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ABSTRACT

Wave field synthesis and Ambisonics strive to reconstruct a sound field within a listening area using the
interference of loudspeaker signals. Due to the spatial sampling, an error-free reconstruction is not achieved
within the entire listening area and consequently, the perceived quality of the reproduction may be impaired.
Specifically, sound events may be localized incorrectly and the individual loudspeaker signals may result in
perceived coloration. Here, a binaural auditory model was employed to predict the localization error in
several off-center-listening positions and to visualize coloration artifacts. The model outputs provided good
match for perceptual data from previously conducted listening tests, verifying the applicability of the model

to evaluate the reconstructed sound fields.

1. INTRODUCTION

Spatial sound reproduction techniques employing several
loudspeakers have become feasible over the past years.
Currently, there are various techniques that strive to pro-
duce a plausible spatial impression using a multichannel
loudspeaker setup. One approach is to record each sound
event separately and to position the events around the lis-
tener using panning algorithms. In addition, the old idea
of Steinberg & Snow [1] to synthesize a whole sound
field is exploited in sound field synthesis techniques that
employ a large number of loudspeakers [2].

Optimization of the above-mentioned techniques re-
quires tuning of several parameters affecting the overall
performance. Computational auditory models could pro-
vide an appealing alternative to the direct use of human
listeners by predicting the effects of the modifications on
the perception. The authors of the current paper have
independently of each other applied binaural models to
predict the spatial perception of different reproduction
techniques. A modified version of the binaural model
by Dietz et al. [3] predicted the perceived direction of
synthesized sources in sound field synthesis [4]. Spatial
artifacts introduced by nonlinear time-frequency-domain
techniques were evaluated in [5] with a model [6] that
emulates the functionality of the nuclei in the auditory
pathway based on neurophysiological data.

The present study combines challenging results from lis-
tening experiments in sound field synthesis with predic-
tions of the binaural model [6]. The goal is to see if this
model is able to give meaningful insights also in the per-
ception of sound field synthesis methods.

2. METHODS I: SYNTHESIS TECHNIQUES

The basic principle of sound field synthesis is that the
sound pressure in an extended audience area is given
by the sound pressure at its boundary. In practice, the
pressure on the boundary is controlled via loudspeakers.
The usage of loudspeakers opposes a spatial sampling
process on the boundary which results in errors in the
synthesized sound field if the distance between the loud-
speakers is too large. For example, loudspeaker distances
below 1cm are needed to achieve an error free sound
field up to a frequency of 20 kHz. This is not achievable
at the moment and distances around 15 cm between the
loudspeakers are employed. With such a setup, the sound
field is correct only up to frequencies of around 1.5 kHz.
Due to the dominance of the low frequencies for local-
ization of a sound source the directional perception of
such sound fields is in most cases not impaired [4]. What
is impaired by the errors in the higher frequencies is the
timbre of the synthesized sound field [7].

This study focusses on loudspeaker setups that employ
even larger distances between the loudspeakers. In all
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Fig. 1: Sound pressure of a synthesized monofrequent plane wave going into the direction (0,—1). The plane wave
is synthesized by band-limited NFC-HOA and WFS and has a frequency of 800Hz. The black dots indicate the

loudspeaker positons.

cases, a circular loudspeaker array with a diameter of
3m is used, but the number of loudspeakers is either
14 or 28, corresponding to either 67 cm or 34 cm spac-
ing between the adjacent loudspeakers. For these cases,
errors in the synthesized sound field are expected even
below 1kHz. Suppressing such errors can be achieved
by distributing them differently in the synthesized sound
field. One option is derived with near-field compensated
higher order Ambisonics (NFC-HOA). In NFC-HOA, it
is possible to limit the order of the spherical harmonics
to half the number of applied loudspeakers for a circular
loudspeaker array. This effectively minimizes the errors
in the synthesized sound field at the center of the listen-
ing area. Figure 1 shows the synthesized sound field of a
mono-frequency plane wave with a frequency of 800 Hz
traveling into the direction (0, —1). The plane wave was
synthesized by band-limited NFC-HOA and in compari-
son with Wave Field Synthesis (WFS) without band lim-
itation. In the last case, the errors in the sound field are
more equally distributed in x-direction.

The error free region in the sound field is relatively small
already at 800 Hz for NFC-HOA employing 14 loud-
speakers. This raises the question how the errors affect
the localization of the plane wave outside of the central
listening position. The next sections will present listen-
ing results that investigated this question and the results
of the binaural model for the same question.

3. METHODS II: AUDITORY MODEL

The computational evaluations were performed using a
count-comparison principle [8] based binaural auditory

model [6]. As depicted in Fig. 2, the model, implemented
in Matlab, takes digitized binaural signals as input and
processes them first through the two periphery models,
one in each hemisphere. The periphery model emulates
the functionality of the cochlea with a nonlinear time-
domain model [9] and the conversion of the basilar mem-
brane movement into neural signals with the inner hair
cell model by Meddis [10]. Following the neuroanatomy
of the auditory pathway, the outputs of the two periph-
ery models are then projected into the functional mod-
els of the medial and lateral superior olives (MSO and
LSO, respectively), that decode the binaural cues in the
input signal according to the count-comparison princi-
ple. In addition to the MSO and LSO models, the binau-
ral model contains a psychoacoustically-motivated wide-
band MSO model to account for the human selectivity to
envelope-ITDs in broadband sounds (see, e.g. [11]).

The subsequent steps in the binaural auditory model were
designed based on psychoacoustical knowledge about
spatial sound perception with the aim to form a topo-
graphically organized map. This is accomplished us-
ing the directional cues to map the periphery model out-
puts onto an one-dimensional binaural activity map. The
directional cues are obtained by combining the MSO
and LSO model outputs, separately for each hemisphere,
while emulating the tendency of the auditory system to
favor off-median plane cues in localization [12]. In ad-
dition, the dominant role of onsets on localization [13]
is emulated by enhancing the visibility of the onsets on
the binaural activity map. As an output, the model pro-
duces a binaural activity map, where the left/right acti-
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Fig. 2: Illustration on how the binaural activity map is formed from the left and right ear canal inputs. Only the
pathways to the activation projected to the left hemisphere are shown for simplicity.

vation location on the map indicates the spatial arrange-
ment of the sound scenario, and different colors are used
to represent different frequency regions for visualization
purposes (see Fig. 4(i)). The functionality of the model
is described in detail in [6].

4. METHODS Ill: EVALUATIONS

Several binaural listening scenarios were simulated to
evaluate the sound field synthesis capabilities of WFS
and NFC-HOA. The scenarios of this study were selected
among the ones employed in the listening tests [14] in or-
der to compare the model outputs to the perceptual data.
That is, to test whether the artifacts seen in the binau-
ral activity maps are in accordance with the results of
the listening tests. Both the listening tests and the eval-
uations of this study used binaural stimuli where the dif-
ferent scenarios were simulated using head-related trans-
fer functions (HRTFs). The similarity of the stimuli en-
ables direct comparison between the model outputs and
the perceptual data. The binaural stimuli were obtained
with the Sound Field Synthesis Toolbox [15].

In each scenario, WFS or NFC-HOA was used to syn-
thesize the sound field using a circular loudspeaker array
consisting of either 14 or 28 loudspeakers (see Fig. 1).
Two different kind of sound fields were to be synthesized
— a point source at the direction of 0° from a listener at a
central position, and an impulse-like sound at the direc-
tion of —36°.

The first-named sound field condition were included to
evaluate the effective listening area of different sound
field synthesis techniques, and the resulting activity maps
were compared to results of a listening test [14]. In this
test, the subjects were requested to indicate the perceived
direction of the sound source in corresponding condi-
tions. The listening test contained also a follow-up ex-
periment, where the participants were asked to indicate
whether they heard one or two sound sources. Similarly
to the listening test, the size of the effective listening area
of each synthesized sound field was evaluated here by
simulating scenarios where the listener would be sitting
at different positions along the horizontal axis, the center
being at (0,0), and the furthest off-center condition be-
ing at (—1.25,0), i.e. at 0.25 m distance from the nearest
loudspeaker. A 200-ms-long pink noise signal, with a 10-
ms-long linear rise and decay was used both as the sound
propagating as a plane wave and as the sound emitted by
the point source.

The last-named sound field condition is related to another
listening test [7], where the participants rated the impair-
ments of different samples, i.e. synthesized sound fields,
in comparison to the known reference that was a point
source. The impairments were to be rated in terms of
coloration aspects. Several different stimuli (music, pink
noise, and speech) were used in the listening test. How-
ever, a different kind of stimulus needed to be used in
this study in order to evaluate such impairments based on
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the binaural activity map provided by the model. Con-
sequently, the simulated scenario consisted of a point-
source, at the direction of —36° from the listener’s point
of view, emitting a 4-ms-long white noise burst with a
2-ms-long linear rise and decay.

5. RESULTS AND ANALYSIS

Point source

A sound emitted by a point source is perceived from the
same position in the given environment, but the perceived
direction of the auditory event changes as the listener
moves within the listening area. In the evaluated sce-
nario, the point source is located at (0,2.5), i.e. directly
in front and at 2.5m distance from the central listen-
ing position. Hence, the synthesized sound field should
evoke the perception of an auditory event directly in front
of the listener when he or she is located at the center. A
listener on the left from the central position should per-
ceive the event on the right. The results of the listening
test [14] show that the sound event is indeed localized
accurately in all reconstructed sound fields when the lis-
tener is located at the central position (Fig. 3).

The techniques differ in the size of the listening area
within which the sound field is reconstructed accurately.
The listening area appears to be the smallest with the 7th-
order NFC-HOA as, e.g. at (—0.5,0), the sound event is
localized to the front of the listener, and not towards the
correct location of the sound event like in the case of the
14th-order NFC-HOA. Interestingly, listeners positioned
at 1.0 m distance from the center perceived two auditory
events when listening to the 7th-order NFC-HOA repro-
duction (see Fig.3). As expected, the 14th-order NFC-
HOA reproduction achieves a larger effective listening
area than the 7th-order does — the localization error for
the 14th-order Ambisonics is still small at (—0.5,0) and
increases substantially only at the two furthest off-center
positions, namely at (—1.0,0) and (—1.25,0) (Fig.3).
The effective listening area seems to be wider in WFS
as the sound event is localized closer to the desired di-
rection with both WFES reproductions also at the furthest
off-center positions [14].

The corresponding activity maps in Fig.4 also visual-
ize several related spatial artifacts in the reconstructed
sound fields. For instance, the activation evoked by
the 7th-order NFC-HOA spreads over a large area in
Fig. 4(b) but does not shift away from the center like it
does in Fig.4(c). The activity map in Fig. 4(d) contains
two activation areas, one in each hemisphere, reflecting

the above-mentioned perception of two auditory images.
Similarly, Figs. 4(e—f) show increased activation on the
left side that is caused by the signals emitted by loud-
speakers closest to the listener in the 14th-order NFC-
HOA reproduction at the furthest off-center positions.

The activity maps seem to be in good agreement with
the perceptual data. However, the agreement needs to be
validated via numerical analysis. Here, the approach uti-
lized by Stern & Colburn [16] is exploited and the mass
centroid of the model output is used to predict the per-
ceived direction of the sound event. In [16], such an
approach yielded accurate predictions for lateralization-
matching experiments. In this case, the mass centroid is
acquired from the histogram

H(l) = Lo (X2 M(112))
max [Y7 (X8, M(1,1,2))]

that is computed to describe the average distribution
of the activation on the map M. Here, [ denotes the
left-right location on the map with the discrete values
—1,—-0.9,...,1, z describes the frequency region (see
Fig. 4(i)), and ¢t denotes the time. As the strength of the
image on the map depends on the level of the periph-
ery model output at the given frequency band [6], the
histogram may be considered as the energy-weighted av-
erage of the activations at different frequency regions at
different time instants. The resulting histograms in Fig. 5
illustrate how densely the activation is concentrated at a
specific area on the corresponding activity map shown in
Fig. 4. Subsequently, the mass centroid

1
_ lez—l H(l)l 900
Y- H(I)

is computed based on the histogram. Here, the mass
centroid is transformed into azimuthal direction with the
multiplication by 90°. Upon acquisition of the mass cen-
troid values for each reconstructed sound fields, similar
values were computed for the corresponding reference
conditions having the point source at (0,2.5) and the lis-
tener at (0,0), (—0.5,0), (—1,0), and at (—1.25,0). Sim-
ilarly as before, the conditions were simulated using the
Sound Field Synthesis Toolbox [15] to obtain the binau-
ral stimuli that were processed with the binaural audi-
tory model and the mass centroids were computed based
on the activity maps provided by the model. The differ-
ence between the values acquired for the reconstructed
sound fields and for the corresponding reference condi-
tions is used as a measure to predict the localization error.

(1)

C 2
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Fig. 3: Localization results for a point source synthesized with different sound field synthesis methods. The arrows
are pointing towards the direction a listener, placed at the center of the arrow, perceived the corresponding auditory
event. The number to the right of the arrows is the mean absolute deviation of the perceived direction from the desired
one. The corresponding modeling graph is indicated by the small letter under the arrow.
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Fig. 4: Binaural activity map for a point source at (0,2.5) when the listener is simulated to be at (0,0) or at various
off-center positions, and the sound field is synthesized either with WES or NFC-HOA.

Table 1 summarizes the predicted values and the corre-

sponding localization errors [14].

The model predicts the perceived direction quite well for
all conditions besides (e) and (f) which are the NFC-
HOA conditions with 28 loudspeakers and a listener
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Fig. 5: Histograms of the activation on the activity maps shown in Fig. 4. The highest peak in each histogram has been
normalized to have the value of 1 to ease visual comparison.

Table 1: Localization errors of the listening experi-
ment [ 14] and the corresponding predictions for the eight
evaluated scenarios illustrated in Fig. 3.

# | Loc. error - model | Loc. error - experiment
(a) -0.48 1.75
(b) 15.79 12.05
(c) -2.20 -2.31
(d) 32.10 33.79
(e) 9.05 -8.61
) 16.03 -8.47
(8) -3.01 -3.28
(h) -3.86 -0.76

placed to the side. The mean absolute deviation of the
predicted direction from the perceived one is 7° consider-

ing all conditions. Conditions including NFC-HOA with
low orders are still a challenging task for binaural mod-
els. The same conditions were fit into another binaural
model that predicted results for WFS with high accu-
racy [14]. It achieved a mean absolute deviation of 8°
showing that the appllied conditions are challenging.

Impulse-like sound

The above-mentioned small differences between the ex-
pected and the perceived direction of a sound event in
WES are achieved partly due to the precedence effect (for
a review, see [17]). That is, WEFS is able to reconstruct
the first wavefront correctly and therefore, the sound
event is localized to the expected direction despite the
later arrival of interfering sounds from individual loud-
speakers [18]. Although the localization is not impaired
by these excess sounds, the sound event is perceived as
colored [18, 7].
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Fig. 6: Binaural activity map for (a) an impulse in the
direction of —36°, and (b) the corresponding synthesis
with WFS employing 28 loudspeakers.

This study investigates whether the binaural auditory
model can detect the excess sounds arriving after the
first wavefront and consequently, to evaluate coloration
artifacts in WFS. Figure 6 shows the activity maps ob-
tained for the reference, i.e. an impulse-like sound at
—36°, and for the sound field reconstructed with WFS.
The activity map also shows that the first wavefront of
the reconstructed sound field does indeed evoke activa-
tion in the same location as does the reference stimu-
lus. However, also the later arriving interfering loud-
speaker signals can be seen to evoke activation on the
map (Fig.6(b)). Hence, the model output is in accor-
dance with the perception.

6. DISCUSSION

Binaural auditory models could provide an interesting
tool for developers of spatial sound reproduction tech-
niques, by being able to predict the effects of different
modifications on the quality perception. The model used
in this study aims to ensure its general applicability in
various tasks via accurate emulation of the functional-
ity of the nuclei in the auditory pathway. The above-
mentioned evaluations verified that also sound fields re-
constructed with WFS and NFC-HOA can be evaluated

with such a model in a manner that the model outputs
are in line with the human perception. The model was
able to visualize both spatial and coloration artifacts in
the reconstructed sound fields. Moreover, numerical val-
ues computed based on the activity maps predicted ac-
curately the perceptual data about the about the localiza-
tion error in the corresponding scenarios. Thus, the study
presents one of the first successful attempts to evaluate
sound field synthesis techniques based on both spatial
and timbral aspects using a binaural auditory model.

However, a visual inspection of the resulting binaural ac-
tivity map is needed to evaluate whether the output of the
model matches with the human perception. Visual com-
parisons are also required for detecting artifacts in the
reconstructed sound fields. However, as demonstrated
above, the effect of these artifacts on some perceptual as-
pects can already be analyzed numerically based on the
activity map. Still, more general instrumental evaluation
of the reconstructed sound fields requires development
of high-level algorithms that would do predictions based
on the activity map. In addition, the spatial resolution of
the model needs improvement.

7. CONCLUDING REMARKS

Wave Field Synthesis and Ambisonics can reconstruct a
sound field within a listening area by exploiting the in-
terference of loudspeaker signals. Both techniques can
achieve the larger effective listening area the denser loud-
speaker arrays are used since the spatial aliasing is re-
duced. The traditional approach to evaluate the perfor-
mance of these techniques consist of either visual or in-
strumental inspection of the reconstructed sound fields.
Here, an alternative approach was used. Sound fields
reconstructed with WES and NFC-HOA were evaluated
with a binaural auditory model [6] and the model out-
puts were compared to listening test results. Specifically,
several binaural listening scenarios were simulated using
HRTFs and the resulting binaural signals were processed
with the model to obtain binaural activity maps for the
different scenarios. The activity maps showed artifacts
in the reconstructed sound fields at off-center-listening
conditions, being in good agreement with the perceptual
data about the evoked spatial impression [14]. A numeri-
cal analysis verified the accuracy of the model prediction
about the localization error caused by the artifacts. In
addition, the activity maps visualized how the individual
loudspeaker signals result in audible coloration artifacts
in WFS [7], although the first wavefront is reconstructed
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correctly. Consequently, it was demonstrated that the
binaural auditory model can be used to evaluate the per-
formance of sound field synthesis techniques, and to aid
in the further development of such techniques.
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