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Abstract

Modal sound fields arise from wave interference in en-
closed spaces and dominate the low-frequency acoustic
response of a room. Capturing this behavior in vir-
tual acoustic environments requires numerical wave
methods, which remain computationally expensive
for real-time interactive applications. Geometrical
methods achieve this necessary efficiency but may not
incorporate accurate modal information. This study
examines the perceptual impact of omitting a modal
sound field in an interactive virtual environment (IVE)
through a loudness-matching task. Participants equal-
ized the perceived loudness of a sound field at positions
throughout an interactive real environment (IRE) and
an IVE using controlled stimuli. Relative level differ-
ences of stimuli achieved over related positions in the
IRE were analyzed and compared to the same evalua-
tion in the IVE, which does not support a modal field.
The matched levels throughout the different position
and frequency combinations demonstrate the presence
of perceived modal-field in the IRE, while the IVE
does not produce comparable trends. Furthermore,
listeners were markedly less consistent in the IVE
than in the IRE. These results suggest that geomet-
rical method-based auralization does not convey the
perceived spatial structure of a modal sound field.

Keywords: virtual acoustics, perception, room modes

1. Introduction

Virtual reality technology offers a promising setting
to conduct ecologically valid research in controlled
interactive virtual environments (IVEs). To obtain
results in an IVE that reflect the same experiment per-
formed in an equivalent interactive real environment
(IRE), accurate audio rendering is a critical component.
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However, many challenges remain in delivering an au-
thentic virtual representation of an IRE sound field
that can meet real-time rendering requirements [1].
Despite recent advances suggesting the applicability
of virtual acoustics for hearing research [2], no litera-
ture exists, to the authors’ knowledge, that explicitly
investigates the perception of modal sound fields in
virtually simulated spaces compared to real rooms.
The physical and perceptual effects of room modes
have been a long-standing topic of research in the
field of loudspeaker reproduction in critical listening
spaces [3]. However, the perception of room modes
is often overlooked when evaluating virtual acous-
tics. For an IVE with six-degrees-of-freedom inter-
activity, the perceptual effect of salient room modes
only becomes more prevalent given the fluctuations
in perceived loudness [4] when moving through the
environment. Hence, as we gravitate toward creating
acoustically authentic IVEs, there is a need to un-
derstand the perceived differences when reproducing
modal fields.

This work presents the results from an initial study in-
vestigating the impact of room modes on the spatially
dependent perceived loudness in real and simulated
acoustic fields. A novel loudness-matching task was
performed in an TRE and an IVE replica, requiring
subjects to equalize the perceived loudness of a test
stimulus against that of a reference stimulus. When re-
peated at different spatial positions, the results present
a clear difference between the acoustic environments.

2. Background

2.1. Room Modes

Room modes are the result of the constructive and
destructive interference of sound waves that undergo
multiple reflections from the boundaries of a room.
At low frequencies, the sparsity of room modes in the
frequency domain results in an uneven distribution of
sound pressure in the room, often referred to as the
modal region. As the frequency increases, so too does
the number of modes and the modal overlap. At high
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frequencies, a high number of room modes are present,
and the sound field is best described statistically. The
transition between modal and statistical regions is
qualitatively identified by the Schroeder frequency [5].
The perceptual evaluation of room modes has been
studied primarily in the context of small-room acous-
tics [3]. Fazenda et al. [6] measured perceptual thresh-
olds for modal interference as a function of modal de-
cay time using both artificial and natural music stimuli.
Their results showed significantly higher thresholds
for music than for pure tones. Jun et al. [7] examined
the audibility of modal damping differences in small
rehearsal rooms. Their results showed that transient
signals (e.g., a kick drum) reveal modal decay differ-
ences that broadband noise stimuli do not, and that
these differences manifest in a wide range of perceived
timbral characteristics.

2.2. Virtual Acoustics

Geometrical methods, such as the image source and
ray-tracing methods, primarily assume that sound
propagates as particles along specific ray paths. See [8]
for an overview of geometric acoustic methods. This
assumption precludes wave interaction effects, making
the models suitable for simulating sound at frequen-
cies above the Schroeder frequency, but, in principle,
unsuited to the modal region below it. Nonetheless,
their efficiency has made them the standard choice
in interactive virtual acoustics across the full audible
spectrum. Comparisons of established geometrical
simulators note that results below the Schroeder fre-
quency may be inaccurate for such methods [9].

2.3. Real vs. Virtual Acoustic Fields

Driven by the goal of perceptually authentic render-
ing, more studies have emerged directly evaluating
the perceptual differences between IVEs and IREs,
addressing the physical and methodological challenges.
Blau et al. performed a perceptual comparison be-
tween IVE and IRE settings by allowing participants
to switch between headphone and loudspeaker repro-
duction in-situ [10]. Stérz et al. performed a similar
quality evaluation-style test using a multi-stimulus
rating for five attributes [11]. The conditions included
stimuli convolved with simulated binaural room im-
pulse responses, in addition to a real loudspeaker
playback as a hidden reference. In both studies, using
speech as the stimulus, subjects’ quality ratings sug-
gest virtual acoustics methods can yield convincing
perceptual results with respect to an IRE.

To evaluate perceptual differences across several IREs,
Fargeot et al. performed a localization test in three
real rooms and in their IVE counterparts [12]. To ren-
der the virtual sources, spatial room impulse responses
were taken at the real listening positions, convolved
with the raw test stimuli (speech, guitar, and noise),
and played back over loudspeakers using Ambison-
ics. Their results showed that distance perception for
far-field simulated sources is consistent with that of
a real source, but localization blur increases due to
the nature of Ambisonics reproduction. While these

studies advance our understanding of perceived virtual
acoustics against their real-world counterpart, there
is little emphasis on the perceived reproduction of a
modal field.

3. Experimental Design

3.1. Loudness-matching Task

To compare the perception of modal sound fields
between an IRE and an IVE representation of a
real room, we employed a fixed-reference loudness-
matching task [13] to test the following hypotheses:

H1 Subjects provide matched levels consistent with
their own benchmark of perceptually aligned
loudness, in both the IVE and IRE.

H2 Room modes in an IRE cause spatially- and
frequency-dependent changes in relative levels
of a loudness-matching task.

Hsz An IVE with an acoustic environment modeled
using geometrical acoustics does not produce
trends comparable to Hs.

As the perception of room modes is spatially and
frequency-dependent, the task’s methodology was
adapted to address the challenges of modal excita-
tion paired with perceptual comparisons.

A fixed-reference loudness-matching task involves
matching the perceived loudness of a test stimulus to
that of a reference stimulus. Participants compare
levels by switching playback between the two stimuli
at will [13]. For this study, loudness matching raises
two challenges regarding i) the frequency response of
the reproduction system and ii) the spectral content
of both stimuli.

Concerning the first, a direct loudness comparison
between real and virtual acoustic conditions conflates
the perceptual effect of room modes with differing
spectral transfer functions of the two reproduction
systems. For example, head-related transfer functions
(HRTFs) and headphones used in binaural rendering
would spectrally color the stimuli differently from
free-field loudspeaker reproduction. In such cases,
an absolute loudness comparison between conditions
becomes less suitable.

Second, stimuli with similar spectral profiles are typ-
ically preferred for conventional loudness-matching
tasks. This mitigates the frequency-dependent equal
loudness contour of the human auditory system [14].
However, at a given position within the same IRE
acoustic field, wave interference will act equally on
both stimuli. Consequently, no differential loudness
effect attributable to a modal field can be observed.
This study adapts the fixed-reference loudness-
matching task to evaluate the perception of room
modes through relative differences. Specifically, at
each receiver position, a reference stimulus is pre-
sented at a fixed playback level, calibrated to achieve
a consistent target sound pressure level (SPL) at each
position. Participants must then adjust the playback
level of a test stimulus to the same perceived loudness
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as that of the reference stimulus. The test stimuli
contain frequency content that targets specific modes,
while the reference stimulus contains higher-frequency
content, thereby avoiding frequency-dependent over-
lap in the modal region of interest.

3.2. IRE and IVE Room Description

A classroom at the International Audio Laboratories
Erlangen was selected to serve as the room for the
IRE and an IVE replica. The selection was based on:
i) the ability to model the room’s geometry accurately,
ii) the room’s physical construction properties and
geometry permitting the presence of room modes, and
iii) the room’s dimensions mean it may be considered
a ‘small room’. Specifically, the x,y, z dimensions are
approximately 4.962 m wide, 2.826 m tall, and 9.846 m
long, respectively, with a total volume of ~ 138.1m?3.
Consequently, several room modes can be audibly
induced at an appropriate frequency.

For the IVE, an instance of the real room was repli-
cated using Blender! 3D modeling software, and real-
ized in virtual reality using Unity?. The final IVE is
shown in Fig. 1. The Meta XR SDK? was employed as
the audio rendering engine that utilizes a geometrical
acoustic ray-tracing approach. Acoustic geometry was
assigned to all 3D assets in the room, and subsequently
prescribed acoustic materials appropriate for the IRE
objects (e.g., glass for windows, plastered brick for
walls, carpet for floor, etc.).

3.3. Test Stimuli and Spatial Positioning
Artificial test tones were chosen as stimuli to excite
the modal sound field at specific frequencies. This
was done to highlight real-life issues with resonant
frequencies in small rooms and to gain a precise depic-
tion of the spatial dependency on modal perception
in IREs, in contrast to IVEs modeled using current
geometrical acoustic solutions.

Three tones were chosen at 51, 76, and 90Hz (fs1,
fre, and fgg, respectively) based on their excitation of
modes throughout the room, and validated through
in-situ listening sessions. To capture the spatial depen-
dency of different frequency-dependent targeted-node
locations, three broader locations (L1, Lo, L3), each
with three offsets (O,, Op, O.), were included, re-
sulting in nine positions. Positions L;0,, L2O,, and
L30,, were situated at the location of low SPL gen-
erated by fs1, f76, and fgo frequencies, respectively,
illustrated by Fig. 1*. Positions L;0, and L0, were
then spatially offset from L;O, to underscore local
transition out from the targeted node. Similar tran-
sitional offsets were chosen for LoOp and LyO. from
L»,O,, and L3O, and L3O, from L3O,. For all nine
location-offset positions, all three test frequencies were
evaluated, resulting in 27 test items in total and en-

Iblender.org

2unity.com

3developers.meta.com/horizon/documentation /unity

4Note that while these positions intentionally target one
frequency, some positions overlap closely with more than one
node, e.g., LoOq4 — f76 and foo

abling a granular linear mixed-effects model analysis
at a subject-frequency-position level.

3.4. Reference Stimulus and Calibration

The reference stimulus, against which subjects
matched the perceived loudness of the test stimuli,
consisted of band-passed pink noise with a center
frequency of 800Hz and a @ = 0.4, resulting in a
—3dB bandwidth of 2kHz. This broad filter reduces
the spectral magnitude by approximately 9dB at the
Schroeder frequency (approximately 120 Hz in this
room), placing the majority of the reference signal’s
spectral content above it. For both IRE and IVE
auralizations, the reference stimulus was calibrated us-
ing a Cortex M1 head and torso simulator (HATS) to
achieve an average left and right response of 74 dB(A)
SPL. In doing so, we minimize perceived loudness
fluctuations arising from the level-dependent shape of
the equal-loudness contour.

For the IRE, the HATS was physically placed at ev-
ery location-offset position to measure the required
compensation gains for the reference signal. A Briiel
& Kjeer omnidirectional loudspeaker was employed
as the source to reduce perceived loudness changes
from off-axis coloration. For the IVE, Beyerdynamic
DT 770 Pro headphones were placed over the ears of
the HATS, and the receiver in Unity was placed at
each matching virtual location-offset position. The
virtual source was configured as a point source with
no directivity. In both calibration procedures, the
HATS was diffuse-field equalized.

4. Experimental Procedure

Subjects were given a verbal description of the task,
requiring them to listen to the pink noise signal, de-
clared as the reference, and to increase the level of a
tone until the perceived loudness matched that of the
reference. The initial gain of the test signal was set to
—40dBFS, which could then be adjusted using a USB
rotary dial (—A° = quieter, +A° = louder). Pressing
the rotary dial confirmed the level and stored the re-
sult. Auditory feedback was given to the subjects via
a short fade-out/-in transition of the reference signal,
in addition to the gain of the test tone being reset.
For the IRE setting, the location-offset positions were
marked and labeled on the floor with bright tape. Sub-
jects performed the experiment seated on a wheeled
stool (cf. Fig. 1), allowing them to easily move be-
tween locations. For the IVE setting, subjects per-
formed the experiment in a separate room, experi-
encing the IVE over the Meta Quest 3 head-mounted
display for visuals, and the same headphones used for
calibration for the binauralized audio. Instead of the
subject physically moving, the virtual position was
automatically switched once a response was confirmed.
For both IRE and IVE auralizations, a short training
stage was conducted, enabling subjects to understand
the controls, practice the loudness-matching task, and
ask any clarifying questions.

Overall, N = 20 subjects participated in the experi-
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Figure 1: IVE replica of the IRE environment. Nine evaluation positions are illustrated by the solid (pink) circles,
comprising three locations (L € {1,2,3}), each containing three offsets (O € {a,b, c}). For each location, O, is spatially
targeted to lie at a low-pressure node for a particular frequency. Specifically, L1O, — f51, LaO4 — f76, and L3O4 — foo-
Three SPL heatmaps (generated using the finite element method) depict a modeled estimation of the IRE’s acoustic field
when excited by the three frequencies from the indicated omnidirectional source position, at a listener position height of
1.2m (vertically offset to improve readability). Note: The acoustic SPL estimates are based on rudimentary geometry and
global impedance values for surfaces, resulting in a slight mismatch between the listening positions and node locations.

ment, split evenly between the IRE and IVE reproduc-
tions. None of the subjects were screened for listening
experience, but all reported normal hearing. The total
test time was under 10 minutes.

5. Results

5.1. Response Consistency

Statistical evaluation of Hs and H3 depends on the
consistency of subjects’ responses within the IRE
and IVE. Therefore, we first assess H; to analyze
the within-subject standard deviation and between-
subject bias of the raw matched levels, shown in Fig. 2.
In the IRE, listeners were highly self-consistent, re-
sulting in a within-subject SD = 0.44 dB and between-
subject SD = 0.85dB. In the IVE, within-subject
SD = 2.09dB and between-subject SD = 5.02dB.
Results from a Levene’s test report that variances
between groups were not equal (p < 0.001). Hence,
although subjects for the IRE were highly consistent,
the same was not true for the IVE, and we reject H;.

5.2. Modal Effect

The results for subjects’ matched levels are shown in
Fig. 3, split into two rows for the IRE and IVE acoustic
fields, and three columns for the three locations. For
each panel, offsets O, Oy, O, are shown along the x-

IRE IVE
real 7 e vr 07 | —A—
real 0 e vr 02 ! A
8 real 8 o vr 06 LA
o real 5 ® vr 03 b —A—
© real 4 . vr 04 L —a—
2 real 3 - vr 00 —h—
g real 9 5‘ vr 09 —A—
n real 2 o, vr 08 —A— i
real 6 o, vr 01 —A—
real 1 - vr 05 —A— i
10 -5 0 5 10 -5 0 5

Deviation from pool (dB)

Figure 2: Mean and standard deviation of each sub-
ject’s individual ratings, and deviation from the pool mean
(dashed line), for both IRE and IVE.

axis, and the mean and 95% bootstrapped confidence
intervals of the relative matched level (in dB) along
the y-axis. Matched levels are normalized per subject
to the O, offset at each location. Hence, differences
across offsets depict the relative differences by each
subject, thereby avoiding between-subject variations
in the absolute perceptually aligned level.

Given that the residual variance differs strongly be-
tween IRE and IVE, testing of Hy and H3 requires
analyzing the results independently without direct
comparison between environments. Consequently, a
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Figure 3: Mean and 95% bootstrapped confidence inter-
vals of the relative matched level across L1—Ls. Differences
for offsets O, and Op are normalized to offset O..

linear mixed-effects model [15], given by
Y =XB+Zu+e, (1)

was fitted separately to the data collected in the IRE
and IVE using restricted maximum likelihood esti-
mation. Here, Y is the raw response variable (the
matched level, in dB). The fixed-effects design ma-
trix X encodes the location L, frequency F, and offset
O together with all of their interactions, and B is
the corresponding vector of fixed-effect coefficients.
The random-effects design matrix Z is a by-subject
indicator, and u is the vector of by-subject random
intercepts, u ~ N(0,021;); the residual errors are
e ~ N(0,0%I;). The identity matrices I; and Iy
encode two standard assumptions: i) every subject
intercept is equally variable and independently drawn
(between-subject variance 02), and ii) every residual
is equally variable and independent (within-subject
variance o2)5.

Omnibus F-tests® for the IRE results showed a sig-
nificant interaction of L x F x O (F(g234) = 18.3,
p < 0.001). This indicates the matched level was
not uniform but depended jointly on location, fre-
quency, and offset, providing support for Hs. For
each location L and frequency F, post hoc estimated
marginal means were used to express the modal con-
trast O, — %(Ob + O.). The results reflect the data
in Fig. 3, showing the design-targeted node positions
required a significantly higher matched level than
their neighbors, resulting in estimated modal con-
trasts of +1.8dB for f5; at Ly (p < 0.001, d = 4.09)
and +1.3dB for foy at Ly (p < 0.001, d = 2.95)7.

5Given the rejection of Hi, these assumptions are the pri-
mary reason why the model must be fitted independently for
the IRE and IVE environments.

6Type 111, with Satterthwaite-approximated degrees of free-
dom calculated using the lmerTest R package.

"Both reportings of Cohen’s d are derived from d = 5/&,
where § is the estimated modal contrast and & = 0.44 dB is the

Location Ly exhibited a broadband elevation across
all three tones, consistent with its placement near
an overlap of modes, as seen in Fig. 1. For the IVE
matched levels, the same omnibus F-tests showed no
significant interaction effect L x F x O (F(g 234y = 1.05,
p = 0.40). Furthermore, the same post hoc estimated
marginal means yielded no positive modal contrast
for a given location L and frequency F combination.
These results are reflected in Fig. 3, which depicts no
clear distinction between matched level adjustments
for a given frequency. Hence, the same trends seen
in the IRE are not reproduced in the IVE, providing
support for Hs.

6. Discussion

The location- and frequency-specific trends observed in
Fig. 3 for the IRE confirm that the loudness-matching
task is sensitive to the modal field, providing a reason-
able baseline for comparison for the IVE. The absence
of the same trends in the IVE is expected, in principle,
given that the geometrical acoustics approach does
not reproduce wave interference. These results high-
light perceptual limitations of these virtual acoustics
approaches if the goal is to authentically reproduce
a room’s modal field. However, two aspects of the
results warrant further explanation: i) the difference
in response variance between the IRE and IVE, and ii)
the magnitude of gain adjustment needed for a per-
ceptually matched level.

A smooth, mode-free field should, theoretically, make
loudness matching easier and yield more consistent
responses. Instead, within- and between-subject vari-
ability was considerably greater for the IVE setting.
Between-subject variation could potentially be ex-
plained by differences in the frequency-magnitude re-
sponse of subjects’ individual HRTFs vs. the generic
HRTF used for binauralization. However, this does not
explain larger within-subject variability, reflected by
the larger error bars in Fig. 2. Instead, subtle acoustic
or even haptic cues from a loudspeaker driven to high
gain (present in node locations) may cause harmonics
or vibrations that provide subjects with subtle cues
that ‘landmark’ a certain level.

Given that the same energy is not required to reach
the same SPL over headphones, and that the physical
differences of the headphone transducers are different
from those of the omnidirectional loudspeaker, these
cues will also be different (or even absent). Such
a ‘landmark’, that provides additional information
beyond the SPL of a single tone, may also explain
the difference between the theoretical SPL differences
over offset locations (> 20dB) seen in Fig. 1, and the
level differences seen in Fig. 3 at the same locations
in the IRE. However, while such cues would shape the
sensitivity of the matched-level differences, they do
not account for the location- and frequency-specific
effect, which remains attributable to the modal field.
The results of this study are also bound by the lim-
ited sample size of n = 10 per environment. Further

within-subject SD established in H1
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investigation into the perception of modal fields using
a similar methodology should employ a larger sample
size in a within-subject test design to increase the
statistical power. Employing individualized HRTFs
combined with audiogram screenings and impulse re-
sponse measurements of the listening position would
minimize potential confounding factors and provide
more avenues for rigorous analysis.

7. Conclusion

This article reports on a novel study investigating
the perceptual comparison of a modal sound field
between a real room (IRE), and its geometrically
modeled virtual replica (IVE), using an adapted fixed-
reference loudness-matching task. The results revealed
a spatially- and frequency-dependent modal struc-
ture in a classroom IRE up to 1.8dB compared to
neighboring positions, which was not reproduced in
the IVE. These findings show that the geometrical
method-based auralization tool used in this work, de-
spite its efficiency, does not perceptually reproduce
the spatially dependent modal field that governs low-
frequency loudness in a real room. The IVE also
elicited notably less consistent responses from sub-
jects, posing further challenges for the perceptual
comparison of modal fields between real and virtual
settings.
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