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Auditory Size Perception in Acoustic Vehicle Alerting Systems (AVAS):
Virtual Pitch and Spatial Decorrelation for Heavy Vehicles under Electroacoustic and
Environmental Constraints
ALVE OCKLUND
Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract
The implementation of Acoustic Vehicle Alerting Systems (AVAS) has expanded as
Electric Vehicles (EVs) become increasingly common on the roads. Due to their
inherent lower acoustic radiation at low speeds, legislators have put regulatory de-
mands, such as UN Regulation No. 138, on the acoustic radiation of these vehicles.
These demands do not, however, differentiate between the type of vehicle, with the
same requirements on passenger cars as for heavy electric trucks. This risks remov-
ing the auditory cues from the urban environment for differentiating size differences
between vehicles, which may have a negative effect on the situational awareness of
vulnerable road users and pedestrians, especially apparent for those visually im-
paired.

This thesis investigates auditory cues governing size perception to enhance the per-
ceived size of heavy electric vehicles without increasing urban low-frequency noise
pollution or exceeding the physical constraints of standard AVAS speakers. The re-
sults of two listening tests are presented: the first was conducted by 17 participants
and showed that while spectral balance is the main cue for auditory size perception,
spatial decorrelation and time structure also can influence the perceived auditory
size of a signal. Further, participants showed a preference for signals containing
tonal components over those composed of pure broadband noise.

The second test, conducted by 32 participants, applied the findings of the first, fo-
cusing on whether virtual pitch and spatial decorrelation could be used to increase
the auditory size perception in an applied situation, convolving measured Impulse
Responses (IRs) of a currently used AVAS speaker mounted at different positions on
a representative truck. The results show that virtual pitch was highly effective at
increasing the size perception of the signal, whilst spatial decorrelation was found
not to be as effective due to the physical limitations of the implementation. Ul-
timately, utilizing the missing fundamental phenomenon to simulate virtual pitch
allows for enhanced auditory size perception without the addition of low frequency
components, effectively conveying vehicle mass without worsening urban noise pol-
lution.

Keywords: Virtual Pitch, Spatial Decorrelation, Heavy Commercial Vehicles, AVAS,
UN R138, Auditory Size Perception, Psychoacoustics.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AM Amplitude Modulation
ASW Apparent Source Width
AVAS Acoustic Vehicle Alerting Systems
BPU Binaural Playback Unit
BTL Bradley-Terry-Luce
EV Electric Vehicle
GPR Glottal Pulse Rate
HEV Hybrid Electric Vehicle
HRTF Head Related Transfer Function
IACC Inter-Aural Cross Correlation
ICEV Internal Combustion Engine Vehicle
MF Missing Fundamental
NHTSA National Highway Traffic Safety Administration
PN Pink Noise
UNECE United Nations Economic Commission
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

f Frequency
t Time
x, y Evaluated stimuli (Bradley-Terry-Luce model)
ω Angular frequency

Sets

Â Set of available stimuli or alternatives (BTL model)

Parameters

α Tilt factor for spectral balance
∆t Interaural time delay
ε(ω) Frequency-dependent regularization factor
A Cross-sectional area of the resonator’s port
c Speed of sound in the medium
fNyq Nyquist frequency
K Geometric scaling factor
l Length of the resonator’s port
T Integration time limit for continuous IACF
t1, t2 Start and end times of the measurement integration window
V Internal volume of the cavity
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Variables and Functions

f0 Resonance frequency
f ′

0 Scaled resonance frequency
H(f) Transfer function of the frequency domain tilt filter
H(ω) System transfer function
IACC Inter-Aural Cross-Correlation
IACF(∆t) Interaural Cross-Correlation Function
P (x, Â) Probability of choosing stimulus x from set Â

pl(t), pr(t) Measured sound pressure signals at the left and right ear
u(x) Scale value (or weight) of stimulus x on a ratio scale
X(ω) Input signal in the frequency domain
X(ω) Complex conjugate of the input signal
Y (ω) Measured output signal in the frequency domain
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1
Introduction

1.1 Background

The global transition from Internal Combustion Engine Vehicles (ICEVs) to electric
vehicles (EVs) in modern cities offers an opportunity to reduce urban noise pollu-
tion, which remains the second most significant environmental health risk after air
pollution [1]. The lower noise pollution of EVs is particularly advantageous in low
speed urban environments, an effect that is especially seen for heavy commercial
vehicles. A study conducted by Glebe et al. investigated the acoustic impact of
replacing diesel engine buses with electric variants and found a significant reduction
in measured indoor traffic noise. The largest effect was noted in the low-frequency
domain (defined as the range between 25 Hz and 200 Hz), yielding an average re-
duction of 10 dB for pass-by measurements [2]. This was also seen in the results
published by Lan et al. where the A-weighted sound pressure levels measured for
heavy ICE vehicles were significantly higher in the 1/3 octave bands between 31.5 Hz
and 300 Hz compared to those of heavy EVs.

However, while EVs are considerably quieter at low driving speeds due to the absence
of mechanical propulsion noise, this acoustic reduction introduces a safety hazard
for pedestrians and other vulnerable road users who rely on auditory cues. A 2014
technical report published by the National Highway Traffic Safety Administration
(NHTSA) showed that Hybrid Electric Vehicles (HEVs) were 1.66 times as likely to
be involved in pedestrian incidents compared to conventional ICE vehicles during
low-speed maneuvers [3]. At higher speeds, tire and aerodynamic noise dominate,
rendering EVs and ICEVs acoustically comparable [1]. To mitigate this low-speed
collision risk, international standards such as UN Regulation No. 138 mandate the
implementation of Acoustic Vehicle Alerting Systems (AVAS). While necessary for
pedestrian safety, the mandate to introduce artificial sound into the environment
has sparked an ongoing debate. Critics express concern that poorly designed alert-
ing sounds risk unnecessarily contributing to urban noise pollution [4] [5], effectively
negating the low-speed noise reduction benefits of the EV transition [1].

Furthermore, current regulations dictate that AVAS signals can be arbitrary as long
as they comply with minimum and maximum acoustic emission levels, and they
also do not differentiate between vehicle categories. Because of this a critical di-
mension of acoustic information is lost in the transition to electric powertrains: the
perception of vehicle size. Using identical AVAS signals for both passenger cars and
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1. Introduction

heavy commercial vehicles risks perceptual misjudgments by pedestrians, especially
those who are visually impaired [6]. Therefore, determining how human hearing
systems extract and interpret size information from complex acoustic stimuli is of
importance. The design of a next-generation AVAS for heavy commercial vehicles
must strike a balance between the need to convey the necessary impression of an
approaching truck to guarantee safety, while minimizing the reintroduction of the
low-frequency noise pollution that electrification inherently eliminates.

1.2 Aim & Objective
This thesis aims to investigate the possibility of increasing the size perception for
heavy vehicle AVAS ensuring the signals convey an accurate sense of vehicle mass
without violating regulatory limits or introducing unnecessary environmental noise
pollution. The hypothesis is that this would help increase the situational awareness
of the urban acoustic environment, especially for those who are visually impaired.

To fulfill this aim, the research is divided into the following objectives:

• Literature research - To identify the relevant parameters that influence the
perceived source size, and investigate previous research.

• Initial listening test - To subjectively evaluate these parameters on a smaller
scale to narrow down the focus.

• Signal synthesis - To design AVAS signals based on the initial findings and
simulate an applied situation.

• Final listening test - To conduct a final subjective listening test with the
synthesized signals in a simulated situation that accounts for the whole system.

1.3 Research Questions
To fulfill the overarching aims and objectives of this thesis, the investigation is struc-
tured to answer the following specific research questions:

RQ1: How can the perceived auditory size of an AVAS be increased without also
increasing overall loudness or introducing energy at low frequencies?

RQ2: To what extent do associative acoustic attributes of heavy ICE vehicles, such
as stationary and dynamic amplitude modulation, enhance the perception of
size compared to purely deterministic signals?

RQ3: To what extent can principles of size perception derived from speech and mu-
sical instruments, mainly resonance scale and pitch, be translated to heavy
vehicle warning sounds?

RQ4: Can these size enhancement strategies be implemented within the hardware
constraints of current heavy commercial vehicles while maintaining compliance
with UN R138?

2



2
Theory

This chapter handles the underlying theory and context relevant to auditory size
perception in AVAS. It will first address regulatory demands put on an AVAS as
well as physical limitations and then go on to explain what psychoacoustic concepts
governs size perception based on previous research, as well as some more speculative
parameters that might contribute to this perception.

2.1 AVAS Regulations and UN R138

The regulation governing the acoustic emissions of electrified vehicles in Europe is
established by the United Nations Economic Commission (UNECE) under Regula-
tion No. 138 [7]. To ensure pedestrian safety without contributing excessively to
environmental noise pollution, the regulation dictates strict minimum and maximum
acoustic thresholds for quiet road transport vehicles.

The regulatory demands placed on an AVAS consist of minimum overall A-weighted
sound pressure levels, which scale depending on the vehicle’s speed. Furthermore,
the regulation requires a perceivable pitch shift of at least 0.8% per increased km/h
between 5 km/h and 20 km/h to communicate acceleration. Table 2.1 illustrates a
summary of the primary overall acoustic constraints.

3



2. Theory

Table 2.1: Summary of the overarching UN R138 requirements, detailing the minimum and
maximum overall A-weighted sound pressure levels at varying operational speeds.

In addition to overall broadband levels, UN R138 dictates spectral distribution re-
quirements. The signal must possess sufficient energy in at least two one-third octave
bands between 160 Hz and 5000 Hz. At least one of these bands must be situated
below or within the 1600 Hz one. The specific minimum level requirements for these
frequency bands are detailed in Table 2.2.

Table 2.2: Minimum A-weighted sound pressure levels required per one-third octave band ac-
cording to UN R138. To achieve compliance, an AVAS signal must meet or exceed these thresholds
in a minimum of two bands, of which at least one needs to be within or below 1600 Hz.

2.2 Physical Transducer Limitations
Beyond regulatory constraints, the acoustic design of an AVAS is bound by the
physical limitations of the hardware itself. Automotive applications are constrained
by cost, weight, and available mounting space. Furthermore, because the AVAS
module is mounted externally on the vehicle chassis, it must be highly durable to
withstand harsh environmental conditions, moisture, and temperature fluctuations.

4



2. Theory

These physical and structural requirements result in transducers with a limited low-
frequency response. As noted in a 2023 paper by Fortino et al. [8], the AVAS hard-
ware needs to be taken in consideration when designing the warning signal. Their
recommendation is to preform a sound radiation analysis on the full system to find
frequency bands with favorable power-to-sound ratios and symmetrical radiation to
reduce the energy consumption of the system.

2.3 The Psychoacoustics of Auditory Size Percep-
tion

The ability to discern the physical size of a source based on auditory cues is an
innate biological trait [9], serving as a primary spatial and environmental sensor
when a source is visually obscured. In the context of heavy commercial vehicles,
understanding the mechanics that govern this perception may help ensuring the
safety and situational awareness of vulnerable road users, particularly the visually
impaired. However, a fundamental acoustic conflict exists: accurately conveying a
large vehicle size requires prominence in the low-frequency region, which may negate
the beneficial reduction of noise pollution at those frequencies inherit to heavy EVs.
By making use of specific psychoacoustic phenomena, AVAS signals can be optimized
to increase the perception of size without relying on these problematic frequencies.
This section outlines the primary psychoacoustic mechanisms governing auditory
size perception. It begins by examining the physical laws and spectral balances that
link low-frequency prominence to size, followed by the temporal thresholds of pitch
perception and the phenomenon of virtual pitch. Finally, it explores the influence of
rhythmic amplitude modulation and spatial decorrelation on the perception of size.

2.3.1 Pitch, Resonance Scale, and Spectral Balance
The physical dimensions of a sound-producing object are inversely proportional to
the frequencies of its radiated acoustic energy. This principle is governed by the
general law of similarity, which states that if all linear dimensions of a resonator
are scaled by a factor K, its natural vibrational modes decrease by a factor of 1/K,
provided the material properties remain constant [10]. As demonstrated by Fletcher
and Rossing, this relationship is clearly illustrated by the resonance frequency of a
Helmholtz resonator, defined as:

f0 = c

2π

√︄
A

V l
(2.1)

where c is the speed of sound in the medium, A is the cross-sectional area of the
resonator’s port (or neck), l is the length of the port, and V is the internal volume
of the cavity.
Applying the geometric scaling factor K to all linear dimensions alters the cross-
sectional area by K2, the internal volume by K3, and the port length by K. Substi-
tuting these scaled dimensions into the equation yields the new resonance frequency,
f ′

0 [10]:
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2. Theory

f ′
0 = c

2π

⌜⃓⃓⎷ K2A

(K3V )(Kl) = c

2πK

√︄
A

V l
= 1

K
f0 (2.2)

Because of this, the human auditory system has evolved to utilize spectral balance,
specifically, the distribution of high versus low-frequency energy, as a primary cue
for estimating the physical size of an unseen source. A measure of this balance is
the spectral centroid which indicate where the center of mass of the spectrum is
located. This measure is also connected the pitch and "richness" of a sound, where
a varying centroid is needed to enrich a signal, making it sound more lively [11].

In human vocalization, pitch is determined by the fundamental frequency of the
glottal pulse rate (GPR), while the resonance scale is determined by the physical
length of the vocal tract, acting as a filter applied to the GPR [9]. Figure 2.1 shows
a simplified representation of relationship of GPR and resonance scale.

Figure 2.1: Simple representation of the interaction of GPR and resonance scale. Left most
figure shows a simplified spectra of an hypothetical GPR harmonic complex, middle shows the
filter of the vocal tract and right figure the combined output.

Pitch and resonance scale function as two of the main parameters the auditory
system uses to determine the size of a source. This principle extends beyond human
speech to both animal communication and musical instruments [12]. Vestergaard
et al. demonstrated that the human auditory system extracts and processes these
acoustic parameters to construct a representation of the sound source’s physical size.
Their research further found that this mechanism was active in newborn infants,
indicating that to correlate low-frequency spectral dominance with physical size is
an innate auditory function, evolved through selective pressure to aid in the acoustic
detection of larger predators and potential suitors [9].
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2.3.2 The Lower Limit of Pitch and Virtual Pitch
The pitch of a complex tone, defined as a combination of multiple simultaneous
pure tones, has a perceived pitch determined by the frequency spacing of its spec-
tral components [13]. If the time between two pulses is long enough the auditory
system processes them as two separate events as opposed to one continuous one.
This transition is not abrupt, instead it is gradual, and the perception can be de-
scribed as going from fluctuation to roughness [13].

Krumbholz et al. tested pitch perception at different repetition rates and different
numbers of harmonics, finding that for low frequencies (below 1000 Hz), the percep-
tion of pitch is limited by a temporal window rather than spectral resolution [14].
They concluded that the auditory system is fundamentally unable to process time
intervals longer than approximately 33 ms, which corresponds to a lower limit of
pitch at about 30 Hz. Another study by Pressnitzer et al. investigated the lower
limit of melodic pitch, also identifying it to be approximately 30 Hz, provided there
is energy in the stimulus below 800 Hz [15]. They further noted that while listeners
still experience a pitch below the 30 Hz limit, the sensation is weak.

Figure 2.2: Time structure of a 30 Hz tonal complex with differing first harmonics.

Although the pitch of a complex tone is primarily determined by the fundamental
frequency (f0), a stimulus does not strictly need to contain physical energy at the
fundamental frequency for the pitch to be perceived. The perceived pitch does not
necessarily change if several of the lower harmonics are removed. This psychoacous-
tic phenomenon is known as residue pitch or virtual pitch [13]. This effect depends
on the lowest frequency component of the stimulus, which varies with f0. Fastl and
Zwicker noted that for an f0 of 50 Hz, the lowest harmonic should not be above
1000 Hz, meaning that components up to the 20th harmonic can still produce a
virtual pitch [13].
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Figure 2.2 illustrates three 30 Hz tonal complexes, each with a different number of
harmonics. The top plot shows the signal containing the 30 Hz fundamental tone
alongside the subsequent 20 harmonics. In the second plot, the first three harmonics
are removed, and in the bottom plot, the first six harmonics are removed. As ob-
served across the three plots, the temporal envelope maintains the same periodicity
corresponding to the 30 Hz fundamental frequency, even when the lower harmonics
are absent.

2.3.3 Temporal Dynamics: Amplitude Modulation

As established in previous sections, spectral content is highly important when judg-
ing the size of unseen objects. However, since merely lowering the spectral content
of an AVAS will contribute to excessive noise pollution, and since the physical trans-
ducers currently used for AVAS playback are generally incapable of reproducing very
low frequencies (as discussed in Section 2.2), this study also investigates manipula-
tions of the signal’s time structure to evaluate effects on size perception.

It is common for heavy ICE vehicles to produce a rhythmic amplitude modulation,
an inherent characteristic of how their motors operate. Figure 2.3 displays the time
structure of an ICE truck recording alongside the frequency spectra of the envelope
of that same signal. The signal contains several modulation frequencies between
5 Hz and 40 Hz.

Figure 2.3: Amplitude modulation characteristics of an ICE truck at idle. (Top) Time-domain
of the raw acoustic signal over a 0.1 s window. (Bottom) The corresponding analytic envelope
calculated using a Hilbert filter with a length of 44.
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2.3.4 Spatial Perception and Inter Aural Cross Correlation
(IACC)

The horizontal width of a sound source is frequently described as the Apparent
Source Width (ASW) [16]. Achieving a wide soundscape is considered desirable
in concert halls, where an enveloping sound field typically serves as a measure of
subjective hall quality [17].
A common measure of ASW is the Inter-Aural Cross-Correlation (IACC), which
quantifies the correlation between the signals reaching the left and right ears. It is
calculated using the cross-correlation function [18]:

IACC = max
|∆t|≤1 ms

|IACF(∆t)| (2.3)

where the Interaural Cross-Correlation Function (IACF) is defined as:

IACF(∆t) = lim
T →∞

1
2T

∫︂ +T

−T
pl(t)pr(t + ∆t) dt (2.4)

Here, pl and pr represent the measured sound pressure signals at the left and right
ear, respectively, and ∆t represents the interaural time delay. For a finite acoustic
measurement, the normalized IACF is evaluated over a specific time window (t1 to
t2). According to ISO 3382-1, this is calculated as:

IACFt1,t2(∆t) =
∫︁ t2

t1
pl(t) · pr(t + ∆t) dt√︃(︂∫︁ t2

t1
p2

l (t) dt
∫︁ t2

t1
p2

r(t) dt
)︂ (2.5)

For the evaluation of ASW, the early IACC is typically calculated using an integra-
tion window from t1 = 0 ms to t2 = 80 ms.
Heavy ICE vehicles usually have large motors and chassis, which combine into a
complex acoustic source. The size and complexity leads to a complex radiation
which may result in a lower IACC compared to that of a relatively small AVAS
speaker.
A study conducted by Potard et al. tested both the capacity of listeners to differ-
entiate between various loudspeaker setups and their subjective perception of the
resulting soundscapes, asking participants which configurations sounded more nat-
ural. They demonstrated that participants could easily discriminate between wide
and narrow sources for broadband sounds (filtered white noise) in both the vertical
and horizontal planes. Decorrelating the signals played through each source helped
participants in assessing source dimensions. Furthermore, when participants rated
a set of sounds (including that of a truck) based on perceived naturalness, a broad
sound source was preferred 70% of the time over a narrow one [19]. This suggests
that artificially increasing the ASW of an AVAS signal through signal decorrelation,
might better align the spatial acoustic perception with the visual expectation of a
large vehicle.
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3

Measurements

This chapter outlines the measurements that were conducted to analyze the AVAS
speaker used in the thesis. It also describes the acquisition of the Impulse Re-
sponses (IRs) that were used in the second listening test. It will first describe the
speaker measurements conducted in a fully anechoic chamber with the speaker only,
and then go on to explain the measurements done with the speaker mounted on a
representative truck, conducted in a semi-anechoic chamber.

The frequency response function of the FIAMM AVAS loudspeaker used in this
study was measured in an anechoic chamber to understand the physical limitations
of the speaker. The measurement utilized a scientific free-field microphone placed
1.244 m in front of the loudspeaker with a HEAD acoustics SQuadriga III used for
both the signal generation and the recording. A 15 second logarithmic sine sweep
was used as the exciting signal.

The system evaluated in this thesis serves as a representative example of the hard-
ware constraints discussed in Section 2.2. As illustrated in the narrow-band fre-
quency response in Figure 3.1, the physical AVAS speaker displays a roll-off in
radiated acoustic energy below approximately 300 Hz. The slope of this attenuation
is approximately 18 dB per octave between 50 Hz and 300 Hz. This indicates that
the system effectively act as a third-order high-pass filter with a cutoff frequency
(fc) close to 300 Hz.
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Figure 3.1: The normalized narrow-band frequency response of the heavy vehicle AVAS speaker
used in this study. Measurements were conducted in an anechoic chamber using a free-field micro-
phone, demonstrating ≈ 18 dB/octave drop-off in radiated SPL below 300 Hz.

3.1 Full system measurements

Figure 3.2: Typical loud-
speaker positions.

To be able to simulate a realistic playback for the
planned finial listening test measurements were
conducted in a semi-anechoic chamber with the
currently used AVAS driver mounted at different
position on a Volvo production truck. A sweep was
then played and captured using an artificial head
placed on the centerline 5 m horizontally facing
the truck and with an ear height of 1.6 m. Ad-
ditionally an array of 17 microphones placed in a
half circle with a radius of 5 m was used to capture
the directivity of each loudspeaker position.

3.1.1 Loudspeaker positions

Two loudspeaker positions where measured,
these are listed below and seen in figure
3.2:

• Center - Loudspeaker mounted at the currently used location, on the center
line of the truck behind the lower bumper.

• Offset - Loudspeaker mounted on a small stand 0.9 m lateral offset and ≈
0.15 m vertically lower compared to the Center position.

12
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3.1.2 Receiver positions
Two receiver positions were measured using an HEAD acoustics artificial head with
ear height at 1.6 m relative to the ground. One of these were situated 5 m in
front of the truck on the center line. The second position was measured at an
approximate pedestrian position, 56.25°offset to the side, oriented 90° to the right.
These are visualized in figure 3.3. The Head Related Transfer Function (HRTF)
measurements were done for both loudspeaker positions. Additionally, a free-field
microphone was used to capture the response at the same positions at two heights,
1.2 m and 1,7 m relative to ground level.

Figure 3.3: Isometric view of HRTF measurement setup with marked distance and angle to
the pedestrian crosswalk position.

Figure 3.4 show the frequency response of the impulse response for the left and
right channel gathered with the artificial head for both loudspeaker positions. The
response of each position differ, especially in the range between about 200 Hz and
300 Hz, where the Center position show increased level at the low frequencies. The
peak at approximately 300 Hz is also shifted between the two positions, where the
Center position one is shifted to a slightly lower frequency (∆f ≈ 20) Hz. This
effect is also seen in the directivity measurement and most likely is due to mounting
conditions shown in Figure ??.
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Figure 3.5 shows the coherence and SNR of the logarithmic input sweep and the
recorded output at 5 m distance. It indicates that the differences in low frequency
radiation seen between the different loudspeaker positions are a consequence of the
physical setup and not necessarily due to the limited low frequency output of the
speaker.

Figure 3.4: Magnitude spectra of the HRTFs captured at a 5 m distance for the two loud-
speaker positions. Normalization is applied independently per ear, where the left and right channel
responses are each normalized to their respective maximum amplitude (0 dB) across both posi-
tions.

Figure 3.5: Coherence and SNR between the input sweep and recorded output at 5 m distance
measured using a free-field microphone at 1.7 m height. Both measures are at an acceptable level
from about 150 Hz.
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3.1.3 Directivity measurements

Two directivity measurements where done for each loudspeaker position one at 1.2 m
and one at 1.7 m relative to ground level. The measurement setup is shown in
Figure 3.6 and 3.7 and the results are shown in Figures 3.8 and 3.9. As seen in
these figures the directivity differs slightly between the plotted 1

3 -octave bands and
speaker locations, but does not differ much between the two receiver heights.

Figure 3.6: Isometric view of directivity measurement setup with marked distance to the center
of the truck and angle between each microphones.
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Figure 3.7: Top view of directivity setup with marked distances.

Figure 3.8: Directivity patterns for the Center position AVAS (1/3 octave bands). Left figure
shows the directivity at 1.2 m height and right shows it at 1.7 m height. Amplitudes are normalized
to the on axis microphone.

Figure 3.9: Directivity patterns for the Offset position AVAS (1/3 octave bands). Left figure
shows the directivity at 1.2 m height and right shows the 1.7 m height. Amplitudes are normalized
to the on axis microphone.
16
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3.2 Sweep Deconvolution
As mentioned previously, logarithmic sweeps were used as exciting signals in the IR
measurements. Since the goal is to find the transfer function, H(ω), and since both
input and output were recorded one could rewrite the the simple frequency domain
relation Y (ω) = H(ω)X(ω):

H(ω) = Y (ω)
X(ω) (3.1)

Where Y (ω) is the measured output and X(ω) is the input. Simply doing this can
be unstable when the denominator (recorded input) contains low energy, which can
cause background noise to be highly amplified.
One way of solving this is to use the method developed by Kirkeby [20]. By multi-
plying both the numerator and denominator by the complex conjugate of the input
X(ω) and introducing a regularization factor ε(ω) that has small values inside the
sweep frequency range and large values outside of it this problem is solved:

H(ω) = Y (ω)X(ω)
X(ω)X(ω) + ε(ω)

(3.2)

Deconvolving the sweep also pushes nonlinearities produced by the speaker to nega-
tive time, which separates them from the linear behavior, making it easy to remove
them.
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4
Test I: Initial Listening Test

An initial listening test was conducted with 17 participants with the goal of finding
parameters that effect the perceived auditory source size. The test was designed
using paired comparison to analyze the effects of various parameters on size percep-
tion. The parameters were categorized into seven groups, and each sound within
these groups was compared using a two-alternative forced-choice paired comparison.
All sounds (except the ones in the binaural category) were convolved with binaural
HRTFs simulating a source 0° in front of the listener.

4.1 Participants

The 17 participants age ranged between 24 and 60 years with an median age of
27. Seven of the participants had no prior experience conducting a listening test, 4
answered that they had seldom participated, 3 answered that they had participated
several times and 3 answered that they had participated many times. To gauge
familiarity with EV acoustics signals, participants were asked to rate their everyday
awareness of EVs, 10 answered that they frequently observed EV sounds in their
daily life, 4 answered occasionally and 3 answered that they rarely notice EV sounds
signals. This indicates that all of the participants are fairly familiar with the existing
AVAS on the roads.

4.2 Equipment & Environment

Figure 4.1: Participant
seated in the isolated listening
environment.

The test was conducted in a quiet, isolated environ-
ment where each participant was given a brief intro-
duction before proceeding with the test individually.
The digital signals were routed via USB to a HEAD
acoustics Binaural Playback Unit (BPU) equipped
with a 24-bit D/A converter. The audio was re-
produced through calibrated, open dynamic HEAD
acoustics HD IV.2 headphones. The frequency re-
sponse of the playback system is specified to operate
within −0.5 dB at 20 Hz and −1.5 dB at 20 kHz,
ensuring accurate presentation of the stimuli.
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4. Test I: Initial Listening Test

4.3 Procedure
The paired comparison interface was designed and executed using HEAD acoustics
ArtemiS SUITE (SQala). The test utilized forced choice paired comparisons, where
participants were presented with two stimuli and asked to choose the one they
perceived as being larger. Figure 4.2 shows the interface of the test. Each stimuli
was presented in a random order.

Figure 4.2: Paired comparison interface seen by the participant conducting the test - HEAD
Acoustics SQala.

4.3.1 Bradley-Terry-Luce & Preference Tree Model
The results of the listening tests are presented using the Bradley-Terry-Luce (BTL)
model, which aims to describe the probability of an outcome for paired comparisons,
and was therefor used to process the results in this thesis. The authors that named
the method proved that the probability of choosing a stimulus x from a set of
alternatives A can be described with the equation [21]:

P (x, Â) = u(x)∑︁
y∈Â u(y) (4.1)

where u(x) represents the scale value (or weight) of the stimulus on a ratio scale.
The BTL model assumes that each stimulus is unique, meaning the alternatives do
not share attributes. However, if the evaluated stimuli are highly similar or share
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attributes, this assumption fails.

To account for similarities between alternatives, different choice models have been
developed. One of these is the Preference Tree (Pretree) model [21]. In a Pretree
model, stimuli are organized in a way where multiple stimuli can be assigned a
shared attribute in addition to their unique individual attributes, and these shared
attributes are weighted individually.

One way of applying these theoretical models to collected data is via a numeri-
cal optimization algorithms, which can be easier to apply compared to analytical
solutions. The results of the experiments only yield the observed choice frequen-
cies of the participants. Because of this an optimization algorithm is used to work
backward by iteratively adjusting the parameter weights (u) until it finds the spe-
cific combination that maximizes the likelihood of the observed experimental data
occurring.

4.4 Test Variables and Categorization
To ensure that stimuli was being picked based on the parameter being manipu-
lated all stimuli except for the stimuli in the Spatial Decorrelation category was
convolved with 0° HRTFs taken from [22]. Further, to eliminate loudness as an in-
fluencing factor, each stimuli was normalized to a stationary loudness in accordance
with ISO 532-1. The seven categories are briefly described in table 4.1

Table 4.1: Overview of what the first listening test categories tested.
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4.4.1 Spatial Decorrelation

The spatial decorrelation category tested the effect of simulating one or several
sources playing either pink noise (PN), tones, or both simultaneously. The sounds
where convolved with HRTFs from [22]. The stimuli are described in table 4.2. The
IACC was calculated to 0.95 for ISD1 and 0.008 for the ISD3. The high decorrela-
tion of ISD3 was achieved by convolving two pink noise signals, each generated with
different random number generation seeds, convolving both with the same HRTFs
and then taking the left channel from one and the right channel from the other.

Table 4.2: Description of the Spatial Decorrelation stimuli and their corresponding abbrevia-
tions (Test I).

4.4.2 Modulation

To evaluate the influence of amplitude modulation on size perception a 250 Hz tone
was synthesized at different rates of modulation. The rates were based on those
found by analyzing the analytical envelope of several ICE truck recordings. The
rates and stimuli names are displayed in table 4.3. The modulation depth of all
signals were set to 0.8 based on subjective evaluation.
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Table 4.3: Description of the Modulation stimuli and their corresponding abbreviations (Test
I).

Figure 4.3: Time vs amplitude plots for each of the stimuli in the Modulation category. The rate of
modulation increasing from top (unmodulated) to bottom (30 Hz modulation).

4.4.3 Pitch & Modulation Shift
This category tested the effect of adding dynamic modulation to the 0.8%/ km/h
pitch shift demanded by regulation. The This effect mimics that of an ICE vehicles
motor which naturally has these dynamic amplitude modulations due to the nature
of the combustion engine, where it needs to increase the piston rates to deliver more
power when accelerating. Each stimuli was composed of the same harmonic complex,
with the fundamental frequency of 250 Hz and 3 upper harmonics, 500 Hz, 750 Hz
and 1000 Hz and used the same AM depth (0.8) as the stationary AM category.
Spectrograms of each stimulus are presented in Figure 4.4. These were computed
using a 1024-point Hann window with 512 samples overlap and a 4096-point fast
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Fourier transform. Spectral magnitudes are displayed in decibels relative to a unit
reference dBFS.

Table 4.4: Description of the Pitch & Modulation Shift stimuli and their corresponding abbre-
viations (Test I).

Figure 4.4: The spectrograms of each stimuli in the Pitch & Modulation Shift category. The top
spectrogram represents the unmodulated IPM1 followed by IPM2, IMP3 and IMP4 in descending order.
Magnitudes are represented in uncalibrated dBFS.

4.4.4 Spectral Centroid and Time Structure
This category was designed to investigate the influence of spectral balance versus
temporal structure on perceived source size. The base stimulus was created from a
recording of an idling ICE truck, high-pass filtered at fcutoff = 200 Hz.
To test the effect of spectral balance, the spectral centroid of the base signal was
shifted using a frequency domain tilt filter. The transfer function of the filter was
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defined as:

H(f) =
(︄

f

fNyq

)︄α

(4.2)

where fNyq is the Nyquist frequency and α is the tilt factor. Three spectral variants
were created: a baseline with no shift (α = 0, centroid at 2437 Hz), a low-frequency
emphasis (α = −0.25, centroid at 1853 Hz), and a high-frequency emphasis (α =
0.25, centroid at 3264 Hz).

A second set of these three stimuli was generated by randomizing their phase spec-
trum. This process destroyed the original time structure while retaining an identical
power spectrum.

The listening test evaluated these six stimuli across three sub-categories:

1. Comparisons between the three spectral centroids with intact time structures.

2. Comparisons between the three spectral centroids with randomized phases.

3. Comparisons between the intact and randomized-phase versions of the high-
and low-centroid signals.

By comparing the stimuli within the categories the effect of the time structure
could be compared to the effect of the spectral content. The stimuli and their
corresponding abbreviations are summarized in Table 4.5, and their one-third octave
band spectra (dBFS) are illustrated in Figure 4.5.

Table 4.5: Description of the Spectral Centroid stimuli and their corresponding abbreviations
(Test I).
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Figure 4.5: Shows the spectra of the Spectral Centroid stimuli. Note that each line represents
two spectra.

4.4.5 Pitch Shift - AVAS

The final category evaluated three AVAS signals currently implemented commer-
cially, one being from a passenger electric vehicle and two from heavy electric trucks,
alongside a reference recording of an accelerating ICE truck. The stimuli simulated
acceleration from 3 to 20 km/h. Each AVAS recordings was subjected to a dy-
namic pitch shift of 0.8%/km/h. Table 4.6 details the specific stimuli and their
corresponding abbreviations.
One-third octave band plots of the four stimuli are seen in Figure 4.6 and their
spectrograms are presented in Figure 4.7 which use the same settings as described
in 4.4.3.

Table 4.6: Description of the Pitch Shift AVAS stimuli and their corresponding abbreviations
(Test I).
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Figure 4.6: One-third octave band spectra of the four evaluated stimuli during a simulated
acceleration from 3 to 20 km/h. Magnitudes are represented in uncalibrated dBFS.

Figure 4.7: Spectrograms of the four evaluated stimuli during a simulated acceleration
from 3 to 20 km/h. Magnitudes are represented in uncalibrated dBFS.
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4.5 Test I: Results
The results of the initial listening test are presented in this section. Bradley-Terry-
Luce (BTL) and the Pretree model was used, applying the MATLAB function pub-
lished by Wickelmaier and Schmid [21]. The methods provide a share of preference
model for each category. Goodness-of-fit was calculated for each model, where a
model is rejected if p < 0.1, meaning that there is a less than 10% chance of the
deviations between the model and the recorded results are due to random noise in
the population. Because the model outputs a ratio scale value for each parameter,
we can arbitrarily scale all stimuli so that the smallest prediction value equals 1.
Consequently, the values of the other stimuli represent their relative preference com-
pared to that baseline. For example, if three stimuli have the scaled values of 1, 2,
and 4, the model predicts that in a direct paired comparison, the second stimulus is
twice as likely to be chosen as the first. Similarly, the third stimulus is four times as
likely to be chosen over the first, and twice as likely to be chosen over the second.
The Spatial Decorrelation category used an additional categorization separating
stimuli containing pink noise and stimuli not containing pink noise using the Pretree
model. This was done since the BTL model did not yeld a model within the needed
p > 0.1. The complete paired-comparison matrices for all categories in Test II,
which show win rates and statistical significance, are provided in Appendix 8.

4.5.1 Spectral Centroid and AVAS Preferences
The results of the two categories comparing the idling truck signal with shifted spec-
tral centroids display the same pattern, with a clear preference for the lower ones
as indicated by the BTL model share of preference seen in Figure 4.8. All com-
parisons in these categories are within statistical significance as seen in the paired
comparison matrices in Tables 8.6 and 8.7. The importance of spectral balance is
further indicated by the results of the Pitch Shift AVAS category, where the BTL
model results seen in Figure 4.9 indicate that AVAS (B) is preferred over the other
3 stimuli with statistical significance.

Figure 4.8: Share of preference for the initial listening test stimuli categories Spectral Centroid
(left) and Spectral Centroid - Random Phase (right). Error bars represent 95% confidence intervals.
Each category is scaled so the lowest ranked stimulus equals 1.
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Figure 4.9: Share of preference for the initial listening test stimuli category Pitch Shift AVAS.
Error bars represent 95% confidence intervals. Each category is scaled so the lowest ranked stimulus
equals 1.

4.5.2 Temporal and Phase Characteristics
Amplitude modulation yielded different results depending on if the modulation was
dynamic or not. The category comparing stationary rates of modulations show a
very even result, only having a statistically significant result for one comparison (be-
tween the 8 Hz AM and unmodulated stimuli). The dynamic modulation category
show a clear preference for the low rate of increasing modulation, both compared to
the higher rates of modulation and compared to the unmodulated baseline. Both
categories display a preference for low to medium rates of modulation, where both
unmodulated and high rates of modulation decrease is less preferred. The effect is
higher for the dynamic category. The BTL model estimations for the two categories
are shown in Figure 4.10.

Figure 4.10: Share of preference for the initial listening test stimuli categories Modulation
(left) and Pitch & Modulation Shift (right). Error bars represent the 95% confidence intervals.
Each category is scaled so the lowest ranked stimulus equals 1.

The comparisons of the spectral centroids with intact time structure and their ran-
dom phase counterparts show a preference for the signals with intact time structure,
but this effect was more significant for the stimuli with higher frequency centroids.
Figure 4.11 shows the results of the BTL model for this category.
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Figure 4.11: Share of preference for the initial listening test stimuli category Spectral Centroid -
Time structure vs random phase. Error bars represent the 95% confidence intervals. Each category
is scaled so the lowest ranked stimulus equals 1.

4.5.3 Spatial and Tonal Preferences
The category testing the effect of spatial decorrelation displayed a preference for
stimuli containing tonal components over those composed of purely broad band
noise. Decorrelated signals were also preferred over the correlated counterparts.
Note that pretree model was applied here because the BTL model was rejected due
to bad model fit. Figure 4.12 displays the pretree model prediction for this category.

Figure 4.12: Share of preference for the initial listening test stimuli category Spatial Decor-
relation. Error bars represent the 95% confidence intervals. Each category is scaled so the lowest
ranked stimulus equals 1.
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Test II: Spatial Configuration and
Virtual Pitch Evaluation

A second paired-comparison listening test was conducted to evaluate the perceptual
effects of spatial configuration and virtual pitch on the perceived size of heavy vehi-
cles. The primary objective was to simulate a realistic scenario by convolving synthe-
sized stimuli with measured HRTFs from the two AVAS speaker positions mounted
on the truck. All signals were calibrated to comply with the minimum sound level
requirements of UN Regulation No. 138. The experimental setup used the same
equipment detailed in Section 4.2. The main hypotheses investigated were whether
perceived source size could be increased by introducing an offset AVAS speaker play-
ing either correlated or decorrelated versions of the stimuli and whether the missing
fundamental phenomenon could successfully simulate acoustic mass by lowering the
perceived pitch without requiring frequencies bellow 200 Hz to be present.

The test was designed in the same way as described in Section 4.3, mainly using
the paired comparison method, but in addition to this two ranked comparisons was
also included at the end of the test, where the participant was asked to rank a set
of stimuli from small to large on a 0 to 10 scale. Figure 5.1 shows the interface for
one of the ranked comparisons. The first of these included eight of the stimuli used
in the paired comparison convolved with the single (Mono) center speaker position.
The second compared spatial configurations of three of the base stimuli to get a
scale of the perceived difference between these. The stimuli of these categories was
presented in a random order.
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Figure 5.1: Interface of ranked comparison utilized in Test II.

5.1 Participants
A total of 32 participants conducted the listening test. Three participants were
excluded from the final analysis due to self-reported hearing impairments or tinnitus,
This gave a final sample size of N = 29. The median age of the participants
was 32 and the range was 24 to 82 years of age. Ten participants had no prior
experience with formal listening tests. All participants reported prior exposure to
electric vehicle warning sounds in their everyday environment, and 12 participants
had previously attended the initial listening test detailed in Section 4.

5.2 Stimuli Generation and Signal Processing
Based on findings from the initial listening test and existing literature, four pri-
mary signals were synthesized. All signals had similar spectral energy distributions
between 200 Hz and 600 Hz. This lower limit was selected to ensure loudspeaker
radiation efficiency and to mitigate low frequency environmental noise pollution, as
discussed in Chapter 2. Table 5.1 shows an overview of the categories.
The baseline stimulus (PN) consisted of band passed pink noise with cut-off fre-
quencies at 210 Hz and 600 Hz. The second signal (Tone) served as a regulatory
compliant baseline, comprising two tonal components (210 Hz and 420 Hz) layered
over the reference pink noise. The two tones were selected to comply with the
UN R138 requirement of having a minimum of two one-third octave bands within
the specified limits.
The third signal (MF30) was a complex tonal stimulus designed to exploit the
missing fundamental phenomenon. This was achieved by synthesizing the 7th to
the 20th harmonics of a 30 Hz fundamental frequency, resulting in 30 Hz-spaced
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Table 5.1: Overview of the test categories of Test II.

tones spanning the 210 Hz to 600 Hz range. To mitigate edge tones and shift the
spectral energy downwards, the complex tone was processed using a Gaussian filter
(center frequency: 200 Hz, width: 100 Hz) before being layered onto the reference
pink noise. The synthesis is visually represented in Figure 5.2. This generated a
stimulus with a distinctly lowpitched, rough component.

Figure 5.2: Visual representation of the synthesis of the 30 Hz harmonic complex utilizing the
missing fundamental phenomenon (MF30) stimulus.

The final signal (Ext) was a stochastic missing fundamental variant created by
extracting 5 Hz-wide frequency bands from pink noise, centered at the harmonics
used in the MF30 signal. Based on subjective pre-evaluations, an exponential filter
was applied to this signal rather than a Gaussian filter. The reference pink noise
was excluded from this stimuli to prevent auditory masking of the extracted signal.
Figure 5.3 show the spectra of each base stimuli and Figure 5.4 shows their time
structure, before calibration, convolution and normalization.
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Figure 5.3: Spectra of main base stimuli for Test II, before calibration, convolution and
normalization. Abbreviations of each of the stimuli is seen in the top right of the plot.

Figure 5.4: Time structure of main base stimuli for Test II, before calibration, convolution
and normalization. Gray vertical lines are spaced with 33 ms separation (limit of pitch perception).
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A second version of the missing fundamental complex was created and included in
the listening test denoted as MF15. This variant was composed of the 14th to
40th harmonics of a 15 Hz fundamental and utilized the same Gaussian amplitude
envelope as the MF30 signal, but every odd harmonic was phase shifted by π/2
radians, which reduced the repetition rate from 66.7 ms to the needed 33 ms limit of
pitch perception[14]. Figure 5.5 shows the spectra of the raw phase altered stimuli.
The temporal structure shift is shown in Figure 5.6 which shows the unaltered and
phase altered variants of the harmonic complex.

Figure 5.5: Spectra of the raw phase altered 15 Hz missing fundamental complex and the zero
phase 30 Hz harmonic complex.

Figure 5.6: Temporal waveforms illustrating the phase manipulation of the 15 Hz missing fun-
damental complex. (Top) The zero-phase variant with a envelope period of 66.7 ms. (Bottom) The
alternating-phase variant, creating a secondary peak that halves the envelope period to ≈ 33.3 ms,
aligning with the temporal lower limit of pitch perception.
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5.2.1 Spatial Configurations & Proof of Concept
To test the effect of decreased IACC in a realistic scenario, the four base signals were
routed through different simulated speaker configurations. Mono configurations used
the primary center speaker, while stereo configurations used both the center and an
offset speaker to decrease IACC. In the stereo configurations the added speaker
played either correlated or decorrelated pink noise. The decorrelation was achieved
by generating the two pink noises using different seeded random number generation.
Tables 5.2, 5.3 and 5.4 briefly overviews the spatial categories and their stimuli.

Figure 5.7: Frontal loudspeaker positions.

Table 5.2: Mono speaker stimuli configurations evaluated, simulating playback through the
center speaker position.

The new stimuli was also evaluated dynamically applying a pitch and modulation
shift to asses the effect of applying a pitch shift as well as dynamic modulation on size
perception. The dynamic amplitude modulation applied used the same parameters
as the IPM2 stimulus in the initial test (Test I, Table 4.4). An pedestrian crosswalk
position was also tested to asses weather the spatial effect was influenced by listening
position. Tables 5.5 and 5.6 briefly describes the stimuli and their abbreviations.
Figures 5.10 and 5.9 show spectrograms of the modulated and modulated pitch
shifting stimuli.

36



5. Test II: Spatial Configuration and Virtual Pitch Evaluation

Table 5.3: Stereo correlated configurations evaluated in an asymmetric two speaker setup,
where the additional second offset speaker simulated outputting correlated PN.

Table 5.4: Stereo decorrelated configurations, where the additional second offset speaker sim-
ulated outputting decorrelated PN.

Table 5.5: Stimuli configurations evaluating pitch and amplitude modulation shifts, simulating
vehicle acceleration from 0 to 20 km/h.
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Figure 5.8: Spectrogram of the unmodulated variants (PM1, PM3 and PM5) from the Pitch
& Modulation shift category. The STFT was computed using an 8192-point Hamming window
with a 87.5% overlap to be able to see the tonal components in the stimuli.

Figure 5.9: Spectrogram of the modulated variants (PM2, PM4 and PM6 from the Pitch &
Modulation shift category. The STFT was computed using an 8192-point Hamming window with
a 87.5% overlap to be able to see the tonal components in the stimuli.
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The final paired comparison category was a proof of concept, where the missing
fundamental mechanics where applied to the excising AVAS (A) and compared to
each other as well as the unaltered AVAS signal. Additionally, two high-passed
(with a cut-off frequency 200 Hz) variants of an ICE truck recording was added to
this category to asses how these new signals would fare against having the AVAS
speaker play these. Both ICE truck recordings were run through the same calibra-
tion/normalization as the other signals, detailed in Section 5.3 below. This meant
that result of the only high-passed ICE recording had a high spectral centroid com-
pared to the other stimuli. The second ICE truck recording was band-passed between
200 Hz and 600 Hz to be a more fair comparison to the other signals. Both signals
were high-passed with a cut-off frequency of 200 Hz for the reasons discussed in
Chapter 2.

Figure 5.10: Calibration process of the unfiltered ICE truck recording, because of the R138
requirement of at least one band being bellow 1600 Hz the spectra of the resulting stimuli is skewed
to higher frequencies compared to other signals in the comparison.

Table 5.6: Pedestrian position configurations testing the effect at a different position to see if
the effect is position dependent.

39



5. Test II: Spatial Configuration and Virtual Pitch Evaluation

Table 5.7: Proof of concept AVAS configurations, testing the virtual pitch methods when
layered directly over an existing AVAS.

5.3 Regulatory Calibration and Loudness Normal-
ization

To ensure the synthesized stimuli complied with the band-level requirements of UN
Regulation No. 138 (Table 2.2), a deterministic calibration algorithm was applied.
Before convolution, a 5 ms amplitude fade was applied to the dry signals to mitigate
any impulse transients.

The calibration process calculated the precise linear gain required for each stimulus
to meet the UN R138 10 km/h thresholds. The dry signals were convolved with
the impulse responses of the edge directivity microphones located at 0◦ and 180◦.
Because the directivity measurements were captured at a radius of 5 m, free-field
acoustic propagation was assumed and an attenuation of approximately −8 dB was
applied to map the regulatory 2 m limits to the 5 m measurement distance. The
calibration process is visualized in Figure 5.11, which displays the signal convolved
with the directivity positions before and after calibration. It is also important to
note that the stimuli excludes other sources such as tire noise, which in reality would
contribute to the radiation and therefore may reduce the needed level output of the
AVAS speaker.
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Figure 5.11: UN R138 calibration (simulating 10 km/h) for the reference pink noise stimulus.
The overall level was attenuated to precisely fulfill the minimum two-band requirement (indicated
by the dashed line). Levels are extrapolated to the regulatory 2 m distance from the empirical 5 m
measurements, assuming free-field propagation.

The signals were then A-weighted, and the continuous sound pressure level (SPL)
was calculated for one-third-octave bands. Here an algorithm was used to find the
precise gain needed for each band to meet the threshold, these were then evaluated
to ensure that a minimum of two bands, at least one of which was positioned below
1600 Hz, was within the requirement. The algorithm independently evaluated the
left and right channels and used the worst-case scenario as a linear scalar to the
unconvolved dry signal. The scaled signals were then convolved with the HRTF
impulse responses for binaural spatialization. To remove loudness as a factor, sta-
tionary free-field loudness was calculated for all binaural signals. In this study,
loudness was modeled according to ISO 532-1. The maximum calculated loudness
across all stimuli was established as the universal normalization target.

An iterative minimization algorithm was used to normalize each stimuli to this
loudness. The objective function was defined as the absolute error between the
target loudness and the calculated loudness in Sones: f(g) = |L(x · g) − Ltarget|
where L is the ISO 532-1 loudness calculation, x is the binaural acoustic signal, and
g is the scalar linear gain. The algorithm iteratively solved for the optimal gain g
that minimized this error, ensuring that all stimuli fulfilled regulatory minimums.

41



5. Test II: Spatial Configuration and Virtual Pitch Evaluation

5.4 Test II: Results
The results of the final listening test are presented in this section. As with the initial
test, subjective preferences were evaluated using the BTL choice model to gener-
ate share-of-preference scores. The same goodness-of-fit threshold of p < 0.1 was
used. In addition to paired comparisons, the average scores from the ranked cate-
gory comparisons are presented. The complete paired-comparison matrices for all
categories in Test II, which show win rates and statistical significance, are provided
in Appendix 8.

5.4.1 Base Stimuli
The result of the category comparing the four base signals in the Mono spatial
configuration show a clear preference for both the stimuli utilizing the missing fun-
damental phenomenon, over both the other stimuli, within statistical significance.
Between the two preferred stimuli there is a slight preference for the stochastic Ext
version, but not within statistical significance. This trend is also seen in the ranked
comparison result seen in Figure 5.13 where these stimuli has higher average scores
compared to all other stimuli in the comparison. Notably their average scores are
very similar. Furthermore, the comparison between the zero-phase MF30 stim-
ulus and its phase-altered counterpart (MF15) yielded no statistically significant
preference, indicating that both stimuli were perceived as highly similar in size.

Figure 5.12: Share of preference (BTL scores) for the final listening test category Mono. Error
bars represent the 95% confidence intervals. Each category is scaled so the lowest ranked stimulus
equals 1.
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Figure 5.13: Average ranked comparison score reported form the participants for the eight
different stimuli. All stimuli was simulated as being played by the center (Mono) speaker position.

5.4.2 Influence of Amplitude Modulation
The results of the comparisons of modulated and unmodulated base stimuli is seen in
Figure 5.14. No preference for either version of the pink noise stimuli (PN) is seen,
but the modulated version of the Tone stimulus was preferred over the unmodulated
variant. Both the stimuli utilizing the missing fundamental phenomenon had the
reverse result, where the unmodulated variant was preferred.

Figure 5.14: Results of the modulated vs unmodulated variants of the base stimuli. A black
outline represents if the result was statistically significant.

The result of the dynamic modulation category sen in Figure 5.15 showed an overall
preference for the stimuli with the added dynamic modulation, although this effect
was only significant for the unmodulated and modulated AVAS (A) signal.
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Figure 5.15: Share of preference (BTL) for the Pitch & Modulation Shift category, evaluating
the dynamic acoustic response of the virtual pitch variants. Error bars represent the 95% confidence
intervals. Each category is scaled so the lowest ranked stimulus equals 1.

5.4.3 Spatial Configurations

The same trend as in the Mono category is seen for the two other spatial configura-
tions comparing the four base signals, where again the stimuli utilizing the missing
fundamental phenomenon is highly preferred over the other base stimuli. How-
ever, there is a slight shift in preference between these within the categories, where
the correlated category has a more even preference prediction for the two stimuli
compared to both the Decorrelated and the Mono categories, none of the spatial con-
figurations does however indicate a statistically significant result in the comparison
between the two missing fundamental stimuli. The BTL model predictions for the
Stereo Correlated and Stereo Decorrelated categories are shown in Figure 5.16.

The results of the ranked comparison seen in Figure 5.17 also show a similar re-
sult, having the missing fundamental phenomenon stimuli being rated with a higher
average than the band passed pink noise signals. The differences between these
higher ranked stimuli are very small, and this is also true for the different spatial
configurations, only resulting in a slightly higher average scoring than the other
variants.
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Figure 5.16: Share of preference (BTL) for the final listening test categories Stereo Correlated
(left) and Stereo Decorrelated (right). Error bars represent the 95% confidence intervals. Each
category is scaled so the lowest ranked stimulus equals 1.

Figure 5.17: Average ranked comparison score reported form the participants for the spatial
configuration variants of Ext, MF30 and PN.

The comparisons between the same base signal with different spatial configurations
has a spread result with only 4 statistically significant comparisons split between the
3 categories. The BTL model predictions are shown in Figure 5.18. No statistically
significant result is recorded for the PN or the Tone category. The MF30 category
show a preference for the Mono and Stereo Decorrelated variants over the Stereo
Correlated variants, whilst the Ext show a preference for the Mono over both the
other variants. The category evaluating the pedestrian position (Figure 5.19) show
a similar result, with a slight preference for the decorrelated variant over the two
other spatial configurations.
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Figure 5.18: Share of preference (BTL) evaluating the effect of spatial distribution across the
four base stimuli: PN (top left), Tone (top right), MF30 (bottom left), and Ext (bottom right).
Error bars represent the 95% confidence intervals. Each category is scaled so the lowest ranked
stimulus equals 1.

Figure 5.19: Share of preference (BTL) for the Pedestrian Position category. Error bars
represent the 95% confidence intervals. Each category is scaled so the lowest ranked stimulus
equals 1.
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5.4.4 AVAS Proof of Concept
Finally, the two virtual pitch methods were applied into an existing regulatory AVAS
signal (Proof of Concept). As seen in Figure 5.20, the modified AVAS signals using
the missing fundamental methods were significantly preferred over the unmodified
baseline AVAS. The existing AVAS preformed very similar to the band passed ICE
truck recording, while the raw ICE truck recording was the least preferred.

Figure 5.20: Share of preference (BTL) for the Pedestrian Position category. Error bars
represent the 95% confidence intervals. Each category is scaled so the lowest ranked stimulus
equals 1.
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6
Discussion

The primary goal of this thesis was to identify and synthesize acoustic parameters
that enhance the perceived size of AVAS signals for heavy electric vehicles while
adhering to the regulatory demands, minimizing low frequency noise pollution and
considering hardware limitations. This Chapter interprets the results from the two
listening tests, first handling signal properties such as spectral balance, pitch and
time structure. It then discusses the efficiency of utilizing the missing fundamental
phenomenon (virtual pitch) to lower the pitch whilst keeping the signal within the
chosen frequency band limitation (200-600 Hz). In Section 6.3 the results of the
spatial configurations using the stereo configurations are analyzed and the physical
limitations of using several sources to decrease the IACC are addressed. Finally some
methodological limitations and potential future study considerations are outlined.

6.1 Psychoacoustic Determinants of Perceived Source
Size

The auditory perception of size is closely connected to spectral balance and pitch,
where the prominence of low frequency content is the dominating acoustic cue. This
section evaluates the signal properties isolated during the listening tests, specifi-
cally analyzing how shifts in spectral balance, the presence of tonal structures, and
temporal modulation influence the perception of auditory size.

6.1.1 Frequency Content & Spectral Balance
The primary cues for size perception seem to be spectral balance and pitch, which
aligns with literature and with fundamental acoustic principles, as larger physical
bodies radiate longer wavelengths and thus a lower fundamental frequency, resulting
in a lower pitch as discussed in Chapter 2. The results of the spectral centroid cat-
egory show a clear correlation between shifting the spectra towards low frequencies
and increasing the perceived size, where all comparisons were statistically significant,
with participants consistently selecting the stimuli possessing the lower centroid.
This trend was observed throughout the various test categories, and it is one of the
reasons as to why the stimuli in the second test all had very similar spectra. In the
category comparing currently implemented AVAS signals this same trend is seen,
where AVAS (B), which had the spectra most skewed towards low frequencies was
heavily preferred over the other stimuli as seen in Table 8.4. This is also in line with
the findings of Kullukcu et al. that indicated that energy in the 100 Hz to 250 Hz
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range produced a truck like sensation [23], which may be associated with a larger
auditory size. While this result is not necessarily surprising it introduces a conflict
of interest; low frequencies are highly important for increasing size perception, but
introducing high energy at low frequencies negates one the main benefits that elec-
tric heavy vehicles have over conventional ICE heavy vehicles, namely their reduced
noise pollution in urban environments, which was found to be most prominent at
low frequencies by both Glebe et al. [2] and Ziqin et al. [24].

6.1.2 Tonal vs. Broadband Components
The data indicate a clear preference for stimuli containing tonal components over
purely stochastic broadband noise. This preference is seen in the initial Spatial
Decorrelation evaluations and was maintained as a trend during the mono-speaker
comparisons in the final listening test.
One hypothesis as to why this is the case is that the noise is more diffuse and harder
to attribute to a single source while tones are more easily placed as coming from
a single source. Further, the pitch of low-passed noise corresponds to its cut-off
frequency [13] which means that many of the noise stimuli used in this study would
have had a higher pitch than the tonal components they were compared to.

6.1.3 Time Structure
The results of the temporal modifications, namely the categories involving AM and
phase randomization, display a complex relationship. On the one hand, adding a sta-
tionary rate of AM yielded almost no statistically significant effect, indicating that
stationary AM does not contribute heavily to size perception. On the other hand,
when a dynamic amplitude modulation was added to the regulatory demanded pitch
shift there was a clear preference for the slowest AM increase per km/h compared to
both the other dynamically modulated signals and the modulated reference. Addi-
tionally, the highest increasing modulation per km/h was least preferred, although
this result did not achieve statistical significance.

Furthermore, comparisons between stimuli with identical spectral centroids but dif-
fering temporal structures (preserved versus random phase) compared in the initial
test, indicated that the time structures role is frequency dependent. Stimuli retain-
ing the intact time structure of an idling ICE truck were consistently preferred over
their random-phase counterparts. Notably, this preference was most significant for
stimuli with a higher spectral centroid. It could be speculated that the familiar tem-
poral envelope of a combustion engine allows listeners to associate the sound with
a heavy vehicle, compensating for the physical lack of low frequency cues allowing
listeners to associate the sound with a heavy vehicle. These findings provide an
answer to RQ2, revealing that while stationary amplitude modulation is ineffective,
dynamic modulation and preserved ICE-like temporal envelopes can enhance size
perception compared to purely deterministic signals.

In the second listening test all base stimuli were compared against their AM coun-
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terparts which indicate that the modulation can disrupt the virtual pitch and thus
have a negative effect on size perception. Whilst the AM increased the perceived size
of the Tone stimuli it had a significant inverse effect on both the stimuli composed
of harmonic complexes. It has been noted by Fastl and Zwicker that a slow rate
of amplitude modulation can reduce pitch strength which might explain this effect
[13].

6.2 Synthesis & Efficacy of Virtual Pitch
Low frequencies pose a problem when designing the AVAS signal, partly because
of the potential physical limitation of the speaker. Another reason is that low fre-
quency content can contribute excessively to noise pollution because of the large
wave lengths more easily propagating through building facades and into the indoor
environment [1]. Because of these factors a lower limit of 200 Hz was put on all the
stimuli in the second listening test. This limitation of lower frequency content is in
direct conflict with increasing the perceived size of the signal, since as previously dis-
cussed, one, if not the most important cue for the auditory system for judging size is
spectral balance and prominence at low frequencies. But another closely connected
cue is pitch, which has been proved to be one of the deciding factors for size per-
ception of speakers (people), instruments [12] as well as animals [9]. In response to
RQ3, these results confirm that psychoacoustic principles of size perception trans-
late effectively to heavy vehicle warning sounds. Even if pitch is closely connected
to spectral content by being ruled by the fundamental frequency of the harmonic
complex, this has some lee way, in that a virtual pitch can be synthesized by mak-
ing use of the missing fundamental phenomenon. This phenomenon is a product of
how the auditory system processes pitch and is limited by its temporal processing
window. This limitation of lower frequency content is in direct conflict with increas-
ing the perceived size of the signal. Addressing RQ4, the successful application
of the missing fundamental phenomenon above this 200 Hz threshold proves that
virtual pitch can indeed be implemented within current hardware limitations while
maintaining UN R138 compliance.

6.2.1 Missing Fundamental (MF)
As discussed in Chapter 2 Section 2.3.2 an harmonic complex can have the same
pitch even if the early harmonics are removed. This enables for a low pitch with-
out the inclusion of spectral content below our defined lower limit of 200 Hz. One
of the main goals of the second test was to test if the virtual low pitch could in-
crease size perception in a meaningful way and the results indicate that this was
successful. Throughout the spatial configurations the MF30 stimulus utilizing low-
est perceivable pitch defined as 30 Hz by Krumbholz et al. [14] which included
the 14th to the 20th harmonic of that fundamental, was consistently preferred over
that of both the pink noise stimuli and the Tone stimuli. This directly addresses
RQ1 by demonstrating that the missing fundamental phenomenon can effectively
increase perceived auditory size without introducing physical low-frequency energy
or increasing overall loudness.
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The comparison between the phase altered MF15 and the zero phase MF30 showed
no preference for either stimuli. Since both stimuli exhibit equally spaced peaks, as
seen in Figure 6.1, it could be speculated that they also produce the same virtual
pitch, which could then explain the result.

Figure 6.1: Time structure comparison between the zero phase missing fundamental tonal
complex, MF30, and the phase altered MF15. Both signals exhibit highly similar envelopes with
peaks located just within the 33 ms temporal processing window.

It is worth noting that adding the missing fundamental harmonic complex shifts the
median spectral centroid down compared to the other stimuli due to the Gaussian
filter gradually decreasing the upper harmonics which is seen in Figure 6.2. This
effect may not be negligible, and further research is needed to conclude to what
extent the preference is simply due to this shift. It is however noteworthy that even
if the comparison did not yield a statistically significant result, there seem to be a
slight preference for the Tone stimulus over the PN stimulus despite the raw signal
having a higher spectral centroid. This indicate that the spectral centroid, while a
good indicator, may not be enough to predict what signal is going to be perceived
as being larger. Further, it highlights the importance of the hardware and it’s effect
on the raw signal. As seen when comparing Figure 6.2 to Figure 6.3 the spectral
centroid of the Tone stimulus has been shifted down after the after the raw signal
has been convolved with the HRTFs.

Furthermore, the missing fundamental complex relies on a fundamental frequency of
30 Hz, which is located at the lower threshold of pitch perception [14]. This sits in
the smooth transition between fluctuation strength and roughness. Because of this,
the interaction of the tightly spaced harmonics introduces roughness to the signal
[13]. As demonstrated by Kullukcu et al., increased roughness is correlated with
"truck-likeness" [23]. This time varying roughness is illustrated in Figure 6.4, which
shows a higher median roughness for the virtual pitch stimuli. Therefore, it may be
that the roughness component increase the perceived size of the vehicle due to the
associations with large ICE vehicles.
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Figure 6.2: Spectral centroids vs time for the 4 raw base stimuli. The median value of each
stimuli is represented with a dashed line in the same color of the stimuli and the value is written
in the same color at the end of those lines. A smoothing function (20-sample gaussian filter) has
been applied to improve readability.

Figure 6.3: Spectral centroids vs time for the 4 base stimuli used in the Mono category, so
after calibration, convolution and normalization. The median value of each stimuli is represented
with a dashed line in the same color of the stimuli and the value is written in the same color at the
end of those lines. A smoothing function (20-sample gaussian filter) has been applied to improve
readability.
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Figure 6.4: Roughness calculated for the stimuli used in the Mono category. A smoothing
function (512-sample gaussian filter) has been applied to improve readability. The median rough-
ness of each stimulus is represented with a dashed line in the same color of the stimuli and the
value is written in the same color at the end of those lines.

6.2.2 Stochastic vs. Deterministic MF
The Ext stimuli also utilized the same phenomena but with an added stochastic
nature. By extracting the 5 Hz wide bands at the harmonic indices of the 30 Hz
fundamental the random phase of the pink noise is incorporated into the stimuli,
resulting in a pitch and amplitude fluctuating signal that shifts stochastically. The
nature of the signal is seen in Figure 6.5 where the time structure of the band-passed
pink noise is compared to the normal and stochastic missing fundamental complexes.
The results indicate that the stochastic missing fundamental complex is slightly
preferred over the one created with pure synthetic sines, but the preference is not
substantial and as seen in the ranked comparisons (Figures 5.13 and 5.17) both
stimuli achieved an average score very similar to each other.

6.3 Impact of Spatial Configuration and Directiv-
ity

While the spectra and time structure of the synthesized signals establish the baseline
acoustic signature of the vehicle, the physical radiation and spatial distribution of
these sounds introduce an additional layer of considerations. One of the hypothesis
of this study was that increasing the perceived width of the signal by decreasing the
IACC at the listener position, would enhance the perceived size of the vehicle. This
section evaluates the efficacy and limitations of this spatial approach, discussing the
physical restrictions caused by the frequency range of the evaluated signals. Further
it addresses the effect of mounting position on the radiation.
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Figure 6.5: Time structure comparison between the band passed pink noise (PN) and the two
types of missing fundamental stimuli used in the second test (MF30 and Ext).

6.3.1 Interaural Cross Correlation (IACC)
In the initial listening test there seemed to be a preference for decorrelated stereo
signals compared to mono signals, where, for instance, 16 of 17 participants per-
ceived decorrelated pink noise with a calculated IACC of 0.008 as larger than its
mono counterpart (IACC of 0.9454). This was in line with the hypothesis that in-
creasing the ASW by decreasing the IACC would increase the perceived size. The
next question to answer was whether adding an additional speaker on to a heavy
truck that played a signal decorrelated from the main signal would have a the same
effect on the perceived size of the vehicle.

To test this, an additional speaker (Offset) was simulated, radiating a band-passed
pink noise signal generated with a different random number seed than the primary
speaker (Center). Cross-correlating the raw digital signals confirmed they were un-
correlated (IACC ≈ 0). Furthermore, evaluating the broadband HRTFs for these
positions yielded IACCs of 0.85 for the Center position, 0.74 for the Offset position,
and 0.71 for the combined superimposed impulse responses. This validates that the
physical geometry of the multi-speaker setup inherently provides a degree of spatial
decorrelation.

However, analysis of the final stimuli revealed that this decorrelation was attenuated
through the DSP pipeline. The IACC of the resulting binaural channels measured
IACC values between 0.9911 for the mono pink noise and 0.9695 for the decorrelated
stereo pink noise. This increase in correlation can be attributed to the frequency
range of the signals. The stimuli were all designed to contain a similar spectra,
ranging between 210 Hz and 600 Hz. In this low-frequency region, acoustic wave-
lengths range from approximately 0.57 m to 1.6 m, which exceeds the diameter of
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the human head. Consequently, the sound waves easily diffract around the head
increasing the IACC. This effect is displayed in Figure 6.6 where the spectra of the
center positioned speakers IR is plotted. The IACC of the full frequency range is
calculated to 0.85 whilst for the shorter range between 200 Hz and 600 Hz this is
instead calculated to 0.98.

Figure 6.6: Shows the frequency spectra of the Center speaker location IR normalized to the
global maximum. The calculated IACC is displayed for the full range as well as the 200-600 Hz
range.

This together with the narrow angle (≈ 10◦) created by a 0.9 m speaker separation at
a 5 m listening distance, caused left and right ears to receive highly coherent signals.
The high IACC does not indicate a flaw in the signal generation instead it reflects
the physical reality that achieving a wide ASW using front mounted speakers with
low frequency AVAS signals at typical pedestrian distances is inherently constrained.
It is however worth noting that the auditory system is sensitive to small interaural
differences when the reference sound is highly correlated as found by Gabriel and
Colburn [25]. The just noticeable difference (JND) of IACC for the the 400 Hz
bandwidth would according to their findings be between 0.01-0.02, which means
that the difference between the correlation of the mono and the stereo decorrelated
stimuli would be just noticeable (∆IACC = 0.0216). This might explain the mixed
results for the spatial distribution categories, since while noticeable, the differences
in IACC between the stimuli are small.

6.3.2 Speaker Position & Mounting
The difference in frequency response between the two speaker positions shown in
Figure 3.4 where the Center speaker exhibited a 5 dB to 10 dB increase in the 185 Hz
to 290 Hz frequency band compared to the Offset speaker can possibly be attributed
to the differing mounting conditions and the complex geometry of the vehicle’s
underbody. The Center speaker is mounted in front of the engine block, which
possibly acts as a reflective acoustic boundary that increases the forward radiation
of that speaker location compared to the Offset one. The difference in spectra in
this critical range likely contributed to the mixed results of the spatial configuration
categories where because of this the median spectral centroid was shifted upwards
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by between 5-8 Hz for the mono compared to stereo stimuli. Even if the effect is
not extensive it still highlights the importance of mounting and placement of the
speaker. The directivity seen in Figures 3.8 and 3.9 further highlights that the
radiation pattern is frequency dependent, and that, as noted by Fortino et al. [8],
this needs to be considered when designing the warning signal.

6.4 Methodological Considerations and Limitations
While the methods used in this study found several parameters that correlate to
size perception and succeeded in increasing the size perception of an existing heavy
vehicle AVAS signal certain limitations will be acknowledged in this section.

6.4.1 Spatial Configuration
The decorrelation of the two simulated speakers for the stereo configurations was
complicated by two physical constraints. The introduction of the decorrelated pink
noise would have had an effect on the balance of tonal signal and noise signal since
the stimuli were all calibrated and loudness normalized. This might have had an
effect on the virtual pitch perception where the shifted balance might have slightly
masked the tonal components of the signal compared to the Mono case. This would
have been especially apparent for the missing fundamental complex extracted from
pink noise, which as mentioned did not contain any broad band pink noise in it’s
mono variant, but where the stereo variants had the added pink noise from the
second speaker.

6.4.2 Initial Listening test IACC Category DSP Routing
An error in the DSP routing occurred during the synthesis of the stimuli used in
the initial listening test. For the categories evaluating the effect of synthetic reflec-
tions, the reflections were applied to the audio signals after the convolution with
the HRTFs. This means the reflections did not receive the correct spatial filtering
inherent to the simulated environment. While this routing error compromises the
absolute spatial accuracy of those specific stimuli, subjective comparisons between
the flawed signals and corrected variants revealed that the difference between these
was small. Because of this, conclusions drawn from the reflection categories in the
initial test have been treated with caution throughout this discussion.

6.4.3 Ecological Validity of Headphone Auralization
Finally, while the use of processed HRTFs and calibrated playback systems does
provide a controlled environment headphone auralizations do lack ecological validity.
A quiet isolated room is vastly different from the environment vehicles would be
located in, where the situational awareness is based on multi-sensory perception
involving not only acoustic cues but also physical ground vibrations and visual
context. In a typical urban setting, background noise masking would likely affect
the perception of the synthesized signals. While the use of missing fundamental
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complexes proved effective in a controlled environment, further testing which test
the signals in the environment they are implemented in, would be needed to ensure
these findings are true under these conditions.
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7
Conclusion

This thesis investigated the influence of parameters on perceived auditory size and
the feasibility of utilizing these in an applied situation to enhance the perception
of heavy electric vehicles. It showed that spectral balance and pitch, which have
been found to be the main cues of auditory size perception in human voices, ani-
mal calls, and musical instruments, remain effective for stochastic noise and tonal
complexes. Further, it was found that reduced IACC has a positive effect on size
perception and that associative modifications such as amplitude modulation do af-
fect this perception, although less prominently and depending on whether it was
stationary or dynamically applied. Finally, virtual pitch synthesis was found to be
an efficient way to increase perceived source size without adding energy at frequen-
cies below 200 Hz, adhering to hardware limitations, reducing low-frequency noise
pollution, and maintaining compliance with UN R138 regulations. Spatial decor-
relation proved difficult to implement given the physical restraints of the speaker
placements relative to the listening position, which made the perceptual differences
between the different spatially distributed stimuli small.

59



7. Conclusion

60



8
Appendix 1

8.1 Paired Comparison Matrices

The following section presents the paired-comparison matrices for each tested cate-
gory. The cell values indicate the absolute number of times the stimulus in a given
row was chosen over the stimulus in the corresponding column. To highlight the per-
formance of the stimuli, statistical significance (p < 0.05) is denoted by a bordered
box in the lower-left triangle of each matrix. The second-to-last column (Sum) dis-
plays the row totals, representing the total number of wins. Finally, the rightmost
column (%) shows the win rate, calculated by taking the sum and dividing it with
the number of comparisons the stimuli was included in.

8.1.1 Test I

Table 8.1: Result matrix for the Spatial Decorrelation category. Cell values indicate the
absolute number of times the row stimulus was chosen over the column stimulus. A bordered box
in the lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column
(Sum) displays the total wins, and the final column (%) shows the overall dominance.
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Table 8.2: Result matrix for the Modulation category. Cell values indicate the absolute number
of times the row stimulus was chosen over the column stimulus. A bordered box in the lower-left
triangle indicates statistical significance (p < 0.05). The second-to-last column (Sum) displays the
total wins, and the final column (%) shows the overall dominance.

Table 8.3: Result matrix for the Pitch & Modulation Shift category. Cell values indicate the
absolute number of times the row stimulus was chosen over the column stimulus. A bordered box
in the lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column
(Sum) displays the total wins, and the final column (%) shows the overall dominance.

Table 8.4: Result matrix for the Pitch Shift AVAS category. Cell values indicate the absolute
number of times the row stimulus was chosen over the column stimulus. A bordered box in the
lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column (Sum)
displays the total wins, and the final column (%) shows the overall dominance.
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Table 8.5: Result matrix for the Spectral Centroid category. Cell values indicate the absolute
number of times the row stimulus was chosen over the column stimulus. A bordered box in the
lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column (Sum)
displays the total wins, and the final column (%) shows the overall dominance.

Table 8.6: Result matrix for the Spectral Centroid - Random Phase category. Cell values
indicate the absolute number of times the row stimulus was chosen over the column stimulus. A
bordered box in the lower-left triangle indicates statistical significance (p < 0.05). The second-to-
last column (Sum) displays the total wins, and the final column (%) shows the overall dominance.

Table 8.7: Result matrix for the Spectral Centroid category. Cell values indicate the absolute
number of times the row stimulus was chosen over the column stimulus. A bordered box in the
lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column (Sum)
displays the total wins, and the final column (%) shows the overall dominance.
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8.1.2 Test II

Table 8.8: Result matrix for the Stereo Correlated category. Cell values indicate the absolute
number of times the row stimulus was chosen over the column stimulus. A bordered box in the
lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column (Sum)
displays the total wins, and the final column (%) shows the overall dominance.

Table 8.9: Result matrix for the Mono category. Cell values indicate the absolute number of
times the row stimulus was chosen over the column stimulus. A bordered box in the lower-left
triangle indicates statistical significance (p < 0.05). The second-to-last column (Sum) displays the
total wins, and the final column (%) shows the overall dominance.
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Table 8.10: Result matrix for the Stereo Decorrelated category. Cell values indicate the
absolute number of times the row stimulus was chosen over the column stimulus. A bordered box
in the lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column
(Sum) displays the total wins, and the final column (%) shows the overall dominance.

Table 8.11: Result matrix for the spatial configuration of Pink Noise. Cell values indicate the
absolute number of times the row stimulus was chosen over the column stimulus. A bordered box
in the lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column
(Sum) displays the total wins, and the final column (%) shows the overall dominance.

Table 8.12: Result matrix for the spatial configurations of Tone. Cell values indicate the
absolute number of times the row stimulus was chosen over the column stimulus. A bordered box
in the lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column
(Sum) displays the total wins, and the final column (%) shows the overall dominance.

65



8. Appendix 1

Table 8.13: Result matrix for the spatial configurations of 30 Hz Missing Fundamental. Cell
values indicate the absolute number of times the row stimulus was chosen over the column stimulus.
A bordered box in the lower-left triangle indicates statistical significance (p < 0.05). The second-to-
last column (Sum) displays the total wins, and the final column (%) shows the overall dominance.

Table 8.14: Result matrix for the spatial configurations of Extracted MF. Cell values indicate
the absolute number of times the row stimulus was chosen over the column stimulus. A bordered
box in the lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column
(Sum) displays the total wins, and the final column (%) shows the overall dominance.

Table 8.15: Result matrix for the Pedestrian Position. Cell values indicate the absolute number
of times the row stimulus was chosen over the column stimulus. A bordered box in the lower-left
triangle indicates statistical significance (p < 0.05). The second-to-last column (Sum) displays the
total wins, and the final column (%) shows the overall dominance.
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Table 8.16: Result matrix for the Pitch & Modulation Shift category. Cell values indicate the
absolute number of times the row stimulus was chosen over the column stimulus. A bordered box
in the lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column
(Sum) displays the total wins, and the final column (%) shows the overall dominance.

Table 8.17: Result matrix for the AVAS Proof of Concept. Cell values indicate the absolute
number of times the row stimulus was chosen over the column stimulus. A bordered box in the
lower-left triangle indicates statistical significance (p < 0.05). The second-to-last column (Sum)
displays the total wins, and the final column (%) shows the overall dominance.
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