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ABSTRACT

Acoustic maps derived from the Generalized Cross-Correlation
Phase Transform (GCC-PHAT) computed on the signals acquired
by a set of distributed microphones can be effectively used for the
localization of active acoustic sources. When the microphone pairs
surround a given area with a good angular coverage, directional
characteristics of the sources can also be inferred, based on the
relative amplitudes of the GCC-PHAT peaks and the geometry of
propagation in the given environment. This paper presents a novel
method for estimating the radiation pattern of an acoustic source
which combines GCC-PHAT observations with accurate descrip-
tors of the environment characteristics, i.e. reverberation time. Ex-
periments on simulated data show that the source emission pattern
can be estimated in an effective way under noisy and reverberant
conditions.

1. INTRODUCTION

Acoustic scene analysis for audio processing takes advantage of an
accurate characterization of the sound sources, for instance in terms
of spatial positioning and radiation properties. As far as the latter
is concerned, in general acoustic sources present emission patterns
which are far from being omnidirectional in particular at higher fre-
quencies [10]. As an example, Figure 1 sketches the typical radia-
tion pattern of humans at two frequencies [5, 7].
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Figure 1: Rough shape of the head radiation pattern at two frequen-
cies.

To this regard, the SCENIC project! focuses on techniques for
achieving acoustic awareness of an environment and on methods
for employing the acquired awareness in source characterization
and enhancement of the recorded signals. The specific radiation
pattern, and consequently the orientation of the source, are cru-
cial features in many speech related algorithms which rely on the
assumption that direct wave-fronts prevail in the multipath prop-
agation [3, 16]. The source emission pattern plays a double role
since it influences not only the direct path but also the whole Room
Impulse Response (RIR), controlling the amount of energy irradi-
ated along each propagation path. Consequently, the RIR, which
fully describes the point-to-point acoustic propagation in a given
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enclosure, could be used to extrapolate the properties of the source
emission pattern. An accurate derivation of the RIR from the cap-
tured audio signal is possible only if the originally emitted sound
is known. Alternatively blind channel identification methods are
adopted [8], which typically operate using arrays of microphones.
In this work instead we are interested in using the information pro-
vided by the GCC-PHAT [9] computed at several surrounding mi-
crophone pairs. It has been shown that such information is related
to the orientation of a non omnidirectional source and that it can be
employed to infer the direction of sound emission [4]. The radia-
tion pattern influences in a very articulated way the behaviour of the
GCC-PHAT, affecting not only the direct path but the whole multi-
path propagation. Therefore, deriving a direct relationship between
the emission pattern and the observed GCC-PHAT measurements is
not trivial. In this work we suggest adopting an environment aware
method, which, provided that accurate descriptors of the environ-
ment are available, approximates the acoustic propagation by con-
sidering low order microphone mirrors [2] and consequently models
the corresponding expected GCC-PHAT. A similar approach was
followed in [14] which presents a method, relying on first order
mirror images, for source orientation estimation using eigenvalues
of the cross-correlation matrix.

The problem of estimating the radiation pattern of an acoustic
source has not received much attention by the research community
so far. Few works are available in the literature on the topic. In [11]
the acoustic source is approximated as a circular piston whose ra-
dius determines the emission pattern. Based on the energy received
at a microphone array the piston radius is derived. More recently
in [12] a rough representation of the radiation pattern, in combi-
nation with the source position and orientation, is derived from a
weighted delay-and-sum beamforming.

This paper is organized as follows. Section 2 introduces the
adopted acoustic propagation model in presence of a non omnidirec-
tional source. Section 3 presents the maximum likelihood estima-
tion framework whose performance, measured on simulated data, is
discussed in Section 4. A final discussion concludes the paper.

2. ACOUSTIC PROPAGATION WITH DIRECTIVE
SOURCES

Let us assume that N microphones are available in a given enclosure
where a directional acoustic source is active with a certain orienta-
tion. Each microphone is identified by the couple (r,,,6,) indicating
its distance r, and azimuth 6, with respect to the source (see Fig-
ure 2). The azimuth corresponds to the angular distance between the
direction the source is aimed at and the line connecting the source
and the microphone. Assuming an FIR modeling of the RIR £,(7)
between the source and the n-th microphone, a common approach
is to split the acoustic propagation into the direct path and the rever-
berated part:

hn(t) = hy g0t —rn/c) + by (1) (1)
where the attenuation factor £, 4 includes both the propagation loss
and the directivity gain (in case the source is not omnidirectional),
while ¢ is the speed of sound. The reverberant part &, -(f) includes
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Figure 2: Reference diagram for the notation adopted in the paper.

all the other arrivals due to the multipath propagation.

Now, let us consider M microphone pairs obtained out of the N
microphones and denote with 4,, and @, the distance and azimuth
of the center of the m-th pair. Given the geometrically computed
time difference of arrival 7,,(p) at microphone pair m for a source
in spatial position p, we indicate with };,(¢) the value of the GCC-
PHAT C,, at microphone pair m computed for time lag 7, at time
instant ¢:

n(t) = Cin(t, Tn(P)) 2

It can be shown that under diffuse reverberation and ideal prop-
agation, ¥, () is proportionally related to the Direct-to-Reverberant
ratio DRR at pair m. If the emitting source has directional proper-
ties, the DRR is influenced not only by the multipath propagation
but also by the specific azimuthal distance between source and mi-
crophones (i.e. the angle 6, in Figure 2). Even though the radia-
tion properties of an acoustic source are frequency dependent, for
the sake of simplicity we consider here an average directivity gain
D(wy) on a horizontal plane, defined in a way that its maximum is
normalized to 1 at ¥ = 0 and is proportional to the overall power
radiated in the various directions for azimuth —7 < y < 7. The at-
tenuation factor associated to the direct propagation path can hence
be defined as [10]:

_ D(8)
4rr,

hnﬁd (3)

In case of directional microphones the receiver gain should be in-
cluded in the above equation. According to eq. 3, if a microphone
pair is not frontal to a directional source, the DRR, and hence 7, (t),
is reduced leading to the derivation of cues related to the source
orientation or emission characteristics [13, 18].

Unfortunately a closed form relationship between %,(¢) and @y,
for a given source directivity gain is not available. In particular,
the source directivity affects also the reverberant part of the RIR,
since some paths are receiving lower energy, which, in combination
with the non-linearity of the GCC-PHAT, complicates the problem
considerably. Nonetheless, it is possible to take advantage of the
connection between %, (¢) and @y, to classify the source directiv-
ity pattern using a sufficient number of observations with a reason-
able angular resolution. Only a relative comparison between the
emission patterns of two different sources irradiating sound in the
same conditions is actually achievable in practice. As a matter of
fact, GCC-PHAT is influenced by so many factors that just slightly
changing the position of the source would result in a quite different
distribution of %, (¢) for any possible angle @,,, preventing a practi-
cal derivation of an absolute descriptor of the radiation pattern.

3. DIRECTIVITY ESTIMATION

A more effective solution can be devised if knowledge of the en-
vironment is embedded in terms of reverberation time (or wall ab-
sorption coefficients), source position and orientation, and micro-
phone locations. Although a plethora of robust algorithms related
to source localization [19] and estimation of source orientation ex-
ists [4, 13, 18], only recently methods enabling the inference of
acoustic properties of an enclosure have appeared in the literature.
In [15] a method for blind estimation of the reverberation time is
presented, while in [6, 17] methods for reflector characterization
and room geometry inference are described. If that information was
available, the RIR at the n-th microphone could be approximated
using the image method [1] by mirroring the microphone position
with respect to the 6 surfaces of a parallelepipedic enclosure up to
the images of order /. Denoting with (n,{) the i-th mirror image of
the n-th microphone, an approximated RIR can be obtained as:

61
RL(t) = Y b iS(t =i /c) S
i=0

Assuming a constant absorption coefficient 3 for all the surfaces,
the attenuation #,,; of the propagation path associated to the i-th
image of the n-th microphone is:

D(en,i)

h,: = Wi
i =B

®

where wy,; is the number of reflections associated to the specific
propagation path, 6, ; is the azimuth of the image microphone and
7y,; is the length of the path. Note that i = O refers to the direct path,
i.e. when the microphone is not mirrored. The above derivation can
be easily generalized for the case in which 3 is not constant. From
the approximated RIRs 7/ (1), an expected value of the GCC-PHAT
at a generic microphone pair m can be derived as [9]:

L /—oo ‘I'A[ml (f)HI:ImZ(f)‘

where H,,; and H,,, are the Fourier Transforms of the two approx-
imated RIRs of the microphones forming the m-th pair. Given %y,
it is reasonable to model the observed ¥, (f) as Gaussian random
variables:

27 S df (6)

Yn(t) € A (T, Oy)

where, for the sake of simplicity, the standard deviation oy is as-
sumed to be equivalent at all microphone pairs. Consequently we
can set up a maximum likelihood framework for estimating the di-
rectivity pattern of the emitting source. To simplify the estimation
task we parametrize the average emission pattern as follows:

1 +cos(y) )p

D(y,p) = ( 5 @)

which is basically a cardioid-like emission pattern where the ex-
ponent p determines the directivity of the source (when p = 0 the
emission pattern is omnidirectional). The above model allows us
to define the expected value %, as function of p: §,(p). Given
the set ¥(t) = [y (¢), 71 (¢),- .., Ym—1(t)] of GCC-PHAT observations
at time instant 7, we are interested in maximizing the probability
P(p|y(t)) of p given () for any time instant z. For the sake of
simplicity we drop hereafter the dependency on time. Applying
the Bayes rule and under the assumption that observations are in-
dependent and identically distributed, the solution is equivalent to
maximizing P(y|p) which can be written as:

P(ylp) = []P(wmlp)

N 2
1 ( Ym=9m(p)
— ! 2 ( oy )

— €
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®
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Applying logarithm and removing constants and terms not depend-
ing on p, we can reformulate the above equation as:

2(1lp) = ¥ (2%n(p) — %~ 7a(p))

m

(10)

from which we can define the maximum likelihood estimator for the
directivity parameter p:

p(r) = argmax Z(v|p) (1)

Note that the estimation obtained in eq. 11 is for a specific time
instant and uses a single set of observations ¥(r).

Finally, it is worth mentioning that the proposed method can
work only in presence of reverberation. As a matter of fact, under
anechoic conditions all the emission patterns are equivalent to an
omnidirectional one from the GCC-PHAT perspective. The model
R (r) must hence capture the reverberation properties of the envi-
ronment considering at least the low order reflections (i.e. 1 > 0).
This way the adopted method is also robust against the presence
of strong reflections that may artificially increase some of the f,
resulting in erroneous estimates of the emission pattern.

4. EXPERIMENTAL ANALYSIS

To validate the proposed estimator, we simulated a dense micro-
phone distribution where omnidirectional sensors are positioned all
around the walls of a 5x6 meters room. Given an inter-microphone
distance of 20cm, 110 microphones are considered, all of them at
the same height. Each microphone is coupled for GCC-PHAT com-
putation with the adjacent one resulting in M = 110 pairs. Fig-
ure 3 shows a simplified outline of the experimental set up and the
source position. For each microphone a RIR at 16kHz is generated
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Figure 3: Simplified outline of the experimental set up (with only
42 microphones).

through the image method considering various reverberation times
and 5 different values of the directivity parameter p : 0,2,4,6,8.
Figure 4 shows the 5 resulting radiation patterns in dB: note that the
two most directive patterns are quite similar. The resulting RIRs are
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Figure 4: The 5 emission patterns taken into consideration.

used to filter a speech utterance of 4 seconds, in order to generate
the signals as acquired by the microphones. White noise is then
added to account for the effects of environmental noise considering
3 possible SNRs: 30dB, 20dB and 10dB. Given an analysis window
of 214 samples with overlap 50%, a sequence of GCC-PHAT obser-
vations is extracted from the acquired signals and is used to obtain
independent estimates of the parameter p through eq. 11. Expected
GCC-PHAT values are computed using 1st and 2nd order images.
Since a closed-form solution of eq. 10 is not achievable, a grid of
possible p is considered in the range [0,9.5] with step 0.5. The po-
sition of the source is assumed to be known, for instance as output
of a source localization algorithm. We further assume that the re-
verberation time is known, from which 8 can be derived through
the Sabine’s formula. Performance is measured in terms of the es-
timation error €, = averaged over all time frames: In addition, the
average estimation error €p, obtained as average over all directivi-
ties for a given reverberation time and SNR is evaluated:

_ 1

&= 5;\%\ (12)

4.1 Results

Figure 5 reports on the estimation error for various reverberation
times (7gp) and SNRs when only the 1st order mirrors are accounted
for. Note that most of the errors are concentrated in the highly direc-
tive cases, with p = 8 being the most critical directivity to estimate.
In particular, we observe that as the reverberation increases the di-
rectivity tends to be underestimated since the adopted propagation
model does not fit the actual propagation anymore. Conversely, low
directivities are overestimated (&p > 0). Figure 6 summarizes the
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Figure 5: Estimation error €, when using only 1st order mirrors to
derive the GCC-PHAT model. Results for different values of p, Ty
and SNR are reported.
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performance in terms of average error over the 5 directivity pat-
terns. As expected, when reverberation increases the performance
progressively degrades with a clear gap between 10dB SNR and the
other 2 cases. This is a consequence of the corruption of phase in-
formation induced by an increased level of additive noise which is
not captured by the adopted GCC-PHAT model.
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Figure 6: Average estimation error when using 1st order reflections.

In a similar way, Figures 7 and 8 present the results when the
second order reflections are considered in the GCC-PHAT models.
Note how the related performance is more robust against reverber-
ation and noise, in particular when the SNR is above 10dB. Con-
versely, when the SNR is equal to 10dB the performance is similar
to the case with / = 1 and no gain is provided by using 2nd order
mirror images.
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Figure 7: Estimation error when using 2nd order mirrors under dif-
ferent reverberation times and SNRs.
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Figure 8: Average estimation error when / = 2.

So far the proposed method was evaluated using a very dense
microphone distribution which ensures a fine sampling of the GCC-
PHAT in the angular domain. Considering the specific case in which
SNR=20dB, Tgg = 0.3s and / = 2 we evaluate now the estimator ca-
pabilities when the number of available pairs is reduced of factors
5 and 10, maintaining the same intra-pair microphone distance and
a uniform distribution of the pairs in space. Figure 9 reports the
average estimation error. When M = 22 only a slight performance
reduction with respect to M = 110 is observed (Figure 9(a)). Con-
versely, as shown in Figure 9(b), using 11 pairs results in an appar-
ent performance degradation in particular under high SNR and low
reverberation conditions.

25

SNR=30dB —4—
SNR=20dB —C—
SNR=10dB —M—

2
s g |
c g
S 15
©
E _
G -
g i —
g - -
8 _ .
® 05 A CS—
a_—x—

0.1 0.2 0.3 0.4 0.5 0.6

(a) M=22

25

SNR=30dB —A—
SNR=20dB —o—
SNR=10dB ——

average estimation error
\

0.5

(b) M=11

Figure 9: Average estimation error when / = 2 and a reduced num-
ber of microphone pairs is adopted.

Clearly the adopted method relies on an accurate estimation of
the reverberation time from which the wall absorption coefficients
can be approximated using the Sabine’s formula. Figure 10 reports
on the average estimation error when a mismatch occurs between
the reverberation time adopted for computing the models and the
actual one, which in this specific case is equal to 0.3 second. The
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estimation performance does not seem to be very sensitive to over-
estimated Tgp while an underestimated reverberation time is quite
detrimental. Interestingly, in the most noisy case (i.e. SNR=10dB)
the best performance is reached when Ty is slightly lower than the
actual one (0.2 s).
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Figure 10: Average estimation error when using 2nd order reflec-
tions, with a mismatch between Tg used for modeling and the ac-
tual one, which in this case is 0.3s.

5. CONCLUSION

This paper presented a novel method for deriving the radiation pat-
tern of an acoustic source given a set of GCC-PHAT measurements
obtained from several microphone pairs. The estimation technique
works in a maximum likelihood fashion using GCC-PHAT mod-
els which are obtained by approximating the RIRs with the image
method accounting for low order reflections. Environment aware-
ness in terms of room geometry and reverberation time is employed
in the RIR approximation.

Extensive numerical simulations show that the proposed
method can estimate the source directivity with satisfactory accu-
racy in low to mid reverberation and low SNR conditions. Errors
concentrate in most of the cases in highly directive patterns that
tends to be underestimated. To some extent, the estimation is also
robust to the use of erroneous reverberation times.

Concerning the required microphone density, it is worth men-
tioning that when few microphones are available their angular den-
sity can be artificially increased by accumulating over time the
GCC-PHAT observations associated to a moving source.

Future work will address the robustness of the average radia-
tion pattern model in case of real sources, either loudspeakers or
humans. The robustness of the estimator will be tested in real en-
vironments. The possibility to jointly estimate the radiation pattern
and the source orientation is another challenging research direction
that will be addressed.
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