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Abstract
In recent years, numerous studies have investigated
the plausibility of binaural rendering. Typically, the
auralized sound sources are assumed to have point-
source characteristics and static directivity. While
this can be considered a good representation of loud-
speakers, which typically have a well-defined acoustic
center and time-invariant directivity, other natural
sound sources, such as the human voice, may have
different properties. This study presents the results of
an initial listening experiment that determined the rel-
evance of the ’source width’ aspect when considering
the sound radiation of human speakers. The experi-
ment assessed static binaural recordings of frontally
positioned human speakers in an anechoic environ-
ment using several attributes from the Spatial Audio
Quality Inventory (SAQI). Two human speakers each
articulated two different sentences at distances of 1.5 m
and 3 m to the listener. The stimuli were compared to
the reference of the same human speakers themselves
articulating the same sentence. Visual cues were re-
moved by placing a curtain between the speakers and
the listeners. Two variants were analyzed: in the first,
the binaural recording was presented dichotically; in
the second, the left-ear signal was presented diotically
to both ears. This diotic presentation of equal signals
to both ears can be considered comparable to the
perception of a frontal, horizontally non-distributed
sound source. The results of the listening experiment
revealed no significant differences in the considered
SAQI attributes between the two variants, suggest-
ing that representing a human speaker by a point-like
sound source with a defined acoustic center is sufficient
for plausible binaural rendering.
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1. Introduction

A plausible auralization of realistic acoustic scenes in
extended reality (XR) requires the accurate representa-
tion of natural sound sources, such as human speakers,
musical instruments, or everyday objects. In contrast
to virtual loudspeakers that are frequently used for
spatial audio reproduction, natural sound sources ex-
hibit a wide range of spatial radiation characteristics
and are therefore considerably more complex to model.
These characteristics include not only the directional
(time-variant) radiation patterns, but also their spa-
tial extent. Depending on the distance between the
listener and the source, the assumption of a point-
like source may not be appropriate, as the physical
dimensions or spatial distribution of the source can
contribute to its acoustic appearance.

While the aspect of source extent has been investi-
gated in detail for musical instruments [1], [2], studies
related to human speakers are rare. In this context,
a related important question is whether the spatial
extent of a human speaker is perceptually relevant
and whether it manifests itself as a perceptible source
width. Generally, it has been shown that for human
speakers the acoustic sound radiation is phoneme-
dependent and shows varying mouth opening sizes [3],
[4]. Imbery et al. [5] demonstrated that listeners were
able to identify the direction of rotation of a human
speaker based on the displacement of the acoustic
center. However, as a result of this study, modeling a
human speaker by a single sound source located at the
acoustic center might be sufficient for a perceptually
convincing binaural rendering. For everyday sound
objects according to the best knowledge of the authors
there are no studies investigating the perceptual rele-
vance of modeling the source extent in virtual acoustic
environments.
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In general, natural sound sources differ from ideal
point sources due to their their physical dimensions
and the distributed excitation of their radiating
structures. Even when positioned directly in front
of the listener, different radiation positions within
such sources result in slightly different propagation
paths to the two ears, giving rise to source-related
interaural differences. In reverberant environments,
these differences are superimposed by additional
decorrelation caused by early reflections and reverber-
ation [6]. However, only the source-related interaural
differences are directly associated with the spatial
extent of the sound source, whereas an ideal frontal
point source produces identical signals at both ears.

To investigate the perceptual relevance of source-
related interaural differences in the direct sound, the
present study follows an approach of systematically
manipulating the interaural correlation. Therefore,
two conditions of stimuli were created. For the first
case, a standard binaural recording was made, con-
taining the naturally occurring interaural differences
caused by the spatial extent of the sound source. This
stimulus is referred to as dichotic in the following.
In contrast, a diotic condition was generated by
replacing one ear signal with an identical copy of
the other ear signal, resulting in fully correlated
ear signals while preserving the overall spectral and
temporal characteristics of the original recording.
This diotic condition represents an idealized binaural
reproduction of a frontally positioned point-like
sound source and allows to evaluate the perceptual
impact of source-related interaural differences. The
evaluation was conducted using the Spatial Audio
Quality Inventory (SAQI) [7], which provides a set
of attributes for assessing the perceived quality of
reproduced virtual acoustic environments.

To further investigate this question across different
classes of natural sound sources, we conducted a series
of related listening experiments. While a companion
study investigates everyday sound sources, such as
office and kitchen environments [8], the present paper
focuses on human speakers.

2. Method

2.1. Setup

The listening experiments were conducted in the
anechoic chamber at TH Köln. Since early reflections
and reverberation introduce interaural correlation
patterns that are primarily determined by the
acoustic environment rather than by the physical
dimensions of the sound source, the present study
focused exclusively on direct sound.

We defined two fixed human speaker positions, both
aligned with the listener position on a single axis.
The first position was located 1.5 m in front of the
listener, while the second was located 3 m in front

of the listener, as shown in Figure 1. By increasing
the distance of the source, the interaural differences
should decrease, resulting in smaller perceptual
differences between the dichotic and diotic signal.
An acoustically transparent curtain separated the
listener and the human speaker to prevent visual
cues from the human speaker. The same setup was
used for both the binaural recordings (see Sec. 2.2)
and the listening experiment (see Sec. 2.3). During
the binaural recordings, a Neumann KU100 artificial
head was placed at the listener position used in the
listening experiment.

For binaural playback of the recorded samples during
the listening experiments, we used AKG K1000 head-
phones, whose design minimizes possible shadowing
effects at the listener’s ears [9]. We applied the
headphone compensation filters from [10] to equalize
the playback. The recordings were reproduced using
an RME Babyface Pro FS at a sampling rate of
48 kHz and a buffer size of 256 samples. Since the
listening experiment used only static artificial-head
recordings and relied on either dichotic or diotic
binaural playback, head tracking was not employed,
as head rotations cannot be incorporated into this
playback concept in a straightforward manner.

The experiment was controlled using custom
Max/MSP patches. These patches managed the
stimulus order and audio playback, and allowed
participants to submit their ratings via a tablet with
a graphical user interface (GUI). The audio samples
were arranged in the DAW Reaper according to source
position, speaker, and dichotic/diotic. Playback in
Reaper was controlled from Max/MSP via Open
Sound Control (OSC).

2.2. Materials

The test signals consisted of two different sentences
constructed using the word matrix of the German
matrix sentence test, also known as the Oldenburger
Satztest (OLSA)[11]. Prior to the listening experi-
ment, the sentences were spoken by one male and
one female speaker and recorded using the KU100
positioned on the defined axis and oriented along the
axis, as shown in Figure 1. The height of the KU100
was adjusted so that its interaural center was located
1.29 m above the floor. The human speakers were
instructed to maintain their normal speaking level
and speaking rate to minimize possible variations
during the recordings. Using a handheld sound level
meter, the A-weighted sound pressure level LA,eq was
measured at the listening position. For a human
speaker distance of 3 m, the measured levels during
sentence production were 42 dB(A) for the male
speaker and 43 dB(A) for the female speaker.

The recordings of both human speakers took place on
one single day in ten sessions. The human speakers
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Figure 1: Schematic top view of the experimental setup,
showing the defined axis, listener and speaker positions,
orientations, and acoustically transparent curtain.

alternated after each recording session to account
for possible variations in positioning and speaking
level. In each session, the sentences were recorded
from both predefined positions. In total, there were
two human speakers (one female and one male),
who spoke two different sentences from two different
positions. Both human speakers were present during
all listening experiments and spoke the same sentences
as references from the corresponding positions.

For each binaural recording, a diotic signal was
created by replacing the right channel with a copy
of the left channel, resulting in two variants of each
recording: the original dichotic signal, in which the
left and right channels differed, and the diotic sig-
nal, in which both channels contained identical signals.

2.3. Procedure

Before the start of each listening experiment,
participants received detailed instructions on the
individual SAQI attributes so that naive listeners
could understand and evaluate them appropriately.
They were then led into the anechoic chamber and
seated on a swivel chair in front of the acoustically
transparent curtain, as shown in Figure 2. The height
of the chair was adjusted so that each participant’s
interaural center matched the height of the KU100
used for the recordings. Participants were then
provided with headphones and a tablet for rating
the SAQI attributes using Max/MSP. Once all
remaining questions had been answered, both human
speaker went behind the curtain and the experiment
started. During the experiments, participants were
instructed to keep their heads facing forward while
the stimuli were presented and to avoid additional
head movements, except when using the tablet to
submit their ratings.

The experiment consisted of 16 trials in total. In
each trial, participants rated the headphone playback
of a stimulus in comparison with the reference, i.e.,
the corresponding human speaker. The order of
the individual stimulus conditions was randomized

(a) Participant (b) Human Speaker

Figure 2: Listening experiment setup with a participant
(a) sitting before the curtain and one of the human speakers
(b) standing at the 1.5 m position behind the curtain.

in Max/MSP at the beginning of the experiment.
Participants could listen to the sentence spoken
by the human speaker “A” and to the correspond-
ing headphone playback sample “B” as often as
desired by pressing the “A” or “B” button. The
human speaker and the headphone playback always
corresponded to the same sentence and position,
either 1.5 m or 3 m from the listener. As described
in Sec. 2.2, there were ten headphone samples
for each condition, which were selected at random
when Button ‘B” was pressed for headphone playback.

For each trial, participants were asked to rate eight
SAQI attributes using sliders: “difference”, “distance”,
“source width”, “externalization”, “localization”, “spa-
tial disintegration”, “naturalness”, and “degree of
liking”. These SAQI attributes were selected to enable
the assessment not only for human speakers, but also
for other natural sound sources [8] allowing for direct
comparison across studies. In each trial, participants
first rated the attribute “difference” on a uniform
scale to assess whether they perceived any difference
between the reference and the headphone playback.
Only after submitting this rating were the following
SAQI attributes displayed: “distance”, “source
width”, and “externalization”. The remaining four
attributes, “localization”, “spatial disintegration”,
“naturalness”, and “degree of liking”, were rated on
the subsequent page. The rating procedure followed
the SAQI test design specified by Lindau et al. [7].

2.4. Participants

A total of 19 participants (two female, one diverse,
and 16 male) took part in the listening experiments,
aged 19–57 years (mean age: 31.05 years). Two par-
ticipants self-reported a slight low-frequency hearing
loss, while the remaining participants reported nor-
mal hearing. Nine participants were naive listeners
or had participated in at most one previous listening
experiment, whereas the other ten participants were
considered expert listeners.
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Figure 3: Overall ratings per SAQI attribute including the mean (white dot), the median (white bar) with interquatil
ranges (colored boxes) averaged per participant.

2.5. Data Analysis

Data was analyzed using multivariate analysis of
variance (MANOVA). A MANOVA was conducted for
all evaluated parameters simultaneously to test the
effects of dichotic/diotic and position, while pooling
across the speech material (speaker and sentence).
All fixed effects were treated as categorical factors,
and the model included their full factorial interaction.
Multivariate significance was assessed using Pillai’s
trace.

Following this, univariate ANOVAs were subsequently
conducted for each dependent variable separately
using the same fixed-effects structure. Effect size was
quantified using R2 and R2

adjusted from a linear model
fit with identical structure. This was done using
the performance package [12]. Post-hoc pairwise
comparisons with Tukey correction were conducted for
each evaluated parameter using estimated marginal
means, separately for every main and interaction
effect, utilizing the emmeans package [13].

Subsequently, a multivariate Bayesian regression
model was fitted using the brms package [14]. All
evaluated parameters were modeled together for the
described fixed effects with a random intercept for par-
ticipant. To this end, all parameters were rescaled to
the open interval (0,1) and modeled using a Beta like-
lihood. Default priors were used. Bayes factors were
calculated by testing the model against a null model
excluding the target factor dichotic/diotic, estimated
via bridge sampling [15].

3. Results

Figure 3 shows the overall differences between the
dichotic and diotic representation averaged over all
positions and speech material. General perceived
differences is depicted to the left ranging from 0 (no
difference) to 1 (completely different) while other
SAQI attributes are shown to the right ranging
from -1 to +1. However, results show only a minor
shift towards an overall higher rated differences for
the diotic case and almost no differences across the
considered SAQI attributes.

To further analyze possible differences a three-way
multivariate ANOVA with dichotic/diotic, position
and speech material as independent variables was
conducted for the overall differences and sepa-
rately for all investigated attributes. The initial
MANOVA showed no significant effects for the
main effects dichotic/diotic (p = 0.77), position
(p = 0.19) and speech material (p = 0.89), nor
for the interaction effects dichotic/diotic x posi-
tion (p = 0.95), dichotic/diotic x speech material
(p = 0.66), position x speech material (p = 0.40) and
dichotic/diotic x position x speech material (p = 0.75).

Similarly, almost no significant results were found
evaluating each SAQI attribute independently (R2 ≤

0.06 for all attributes). Only “distance” showed a
significant difference across positions, F (1, 288) =
7.11, p = 0.008 with R2 = 0.048.
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Following a subsequent bayesian model was fitted
as described in Sec. 2.5. This comparison yielded a
Bayes factor of BF10 > 100 in favor of the null model,
indicating decisive evidence [15] against an effect of
the dichotic/diotic manipulation, consistent with the
frequentist results reported above.

4. Discussion

The results indicate that for human speakers,
replacing the dichotic binaural reproduction, which
preserved the naturally occurring differences between
the left and right ear signals, with a diotic repro-
duction using identical ear signals did not result in
perceptible changes in source width or other relevant
SAQI attributes. The results are consistent with
the assumption of a point-like sound source with a
defined acoustic center, or more generally, a sound
source without a relevant horizontal extent which
seems to be well fulfilled for human speakers.

Several aspects of human voice radiation that could
potentially influence the perceived spatial characteris-
tics of a speaker, including varying mouth opening
sizes [3], [4], asymmetries in the radiation pattern [16]
and the vertical extent of the sound source caused
by effects such as torso reflections [17], [18] did
not have a relevant impact under the investigated
conditions, as they do not appear to introduce a
relevant interaural decorrelation of the ear signals.

Future studies will investigate whether the observed
findings generalize to other classes of natural sound
sources. A companion study that currently is
in preparation [8] indicates that source-related
interaural differences are perceptually relevant for
many everyday sound sources which suggests that
the relevance of the investigated attributes depends
on the type and the physical structure of the sound
source. Furthermore, it needs to be investigated
how the results are affected by non-frontal source
positions and head rotations. Finally, the perceptual
impact of room reflections and reverberation, which
introduce additional interaural decorrelation, should
be investigated. Overall, this study indicates that,
for human speakers under anechoic conditions,
a point-like source representation with a defined
acoustic center is sufficient for plausible binaural
rendering.
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