually or 
only visually. The auditory stimuli were based on acoustic 
recordings of a three-cylinder gasoline-powered Kia Rio 
2019 with manual transmission driving on a test track. 
During the test drives, we recorded the sound emission 
using four free-field microphones mounted to the vehicle’s 
chassis to capture the dynamic tire and engine noise. The 
position and velocity of the vehicles was measured with 
high-precision GPS tracking. In the VR simulations, we 
followed a source-based approach and modeled the propa-
gation of the sound from the sources (microphone signals) 
to the receiver (participant) in the simulated scene, using 
the software TASCAR (Grimm et al., 2019). The software 
dynamically updates the scene geometry (i.e., the posi-
tion of the vehicle sound sources relative to the receiver) 
according to the trajectory of the real vehicle on the test 
track (GPS data). Doing so, the acoustic stimuli accounted 
for the distance-dependency of the sound level and prop-
agation time. They also provided the acoustic reflection 
and absorption characteristics of the simulated scene. The 
simulated dynamic spatial sound field was presented using 
sound field synthesis (Ahrens et al., 2014). On a 16-chan-
nel circular array of speakers with a radius of 2 m, the 
sound field was rendered with 7th order 2D higher-order 
Ambisonics (Zotter & Frank, 2019). As background noise, 
we presented a first-order Ambisonics recording of a quiet 
residential neighborhood (LAeq = 37.5 dB). The acoustic 
simulations contained all auditory cues (intensity and spec-
tral changes, interaural time and level differences, Dop-
pler frequency shifts, etc.) as in a corresponding real-world 
scenario. Further details about the recording procedure 
and acoustic simulation can be found in a previous article 
(Oberfeld et al., 2022).

Visual Stimuli and Simulation

The interactive auditory simulation was synchronized in 
time with a visual simulation of an approaching vehicle in 
an urban traffic scene. The approaching car was a red Mit-
subishi Colt and the two-lane street was modeled after the 
Eislebener Straße, Berlin (https:// www. stadt entwi cklung. 
berlin. de/ planen/ stadt model le/ de/ digit ale_ innen stadt/ 3d/ 
index. shtml, 3D model provided by the Senate Department 
for Urban Development, Building and Housing of Berlin). 
The car approached the participants along the street from 
the left-hand side (Fig. 1) with different driving profiles. 
Their position in the virtual scene was 0.5 m away from the 
curb. A blue line on the road marked the participants’ posi-
tion and served as orientation in the virtual environment. 
Participants stood in the middle of the loudspeaker array and 
wore a head-mounted display (HTC Vive Pro). Head track-
ing allowed them to explore the traffic scene and to track the 
vehicle’s motion. The visual simulations were provided by 
the VR software WorldViz Vizard 5. The auditory and the 
visual simulations were synchronized via the OpenSound-
Control network protocol (opens oundc ontrol. org).

Task

During each trial, the participants observed the approach-
ing car for 3 s. Then, the car was occluded from the scene 
and was no longer visible or audible. They were instructed 
to press the controller button to indicate the moment, they 
thought the vehicle’s front would have arrived at their posi-
tion (prediction-motion task) (Schiff & Detwiler, 1979). 
In making their estimates, participants were instructed to 
assume that the vehicles traveling at constant velocity before 
occlusion would continue to travel at this constant velocity 
after occlusion, while vehicles that accelerated would con-
tinue to accelerate thereafter. The time between occlusion and 
the button press served as a measure for the estimated TTC.

Fig. 1  Bird’s-eye view of the 
simulated traffic scene (left) 
and the participant’s view of it 
(right). The vehicle approached 
the participants along the 
road. Participants observed the 
vehicle and judged its TTC. The 
blue line 50 cm to the left of the 
participant’s position served as 
reference location in the virtual 
scene

https://www.stadtentwicklung.berlin.de/planen/stadtmodelle/de/digitale_innenstadt/3d/index.shtml
https://www.stadtentwicklung.berlin.de/planen/stadtmodelle/de/digitale_innenstadt/3d/index.shtml
https://www.stadtentwicklung.berlin.de/planen/stadtmodelle/de/digitale_innenstadt/3d/index.shtml
http://opensoundcontrol.org
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Experimental Design

In a four-factorial within-subjects design, all participants 
completed all combinations of the following experimental 
conditions. We presented the vehicle either audiovisually 
(AV) or visually-only (V-only). The vehicle approached 
with different velocity profiles, that is, with or without 
acceleration. As the presented driving profiles were based 
on real drives on a test track, they deviated from the intended 
velocity/and or acceleration to a certain extent. Therefore, 
we report the mean presented initial and constant velocities 
and the mean presented acceleration within the last second 
before occlusion in brackets (see also Supplement). Without 
acceleration, the vehicle traveled for 3 s either at a constant 
velocity of 10 km/h (M = 10.45 km/h, SD = 0.22 km/h) or 
40 km/h (M = 40.51 km/h, SD = 0.59 km/h). With accel-
eration, the car initially approached at a constant velocity 
of 10 km/h (M = 11.22 km/h, SD = 0.40 km/h) or 40 km/h 
(M = 40.22 km/h) for 1.5 s and then accelerated for another 
1.5 s with 2 m/s2 (M = 2.16 m/s2, SD = 0.45 m/s2). The TTC, 
i.e., the actual time the vehicle would have needed to arrive 
at the participant’s position after it had been occluded if it 
had continued its motion with the same constant velocity 
or the same acceleration as before the occlusion, was var-
ied (1.25, 2.5, 3.75 or 5.0 s). We set the vehicle distance at 
occlusion so that the desired TTC at occlusion resulted. For 
constant velocity approaches, the calculation was based on 
the mean presented velocity. For accelerated approaches, it 
was based on the presented velocity at occlusion and the 
mean acceleration within the last second before occlusion. 
Each of the 32 combinations of the factors presentation con-
dition, acceleration, velocity and actual TTC was presented 
8 times in the experiment and twice within each of the 4 
blocks. Each participant completed the 256 experimental 
trials.

Procedure

Prior to testing, all participants passed the required vision 
and hearing tests. We measured the participant’s ear height 
and inter-pupillary distance to align the simulated sound 
field and adjust the displays of the head-mounted display, 
respectively. Participants were familiarized with the vir-
tual scene and the experimental task in 16 training trials 
before they started with the experimental trials. Through-
out the experiment, the experimenter regularly checked on 
the participants’ well-being using the Fast Motion Sick-
ness Scale (Keshavarz & Hecht, 2011). Participants could 
take a break at any time, as they controlled the start of each 
trial themselves. The experiment consisted of four experi-
mental blocks and lasted for approximately 50 minutes.

Participants

We expected a relatively large effect size of at least dz = 0.8 
(Cohen, 1988) because the added sound of an accelerating 
vehicle was expected to strongly improve the TTC estimates 
compared to a visual-only presentation. A power analysis 
showed that a sample size of n = 23 was sufficient to detect 
this effect size with a α -level of 5% and a power of 95%. 
We collected data of 25 volunteers (12 female, 12 male, 1 
diverse) with a mean age of 26.21 years (SD = 7.51 years). 
All had (corrected-to-)normal visual acuity (Freiburg Vis-
ual Acuity test (Bach, 1996)), normal stereoscopic vision 
(Titmus test (A. G. Bennett & Rabbetts, 1998)) and nor-
mal hearing (thresholds better than 20 dB HL in each ear 
at frequencies between 125 and 4000 Hz). The participants 
volunteered for course credit and gave written informed 
consent prior to testing. The experimental procedure was 
in accordance with principles outlined in the Declaration 
of Helsinki and the local ethics committee of the Johannes 
Gutenberg-University Mainz approved the study (approval 
number: 2019-JGU-psychEK-S011). Prior to testing, all par-
ticipants received experimental information and gave written 
informed consent to participate and to publish their data.

Statistical Analyses

To exclude extreme data points, we applied a Tukey criterion 
to the data collected per combination of participant and experi-
mental condition, excluding 0.89% of the trials (57 of a total of 
6400 trials), which were 3 interquartile ranges below the first 
or above the third quartile. We aggregated the TTC estimates 
(n = 6343) for each combination of participant and experimen-
tal condition. We conducted two separate repeated-measures 
ANOVAs (rmANOVAs) for conditions with constant velocity 
and acceleration, using a univariate approach and Huynh-Feldt 
(Huynh & Feldt, 1976) correction for the degrees of freedom. 
Significant results (p < .050) were followed up with two-sided 
paired-samples Bonferroni-corrected t-tests where necessary.

Results

TTC Estimation for Accelerating Vehicles

Figure 2 illustrates the mean estimated TTC as a function of 
the actual TTC, presentation condition, and initial velocity. 
It also visualizes the relationship between the actual TTC or 
a perfectly accurate TTC estimation (grey dashed diagonal) 
and a first-order estimation. In contrast to the actual TTCs, 
as explained in the Introduction, the first-order TTC esti-
mates (orange dashed line) increase as a quadratic function 
of actual TTC and decrease as a function of the velocity at 
occlusion, which was higher at the faster compared to the 
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slower initial speed in our experiment. Hence, a first-order 
estimation results in TTC overestimation increasing with the 
actual TTC, and a stronger TTC overestimation for vehicles 
accelerating from a slower than from a faster initial velocity.

For the V-only condition (green circles), participants 
increasingly overestimated the TTC for accelerating vehicles 
with increasing actual TTC and decreasing initial velocity 
– similar to a first-order estimation pattern. In contrast, the 
added vehicle sound (AV, blue squares) eliminated this over-
estimation and resulted in largely accurate TTC estimates 
close to the veridical values, as expected.

Table 1 displays the results of the rmANOVA for accel-
erating vehicles, in which all main and interaction effects 
were statistically significant, p < .007. As hypothesized, 
we observed a strong effect of the presentation condition 
(dz = 2.04). Participants estimated the TTC to be signifi-
cantly longer in the V-only (M = 4.42 s, 95% CI = [3.88 s, 
4.95  s]) than in the AV presentation (M = 3.40  s, 95% 
CI = [2.94 s, 3.86 s]). The TTC estimates for the V-only 
presentation increased with increasing actual TTC, which 
is compatible with a first-order estimation for visually 

presented objects (Benguigui et al., 2003; Benguigui & Ben-
nett, 2010; Bennett & Benguigui, 2016; Kaiser & Hecht, 
1995; Senot et al., 2003). However, in the AV condition, 
TTC estimates remained largely accurate even at longer 
TTCs. The difference between the V-only and AV condi-
tion thus increased with increasing actual TTC (presentation 
× actual TTC interaction). Additionally, it decreased with 
increasing initial velocity (presentation × velocity interac-
tion). Consistent with a smaller deviation of the first-order 
estimate from the actual TTC at a higher compared to a 
lower initial velocity (see orange lines in Fig. 2), the TTC 
estimates of the V-only condition at the higher initial veloc-
ity were closer to the more accurate TTC estimates of the 
AV condition. Also, the actual acceleration at the higher ini-
tial velocity was lower than at the lower initial velocity (see 
Supplement), which further reduced the difference between 
the first-order estimates and actual TTCs at the higher initial 
velocity. The TTC estimates in the V-only and AV condition 
differed most substantially at an initial speed of 10 km/h 
and an actual TTC of 5 s (presentation × velocity × actual 
TTC interaction). Here, the participants estimated the TTC 

Fig. 2  Mean estimated TTC for 
accelerating vehicles as a func-
tion of actual TTC and initial 
velocity (left: 10 km/h; right: 
40 km/h). Blue squares: audio-
visual (AV) condition. Green 
circles: visual-only (V-only) 
condition. Orange dashed line: 
first-order estimation. Dotted 
grey line: perfectly accurate 
TTC estimation. Error bars indi-
cate 95% confidence intervals

Table 1  Results of the 
rmANOVA on the mean TTC 
estimates for accelerating 
vehicles

Displayed are uncorrected numerator degrees of freedom (dfNum), denominator degrees of freedom (dfDen), 
the Huynh-Feldt multiplier for sphericity correction ( 

∼
� ), F-values, p-values and partial η2 (η2

p)

dfNum dfDen
∼
�

F p η2
p

Presentation 1 24 104.09 < .001 .81
Velocity 1 24 8.73 .007 .27
Presentation × velocity 1 24 64.59 < .001 .73
Actual TTC 3 72 0.44 229.84 < .001 .91
Presentation × actual TTC 3 72 0.45 53.59 < .001 .69
Actual TTC × velocity 3 72 0.55 6.17 .007 .20
Presentation × actual TTC × velocity 3 72 0.45 16.63 < .001 .41
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to be, on average, 3.28 s longer than the veridical value. 
With added vehicle sound, the mean estimate deviated by 
0.13 s from the actual TTC. In sum, with increasing actual 
TTC and slower initial velocity, the amount of overestima-
tion of the TTC of accelerating vehicles increased in the 
V-only condition, showing a pattern similar to first-order 
TTC estimation, while the additional vehicle sound largely 
removed this pattern and resulted in substantially more accu-
rate TTC estimates.

Apart from the above effects involving the presentation 
condition, which are most important for the present study, 
the rmANOVA also showed a significant effect of TTC, 
indicating that the TTC estimates increased with the actual 
TTC. Participants also on average estimated the TTC to 
be significantly longer for vehicles accelerating from 
10 km/h (M = 4.01 s, 95% CI = [3.54 s, 4.48 s]) compared 
to 40 km/h (M = 3.81 s, 95% CI = [3.30 s, 4.32 s]). The 
comparably longer TTC estimates for slower velocities 
occurred mainly at longer actual TTCs (velocity × actual 
TTC interaction). These statistical effects can again be 
attributed to the estimates in the V-only condition, where 
the amount of overestimation increased with the actual 
TTC and was smaller at the faster initial speed, show-
ing a pattern compatible with first-order TTC estimation 
(Fig. 2).

TTC Estimation for Vehicles with Constant Velocity

When the vehicles approached with constant velocity 
(Fig. 3), TTC estimates for audiovisually and visually pre-
sented vehicles were rather similar but differed descriptively 
between the two velocities. On average, participants esti-
mated the TTC of slower vehicles to be shorter than for 
faster ones.

Table 2 shows the results of the rmANOVA for con-
stant-velocity appraoches. Contrary to our expectation, 
we observed a significant effect of presentation condi-
tion for vehicles at constant velocity. However, it followed 
quite a different pattern than for accelerating vehicles. The 
mean TTC estimates were slightly shorter in the V-only 
(M = 2.80 s, 95% CI = [2.44 s, 3.15 s]) than in the AV pres-
entation (M = 2.89 s, 95% CI = [2.50 s, 3.28 s]). Thus, addi-
tional auditory information slightly influenced the TTC 
estimates for constant velocity approaches. However, this 
effect was relatively small both in terms of the difference 
in seconds and in terms of effect size (dz = 0.76). The effect 
of added vehicle sound was similar for all actual TTCs and 
velocities (non-significant presentation × velocity, presen-
tation × actual TTC, and presentation × velocity × actual 
TTC interactions).

Besides, participants estimated the TTC to be longer for 
faster (M = 3.14 s, 95% CI = [2.71 s, 3.57 s]) than for slower 
vehicles (M = 2.55 s, 95% CI = [2.21 s, 2.88 s]). The main 
effect of velocity is consistent with a size-arrival effect 
(DeLucia, 1991, 2013; DeLucia et al., 2020; DeLucia & 
Warren, 1994), or a distance bias (Law et al., 1993), that 
predicts longer TTC estimates for objects of a smaller optical 
size or at a greater distance than for larger or close objects. 
In a prediction-motion paradigm, a faster vehicle is farther 
away at occlusion than a slower one at the same actual TTC. 
Thus, at identical TTC, the optical size at occlusion is also 
smaller for the faster compared to the slower velocity. The 
significant velocity × actual TTC interaction is also in line 
with this explanation. The difference in vehicle distance 
at occlusion, and thus also in optical size, increased more 
strongly with increasing actual TTC at a higher than at a 
lower velocity. Consistent with the size-arrival effect, the 
mean TTC estimates consequently increased more strongly 

Fig. 3  Mean estimated TTC 
for vehicles approaching at a 
constant velocity as a function 
of actual TTC and velocity 
(left: 10 km/h; right: 40 km/h). 
Blue squares: audiovisual (AV) 
condition. Green circles: visual-
only (V-only) condition. Dotted 
grey line: perfectly accurate 
TTC estimation. Error bars indi-
cate 95% confidence intervals
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as a function of actual TTC at the higher velocity. Taken 
together, the final distance or the final optical size may have 
been a central heuristic in the TTC estimation for vehicles at 
constant velocities.

Discussion

We investigated the role of auditory information in TTC 
judgements for accelerating vehicles from a pedestrian’s 
perspective. Without vehicle sound, participants estimated 
the TTC for accelerating vehicles substantially longer than 
it actually was. More precisely, TTC estimates in the vis-
ual-only (V-only) condition showed a pattern similar to 
first-order TTC estimation, which does not consider the 
acceleration. That is, TTC was increasingly overestimated 
with increasing actual TTC and decreasing initial velocity, 
resulting in large estimation errors. It is conceivable that 
the participants did not perceive the acceleration because 
the human visual system is quite insensitive to accelera-
tion (Gottsdanker et al., 1961; Snowden & Braddick, 1991; 
Werkhoven et al., 1992). In contrast, the added vehicle sound 
mostly removed the first-order pattern so that the TTC esti-
mates in the audiovisual (AV) condition were close to the 
veridical values. Hence, the auditory information helped the 
participants to judge the TTC more accurately for accelerat-
ing vehicles, and thus played a major role.

It is an interesting and open question how exactly the 
vehicle sound improved the accuracy of TTC estimation for 
accelerating vehicles. Although the present study was not 
designed to answer this question, we briefly outline pos-
sible explanations. First, it is important to note that audi-
tory information about the vehicle’s motion in space was 
available from the dynamic spatial sound field generated 
by the approaching vehicle, just as in the visual domain. 
For instance, interaural time and level differences auditorily 
indicate the angle between the left curbside and the vehi-
cle’s right front tire from the observer’s perspective (Mid-
dlebrooks & Green, 1991). As the vehicle approached, this 
dynamically changing lateral angle provided information 

about the distance, velocity and acceleration, analogous to 
the optical angle. In principle, participants might be sen-
sitive to the second-order information (acceleration) pro-
vided by the motion of the acoustic object in space than 
second-order motion information provided by the motion 
of the visual object. In such a scenario, in the AV condition, 
participants could simply base their TTC estimates on only 
the auditory information and ignore the visual information. 
Because auditory acceleration detection is not substantially 
better than in the visual domain (Locke et al., 2016; Perrott 
et al., 1993), we expect that an auditory-only (A-only) pres-
entation would not result in more accurate TTC estimates for 
accelerating vehicles than the V-only condition. However, 
to investigate whether people are better able to use second-
order motion information in the auditory than in the visual 
modality, additional experiments comparing TTC estimates 
for accelerating objects in an A-only to those in a V-only 
presentation condition are needed. Further comparisons with 
an AV condition could then reveal how the auditory and vis-
ual second-order information is weighted against each other.

Alternatively, as an anonymous reviewer suggested, 
rather than reflecting a better use of second-order motion 
information, the largely accurate mean TTC estimates in the 
AV condition might be the result of a rather simple aver-
aging process between underestimated auditory and over-
estimated visual TTCs. In the V-only condition, the TTC 
overestimation increased with longer actual TTCs. If now 
the auditory TTC estimates show the opposite pattern, that 
is, a TTC underestimation increasing with actual TTC, then 
the average between the visual and the auditory TTC esti-
mates will again be accurate. We consider it unlikely that 
the auditory TTC estimates show exactly the opposite pat-
tern as visual TTC estimates, but again data on A-only TTC 
estimation for accelerating objects would be necessary to 
answer this question.

Instead, we suppose that the vehicle’s salient sound pro-
file, which provides information beyond the vehicle’s spatial 
motion, played a central role. During acceleration, the sound 
spectrum of a vehicle with internal combustion engine shifts 
to higher frequencies as the engine speed increases, and the 

Table 2  Results of the 
rmANOVA on the mean TTC 
estimates for vehicles with 
constant velocity

Displayed are uncorrected numerator degrees of freedom (dfNum), denominator degrees of freedom (dfDen), 
the Huynh-Feldt multiplier for sphericity correction ( 

∼
� ), F-values, p-values and partial η2 (η2

p)

dfNum dfDen
∼
�

F p η2
p

Presentation 1 24 14.49 .001 .38
Velocity 1 24 40.29 < .001 .63
Presentation × velocity 1 24 0.01 .916 .00
Actual TTC 3 72 0.39 198.22 < .001 .89
Presentation × actual TTC 3 72 0.77 1.05 .364 .04
Actual TTC × velocity 3 72 0.87 13.92 < .001 .37
Presentation × actual TTC × velocity 3 72 0.87 1.47 .234 .06
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sound level rises as the engine load increases (Zeller, 2018). 
Thus, the sound profile conveyed acceleration cues, which 
were visually not available. Therefore, participants might 
have noticed the acceleration due to the characteristic and 
probably familiar sound profile. In line with current theo-
retical models of interceptive actions (e.g., Rust & Palmer, 
2021; Zago et al., 2009), the familiar sound of an accel-
erating vehicle might have served as an heuristic cue that 
triggered the retrieval of prior traffic experiences and thus 
resulted in updated expectations about the vehicle’s motion, 
considering acceleration. In turn, this might have triggered 
either a) a rather unspecific correction of the visual first-
order TTC estimates, or b) an attention shift towards the 
relevant second-order information in the dynamic approach. 
The former case assumes that only first-order information 
(velocity) can be used in TTC estimation. Hence, partici-
pants could still have made first-order TTC estimates in 
the AV condition but then shortened their estimates by an 
absolute amount of time (e.g., 1 s) as a consequence of the 
detected (potentially dangerous) acceleration. This would 
be compatible with a safety strategy previously observed 
with, e.g., blurred vision (Hecht et al., 2021), and threaten-
ing sounds (Braly et al., 2021). When using such a strategy, 
the mean TTC estimates in the AV condition in Fig. 2 would 
show a pattern parallel to the estimates in the V-only condi-
tion, but shifted towards the x-axis by a constant amount, 
independent of the actual TTC. However, the data in Fig. 2 
are not compatible with such a pattern. Alternatively, par-
ticipants could have shortened their estimates pro rata, e.g., 
by 50%. At an initial velocity of 10 km/h and an actual TTC 
of 5 s, participants estimated the TTC of the accelerating 
vehicle to be on average 8.28 s in the V-only condition, and 
4.87 s for the same actual TTC in the AV condition, which 
represents a reduction of approximately 40%. For an actual 
TTC of 1.25 s, however, the mean TTC estimates were 1.61 s 
in the V-only and 1.24 s in the AV condition, respectively, 
which represents a reduction of approximately 20%. There-
fore, the data are not entirely consistent with a constant pro 
rata reduction of the first-order TTC estimates. In contrast, 
case b) assumes that second-order information (provided by 
the auditory and/or visual motion in space) can indeed be 
used in TTC estimation, but only if attention is directed to 
it. That is, the available second-order auditory and/or visual 
information is disregarded until participants become aware 
of the current acceleration signaled by the sound profile.

In sum, the characteristic sound profile of the acceler-
ating vehicle may have been the key information to com-
pensate for the erroneous visual TTC estimates, but fur-
ther research is needed to identify the perceptual cues and 
mechanisms underlying the beneficial role of the additional 
vehicle sound. In particular, it would be of high relevance 
to include an A-only presentation condition to investigate 

whether the largely accurate TTC estimates in the AV con-
dition are due to the exclusive use of auditory motion infor-
mation or whether visual information is still incorporated. 
Also, the following aspects limit the generalizability of 
our findings: First, the present study only investigated the 
sound of a conventional vehicle with internal combustion 
engine. For other vehicles, such as hybrid or electric vehi-
cles, changes in vehicle sound during acceleration are likely 
to be less salient than for conventional vehicles. This could 
reduce the benefit of the vehicle sound to pedestrians esti-
mating TTC. Second, we only presented vehicle approaches 
at an acceleration level of 2 m/s2. Since auditory accelera-
tion cues might be much more subtle during lower accelera-
tion, the improvement in TTC estimation when the vehicle 
sound is added to the visual representation could be signifi-
cantly reduced at lower acceleration levels. Nonetheless, we 
can also expect that the visual TTC estimates for vehicle 
approaches at a lower acceleration differ less from the actual 
TTC than at a higher acceleration because the difference 
between first- and second-order estimation decreases with 
decreasing object acceleration. For accelerations above 2 m/
s2, this difference would be more prominent, but so would be 
the auditory acceleration cues possibly correcting a visual 
first-order estimation. Third, in an older sample, sensory 
functioning/cognitive performance might be substantially 
different than in our sample, which comprises rather young 
people. This could affect the use of perceptual cues and 
mechanisms underlying the TTC estimation, as was already 
observed for approaches at constant velocities (Keshavarz 
et al., 2017). Finally, the simulated scene might have offered 
a fairly large number of visual distance cues (road markings 
house fronts). In an environment with fewer visual distance 
cues, participants might rely even more heavily on auditory 
distance cues during their estimation. Taken together, future 
research should include an A-only presentation condition, 
and shed light on different vehicle types, acceleration lev-
els, groups with different levels of sensory functioning, and 
environments to gain a deeper understanding of the role of 
auditory information during TTC estimation for accelerat-
ing objects.

For constant velocity approaches, we observed, on aver-
age, mostly accurate TTC estimates both with and without 
added vehicle sound. The data also indicated a significant 
difference between the presentation conditions, with slightly 
less underestimated TTCs in the AV than in the V-only con-
dition. Thus, the vehicle sound had an effect on the TTC 
estimates although visual information was available, but did 
not provide a particularly large benefit in the TTC estima-
tion for constant velocity approaches, which is consistent 
with the previous literature (DeLucia et al., 2016; Hassan, 
2012; Keshavarz et al., 2017; Schiff & Oldak, 1990; Zhou 
et al., 2007).
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Practical Implications

Our data show that pedestrians commit perceptual errors 
when the vehicle sound is not available to them - at least 
in situations where they are confronted with an accelerating 
vehicle. Since these perceptual errors manifest as TTC over-
estimation, pedestrians are likely to cross the road in a risky 
manner, i.e. (too) close in front of an accelerating vehicles. 
By listening to loud music that masks the vehicle sounds 
or wearing headphones with noise cancellation, pedestri-
ans might thus jeopardize their own safety on the road not 
only due to an impaired acoustic detection of vehicles, but 
also in relation to risky TTC overestimations for accelerat-
ing vehicles. This aspect should be included in educational 
programs on traffic safety. In the same line of reasoning, if 
the vehicles emit hardly any noise, our results imply negative 
consequences for pedestrian safety in interaction with accel-
erating vehicles, in this context without pedestrians having 
any influence. The latter could be the case with quieter elec-
tric vehicles, which would mean that pedestrian safety and 
the goal of reducing noise pollution in cities by increasing 
the number of electric vehicles are in critical tension with 
each other (Mendonça et al., 2013).

Conclusions

Our results clearly demonstrate that the sound emitted by 
an accelerating vehicle provides a pronounced benefit for 
pedestrians’ TTC estimations. Without vehicle sound, the 
TTC estimates were quite erroneous and showed a first-
order pattern indicating that the vehicle’s acceleration was 
not adequately considered, compatible with previous data. 
The added vehicle sound helped to substantially increase 
the accuracy of TTC estimates for accelerating vehicles, 
presumably due to the improved consideration of accelera-
tion information. We conclude that the added sound of an 
accelerating vehicle can compensate for erroneous visual 
TTC estimates in a highly effective way, which has impor-
tant implications for traffic safety.
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