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Right turns at urban intersections pose a high collision risk for cyclists, but existing
infrastructure-based warning systems often suffer from high false alarm rates and
a lack of specificity. Following a PICO-based research design, this study addresses
the research question of whether targeted acoustic warnings using beamforming
technology can effectively warn cyclists (target) while simultaneously minimizing the
disturbance for pedestrians and residents (non-targets). Using a fully immersive VR
environment with spatial audio simulations and realistic traffic noise recordings, the
study examined how cyclists, pedestrians, and residents perceive and accept these
targeted signals. The experiment compared different warning sounds at varying
distances from the intersection to determine their perceptibility and effectiveness.
The results show that while all acoustic warnings were reliably perceived as relevant,
verbal warnings proved to be the most effective, as speech is immediately understood
regardless of the cyclist’s distance from the intersection. In terms of environmental
impact, the study found that beamforming can significantly minimize disturbance
to pedestrians and residents, with narrow-beam signals perceived as the least
disturbing. This work contributes to this field of research by demonstrating that
spatially controlled acoustic systems offer a more specific and socially acceptable
solution for protecting vulnerable cyclists than conventional omnidirectional or purely
visual methods. By combining technical precision with intuitive communication, this
approach effectively counteracts the “crywolf” effect and improves overall road safety.

1. Introduction

Infrastructural measures have significantly
improved cyclist safety on medium-sized road
sections in recent years, such as physical
separations, flexible bollards, and coloured
cycle paths. However, intersections in
urban environments remain critical accident
hotspots. In these areas, interaction between
cyclists and motorised traffic is unavoidable.
Of particular concern are conflicts involving
cyclists travelling straight ahead and right-

turning motor vehicles. Accident analyses
by the German Insurers Accident Research
(UDV) indicate that in turning accidents
involving cyclists, motor vehicle drivers are
assigned primary fault in over 90% of cases.
This finding underscores the prevalence of
perceptual and attentional deficits on the part
of turning drivers (Kolrep-Rometsch et al.,
2013).

Concurrently, the significance of cycling
within the urban transport system is growing
markedly. In major German cities, the
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proportion of cycle traffic in the modal split
has increased significantly over the last
decade. Data from the “Mobility in Cities” (SrV)
project for comparable major cities show that
the average proportion of distances covered
by bicycle increased from 12.9% in 2013
(Ahrens et al., 2015) to 18.0% in 2023 (Hubrich
et al., 2025). This development increases not
only the exposure of cyclists but also the
frequency of potential conflicts, particularly
given the limited traffic space available in
many locations.

Technical countermeasures have primarily
focused on turning vehicles. In recent years,
new safety regulations have changed for
heavy commercial vehicles. Since 2022,
electronic turn-assist systems have become a
legal requirement for new truck types across
Europe (Regulation (EU) 2019/2144). This
regulation addresses a major safety issue,
namely collisions between cyclists and heavy
vehicles turning right. As highlighted by
the UDV (2019), these accidents are often
fatal, and heavy trucks are involved far more
often than other vehicles, making automated
assistance a critical safeguard. Nevertheless,
two structural gaps remain: First, the existing
fleet of older vehicles will only be covered
over long transition periods; second, conflicts
with passenger cars, which account for a
large proportion of interactions in terms
of numbers, remain a significant problem.
Consequently, a substantial level of risk
persists, evenwith the increasing proliferation
of vehicle-based assistance systems. From
a Safe System perspective, this residual risk
requires additional protective layers for
vulnerable road users, rather than shifting
legal responsibility away from turning drivers.

Since vehicle-based systems cannot provide
ubiquitous protection in the near future,
infrastructure-based approaches must fill this
gap. In practice, such warnings are frequently
implemented using broadly emitting signals
(e.g., flashing amber lights). However, these
systems are often nonspecific, addressing not
only the individuals at risk but also uninvolved
road users. This presents a fundamental
problem: If warnings are triggered repeatedly
in the absence of an acute threat from the

user’s perspective, subjective false alarm
rates increase. This leads to habituation,
reduced compliance, and a loss of trust
in the warning system. This phenomenon
is described in research as the ’cry-wolf’
effect or alarm fatigue (Breznitz, 2013).
Consequently, while nonspecific signalling
ensures constant visibility, such a system
diminishes its warning effect at critical
moments while simultaneously causing
unnecessary disturbance to bystanders.
While visual infrastructure warnings have
been explored, they often suffer from
inattentional blindness in visually cluttered
urban environments. Acoustic signals,
conversely, possess a higher potential to
attract attention but have traditionally been
avoided due to their contribution to noise
pollution in cities. This requires a solution
that combines the urgency of the sound with
spatial precision.

For this reason, it is useful to understand
such strategies not merely as “warnings”
but as specific support for the situational
awareness of vulnerable road users. The
basic idea is not to shift responsibility from
turning drivers to cyclists, but to add an
additional, proactive layer that can mitigate
the consequences of human error, similar to
helmets, ABS or airbags. Even though the
cyclist does not typically cause the conflict, an
early hazard cue of a potentially dangerous
situation can help de-escalate the situation
through small behavioural changes (e.g.,
reducing speed, redirecting visual scanning,
increasing braking readiness), rather than
relying exclusively on last-second reactions
by the driver. One approach that can
overcome the constraints ofwidely distributed
infrastructure warnings is targeted acoustic
hazard information using beamforming.
Beamforming uses an array of loudspeakers
to shape sound waves spatially and focus
them in a specific direction. Conceptually,
such systems are designed as event-triggered
cues that are only activated when a high-
risk conflict is anticipated based on sensor-
derived prediction, rather than as continuous
long-duration warnings to every passing
cyclist. As a result, it is possible to target
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vulnerable cyclists while reducing the impact
on non-target groups, such as pedestrians
and residents. Beyond spatial focusing,
the semantic quality of the signal plays a
crucial role in overcoming alarm fatigue.
The effectiveness of a targeted warning
may depend significantly on whether the
information is presented as an abstract tone or
as clear verbal instructions, which minimize
the cognitive load during the interpretation
process.

In the present study, the central objective
is to evaluate the perceptual-psychological
effectiveness and the directional specificity
of beamforming-based hazard information
in a realistic VR environment. The study
does not aim to evaluate a deployable
warning system or to identify the optimal
warning signal. Instead, it should be
understood as a proof-of-concept investigation
of whether beamforming technology can
generate perceptually distinguishable acoustic
fields that selectively address the intended
target group while minimising disturbance
to non-target listeners. To ensure a rigorous
scientific approach, the study design follows
the PICO framework: the Population consists
of urban cyclists as well as uninvolved
pedestrians and residents; the Intervention
involves targeted acoustic warnings via
infrastructure-based beamforming; the
Comparison is drawn between different
signal types (verbal vs. tonal) and spatial
configurations (narrow-beam vs. wide-
beam); and the Outcomes are measured
through warning interpretation, behavioural
intention, and perceived disturbance. Within
this framework, the following research
questions are addressed:

• RQ1: To what extent are beamforming
signals perceived as warnings by cyclists
and interpreted correctly?

• RQ2: How does the type of signal
influence the immediacy of the warning
effect and the resulting behavioural
intention?

• RQ3: Is the directionality of beamforming
sufficiently specific to significantly

minimize interference for non-target
groups (pedestrians and residents)?

To investigate these questions empirically,
a user study was conducted in a fully
immersive virtual reality (VR) environment.
Virtual reality was selected as the research
environment because it enables the precise
auralisation of complex beamforming
patterns and the systematic manipulation
of traffic variables under strictly controlled,
reproducible and safe conditions. This
methodology is particularly suitable for
evaluating safety-critical acoustic interfaces
where real-world testing would pose an
unacceptable risk to participants and where
perceptual effects need to be isolated
from behavioural influences. Participants
experienced the scenes from different
perspectives, both as warned cyclists and as
pedestrians and residents, in order to reliably
measure both the safety-related effectiveness
and social acceptance of the concept. The
study was conducted in accordance with
the ethical guidelines for research involving
human subjects. Since the virtual reality
environment posed no physical risk to
participants and no sensitive personal data
beyond standard demographic information
were collected, the studywas deemedminimal
risk.

2. Technical approach

To auralise the sound immissions of the
acoustic scenes for various listening positions,
a hybrid approach was chosen, combining
simulations of the beamformed warning
signals with measurements of traffic noise
immissions at the desired locations. For the
simulations, a realisable array configuration
was defined, and beamforming filters were
derived to control the sound radiation
in the horizontal plane. The transfer
function from each emitter to each immission
location was estimated using the highly
realistic geometrical solver of the acoustic
simulation tool by Treble Technologies.
Both the simulations and measurements
were conducted in the Ambisonics domain,

Traffic Safety Research 3



Leitner et al. (2026) Can you hear the collision risk? A VR study on beamforming warning...

enabling spatially accurate binaural sound
reproduction in the VR test environment.

2.1 Simulation of loudspeaker array

First, a suitable loudspeaker arrangement
must be defined that is both optimised for
focused sound beams in the audible frequency
range and installable at traffic intersections.
As steering the beam in the vertical direction
is not required, a linear array with two
horizontal rows of 16 loudspeakers each was
selected (see Figure 1). Using two rows allows
for smaller horizontalmembrane spacing and,
therefore, a higher boundary frequency with
respect to spatial aliasing. The total number
of 32 loudspeakers represents a reasonable
trade-off between material efficiency and
sufficient beamforming performance.

Figure 1. Defined loudspeaker array:
positioning (top) and derived 3D model with
housings and mounting (bottom)

The beamforming filters were calculated
using the pressure-matching method (Olivieri
et al., 2015). In this study, a constant beam
directed towards the cycleway was used;
however, in practice, the beam could also
track a cyclist with a variable radiation
angle. For the employed method, so-called
“dark points” and “bright points” must be
defined, where minimal sound radiation
is desired or where the signal should be
clearly audible, respectively. Two sets of
filters were calculated using an iterative
optimisation with a variable regularisation
parameter and different configurations of
dark and bright points: one set targeting
an optimal radiation pattern for broadband

signals and one for narrow-band signals
containing only frequencies below the spatial
aliasing frequency. The resulting radiation
patterns for three different warning signals
are depicted in Figure 2.

2.2 Auralisation of warning sounds

In addition to beamforming, auralisationmust
also account for sound propagation effects
caused by surrounding objects. Therefore,
a simplified 3D model of the intersection
was created to perform sound propagation
calculations for each loudspeaker–listening
position pair. These calculations were carried
out using the geometrical solver of the sound
propagation model developed by Treble
Technologies. By assigning realistic material
parameters to all surfaces, physical effects
such as reflection, air absorption, distance
attenuation, and scattering can be modelled.
The resulting impulse responses are available
in second-order spatial Ambisonics format
and are therefore suitable for 3D auralisations
in VR applications using a binaural decoder
with head tracking. By convolving a warning
sound with the beamforming FIR filter of
each loudspeaker and the corresponding
spatial impulse response for a given listening
position, and subsequently superposing the
resulting Ambisonics signals, the warning
sound can be rendered for the selected
position. As two different loudspeaker array
positions were used due to the unusually
curved route of the cycleway at the test
intersection, and 14 listening positions were
considered, a total of 896 impulse responses
had to be calculated.

The sound emitters in the simulations
were adapted to represent the actual
frequency-dependent directivity patterns
of the loudspeakers with 3D-modelled
enclosures. For this purpose, a boundary
element method (BEM) simulation of the
loudspeaker model was conducted using
mesh2HRTF (Ziegelwanger et al., 2015a,b;
Brinkmann et al., 2023) and validated with
AKABAK (Panzer, 2026). This step is necessary
to avoid overemphasising reflections from
the rear side of the loudspeakers, where
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Figure 2. Radiation patterns in front of the speaker array for three different warning sounds:
verbal (left), broad-band tone (right) and narrow-band tone (bottom)

sound emissions are significantly attenuated
compared to frontal radiation.

2.3 Auralisation of traffic noise

To obtain realistic acoustic scenes for all
auralised scenarios, authentic traffic noise
immissions were added. As the most realistic
approach is to use recordings from the actual
listening positions in the test environment
in the city of Braunschweig, an acoustic
measurement campaign was conducted
(see Figure 3). Ideally, the recordings
should also be available in second-order
Ambisonics. Therefore, Core Sound OctoMic™
microphones were used, which provide
second-order Ambisonics in the azimuth plane
and first-order Ambisonics in elevation. As not
all 14 listening positions could be equipped
with a spatial microphone, each immission
location was assigned one measurement
microphone, and five groups of nearby
positions shared one OctoMic™ each. The
measurement microphones were calibrated,
allowing for accurate sound pressure level

reproduction. Spectral differences between
the microphones were evaluated during post-
processing and used to apply appropriate
spectral corrections to the Ambisonics
recordings for each position. In this way,
spectral and localisation errors resulting from
the simplified spatial recording approach
could be minimised.

2.4 Finalisation of auditory stimuli

The simulated warning signals for each
listening position were calibrated in
accordance with ISO 7731 (ISO, 2003), which
recommends that danger signals be at
least 15 dB(A) louder than the background
noise within the danger area. With a
maximum sound pressure level of 74.8
dB(A), the warning signals were adjusted
to yield 90 dB(A) at a distance of 5 m
in front of the loudspeaker arrays. To
ensure correct binaural sound pressure
levels during the VR study, a comparative
calibration measurement was conducted in
an acoustically optimised environment using
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Figure 3. Measurement site with microphones
and safety measures

a measurement microphone and a Neumann
KU 100 dummy head. The finalised signals
were imported into a live binaural decoding
application developed using the software Max
by Cycling ’74 (2025). This audio application
is controlled by the visual VR application
via MQTT and receives head-tracking data
corresponding to the current head rotation
as well as a sound file selection for playback.

3. Methodology

3.1 Study design

A controlled, within-subject VR study was
conducted to assess (1) the perception of
the beamforming warning signals from a
cyclist’s perspective and (2) the perceived
disturbance and perceivability of these signals
when heard from pedestrians and residents.
The study deliberately focused on perceptual
and attitudinal responses rather than on
actual cycling behaviour and should be
understood as a proof-of-concept investigation
of beamforming in a realistic VR environment.
All participants experienced all positions and
warning stimuli.

3.2 Participants

A total of N = 25 subjects participated in the
study (12 male, 13 female). The participants

ranged in age from 22 to 71, with an average
age of M = 46.2 years (SD = 15.6). All
participants provided written consent and
received compensation for their time. In
terms of cycling habits, the participants
represented various cycling experiences.
The self-reported frequency of cycling was
distributed as follows: 4% cycled daily, 36%
cycled several times a week, 28% cycled one
to three times a month, 16% rarely cycled, and
16%never cycled. Due to the stationary nature
of the experiment, no cases of simulator
sickness or physical discomfort were reported.
This setup successfully avoided the sensory
conflicts between perceived and actual
motion that often occur in dynamic VR
environments. One participant did not
complete the final preference ranking from
the cyclist’s perspective; analyses of this
ranking are therefore based on N = 24,
whereas all other cyclist-related analyses use
the full sample of N = 25.

3.3 Virtual environment and listening
positions

The study was carried out in a realistic 1:1
virtual simulation that replicates a complex
urban intersection with several main roads in
Braunschweig, Germany. The high complexity
of the junction, combined with its heavy
use by a wide range of road users, makes it
inherently risky. The junction would directly
benefit from further safety measures and is
therefore a suitable test environment for the
evaluation of a directional warning system
to protect vulnerable road users. Within
this environment, eight specific positions
were defined to represent the perspectives of
different groups (see Figure 4).

Four positions were located on the
cycle path approaching the intersection.
Because the cycleway features a slight
bend, two loudspeaker array locations were
implemented.

• Cyclist positions. Four positions were
located on the cycle path approaching
the intersection. Due to the slight
curve in the cycle path, two loudspeaker
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Figure 4. Positions of all measurement points (C, P, and R) within the user study

arrays were implemented. Position C1
represented the farthest position, located
approximately 35�40 m upstream of
the intersection. Positions C2 and C3
were placed 15 and 25 m closer to the
intersection on the cycle path. Position
C4 was located directly in front of the
intersection, right next to one of the
loudspeaker systems.

• Pedestrian positions. Position P1 was
located on the pavement beside the cycle
path at a similar distance from the array
as C2. Position P2 was located directly at
the pedestrian crossing. Each participant
experienced both pedestrian positions,
resulting in two ratings per warning
stimulus from a pedestrian perspective
(P1 and P2).

• Resident positions. The positions R1
and R2 were located on a ground-floor
balcony of an adjacent building, with
R2 positioned closer to the intersection
than R1. Each participant experienced
both resident positions, resulting in two

ratings per warning stimulus from a
balcony perspective (R1 and R2).

The virtual scene was presented using
a Pimax 8K head-mounted display (HMD)
featuring a dual-4K resolution (3840 x 2160
pixels per eye), a 90 Hz refresh rate, and
an ultra-wide field of view of up to 200°
(diagonal) to ensure a high level of immersion
and peripheral perception. The VR system
was equipped with head tracking, and the
audio signal was dynamically adapted to the
participant’s head orientation. During the
study, participants remained seated in the
physical environment and were teleported
between predefined positions in the virtual
world. This design intentionally separated
perceptual evaluation from active cycling
behaviour: participants could explore the
directional characteristics of the signals by
turning their heads, while other motion-
related influences were excluded. As a result,
observed differences can be attributed to the
acoustic characteristics of the beamforming
signals.
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3.4 Procedure

At each position, participants were presented
with three warning stimuli representing
different directivity characteristics: a narrow-
beam warning, a wide-beam warning, and
a verbal warning signal. The verbal signal
consisted of the spoken phrase “Achtung,
Gefahr!” (Attention, Danger!). At each cyclist
position, participants first experienced a
baseline scene with authentic traffic noise
and no warning signal. These baseline
scenes served as an acoustic reference for
the intersection but were not rated on the
warning-related scales, because no warning
stimulus was present; the analyses focus
on differences between the three warning
signals rather than on “with vs. without”
comparisons. Each stimulus was looped for
a maximum duration of 30 seconds to allow
participants sufficient time to explore its
perceptual and directional characteristics,
including head movements in the VR
environment. The warning sound itself was
short and simply repeatedwithin this interval;
participants could request early termination
once they felt able to rate the stimulus. This
experimental playback duration does not
represent the intended design of real-world
warnings.

Participants were informed in advance
that the acoustic signals may represent a
warning related to a dangerous situation
for a specific cyclist. Beamforming-based
infrastructure warnings are currently
unknown to most road users; without a short
conceptual explanation, many participants
would have struggled to understand the
purpose of the signals.The experiment was
structured into three consecutive blocks
reflecting different perspectives. The block
sequence (cyclist - pedestrian - resident) was
chosen intentionally, so that participants
first understood the cyclist’s warning
concept before assessing the potential
disturbance as pedestrians and residents.
Importantly, pedestrian and resident ratings
did not address warning interpretation or
behavioural intention, but only perceptibility
and disturbance, which limits the impact
of the block order. Within each block, the

order of positions was randomised (C1–
C4 randomised; P1/P2 randomised; R1/R2
randomised). Within each position, the order
of the three stimuli was randomised to reduce
order and habituation effects.

The experimental flow was controlled by
a custom-built state machine, communicating
via MQTT with a low-latency audio engine in
Max 8 (Cycling ’74, 2025). This ensured that
the spatial audio cues remained synchronized
with the visual head-tracking data at all times,
maintaining a high level of immersion and
directional stability.

3.5 Measures

After each stimulus (excluding baseline
traffic-noise scenes), participants rated role-
specific statements using a 7-point Likert
scale (1 = strongly disagree, 7 = strongly
agree, with 4 = neither agree nor disagree).
In the role of a cyclist, participants rated
three dimensions: (1) perceptibility (“The
acoustic signal is very clearly perceivable
to me.”), (2) interpretation of the warning
(“The acoustic signal means a warning to
me.”), and (3) behavioural intention (“I would
change my riding behaviour due to the
acoustic signal.”). In the role of a pedestrian
or resident, two dimensions were assessed:
(1) perceptibility (“The acoustic signal is
very clearly perceivable to me.”), and (2)
disturbance (“I perceived the acoustic signal as
disturbing.”). After the participants completed
their evaluations for all positions, they were
asked to rate the three warning signals from
different perspectives. From the perspective
of a cyclist, they rated the signals from most
preferred (rank 1) to least preferred (rank 3).
From the perspective of a resident, they rated
the signals from least disruptive (rank 1) to
most disruptive (rank 3).

4. Results

The following sections present the statistical
analysis of the user study. The results are
structured by role perspective, starting with
cyclists followed by pedestrians and residents,
and concluding with direct comparison
rankings.
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4.1 Cyclist perspective

4.1.1 Perceptibility

The first dimension assessed was the acoustic
perceptibility of the signals. Descriptive
statistics reveal consistently high ratings
across all positions and stimuli. The grand
mean across all conditionswasM=6.6 (SD=0.7),
indicating a distinct ceiling effect. Friedman
tests confirmed that neither the position nor
the stimulus type had a significant impact on
perceptibility.

4.1.2 Interpretation of the warning

The second dimension assessed the extent to
which participants interpreted the acoustic
signal specifically as a warning. In contrast to
the assessments of perceptibility, the results
on the effect of thewarning showed significant
differences between the signal types at all
four positions. Friedman tests revealed a
significant main effect of the signal type
at all locations: C1 (χ2(2)=12.74, p=.0017),
C2 (χ2(2)=16.62, p=.0002), C3 (χ2(2)=8.82,
p=.0122), and C4 (χ2(2)=11.54, p=.0031). Post-
hoc pairwise comparisons (Wilcoxon rank
sum tests with Bonferroni correction) were
performed to identify differences between
the stimuli for each position. The descriptive
statistics forwarning interpretation, including
means (M) and standard deviations (SD), are
summarized in Table 1.

Table 1. Means (M) and Standard Deviations
(SD) for warning interpretation across signal
types and positions (N=25)

Position M/SD Narrow‐beam
signal

Wide‐beam
signal

Verbal
signal

C1 M 4.92 5.48 6.52
SD 1.61 1.26 0.65

C2 M 5.16 5.76 6.76
SD 1.62 1.33 0.66

C3 M 5.88 6.08 6.88
SD 1.24 1.12 0.60

C4 M 5.40 5.84 6.92
SD 1.71 1.31 0.40

At every position (C1–C4), the verbal signal
was rated significantly higher than both
beam signals (see Figure 5). The comparison
of verbal signals vs. narrow-beam signals

showed significance at all points (C1: p=.0008,
C2: p=.0008, C3: p=.0212, and C4: p=.0023).
Pairwise comparisons with the wide-beam
signal showed similar significant differences
at all positions (C1: p=.0078, C2: p=.0029,
C3: p=.0260, C4: p=.0044). In contrast, the
differences between the two beam signals
were mostly non-significant. A significant
difference was only found at position C2
(p=.0405), where the wide-beam signal
received higher ratings.

4.1.3 Behavioural intention

The third dimension evaluated theparticipants’
self-reported behavioural intention based
on the warning interpretation. Similar to
the results for warning interpretation, the
behavioural intention showed significant
differences between the signal types at all
four positions. Friedman tests confirmed
a significant main effect of the signal type
at all positions: C1 (χ2(2)=8.78, p=.0124), C2
(χ2(2)=11.06, p=.0040), C3 (χ2(2)=8.54, p=.0140),
and C4 (χ2(2)=6.48, p=.0392). Post-hoc pairwise
comparisons were conducted. The descriptive
statistics for behavioural intention, including
means (M) and standard deviations (SD), are
summarized in Table 2.

Table 2. Means (M) and Standard Deviations
(SD) for behavioural intention across signal
types and positions (N=25)

Position M/SD Narrow‐beam
signal

Wide‐beam
signal

Verbal
signal

C1 M 4.80 5.24 6.12
SD 1.80 1.45 0.83

C2 M 5.00 5.56 6.36
SD 1.63 1.58 0.76

C3 M 5.56 5.8 6.44
SD 1.29 1.22 0.77

C4 M 5.32 5.84 6.64
SD 1.77 1.49 0.70

At nearly all positions, the verbal signal
showed a significantly higher behavioural
intention than both beam signals. The
comparison of verbal vs. narrow-beam
showed significance at all points (C1: p=.0032,
C2: p=.0021, C3: p=.0140, and C4: p=.0091).
Pairwise comparisons with the wide-beam
signal were also significant at three positions
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(C1: p=.0226, C2: p=.0343, and C3: p=.0490).
Consistent with the findings on warning
interpretation, the behavioural intention did
not significantly differ between the two beam
signals. A significant difference was only
observed at position C2 (p=.0213), where
the wide-beam signal received significantly
higher ratings for behavioural intention
compared to the narrow-beam signal (see
Figure 5).

4.2 Pedestrian perspective

This section examines the impact of warning
signals from the perspective of pedestrians.
Each of the 25 participants experienced both
pedestrian positions (P1 and P2), resulting in
50 observations per warning stimulus. Initial
analyses showed no significant differences
between positions P1 and P2 for any of
the stimuli. Therefore, the data from both
locations were pooled (N=50) for the analyses,
in order to focus on differences between the
warning signals rather than on positional
effects.

4.2.1 Perceptibility

The first dimension assessed from the
pedestrian’s perspective was the perceptibility
of the signals. Friedman tests confirmed
a significant main effect of the signal type
(χ2(2)=59.43, p<.0001). The descriptive results
show a statistically significant reduction in
perceptibility for the narrow-beam signal
(M=4.78, SD=1.37) compared to the wide-
beam signal (M=6.66, SD=0.56) and the verbal
signal (M=6.72, SD=0.54). Post-hoc pairwise
comparisons revealed a clear distinction
in how the signals were perceived from a
pedestrian perspective. The narrow-beam
signal was rated significantly less perceptible
than both the wide-beam signal (p<.0001)
and the verbal signal (p<.0001). The results
indicate a statistically significant reduction
in perceptibility for the narrow-beam signal
compared to the other stimuli. In contrast, no
significant difference was found between the
wide-beam signal and the verbal signal.

4.2.2 Disturbance

The second dimension assessed the perceived
disturbance of the signals. Consistent
with the perceptibility results, the level
of perceived disturbance was significantly
influenced by the warning signal (Friedman
test: χ2(2)=24.33, p<.0001). Similar to the
perceptibility, the narrow-beam signal was
rated as significantly less disturbing (M=3.1,
SD=1.82) than the wide-beam signal (M=4.52,
SD=1.76; p<.0001) and the verbal signal
(M=4.74, SD=1.98; p<.0001). No significant
difference in disturbance was found between
the wide-beam signal and the verbal signal
(see Figure 6).

4.3 Residents’ perspective

This section examines the impact of warning
signals from the perspective of residents.
Each of the 25 participants rated both
balcony positions (R1 and R2), resulting in 50
observations per warning stimulus. Initial
analyses showed only a minor statistical
difference in perceived disturbance for the
wide-beam signal R1 and R2. Because our
primary focus was on differences between
the warning stimuli rather than on a detailed
positional analysis of the balconies, ratings
from R1 and R2 were pooled (N=50) to
maintain consistency across all stimuli.

4.3.1 Perceptibility

The first dimension assessed the perceptibility
of the signals from the residents’ perspective.
A Friedman test revealed a significant
main effect of the signal type (χ2(2)=27.21,
p<.0001). The narrow-beam signal was rated
as significantly less perceptible (M=5.24,
SD=1.41) than the wide-beam signal (M=6.37,
SD=0.83; p<.0001) and the verbal signal
(M=6.20, SD=0.93; p<.0001). No significant
difference in perceptibility was found
between the wide-beam and the verbal signal.

4.3.2 Disturbance

The second dimension assessed the perceived
disturbance of the signals. Consistent
with the perceptibility results, the level
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Figure 5. Warning interpretation and behavioural intention from the cyclists’ perspective (N=25)

Figure 6. Perceptibility and disturbance of warning signals from the pedestrians’ perspective
(pooled data, N=50)

of perceived disturbance was significantly
influenced by the signal type (Friedman
test: χ2(2)=15.97, p=.0003). Post-hoc pairwise
comparisons showed that the narrow-beam
signal (M=4.7, SD=1.72) was rated significantly
less disturbing than the wide-beam signal
(M=5.9, SD=1.15; p<.0001). However, the
difference between the narrow-beam and
the verbal signal did not reach statistical
significance (p=.0663), a tendency toward
lower perceived disturbance was observed
for the narrow-beam signal. In addition,

a significant difference was found between
the wide-beam and verbal signal (p=.0296),
with the verbal signal being perceived as less
disturbing from the residents’ perspective (see
Figure 7).

4.4 Subjective warning signal preference

In the final stage of the evaluation,
participants were asked to rank the three
warning signals based on their personal
preference (1 = most preferred, 3 = least
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Figure 7. Perceptibility and disturbance of warning signals from the residents’ perspective
(pooled data, N=50)

preferred). The ranking from the cyclists’
perspective shows that the verbal signal
was most frequently rated as the preferred
warning signal (14 out of 24 participants).
The wide-beam signal was rated best by
8 participants, whereas the narrow-beam
configuration was only ranked first by 2
participants. Conversely, the narrow-beam
signal was also most frequently chosen as
the least preferred. From the residents’
perspective, the ranking shows that the
narrow-beam signal was most frequently
ranked first and is therefore the most
preferred (11 out of 25 participants). Both
the wide-beam signal and the verbal signal
were rated as preferred by 7 participants each,
with the verbal signal most often receiving
the least preferred rank 3. Figure 8 shows the
comparative distribution of these preferences.

5. Discussion

5.1 Methodological reflection

A key objective of this study was to investigate
whether the directional characteristics of
warning signals can be accurately reproduced
and evaluated in a virtual environment as
a proof-of-concept, focusing on perception

and attitudes rather than on full behavioural
simulation. The results of the study can
be considered a success in this regard: the
clear differences in perception between
the narrow-beam and wide-beam stimuli
by non-target groups (pedestrians and
residents) prove that the acoustic simulation
model successfully converted the physical
differences into subjective perceptible
impressions. The consistency of the
evaluations across different spatial positions
confirms that the VR environment could
reliably transmit the directionality of the
warning signals. Thehigh correlation between
the physical simulation and the subjective
ratings indicates a strong auditory immersion.
This confirms that the complex auralisation
was perceived by the participants as a valid
and realistic representation of urban acoustic
environments in safety-critical research.

This also demonstrates that VR-based testing
is a valid and efficient tool for prototyping
safety-critical acoustic systems. Beyond
the field of traffic safety, this opens up a
wide range of testing possibilities for all
applications in which directional sounds play
a role. VR offers the advantage of being able
to manipulate environmental variables under
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Figure 8. Subjective preference ranking of the three warning signals from the cyclists’ (N=24, left)
and residents’ perspective (N=25, right)

controlled conditions, which would be nearly
impossible in real-world field tests. Despite
these advantages, certain limitations must be
considered. Although statistical significance
was determined with a sample size of N=25,
the study does not cover the entire diversity
of road users (e.g. older people, athletic
speeders or children). Furthermore, although
the VR environment offered a high degree of
acoustic control, it lacked the multisensory
complexity (e.g. vibrations, wind, changing
weather) of actual city traffic. Future research
should therefore focus on validating these
results in field trials to confirm the validity
of beamforming. In addition, dynamic VR
scenarios and field studies will be needed to
investigate trigger timing, real-world warning
durations and actual behavioural adaptation
(e.g. speed reduction, braking, swerving, gaze
changes), whichwere intentionally outside the
scope of this first proof-of-concept study.

5.2 Signal effectiveness of the three stimuli

Regarding RQ1 and RQ2, the results confirm
that all stimuli were perceived very well
from the perspective of the cyclists. This
demonstrates that the observed differences in
warning interpretation (RQ1) and the resulting
behavioural intention (RQ2) are not due to
a lack of perceptibility, but rather to the
clarity and intuitiveness of the signal itself.
The results show a clear advantage of verbal
signals over beam warnings. From a cognitive
point of view, this is very plausible, as verbal
information has unique semantics. In this

proof�of�concept setting, it represents an
upper bound of warning clarity instead of
a general solution for all user groups and
situations. Regardless of the distance or
complexity of the traffic situation, a verbal
message such as “Attention, danger!” is
immediately understood as a warning. In
contrast, narrow and wide-beam signals are
initially abstract to the user and require
a moment of cognitive processing to be
interpreted as a warning about a potentially
dangerous situation. Although the data show
that the interpretation of the two beam signals
improved with decreasing distance to the
intersection, it never reached the effectiveness
of the verbal signal. Consequently, the
intention to change cycling behaviour was
higher with a verbal warning than with
either of the beam signals. Verbal warnings
offer a practical solution to the perception
and attention deficits identified by Kolrep-
Rometsch et al. (2013). While turning drivers
often fail to notice cyclists, verbal warnings
can effectively compensate this deficit. The
urgent clarity of the verbal warning shortens
the cyclist’s cognitive reaction time, enabling
a proactive response to the potentially
dangerous situation.

The descriptive data also shows that the
interpretation of narrow and wide-beam
signals as warnings peaked at position C3,
but showed a slight decline directly at the
intersection position C4. Qualitative feedback
from some participants revealed that the
beam signals sounded similar to familiar
urban traffic noises, such as the reverse
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warning signals of trucks or the acoustic
signals for visually impaired pedestrians at
crosswalks. This suggests that the chosen
beam signals could lead to confusion or
even misinterpretations and would need to
be investigated in more detail in follow-up
studies. Alternatively, the slight decrease in
warning interpretation at position C4 could be
due to acoustic masking effects. The closer the
cyclist gets to the intersection, the closer they
get to other sound sources, such as turning
motor vehicles. This could have led to subtle
masking of the beam stimuli compared to the
more robust frequency range of the verbal
signal. From the cyclists’ perspective, verbal
communication offers the greatest clarity and
is the most robust trigger for behavioural
adjustments. This can be underpinned by the
fact that they preferred the verbal signal as
the primary warning option.

5.3 Safety versus noise pollution

With respect to RQ3, which investigated
whether beamforming can effectively
minimise disturbance to non-target groups,
the results show that the narrow-beam signal
was highly effective. Within a Safe System
perspective, this supports the idea of adding
an extra protective layer for vulnerable road
users without shifting legal responsibility
away from turning drivers. Compared to the
wide-beam and verbal signals, the narrow-
beam signal significantly reduced both the
perceptibility and subjective disturbance
for pedestrians and residents. Although
the residents’ ratings did not yet reach
the expected ideal low level, the results
provide proof of concept: beamforming
works in principle, even if there is still
room for optimisation in the specific design
of the acoustic beam patterns. In real-
world applications, such systems should
be understood as event-triggered hazard
information that activates only in predicted
high-risk situations, rather than as continuous
long-durationwarnings for every approaching
cyclist or pedestrian. Questions of trigger
criteria, lead time and warning duration were
not addressed in this study and will need to be
investigated in dedicated follow-up work.

Interestingly, the perceived disturbance was
significantly lower among pedestrians than
among residents. Qualitative feedback from
participants suggests that some of them did
not find the signal disturbing, but rather
perceived it as potentially helpful information.
This observation is crucial when considering
the ‘cry wolf’ effect (Breznitz, 2013). The
fact that cyclists in this study showed
a high behavioural intention to respond
to the signals suggests that the targeted
warnings were actively perceived due to a
potentially dangerous situation. In contrast
to conventional, non-specific infrastructure
warnings, which are often ignored over
time due to high false alarm rates, the
spatial specificity of beamforming appears to
promote clearer situational awareness. The
high intention to adjust cycling behaviour
suggests that the signals were not dismissed
as irrelevant noise, but were considered in the
participants’ decision-making process.

However, the subjective preference
rankings reveal a clear conflict of interest.
While cyclists prioritise the high information
content of the verbal signal, residents and
pedestrians generally prefer the narrow-
beam signal to minimise disturbance. This
discrepancy demonstrates that there is
no simple solution for complex urban
environments. The results indicate a
necessary technical compromise: the
ideal solution would probably be a highly
directional (narrow-beam) acoustic signal, if
technically feasible. Such a systemwouldmeet
cyclists’ need for clear verbal information
while respecting local residents’ requirements
for noise reduction. It should be emphasised
that this concept is intended as an additional
safety layer for vulnerable road users at
documented high-risk intersections, not as
a mechanism to transfer responsibility for
yielding from motor vehicle drivers to cyclists
or pedestrians.

6. Conclusion

This proof-of-concept study demonstrates
that acoustic beamforming can addresses
key safety-related and social acceptance
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challenges of infrastructure-based warnings.
The core findings of this study can be
summarized as follows:

• Advantages of verbal warnings
(RQ1 & RQ2): Verbal signals are
significantly more effective than
acoustic signals because they provide
immediate semantic clarity and trigger
stronger behavioural intentions without
requiring cognitive decoding. In this
setting, spoken warnings thus represent
an upper bound of warning clarity, not
a single universal solution for all user
groups and situations.

• Social acceptance (RQ3): Narrow-beam
warnings provide proof of concept for
a significant reduction in disturbance
for pedestrians and residents without
compromising the safety of the target
group.

• Methodological reliability: The VR-
basedmethodology proved to be a robust
tool for the auralisation and evaluation
of directional acoustic systems at a
perceptual level prior to physical
prototype development.

While the method has clear advantages,
some research questions need to be addressed
in the future. The participants noted that some
beam signals sounded like existing urban
noises, like the acoustic signals at crosswalks
for visually impaired pedestrians. Therefore,
future work must focus on developing unique
signal characteristics that prevent confusion
with existing warning or notification tones. In
order to avoid habituation and to reduce noise
further, development should move towards
context-dependent and event-based warnings,
where signals are only given when a high-
risk conflict is detected. This should also
include adaptive volume control depending on
the ambient noise level. In addition, further
optimisation of the beamwidth and frequency
response could sharpen the focus of the signal
and ensure that the verbal information is
intended exclusively for the target cyclist.
Ultimately, the ideal “time to collision” at

which a warning should be triggered remains
an open question that requires more detailed
investigation. This will require dynamic
VR scenarios and field trials that explicitly
model trigger timing, lead time and actual
behavioural responses (e.g. speed reduction,
braking, swerving, gaze changes), which were
intentionally outside the scope of the present
study. By combining the clarity of verbal
warnings with the precision of beamforming
technology, urban environments can become
safer for vulnerable traffic participants
without impacting the quality of life for
residents. Beyond the experimental setting,
these findings offer important insights for the
implementation of smart city infrastructures.
This research enables local authorities to
work towards the goals of ‘Vision Zero’. It
offers a promising solution for protecting
vulnerable road users at accident hotspots
without the need for vehicle-based equipment
or increasing noise pollution in cities, and
should be understood as an additional safety
layer within a Safe System approach rather
than as a shift of responsibility from drivers to
cyclists or pedestrians.
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