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Abstract

With the recent surge in augmented reality appli-
cations, devices such as head-mounted displays and
headphones are increasingly used as multimodal in-
terfaces that combine visual and auditory informa-
tion to create immersive experiences. However, to
date, studies have focused on evaluating the impact of
head-worn devices on head-related transfer functions
(HRTFs) considering either different headphones or
head-mounted displays without considering configura-
tions where two such devices are used simultaneously,
as sometimes can be in augmented reality. This study
aims at bridging this gap and presents a perceptually-
based numerical evaluation of the impact of head-worn
device configurations on HRTFs. To this end, HRTFs
were measured on a KEMAR mannequin wearing four
configurations of head-worn devices, including two
pairs of headphones (MushRoom and AKG K1000)
measured with and without a head-mounted display
(Meta Quest 3S). Results are presented in terms of
interaural cues, estimates of perceived localisation-,
and colouration-induced error metrics.

Keywords: head-related transfer functions, head-worn
devices, augmented reality, auditory models

1. Introduction

In audio augmented reality (AAR) settings, virtual
sounds aim at seamlessly blend with real ones from the
physical world. This is normally achieved by render-
ing the virtual sounds binaurally through headphones.
Binaural rendering integrates head-related transfer
functions (HRTFs) such that a virtual sound source
can be perceived as coming from specific locations in
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3D around the listener. In addition to headphones,
head-mounted displays (HMDs) have been also re-
cently increasingly employed for research purposes
in AAR contexts (e.g., [1]). However, head-worn de-
vices (HWDs) such as HMDs and headphones alter
the acoustic cues, captured by HRTFs, that listeners
normally use to localise sounds in the free field. In an
AAR setting, this can cause a mismatch between the
perceived locations of virtual and real sound sources,
weakening the illusion of a seamless blend.

A large number of studies have measured [2], [3] and
evaluated the effect of different HWDs on HRTFs.
Two main approaches can be identified in the litera-
ture: a signal-based perspective, relying on numerical
analyses [4], [5], and a perceptual perspective, ex-
amining how HWDs affect perception. The latter
has been addressed either through listening experi-
ments or through auditory-based models predicting
the colouration and localisation impairments intro-
duced by HWDs, as in [6]. Most of those studies
combined both numerical quantification and listening
experiments as in [7], [8], [9]. Others have specifi-
cally investigated the impact of HWDs on localisation
abilities in static [10], [11] and dynamic tasks [12].
Despite this body of literature, to the best of the au-
thors’ knowledge, no prior research has numerically
examined the acoustic effect of wearing a pair of head-
phones and an HMD simultaneously, as may occur
in AAR contexts such as in [1]. The only related
work is the authors’ own recent study [13], which
addressed this combined setup from a purely percep-
tual standpoint, using a modified visual search task
with eye-tracking. As such, this study bridges the
gap and evaluates the effect of wearing two pairs of
headphones, MushRoom [14] and AKG K1000 (AKG,
Austria), with and without a Meta Quest 3S (Meta
Corporation, USA) on HRTFs. The effect of HWDs
on HRTFs is evaluated using perceptually-based met-
rics computed numerically, including interaural cues,
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Figure 1: HWD configurations during HRTF measurements: (a) reference, (b) MushRoom, (¢) AKG (with the driver
panels fully open), (d) MushRoom and Quest, and (e¢) AKG (with the driver panels fully open) and Quest.

predicted localisation behaviour in both horizontal
and vertical dimensions, and colouration.

Although several studies have investigated the impact
of HWDs on HRTFs, to the best of the authors’ knowl-
edge, no prior research (apart from a recent related
publication by the same authors [13]) has examined
a setup in which both a pair of headphones and an
HMD are worn simultaneously, as may occur in AAR
contexts such as in [1]. As such, this study bridges the
gap and evaluates the effect of wearing two pairs of
headphones, MushRoom [14] and AKG K1000 (AKG,
Austria), with and without a Meta Quest 3S (Meta
Corporation, USA) on HRTFs. The effect of HWDs on
HRTFs is evaluated using perceptually-based metrics
computed numerically such as interaural cues, pre-
dicted localisation behaviour in both horizontal and
vertical dimensions as well as colouration.

2. Methodology

2.1. HWD selection

The MushRoom headphones [15] were selected for
this study as they are becoming increasingly used in
AR research (e.g., [16], [17]). They were developed
as a simple and low-cost alternative to high-quality
commercial open-design headphones such as the AKG
K1000, which is also why the AKG K1000 headphones
were selected for this study. In addition, prior work
has shown that the MushRoom headphones are highly
transparent compared to other passive headphone
models, including the AKG K1000 [6]. As for the
Meta Quest 3S, it was selected as a representative
contemporary AR headset since it has recently been
adopted in a growing number of AR research studies,
including investigations of AAR navigation and im-
mersive user experiences [18]. For brevity, the AKG
K1000 headphones and Meta Quest 3S will be here-
after referred to as AKG and Quest, respectively.

2.2. HRTF measurements

To enable the numerical analysis, HRTFs were mea-
sured on a KEMAR mannequin (GRAS Sound &
Vibration, Denmark), as well as on the KEMAR wear-
ing four different combinations of HWDs!. The HRTF
measurements were conducted in a semi-anechoic fa-
cility following the same protocol, hardware configura-

IThe HRTFs are publicly available on Zenodo at
https://doi.org/10.5281 /zenodo.19223828.

tion, and signal processing steps detailed in [19]. More
specifically, 793 head-related impulse responses were
measured per HWD configuration using the multiple
exponential sweep method [20] for source positions
located 1.5 m from the KEMAR’s head with azimuth
angles sampled at 5° intervals and elevation angles
ranging from -45° to 90° (sampled every 10° between
-30° and 30°, and every 15° below and above that).
The configurations differed in HWDs present during
the HRTF measurements: (a) no device (i.e., KE-
MAR only), hereafter referred to as the reference, (b)
MushRoom, (¢) AKG, (d) MushRoom and Quest, and
(e) AKG and Quest. Figure 1 shows the five con-
figurations for which HRTFs were measured. In the
subsequent analysis, free-field compensated HRTFs
were used.

2.3. Numerical Analysis

The numerical analysis of the measured HRTFs was
conducted in MATLAB™ (MathWorks) using the Au-
ditory Modelling Toolbox (version 1.6) [21]. The anal-
yses on the interaural cues and on localisation were
performed using methods and auditory models pro-
vided in the toolbox, whereas the colouration analysis
used the model provided in [8].

3. Results and discussion

3.1. Interaural cues

Human sound source localisation relies on interaural
time and level differences (ITD and ILD) for horizon-
tal localisation, and on monaural spectral cues for
elevation and front—back resolution. To quantify the
scattering effect of HWDs on the interaural cues, I'TD
(via the Threshold method [22] with a 3 kHz low-pass
filter applied to the head-related impulse responses
(HRIRs) and a -10 dB threshold level), ILD (estimated
as in [23]), and the interaural cross-correlation (IACC)
(from the 3 kHz low-pass filtered HRIRs) were com-
puted across the horizontal plane for all configurations
and compared against the unobstructed reference. Re-
sults are shown in Figure 2.

ITD deviations were limited across all conditions, with
the median AITD falling within the anechoic JND
range of 20-30 us reported by [24], indicating per-
ceptually negligible changes. The exception was the
MushRoom configuration, where the median value
was higher (42 us), suggesting a perceptible effect.
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Figure 2: Interaural cues as a function of azimuth angle
and difference distributions relative to the reference for
each head-worn condition. All metrics were computed for
sources in the horizontal plane only.

ILD deviations were generally larger without the HMD
(MushRoom: median AILD = 2.41 dB, AKG: median
AILD = 2.52 dB) than with it (MushRoom + Quest:
median AILD = 1.07 dB, AKG + Quest: median
AILD = 0.93 dB). On average, deviations without
the HMD exceeded the 1 dB anechoic JND [25], par-
ticularly for lateral directions, whereas those with
the HMD did not — indicating a benefit of wearing
the HMD. No significant differences in ITD or ILD
deviations were found between HWD configurations.

TACC analysis showed a limited effect of HWDs rel-
ative to the reference condition, with no significant
differences observed between conditions (see Figure 2,
last panel). The effect was negligible in the front
sector across all configurations. Maximum decorrela-
tion occurred for diagonal directions, for both the
MushRoom and AKG configurations (MushRoom:
ATACC = 0.036; AKG: ATACC = 0.056), and was
further increased by the addition of the HMD (Mush-

Room + Quest: ATACC = 0.127; AKG + Quest:
ATACC = 0.094). Wearing the HMD also increased
lateral decorrelation for both HWDs (MushRoom:
0.003 — 0.062; AKG: 0.016 — 0.061), even though no
significant differences were reported.
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Figure 3: Estimated perceived lateral angle as a function
of target lateral angle for each HWD configuration. The

black dashed line is the identity line, representing an ideal
reference.

3.2. Auditory models

8.2.1. Localisation

In order to interpret the computed interaural cues
on perceived localisation, the auditory-based model
proposed in [26] was employed. The model trained a
neural network with data collected in a subjective lis-
tening experiment, where horizontal plane localisation
was assessed while wearing different HWDs. More
specifically, the model estimates the perceived direc-
tion and the localisation blur when wearing a HWD.
The method has proven to be suitable to predict the
degradation of localisation ability for unseen HWDs
in the frontal horizontal plane in [12].

First, the estimated perceived lateral angle was com-
puted as a function of target lateral angles (see Fig-
ure 3). Furthermore and similarly to [12], the median
absolute deviation (MAD) from the reference was
computed for each HWD configuration, h, as follows

MAD" = median(|eff — efeference]) | (1)

where the median is computed over target lateral
angles 6 and corresponding estimates of perceived
lateral angle, ej,¢, and localisation blur, ep),,. Target
lateral angles considered were 0°, + 10°, £+ 30°, £ 50°
and + 70° in the horizontal plane (i.e., at elevation
0°). The results, reported in Table 1, indicate a
limited impact on lateral localisation accuracy and
precision.

To evaluate the perceptual relevance of the spec-
tral variations in the HRTF magnitudes for the dif-
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Figure 4: Predicted colouration calculated with respect to the reference.

HWD configuration MADy,; (°) MADpy, (°)

MushRoom 1.3 1.1
AKG 2.1 1.1
MushRoom + Quest 2.9 0.7
AKG + Quest 2.2 0.7

Table 1: Difference in the estimated lateral localisation
metrics of each HWD compared to the reference.

ferent HWD configurations, specifically looking at
sound source localisation in the vertical dimension,
the Bayesian computational model described in [27]
was employed. The model takes a “template” and
a “target” set of HRTFs as inputs and predicts the
localisation response of a subject (whose set of HRTFs
is the template) for a given target HRTF set. The
model first spatially interpolates the two provided
input sets of HRTFs at uniformly distributed direc-
tions (to account for non-uniform HRTF acquisition
grids), then computes the following features on the
interpolated grid of directions for both inputs: the
ITD and ILD cues, as well as the spectral ampli-
tudes of the directional transfer functions. From these
calculated features, the model, which is based on a
template-matching procedure, outputs the predicted
localisation performance of the subject whose set of
HRTFs was provided as the template for the given
target set of HRTFs. Here, the template HRTFs was
selected as the reference HRTFs and the target HRTFs
were the HWD HRTFs configurations.

Following the predicted localisation responses from
the computational model, two error metrics were cal-
culated. The quadrant error (QE, in %), defined as
absolute polar errors between actual source positions
and predicted response positions exceeding 90°, was
used to quantify the non-local performance in the
polar dimension. As for quantifying the local perfor-
mance in the polar dimension, the local polar root-

mean-square error (PE, in °) was calculated as the
root-mean-square average of polar errors that were
less than 90° in magnitude. For QE and PE, only
responses within the lateral range of + 30° were con-
sidered, as in [28]. The results from the Bayesian
model in terms of QE and PE are reported in Table 2.
While PE is similar across configurations, QFE seems
to differ between the headphones configurations re-
gardless of the presence or absence of the HMD, which
indicates that the effect of the HMD on QE is not
significant.

Considering that PE is relatively high, the Bayesian
computational model was also run with both template
and target HRTFs corresponding to that of the refer-
ence, as a sanity check. From this sanity check, QE =
8.3% and PE = 36.5°, which confirms that the model
worked as expected as those values are comparable to
results from previous literature (e.g., see Fig. 7 (top
row) from [19]).

HWD configuration  QE (%) PE (°)
MushRoom 18.4 414
AKG 32.6 42.6
MushRoom + Quest 21.3 43.4
AKG + Quest 30.8 42.1

Table 2: Difference in the estimated polar localisation
metrics of each HWD compared to the reference.

3.2.2. Colouration

While localisation errors and predicted responses pro-
vide insight on how the localisation cues are altered,
this does not necessarily inform on the perceived
colouration induced by HWDs. To evaluate the impact
of the HWDs on colouration, the model proposed in
[8] was used. The results from the model, displayed in
Figure 4, showed the predicted colouration calculated
as the difference in composite loudness level (ACLL)
between the reference and the HWD configurations.

12t" Convention of the European Acoustics Association
Graz, Austria « 8" — 12" September 2026 e

AUSTRIAN ACOUSTICS ASSOCIATION


https://euracoustics.org/
http://aaa-oega.org/

The predicted colouration deviated the most from the
reference for the HWDs configurations that included
the AKG, especially for the rear source positions (i.e.,
at around + 180° azimuth). The HWD configurations
with the Quest seemed to marginally impact ACLL
compared to the configurations where only headphones
were present and for the frontal source positions only.

4. Conclusion

This study presented a numerical evaluation of the im-
pact of HWDs on HRTFs using perceptually motivated
metrics. HRTFs were measured from a KEMAR man-
nequin fitted with four HWD configurations — two
pairs of headphones (MushRoom and AKG K1000),
each with and without an HMD (Meta Quest 3S) —
and analysed in terms of interaural cues, localisation,
and colouration.

Across the horizontal plane, the binaural cues were
only moderately affected. ITD deviations remained
within the reported JND [24], except for the Mush-
Room configuration, where they were moderately
higher. ILD deviations were somewhat larger, ex-
ceeding the anechoic JND [25] in the headphones-only
conditions. A plausible interpretation is that adding
the HMD restores a smoother, more head-like ge-
ometry around the ears, partially compensating for
the scattering introduced by the headphones alone.
Interaural coherence was likewise contained: negligi-
ble in the frontal sector across all devices, with the
strongest decorrelation confined to diagonal directions
and increasing further once the HMD was added. At
the perceptual level, the auditory models indicated
a limited effect on lateral localisation, whereas front—
back confusion was significantly increased as predicted
colouration, both most affected for the AKG K1000
and broadened toward the rear.

Taken together, the AKG K1000 emerged as the most
disruptive device across metrics, albeit with a limited
effect overall, whereas adding the Meta Quest 3S pro-
duced comparatively minor further changes. Whether
these acoustic alterations are perceptually consequen-
tial remains an open question. Asa preliminary numer-
ical evaluation, our results suggest that their impact
is likely limited, affecting mainly front—back confu-
sion. In recent work, the same authors employed an
auditory-aided visual search task in which listeners
were tested with disrupted HRTFs [13]; there too the
effect was limited, leaving overall search performance
largely unaffected and appearing primarily as a small
increase in eye-movements searching, while head move-
ments were only marginally affected. This is consistent
with the results from [10], which report that wearing
an HMD increased localisation error only slightly, on
the order of a degree, small enough that an HMD
can reasonably be treated as an HMD-free condition
outside the most demanding localisation paradigms.
In [11], the HMD-related localisation errors were simi-
larly attributed to the induced ITD and ILD changes,
while showing that the amount of visual information
available strongly modulates the outcome. The role of

listener auditory experience in mediating these effects
remains, however, an open avenue worth pursuing.

Future work will include listening experiments based
on the transfer-plausibility paradigm [29] to test
whether HWDs affect auditory illusions: that is,
whether a listener believes a virtual sound source to be
real. This question could have significant implications
for how listening experiments are designed: if such
an effect were found, experimenters would need to
compensate for the scattering introduced by HWDs.
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