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Introduction 

When navigating through traffic, pedestrians need to be par-
ticularly aware of their surroundings. Not only do they have 
to decide whether to cross the road, but they also have to ac-
tively avoid approaching vehicles. As cars have become more 
electrified, they have become quieter and the warning sounds 
(AVAS) are different from traditional internal combustion en-
gine sounds. Acoustic cues are particularly important for the 
visually impaired or those with poor vision. 

To analyze the behavior in traffic scenarios, the Time-to-Col-
lision (TTC) point has been introduced. Previous studies [1] 
[2] [3] [4] [5] have conducted experiments in different audio 
rendering laboratories. These virtual environments have the 
advantage of constant experimental conditions and a safe and 
inexpensive procedure. In the current state of the recording 
system, only vehicle sub-sources were recorded and used for 
the simulation (tire and engine sounds). Although a previous 
comparison [6] of state of the art playback systems showed 
mostly similarities between different laboratories, there are 
some differences in the perception of the traffic scenarios, es-
pecially compared to dummy head recordings of the real elec-
tric vehicle (EV). This led to the question of how plausible 
these simulated traffic scenes are compared to the real world, 
where more complex directional patterns of a sound emitting 
vehicle exist. 

Previous studies have mainly conducted experiments in real 
traffic scenarios. [7] [8] [9] [10] In general, cameras were po-
sitioned at different street locations and intersections, and pe-
destrians were filmed in given traffic scenarios. In addition, 
interviews provided a better insight into different behaviors. 
The disadvantage is the limited possibility of quantification, 
whereas the TTC estimates explained earlier can be collected 
for variable traffic scenarios and different defined vehicle pa-
rameters. In order to extend the current research, a field trial 
to collect TTC estimates of pedestrians is carried out in this 
work. 

Methods 

This section focuses on the selection of a suitable test track, 
the necessary equipment and other general conditions 
required for the field experiment.  

Test Track/ Car selection 

As described in the following chapter, a straight test track of 
at least 60 m in length is required. The test track for 
autonomous electric vehicles at the Fraunhofer IVI Institute 
was chosen. It has a total length of 200 m and is almost oval 
with two straight sections of approximately 60 m each. 
(Figure 1)

 

 

Figure 1: Oval test track at the Fraunhofer IVI institute.  

 
The EV was a 170 kW Cupra Born fitted with Continental 
AllSeasonContact 215/50 R19 tires. Cruise control was set in 
1 km/h increments to achieve defined constant speeds. Since 
EU directives [11] [12] require a synthetic sound to warn 
pedestrians at low speeds, an AVAS system is implemented. 
Although the warning sounds are only mandatory until 20 
km/h, the sound design for the Cupra AVAS takes a different 
approach and activates the sounds upon 40 km/h. [13] 

Equipment and listener position 

To allow the driver to use the full length of 60 m for the 
experiment, the participants were positioned on a curb at point 
'0', as shown in Figure 1. For safety reasons, a certain distance 
of 1.20 m was marked on the edge of the curb, while a scale 
marked an additional distance of 30 cm. As the driver 
attempted to drive the right side of the car close to this mark, 
the total ideal distance between the standing listener and the 
right side of the car was 1.50 m. The participant was equipped 
with a Meta Quest Pro to hide visual cues from the test track 
and to allow insight into the MATLAB GUI used, which will 
be explained later. Open headphones (Sennheiser HD650) 
were used to reproduce the masking noise and to allow the 
environmental sound to pass at certain time intervals. In 
combination with a labO2-V1 interface from Head acoustics, 
masking noise could be played at defined sound pressure 
levels (SPL). A light sensor (Contrinex LRR-C23PA-NMS-
404) with a reflector was used to detect the vehicle on the test 
track. The sensor is supplied with a 12 V operating voltage 
and is dark switching. Every time the reflected light beam is 
interrupted by an obstacle, it sends a DC signal with the 
operating voltage to the output. To process this signal, the 
output is connected to a Focusrite Scarlett 2i2 interface, which 
can handle a maximum voltage of 9.7V rms within the line 
inputs. An additional potentiometer has therefore been 
implemented. Figure 2 shows the setup on the test track. 
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Figure 2: a) Participant is staying at the test position. b) The 
light sensor, that the car has to cross. c) EV Cupra BORN. 

 

Programming 

Throughout the experiment, masking noise was played and 
had to be paused at certain times to allow the ambient noise 
to pass through. First, the driver had to know the constant 
speed v required per trial, which is displayed in the command 
window during the experiment. Secondly, the ideal TTC times 
per trial were defined. The last known value to calculate the 
correct time intervals is the length 𝑙𝑇𝑇 = 60𝑚 between the 
listener position and the light sensor. A loop analyses the input 
from the Focusrite interface in real time. As soon as the 
vehicle crosses the light beam, the additional time 𝑡𝑝for the 

masking noise to play before pausing is calculated using the 
following equation: 

𝑡𝑝 = (
𝑙𝑇𝑇

𝑣
) − 𝑡𝑠 − 𝑇𝑇𝐶 

  (1) 

The time 𝑡𝑠 at which the vehicle is audible is set to 3 seconds. 
After the masking noise has stopped and the vehicle is 
audible, the noise is played again to mask the vehicle noise 
for the defined TTC time and a timer is started within the 
script. The timer could be stopped by the participant using a 
controller and the estimated time was saved to an Excel file. 

Masking Noise 

Before explaining the experimental procedure, it is important 
to give an overview of the vehicle sound and the masking 
noise used. Firstly, EV pass-by noises from an internal 
recording database were analyzed to see which frequency 
ranges they particularly covered. The pink noise was then 
filtered with two low shelf filters and one high shelf filter, 
because the vehicle noise is more dominant in the lower 
frequency ranges than above about 1000 Hz, where the 
tire/road noise is mainly located. [14] The filtered pink noise 
used is now compared to the actual vehicle pass-by noise of 
the Cupra EV. A Head acoustics HSU III dummy head was 
used to record the pass-by noise and the masking noise on the 
day of the test. White noise and its masking effect on pure 
tones in defined frequencies has been analyzed in previous 
literature. [15] [16] A diagram shows what SPL a pure tone 
must have in order to be masked by white noise of a certain 
density. Pure tones or pure tone elements of a sound must be 
about 17 dB louder than the spectral density level of the 
masking noise to be audible. Since there is a lack of studies 
on the masking of pass-by vehicle noise, the effect of white 
noise on pure tones as a function of its density level is used as 
a reference. 

 

a) 

 

b) 

Figure 3: a) Threshold for test tones, dependent from white 
noise with a certain density level. b) FFT and SPL of the 
utilized masking noise and the three passing by noises, av-
eraged over a time interval of 2 seconds.   

 
Using the equation from [15] to calculate the density of the 
masking noise of the field experiment:  

𝑙𝑑𝑒𝑛𝑠 = 𝐿𝑆𝑃𝐿 − 10 log10(𝛥𝑓/𝐻𝑧)   (2) 

the 𝑙𝑑𝑒𝑛𝑠~40 𝑑𝐵 (with 𝐿𝑆𝑃𝐿 = 83𝑑𝐵, 𝛥𝑓 = 2 · 104𝐻𝑧). 
According to Figure 3 b), the masking threshold for pure tones 
below 200 Hz is located at about 60 dB, the masking would 
not be effective for the vehicle in this frequency range if pure 
white noise were considered. However, since filtered pink 
noise, which has much more energy in the low frequency 
range (Low Shelf, 𝑓𝑐 = 200 𝐻𝑧, 𝐿𝑔𝑎𝑖𝑛 = 5 𝑑𝐵, 𝐶𝑠𝑙𝑜𝑝𝑒 = 1), 
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was used as masking noise, it was assumed, that the critical 
tonal component of the vehicle passing noises at about 160 Hz 
was well masked. However, more research is needed to 
adequately mask different vehicle pass-by sounds. 

Real-Life-experiment 

Definition Parameters 

The following Table 1 consists of the constant speeds, that the 
vehicle drove and the TTC times, that were defined.  

Table 1: Parameters of the field experiment 

Constant velocities 
[kph] 

TTC times [s] 

10 1 
20 2.5 
30 4 

Each TTC time was combined with each speed, resulting in a 
total of nine different trials. The parameters were randomly 
intermixed so that the participants had no chance of picking 
up any particular rating pattern.  

Test Procedure 

Participants were first asked to stand on the marked spot on 
the curb. They were then fitted with headphones and VR 
glasses. In the virtual environment, the curb that wasn't to be 
crossed was marked. For safety reasons, an experimental 
assistant helped the participant to avoid uncontrolled walking. 
In addition to the glasses, the participant was given a 
controller to press the estimation button in the MATLAB 
GUI. 

 

Figure 4: MATLAB GUI, that contains the trial number 
and the task as well. The button labeling changes from 
“Waiting for car sound” to “at Collision Point”, after the car 
sound was audible for 3 seconds.  

 
After a first training set of 4 trials, in which the participant 
rated recorded car stimuli but which were not included in the 
results, the experimental procedure was similar for each trial. 
The car with the driver first stopped next to the assistant to get 
to know the speed to be driven. It then approached the starting 
point (light sensor) at a constant speed. As explained in the 
programming section, the car is audible for 3 seconds before 
the masking noise starts again. From this point on, 
participants had to press the button when they thought the 
engine hood of the car was directly in front of their standing 
position. The nine trials were repeated twice for each 
participant.  

Participants 

Four participants (2m, 2f) took part in the field experiment. 
The age ranged from 28 to 36 years with a mean of 32 years.  

Results and discussions 

Ideal vs estimated TTC  

The first step was to test whether the results of the two repe-
titions differed overall. For this purpose, an rmANOVA was 
performed with the factors "vehicle speed" (vel) and "repeti-
tion" (rep). The results are presented in Table 2. 

Table 2: Parameters of the field experiment 

Factor F 𝑑𝑓𝑁𝑢𝑚 𝑑𝑓𝐷𝑒𝑛 𝑝 𝑝𝑎𝑟𝑡. 𝜂2 

vel 9.6 1.8 16.2 .002 .517 
rep .07 1 9 .801 .007 

Vel*rep .163 1.9 17.4 .844 .018 

These results show that only speed has an effect on TTC esti-
mates, whereas participants seemed to rate TTC estimates 
fairly consistently across repetitions. No significant interac-
tion effects between the two factors were found. To get a bet-
ter idea of the results, the TTC estimates are now plotted 
against the ideal TTC time and as a function of the specific 
speed of the vehicle. The original recorded TTC times are rep-
resented by the black lines. (Figure 5) 

 

Figure 5: TTC estimate results with 95% CI. (left to right: 
10 km/h, 20 km/h, 30 km/h)  

 
The first thing that catches the eye is the large offset of the 
mean estimates from the ideal time. The next section dis-
cusses a possible reason for this and how to correct it.  

Offset Correction  

During the field test, a cruise control was set to the speed 
parameters to allow the speed to flow without large 
deviations. As the European guidelines require a tolerance in 
the display of speed by a tachometer[17], it can be assumed 
that the vehicle was constantly too slow (𝑣𝑠) during the 
experiment. Therefore, when the masking noise stops (𝑡𝑝), the 

vehicle is too far away, which directly affects the estimated 
TTC time with the offset time 𝑡𝑜𝑓𝑓. In this work, a speed offset 

of 2 km/h has been assumed and the following equation is 
used to calculate the offset to be added to the estimated TTC 
time: 

These offset times are added in the diagram with the red lines. 
They are speed dependent, so at higher speeds the offset is 
smaller. The results can now be interpreted. In the higher 
speed range, the TTC estimates are in line with the ideal time 
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curve, whereas at lower speeds the participants constantly 
underestimate the TTC times. Especially for the speed of 10 
km/h, the underestimation, which increases with a higher 
ideal TTC time, shows similar tendencies to the results of 
previous research. [1] [2] At a speed of 30 km/h, the 
participants perceived elements of the vehicle noise at the 
pass-by point of the listener position. This explains the near-
perfect agreement of the TTC estimates with the ideal TTC 
points, and leads to some improvements when similar 
experiments are conducted in the future. 

Improvements in future experiments 

In future field tests, some pre-testing will be necessary to find 
out the right settings of the cruise control for the pre-defined 
speeds. A stick in front of the engine hood would trigger the 
light sensor correctly. In addition, sound-absorbing walls in 
front of the listening position would reduce the influence of 
vehicle noise audible over the masking noise.  

Conclusions 

This study was a first implementation of a TTC field trial. The 
results suggest that the procedure itself works well. In 
particular, when comparing the TTC estimates at lower 
vehicle speeds with previous studies in VR laboratories, 
similar trends can be seen. Some problems were identified at 
higher speed trials, leading to some improvements that need 
to be made in future field trials.  
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