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1 INTRODUCTION

Due to the recent generalization of 3D visual technologies, anybody can experience 3D audio-
visual: stereoscopic movies, 3DTVs, smartphones, or even virtual reality are various examples of
3D application. Most of the time, this experience results in the addition of 3D visual plus 2D audio
technologies like stereophony or 5.1 surround systems for instance. Does this new visual dimension
heed the introduction of a new appropriate audlo technology? Maybe the use of 3D audio
technologies such as binaural’?, holophonlc 4% or multichannel reproduction system could
enhance our audio-visual experience in terms of spatial consistency or naturalness.

Up to now, the field of audio-visual perception was poorly investigated especually in the distance
dlmensmn For instance, audio-visual phenomena such as ventriloquist effect® or spatial integration
window’ are quite well understood for the directional localization but there are only few studies
about these effects in the distance dimension. Before dealing with these cross-modal issues, we
need to study the unimodal distance perception to understand better the underlying perceptual
properties. As a first step, this paper focuses on auditory perception and intent to answer this
question: to which extent a given 3D audio technology is able to render the auditory distance?

This paper describes experiments about auditory distance perception of real and virtual sound
sources. The virtual sound environment is provided using Wave Field SyntheSIs First, we propose
a brief recall of auditory distance perception mechanisms. Measurement protocols for distance
estimation and results of previous studies about real and virtual sound sources are also presented.
Then, our experimental setup is described. The perceived distances are finally analysed as a
function of physical or rendered distances depending on the experiment.

2 AUDITORY DISTANCE PERCEPTION

2.1 Acoustic and Non-Acoustic Distance Cues

Scientific community agrees that auditory dlstance Perceptlon of a static sound source by a static
listener mainly depends on four acoustics factors®®'®"". First, sound level and direct-to- reverberant
energy ratio are probably the better-known and most |mpact|ng acoustic distance cues'. Sound
level acts as a relative cue whereas reverberation is an absolute cue. In an anechoic enwronment,
the sound level loss is 6 dB per doubling distance. This loss is different in an echoic room since the
direct-to-reverberant ratio changes as a function of the distance of sound sources due to the .
contribution of wall reflections. In addition, when a sound source moves away from a listener, its
spectral properties are also modified. Due to the air absorption, high frequencies are progressivel {}/
attenuated with the distance but this effect is potentially influent for distance farther than 15 meters”.
Finally, binaural differences can potentlally be useful to estimate distance of near-field sound
sources (within approximately 1 meter)
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In addition to these acoustic cues, some non-acoustic cues can be helpful to estimate the distance
of sound sources in static situation. Vision can obviously give important information about an object
location but can also blas the auditory perception. This bias is known as the “ventriloquist effect’ for
directional localization® but some studies mentioned similar effect for the distance localization'
Other studies have shown that distance perception can also be influenced by the familiarity with the
sound stimulus. For instance, it was suggested that distance judgment accuracy can be improved
by the use of a familiar stimulus such as speech or with past experience®

2.2 Distance Measurement Protocols

There are many different distance measurement protocols but they can be classified in four main
categories®: verbal reports, perceptually guided actions, imagined actions, and perceptual
matching protocols Verbal estimation protocols can consist in a judgment of distance using scales
with familiar units (meters, feet). This category also includes direct report method (without scales)
In perceptually guided protocaols, listeners have to perform an actron to estimate the distance of the
objects. For instance, they can have to walk directly to a target (“direct walking” protocol) or
following an indirect path22 (“triangulated blind walking” protocol). Imagined actions include
protocols in which participants have to imagine the needed time of walk or number of steps to reach
a target for instance. In perceptual matchlng protocols subjects estimate the distance of a target
object by moving a matching sound object These protocols include “perceptual bisection” or
“method of adjustment” and result in a comparison of different perceptual information.

Loomis et al.' found that verbal reports from observers are in agreement with distance estimations
obtained using both direct and indirect walking methods even if verbal measures show greater
variability. All these methodologies of distance estimation have pros and cons but it is important to
notice that verbal reports don’t imply other modalities to estimate distances. Indeed, perceptually
guided actions induce visual and/or motor responses which have their own variability. In addition,
experimental measures from imagined actions need to be converted into distances.

2.3 Distance Perception of Sound Sources

The distance perception of sound sources hasn’t been as investigated as localization of sound
sources in azimuth. Nevertheless, Zahorik made a review'' of more than 80 experiments about this
subject. There is a large variability between compared experimental conditions: environments,
stimuli, azimuth and distance range can be different. Despite these experimental differences, most
results indicate that participants tend to underestimate the physical sound source distances. Zahorik
affirmed that the relation between perceived distances and physical distances is well approximated
by compressive power function of the form d, = k(d;)* where d, is the perceived distance, d, is
physical distance, a is the power function exponent, and k is a constant. He found that the average
value of “k” is 1.32, and the exponent of power functions “a” is less than one (a = 0.54). He also
noticed an overestimation of distances for near sound objects (d; < 1.5 m).

Different experiments were recently conducted about distance perception specifically |n virtual
environments. These studies cover most of 3D sound technologies such as binaural®"?*%, or
holophonic rendering for static®®?” or moving subjects®?. They show that auditory performances in
virtual and real environments are about the same in terms of distance perception. Auditory
distances are generally underestimated and are consistent with Zahorik’'s compressive model.

3 EXPERIMENTAL SETUP

We conducted two experiments about egocentric auditory distance perception of real sound
sources (experiment 1), and virtual sound sources using Wave Field Synthesis (experiment 2). It
should be highlighted that this work doesn't attempt to compare directly real vs. virtual sound
sources distance estimations. The aim of the first experiment is to validate our protocol of distance
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measurement, especiall'y to ensure that the selected reporting method is relevant. The second
experiment aims at estimating to which extent the audio depth can be simulated by a WFS system.

3.1 Environment

Experiments take place in a damped room in Orange Labs. In this room, the reverberation time is
about 350 ms (Tg) and the background noise level is less than 30 dB(A). An acoustically
transparent curtain is placed in front of the participant in order to prevent him to see the sound
sources or to get any idea of the room size (about 20 m?).

The audio rendering is provided using a Motu 241/O interface controlled by a Motu 424 PCle sound
card. The Wave Field Synthesis implementation and signal processing is made using Max/MSP.

3.1.1 Presentation of real sound sources

In the first experiment, eight Studer loudspeakers are located at 1, 1.5, 2, 2.5, 3, 3.5, 4, and
5 meters from the listening position. As it can be seen in Figure 1, loudspeakers are slightly shifted
in elevation and azimuth in order to reduce the direct wave diffraction. These shifts are restricted to
a spatial window of £1.5° in azimuth and +2.5° in e levation based on localization blur’. An
equalization procedure is performed to match the spectral responses of loudspeakers. To do so, a
microphone is placed at the listening position and the impulse response of each loudspeaker is
measured for its actual location. The equalization process is calculated only taking into account the
direct wave 'in order to keep the “natural” room response at the different distances. Loudspeakers
are calibrated to 68 dB(A) at one meter from their position.

Figure 1: real sound sources placed in front of participants.

3.1.2 Presentation of virtual sound sources

In the second experiment, virtual sound sources are simulated by WFS using an array of 24 Studer
loudspeakers spaced by 9 cm. The WFS array is placed 3 meters away from the listener (see
Figure 2).
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Figure 2: Wave Field Synthesis array.

Loudspeakers spectral responses are equalized using impuise responses measured at the listening
position. The equalization is implemented so that all the individual contributions of each
loudspeaker are identical at the listening point. The resulting acoustic field is as it would be if
loudspeakers were ideal omnidirectional sound sources (as specified by WFS theory3). The
simulated source corresponds to a monopole emitting 73 dB(A) at one meter.

3.1.3 Auditory stimuli

Three stimuli are tested in order to cover a wide range of familiarity and spectral cues: female
speech, ringtone, and white noise bursts. Two of these stimuli are commonly used for localization
tasks but for different reasons. Speech signal is frequently used because it is a familiar sound
whereas white noise is used for its spectral properties. The third stimulus of this study (ringtone) is
chosen because of its potential strong semantic relation with a visual object. Indeed, future studies
will involve audio-visual object distance estimation.

3.2 Test Procedure

Listeners are static and blindfolded during all the test duration. In the first experiment, participants
are asked to estimate eight distance conditions between 1 and 5 meters. The second experiment
involves two additional distances (at 7 and 10 meters) for a total number of ten distance conditions.
In both experiments, distance estimations are made using a direct report method. For each distance
condition, participants have to report their estimation on a keyboard with 0.1 m accuracy.

Every distance condition is repeated five times. It results in a total of 40 conditions per stimulus in
experiment 1 and 50 conditions per stimulus in experiment 2. The presentation order of stimuli
changes every four spectators in order to present each possible combination to the same number of
participants. The distance conditions are randomly varied for each participant but keep unchanged
for the three stimuli. The average test duration is 30 minutes for experiment 1 and about 40 minutes
for experiment 2.

3.3 Panel Composition
The panel consists of 24 participants in both experiments (11 women and 13 men for the first
experiment and 13 women and 11 men for the second) whose average ages are 31 and 30 years.

All participants have experience in listening tests, but none of them took part in a subjective test
which involves auditory distance estimations.
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4 RESULTS
4.1 Experiment1

A variance analysis (ANOVA) is performed on participant judgments considering two between-
group factors: “Stimuli” (three levels), and “Distances” (eight levels). Figure 3 represents mean
distance estimations and associated 95% confidence intervals for 22 participants. Indeed, two
subjects were excluded from this analysis because of high variability in comparison to panel results
(more than five times the standard deviation); especially for the nearest loudspeaker for which the
inter-individual variability is the lowest.
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Figure 3: means and 95% Cl of perceived distances of real sound sources placed in the distance
range [1 - 5] meters.

As expected, results of the first experiment show that participants underestimate auditory distances
and are more accurate for nearer loudspeakers. The ANOVA reveals that participants are able to
discriminate distances (F(7,147)=95.79, p<0.001) but there is no significant effect of the stimulus
(F(2,42)=2.956, p>0.05). Table 1 presents the calculated constant “k” and exponent “a” based on
Zahorik’s model described by the equation d, = k(d,)? (see part 2.4).

Stimulus k a R2

Ringtone 1.237 0.62 0.958
Noise 0.986 0.74 0.997
Voice 1.075 0.73 0.979

Table 1: compressive power function values and associated coefficient of determination (R?) for the
three stimuli in the case of real sound sources.

Even if values in Table 1 slightly vary according to stimuli, results found in experiment 1 are in a
good agreement with previous studies. Moreover, high values of R* factor indicate that predictions
by Zahorik's compressive model perfectly match the experimental results. According to all these
observations, the employed protocol measurement can reasonably be validated to estimate
distance. Thus, it will be used for further studies, starting with experiment 2 about auditory distance
perception of virtual sound sources.
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4.2 Experiment 2

In the second experiment, participants have to estimate the distance of virtual sound sources. An
ANOVA is also performed on participant judgments but in this case the “Distances” between-group
factor has ten levels. Figure 4 represents mean distance estimations and associated 95%
confidence intervals for the 24 participants.
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Figure 4: means and 95% CI of perceived distances of virtual sound sources placed in the distance
range [1 - 10] meters.

First, confidence intervals presented on Figure 4 indicate that participant judgements are more
accurate for nearer virtual sound sources. This plot also shows that differences between stimuli
increase with the rendered distance. “Voice” stimulus is generally perceived closer than “Ringtone”
or “Noise” with a smaller variability (for 5, 7, and 10 meters conditions). The ANOVA confirms this
effect of stimulus (F(2,46)=6.126, p<0.005). Previous studies”**° have shown that distance
perception of speech could be influenced by the speech enunciation and have found that a
conversational speech is naturally perceived closer than a shouted speech. In the case of our
experiment, the voice stimulus is comparable to a conversational speech. Thus, there might be an
additional underestimation of distance for farther conditions as a speaker would tend to shout if the
listener was located a few meters away from him in a natural environment. This could explain a
greater compression of the perceived distance of “Voice” stimulus. As for the variability of
estimations, Coleman'” found that using a familiar stimulus can increase distance judgement
accuracy which is consistent with our results.

The most important result is that participants are able to discriminate distance conditions in the case
of virtual sound sources (F(9,207)=36.143, p<0.001). Table 2 presents the calculated “k” and “a”
values of compressive functions explained in part 2.4.

Stimulus k a R?

Ringtone 1.21 0.78 0.919
Noise 1.03 0.82 0.935
Voice 1.00 0.75 0.945

Table 2: compressive power function values and associated coefficient of determination (R?) for the
three stimuli in the case of virtual sound sources.
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Table 2 indicates that compressive power functions suit quite well to experimental data because of
high values of R? factors (R? > 0.91). Nevertheless, a logarithmic model of the form d, = A. In(d;) + B
could be more appropriate to these results. Indeed, in this case R® values would be greater than
0.98 for all stimuli.

5 CONCLUSION

In this paper, two experiments about egocentric distance perception of real and virtual sound
sources are described. The first experiment with real sources validates the measurement protocol.
Results show a good agreement with previous studies.- The second experiment aims at estimating
to which extent Wave Field Synthesis can create auditory events at different distances. The
perceived distance of 10 virtual sound sources placed in front of and behind a WFS array (between
1 and 10 meters) is measured. Results show that perceived distances are more or less compressed
according to the stimulus but participants are able to discriminate the different distance conditions.

Further work will explore the egocentric visual distance perception of virtual objects provided by a
stereoscopic projector, using the same measurement protocol. Then, experiments will be conducted

in the case of cross-modal condition in terms of egocentric distance estimations and audio-visual
integration window in distance dimension.
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