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ABSTRACT

In this paper, we propose a semi-blind source separation method
under the assumption that the original signal of a certain source is
given in advance. Main purpose of the proposed method is acoustic
echo reduction. The proposed method can be regarded as an optimal
coupling of linear echo canceller, multichannel source separation,
and nonlinear echo suppressor under a newly proposed semi-blind
local Gaussian modeling. We analyze the behavior of the proposed
method when phase component of the acoustic transfer function of
a loudspeaker is fluctuated. It is shown that the proposed method
is more robust against phase fluctuation than the conventional lin-
ear echo canceller. Furthermore, the proposed method is superior
to full-rank local Gaussian modeling and a cascade method of the
linear echo canceller and the full-rank local Gaussian modeling.

1. INTRODUCTION

Acoustic echo reduction technique [1] is one of essential functions
in TV conferencing systems. Many echo reduction techniques have
been studied. Conventional approaches can be divided into linear
echo cancellers [1] and nonlinear echo suppressors. When acoustic
transfer function between a loudspeaker and a microphone is linear,
theoretically, linear echo cancellers are the best solution for acous-
tic echo reduction. However, linear echo cancellers are sensitive to
change of the acoustic transfer function. When the acoustic transfer
function fluctuates in a short period, the linear echo cancellers can
not reduce acoustic echo sufficiently. Especially, the linear echo
cancellers are fragile to phase fluctuation of the acoustic transfer
function. If distance between the loudspeaker and the microphone
move by about 4 cm, phase component of 4000Hz will be reversed.
In the reverberant room, phase fluctuation frequently occurs due to
reverberation. In this case, the nonlinear echo suppressors based on
single channel noise reduction techniques [2] such as Wiener filter-
ing and spectral subtraction are preferable [3]. An alternative way
for residual noise reduction is an integrated method of the linear
acoustic echo canceller and multichannel source separation such
as a generalized sidelobe canceller [4] or semi-blind source sep-
aration [5]. These techniques optimize linear echo canceller and
multichannel-beamforming simultaneously. However, these tech-
niques remain linear filtering techniques. One of authors proposed
multichannel acoustic echo reduction technique by using amplitude
difference between microphones [10]. However, this technique is
only a nonlinear filtering.

In this paper, we propose an optimal coupling of linear echo
canceller, multichannel spatial beamforming, and single channel
echo suppressor. The proposed method is an extension of local
Gaussian modeling (LGM) [6][7][8][9]. LGM approximates the
multichannel covariance matrix of each source as multiplication of
a time-variant scalar coefficient and a time-invariant matrix. The
time-invariant matrix is related to direction of arrival of each source.
Duong et al. proposed approximation of the time-invariant matrix as
a full-rank matrix [7]. LGM with the full-rank matrices is shown to
be robust against reverberation i.e. phase fluctuation. However, the
original LGM cannot be applied for acoustic echo reduction prob-
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lem. In this paper, LGM is extended in the following respect to
apply for acoustic echo reduction problem:

1. The original LGM is blind source separation under the condi-
tion that original signals of all sources are unknown. We extend
LGM for semi-blind source separation under the condition that
a certain source is given in advance.

2. The original LGM neglects late reverberation and approximates
microphone input signal as instantaneous mixtures at time-
frequency domain. However, late reverberation of loudspeaker
signal cannot be neglected, because it causes acoustic feedback.
We extends LGM for convolutive mixtures of the loudspeaker
signal in the time-frequency domain.

The original LGM regards probability distribution function of each
source as a Gaussian distribution with 0-mean and full-rank covari-
ance matrix. Each source is assumed to be independent of one an-
other. In convolutive mixtures case, acoustic echo component of
each tap is not independent of one another. The proposed method
models probability distribution function of loudspeaker signal as
a Gaussian distribution with non 0-mean and full-rank covariance
matrix. Non 0-mean component is related to linear part of acoustic
echo (dependent part of each tap), and full-rank covariance matrix
is related to residual echo (independent part of each tap). Optimiza-
tion scheme of the proposed method is based on the EM algorithm
[11].

Experimental results show that the proposed method is robust
against phase fluctuation, and the proposed method is superior to
the linear echo canceller or the full-rank local Gaussian modeling.

2. PROBLEM STATEMENT

The m-th microphone input signal x,,(¢) is converted into time-
frequency domain by using short term Fourier transform. In the
microphone input signal at each time-frequency point is defined as
follows:

Xpo=[ X101 XMl (1

where f'is the frequency index, 7 is the frame index, and M is the
number of the microphones. The microphone input signal is com-
posed of near-end speech signal and far-end acoustic echo. There-
fore, x 7, can be modeled under the narrowband assumption as fol-
lows:

Ny Ly
Xpo= Y Sifeifot D drejribjse ©)
i-1 i=1

where a; ;¢ is steering vector of the i-th near end speech, s; 7.7 is the
source signal of the i-th near-end speech, N; is the number of near-
end speech sources, dy,; is a reference signal of far-end speech, and
b, s is the j-th transfer function of the far-end speech. For far-end
speech signal, reverberation cannot be neglected, because reverber-
ation causes acoustic feedback. Therefore, the far-end speech signal
is modeled as a convolutive mixture in Eq. 2. In the echo cancella-
tion problem, the reference signal dy,; can be assumed to be given.
Purpose of the acoustic echo canceller is to remove acoustic echo
component from microphone input signal x 7 ; by using the given



dy. All variables ie. s;/¢, @y, drg, bj ¢ are assumed to
be independent of each other. However, dy ¢, df;1,... are cor-
related with each other because these variables are caused by the
same source component. Furthermore, the source signals i.e. s; ¢
and dy,; are assumed to be 0-mean.

2.1 Local Gaussian Modeling

The microphone input signal can be converted as follows:

Ny Ly
Xfr= 2 Cifirt 2 CINED 3
i=1 =1
where
Cifr = Sif14if 1, 4
ejrr = drr_ji1bjr, (5)

¢; 7.7 is the multichannel signal of the i-th source, e; 7 ; is the mul-
tichannel residual echo signal associated with dy ;. Duong et
al., [7] proposed a blind source separation technique which esti-
mates the maximum likelihood value of ¢; 7, by the EM algorithm
under the condition that ¢1 ;7 ...¢y, ,r are mutually independent.
Duong’s method uses the approximation that the probability func-
tion of ¢; s,; is a Gaussian distribution with 0-mean and a multi-
channel covariance matrix which is multiplication of a time-variant
scale factor and a time-invariant matrix (LGM: local Gaussian mod-
eling).

2.2 Straightforward semi-blind LGM by using 0-mean and
full-rank covariance model

The most straightforward approach for semi-blind source sep-
aration is a simple extension of LGM with 0-mean and full-
rank covariance matrix under the assumption that ¢; s ¢...cn, 7.7,
e;fr---€fr r,+1 aremutually independent and are Gaussian dis-
tributions with 0-mean and a multichannel covariance matrix. By
following this approach, the multichannel covariance matrix of the
microphone input signal can be approximated as sum of multichan-
nel covariance matrix of each source. However, this approxima-
tion is problematic, because actually, dy;— ;1 is a deterministic
variable, and expected value of cross spectral of e; 7 ; and e}, 1 1,

E[e_/‘_f,fez,jgr] is not 0 as follows:

Ele; /<€), 1.
= Eldjejndfe b))l el
= drrjndro_ 4 i’j,f,r\e,DI;zﬁf,rlﬂ.D #0, (6
where E[] is an operator for mathematical expectation.

3. PROPOSED METHOD
3.1 Overview of proposed method

The local Gaussian modeling cannot be straightforwardly applied
for acoustic echo reduction problem, because cross spectral of
el sr---er, st are not zero. To overcome this situation, the pro-
posed method uses decorrelation of e; s by using linear filtering

as follows:
éjrr=ejrr—drijr1E[bj sz (7

Cross spectral of &y y:...&, s are expected to be zero.
e st---er, rr are mutually independent and are Gaussian distri-
butions with 0-mean and a multichannel covariance matrix. There-
fore, if the microphone input signal is cornposed of ¢ St CN, £
& fr---€ oS T—La+1> the multichannel covariance matrix of the mi-
crophone input signal can be approxlmated as sum of covariance
matrices of €| f.7...€N, f,7, € fc---€) fr—L,+1- Therefore, distri-
bution function of loudspeaker signal can be modeled as a Gaussian
distribution with non 0-mean and full-rank covariance matrix.
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In accordance with the above discussion, we propose an ex-
tended version of Duong’ method to semi-blind source separation
case with non-0 mean and full-rank covariance matrix of loud-
speaker signal. Semi-blind source separation case with local Gaus-
sian modeling is different from the original blind source separation
technique, because the original blind source separation method only
estimates the covariance matrix of each source, but the proposed
method must estimate the covariance matrix and the average value
of acoustic transfer function of the far-end source simultaneously.

3.2 Likelihood function

The log likelihood function which is intended to be maximized by
the proposed method is defined as follows:

L(X|0,D) =

M
log|Ry /.+/0 bl ~log27|¥, |

where X = {x/;}, D = {dy .}, H is an operator for Hermitian
transpose of a vector/matrix, 0 is a model parameter vector which
is required to be optimized. u £.70.D is the average vector of the
microphone input signal at the frame 7 and the frequency f, and
R, /6. is the covariance matrix of the microphone input signal
at the corresponding time-frequency point. [ ;719 p is modeled by
using Eq. 2 as follows.

Ly

Hidop = E[xf,‘f‘evl)} = zdf.rfjJrlE[bj,f?r‘e»D]a ©)
J=1

where E[-|@,D] is an operator for conditional expectation with

given @ and D, E[s; 7;/0,D] is assumed to be 0 under the inde-
pendence assumption and 0-mean assumption of each source. On
contrary to this, E[ds.;|0,D] = dy ;. The multichannel covariance
matrix of the microphone input signal can also be expanded as fol-
lows:

Rijrop = ElX7.c—Myo00)*rc—My0p)"60.D]
Ng
= D Visre.oRa s100
=
Ly ,
+ X ldrej1l*Ry, s 110,05 (10)
=1
where
virriop = Ellsis|*0.D]
Ry supp = Elais-aj;./6,D]
Ry srop = Elbjsc—bjs:00)(bjsc—bj100)"|0.D].

The average vector of echo transfer function b i.f,7/0,D 1s defined as

E[b; r|0,D], which is corresponding to the linear part. Therefore,

b j.f,7/6,D can be approximated as time-invariant value b /./16.D-
According to time-invariant approximation of the multichannel

covariance matrix by Duong et al., [7] the multichannel covariance
matrices are approximated as follows:

R, 116.D;
Ry, r16.D>-

R, 116D
Ry rrop =

3.3 EM algorithm for estimating model parameter

Similarly to the original Duong method, the proposed method uses
EM algorithm [11] by estimating the covariance matrix and the av-
erage value of the acoustic transfer function. The model parameter

22{ (xr¢ ”f,r|G,D)HR;}‘,T‘Q,D(xf,T —Hysz0.0)

®)



6 is defined as {{R,, sj0.0}.{Rs, sj0.0}:{Vis.1j0.0}:{b) sj0.0}}-
In E step, sufficient statistics of ¢; 7.7, e} r,; under the given pa-
rameter O; are obtained. In M step, new parameter vector 0, is
obtained by maximizing the likelihood function by using the suffi-
cient statistics that are obtained in the E step.

The E step and the M step can be described as follows:
E step:

Wei=Visz0,0Ra.110,DR. o, p (1D
Wej=ldrr—j1 ‘ZRb,-,f\O,,DR;‘)lf’ﬂg“D (12)
&ipe=Weilxsc— X dseji+1bj, 1j6,0) (13)

J2
&jpe=Wej(xsc— Xdsrji1b, sj6,0) (14)

J2
R s16,0 =¢Cifcll' s+ vipr0,00—~Wei)Ry pio,py  (15)

R. po,p =278 s +1dre i1 PI=W, )Ry, o, p, (16)

where I is an identity matrix.

M step:

The model parameter vector 8, is obtained in the M step as fol-
lows:

1 _ .
Vi f116,1.D = ]T/[tr(Ra,}f‘ehDRc,-.f\s,,D> ; (17)
1 1 N
R, ne..p=72.———R. s6,D: (18)
ai, f10:41, L;Vi,f,f\ezH,D ACT
1 1 N
R, p=-) ——R; D> (19)
b1001D = L Lig kb

b j.£16,.,,D 1S obtained so as to maximize the original likelihood
function L(X|0, D) under the condition that R, 1 716 p = Ry 1,¢/6,.0
as follows:

JL(X|6,D,R, s 116.0 =R\ /16,D)
9b;.110.0

=0
b/-f\9r+1 D

-1 _ —1 ,
- ;Rx. /’,r\(-),,DBf\em -DDf-,TD_I/L‘I,r - ;Rx, /‘,1\9,,DxfﬁfD§{f

s vec (B_f\9,+|,D> = <;(Df,rD71)T ®R);};r|9,,n)*1

~1
vec <;Rx. f,r|9,,Dxf~,rD7,r>v (20)
where 7 is the transpose operator of a matrix/vector,
vec is a vec operator [12] which expands a matrix
into a vector, ® is kronecker product of two matrices,

Bro,, is [ bise,..p by, f,,.p ], and Dyr s

[ dre drcrz )7

The proposed method performs the E step and the M step iter-
atively. The final output signal is MMSE solution ¢&; s ; which is
defined in Eq. 13. Inter-frequency permutation problem is solved
by using power spectral correlation method [13].

3.4 Interpretation of MMSE of near-end speech ¢; s ;

Eq. 13 can be divided into the linear echo canceller part, the spa-
tial beamforming part, and the nonlinear echo suppressor part as
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follows:

Vi.f,7|6,,D%a.f

Pt
N———
Non-Linear echo suppressor part

)71

Cift

Rs 16,0 Riyri0,.D
Oa,f Pere

Spatial beamformer

(e = 2 dfejor1b), sj6,D): 2D

J2

Linear echo canceller part

where Pifc = %iVi10,000f + Xildfej1[ Oy Ouy =
tr(Ry, i0,.0), and Oy = tr(Ry, 119, p)- Pr,z,7 is the estimated mo-
mentary power of the microphone input signal at the frequency
f and the frame 7. In a similar way, v; 1,79, pOa,s is the esti-
mated momentary power of the i-th near-end speech source, and
|df ey \zcg’f is the estimated momentary power of the j-th tap
of the residual echo component. The first part can be regarded as
a single channel noise suppressor based on an estimation of signal-
to-input ratio at each time-frequency point. The second part is a
spatial beamforming from the multichannel signal. The third part
is a linear echo canceller in which echo component is suppressed
independently at each microphone. These three parts are simultane-
ously optimized by maximizing the likelihood function. Therefore,
the proposed method can be regarded as an optimum coupling of
linear echo canceller, multichannel spatial beamformer, and non-
linear echo suppressor.

4. EVALUATION

The proposed method is evaluated from two points of view. The
first evaluation is robustness evaluation against phase fluctuation of
loudspeaker acoustic transfer function. The second evaluation is
echo reduction performance evaluation at a real meeting room. The
common parameters are listed in Table 1.

Table 1: Experimental common parameters

Sampling rate [Hz] 8000
Frame size [pt] 512
Frame shift [pt] 128

The proposed method is compared with three approaches. The first
approach is linear echo canceller. The second approach is semi-
blind LGM with 0-mean and full-rank covariance matrix. The third
approach is cascade method of linear echo canceller and full-rank
method which is defined in the following subsection.

4.1 An alternative way by cascade method of linear echo can-
celler and full-rank method

An alternative way to the proposed method is a cascade method
of linear echo canceller and 0-mean and full-rank covariance semi-
blind LGM. In this approach, estimation of linear part of acoustic

echo path b i./16,.p by Eq. 20 is replaced by the simple least-squares
solution as follows:

vee (Bf‘ 0,11 1D>

(;(Df,rD?{T)T ®I) 7lvec (;xjﬂTDﬁr) .

B/g,., p does not depend on the parameter vector 6. Therefore,
Byg,,, p can be estimated before performing the EM algorithm.



4.2 Robustness evaluation against phase fluctuation of loud-
speaker acoustic transfer function

Analysis is performed by using the virtual impulse response with
impulse response generator [14]. The number of microphones was
set to be 3. A equilateral triangle array whose one-side is 4 cm was
used. Reverberation time was set to be 0.2 [sec]. The number of
near-end sources is set to be 3. In this evaluation, the phase compo-
nent of the loudspeaker signal is modified artificially as follows:

drr=ldrq| eXp(¢d,_f +7pra), (22)

where (l)df_T is the phase component of d f1> Dft is a random vari-
able whose distribution is 0-mean and e2-variance Gaussian distri-
bution.

The number of EM iterations is set to be 100 in this exper-
iment. The evaluation measure is NRR (Noise Reduction Ratio)
[dB] which is defined as follows:

3 (i 8i(t) — Xysi(1))?
¥ (x(t) — Zisi(0)?

NRR = —10log,, (23)

where §;(¢) is an estimation for s;(¢) (the i-th near-end source sig-
nal), x(¢) is microphone input signal. The experimental result with
variable € is shown in Fig. 1. It is shown that the proposed method
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Figure 1: Evaluation result of robustness against phase fluctuation
of loudspeaker transfer function

is superior to other methods at wide range of €. Especially, the pro-
posed method is superior to the cascade method. The linear part of
the cascade method is independently optimized from the latter semi-
blind LGM part. On contrary to the cascade method, the linear part
of the propose method is affected by the multichannel beamforming
part and the nonlinear echo suppressor part through the estimated
covariance matrix of the microphone input signal R, s ;)9 p. Intu-
itively, when the near-end speech signals and the non-linear residual
echo is dominant, the weight of the corresponding time-frame is low
for estimation of the linear part of the proposed method. The linear
part of the proposed method is estimated by using only linear-echo
dominant frames.

When ¢ is small-valued, the linear part of the loudspeaker trans-
fer function is dominant, and the linear echo canceller is superior
to the semi-blind LGM with 0-mean and full-rank covariance. In
the proposed method, the linear echo canceller part is automatically
used on a priority basis in this case. When the € is large-valued,
the nonlinear part of the loudspeaker transfer function is dominant,
and echo reduction performance of the linear echo canceller is dra-
matically decreased. In this case, the semi-blind LGM with 0-mean

and full-rank covariance is shown to be effective, and the proposed
method automatically selects the multichannel beamforming part
and the nonlinear echo suppressor part. It is clear by analyzing spa-
tial beam-pattern of the proposed method. Spatial beampattern of
the proposed method with various € is shown in Fig. 2. It is said
that the spatial null is steeper with increase of the effect of the fluc-
tuation and decrease of echo reduction performance of the linear
echo canceller. In the proposed method, when the phase fluctuation

%0 20 120 azimuth [degree]

—e=0
...... £=0.1
—-e=0.2
- - fullrank
\A\I/.’
‘\l/
| Far-end
lloud speaker
! direction

Figure 2: Beampattern of the proposed method

of loudspeaker acoustic transfer function is large, the spatial beam-
forming part reduces the acoustic echo component instead of the
linear echo canceller part.

Next, the proposed method under the condition that the num-
ber of near-end speech sources is set to be 3 is compared with the
proposed method under the condition that the number of near-end
speech sources is set to be 1 (single source model). The evaluation
result is shown in Fig. 3. The proposed method under the condition

)
=2
g 2 -
a4
Z
v |
—#— Three-source model
- —4— Single-source model

\ \ \
0.00 0.05 0.10 0.15 0.20 0.25 0.30

€

Figure 3: Comparison of proposed method with single source model

that the number of near-end speech sources is 3 is better than the
single source model. The time-variant coefficient, v; 7 g, pOa,f> iS
not correctly estimated in the single source model. The estimation
error of the time-variant coefficient affects the estimation error of
R,. Therefore, the linear echo canceller part is correctly estimated
in the single source model.
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4.3 Echo reduction performance evaluation at a real meeting
room

The proposed method is evaluated by using impulse responses
which are measured in the real meeting room. The room is shown
in Fig. 4. The reverberation time is about 500 ms. The recording
sampling rate was 32000 Hz. Impulse responses were downsam-
pled to 8000 Hz. The number of near-end sources is set to be 2.
The distance between a microphone array and sources is 1 m. The

3.6m

Far-end loud speaker

one

Source 1 Source 2

4.8m

Room height 2.8 m

Figure 4: Experimental environment

number of the microphones is set to be 8. The microphone array
is shown in Fig. 5. The microphone elements are omni-directional.
The number of EM iterations is set to be 100 in this experiment.

0 x{mm]
50 100 o * 100

-30
-40

60
* 70— *
gp YImm]

(a) Appearance of microphone array (b) Position of microphones

Figure 5: Microphone array used for evaluation

NRR of each source is evaluated in this experiment. Experimental
results are shown in Table. 2.

Table 2: Experimental result in a real meeting room: evaluation
measure is NRR [dB]

Semi-blind LGM | Cascade Proposed
with 0-mean and | method method
full-rank  covari-
ance matrix
Average 9.96 10.50 11.00
Source 1 10.20 10.80 11.09
Source 2 9.72 10.19 10.92

The proposed method is superior to “Semi-blind LGM with 0-mean
and full-rank covariance matrix” and “Cascade method”. “Semi-
blind LGM with 0-mean and full-rank covariance matrix” is inferior
to the proposed method, because cross spectral term of the far-end
loudspeaker signals is neglected in this method.

5. CONCLUSION AND FUTURE WORKS

In this paper, a novel echo reduction technique was proposed.
The proposed method optimizes linear echo canceller part, multi-
channel spatial beamforming part, and nonlinear echo suppressor
part. These three parts are optimized by using the same likelihood
function based on semi-blind local Gaussian modeling (semi-blind
LGM). All three parts are affected by each other. This is the ma-
jor difference between the proposed method and a cascade method
of the linear echo canceller and semi-blind local Gaussian model
with 0-mean and full-rank covariance model. The experimental re-
sult show that the proposed method is superior to the linear echo
canceller, semi-blind LGM with 0-mean and full-rank covariance
model, and the cascade model.

The proposed method is an offfine method. In the real TV con-
ferencing system, the optimization scheme which can be used for
sample-by-sample execution. The proposed method can be easily
extended to an online method by using an online LGM scheme pro-
posed by authors [8] in the near future.

REFERENCES

[1] E. Hénsler, G. Schmidt, “Acoustic Echo and Noise Control: A
Practical Approach,”, John Wiley & Sons, 2004.

[2] O. Hoshuyama and A. Sugiyama, “An acoustic echo suppressor
based on a frequency-domain model of highly nonlinear resid-
ual echo,” Proc. ICASSP2006, vol. V, pp. 269-272, 2006.

[3] P.C. Loizou, “Speech Enahcement: Theory And Practice,” Sig-
nal Processing and Communications, Crc Pr Llc, 2007/6.

[4] G. Reuven, S.Gannot, I. Cohen, “Multichannel acoustic echo
cancellation and noise reduction in reverberant environments
using the transfer-function GSC,” Proc. IEEE ICASSP2007,
2007.

[5] Q. Lin, N Xu, and H. Liang, “A semi-blind EM algorithm for
overcomplete ICA, ” IEEE ICASSP2009, 2009.

[6] E. Vincent et al., “Underdetermined instantaneous audio source
separation via local Gaussian modeling,” Proc. ICA 09,
pp. 775-782, 2009.

[7] N.Q.k. Duong et al., “Under-determined reverberant audio
source separation using a full-rank spatial covariance model,”
IEEE Trans. ASLP, vol. 18, no. 7, pp. 1830-1840, 2010/9.

[8] M. Togami, “Online speech source separation based
on maximum likelihood of Local Gaussian modeling,”
Proc. ICASSP2011, pp. 213-216, 2011/5.

[9] A. Ozerov and C. Févotte, “Multichannel nonnegative matrix
factorization in convolutive mixtures. With application to blind
audio source separation,” In Proc. ICASSP2009, pp. 3137—
3140, 2009.

[10] M. Togami, Y. Kawaguchi, H. Kokubo, and Y. Obuchi,
“Acoustic echo suppressor with multichannel semi-blind non-
negative matrix factorization, ” Proc. APSIPA 2010, 2010/12.

[11] A.P. Dempster et al., “Maximum likelihood from incomplete
data via the EM algorithm,” J. of the Royal Statistic Society,
Series B 39(1),pp. 1-38, 1977.

[12] D.A. Harville, Matrix Algebra from a Statistician’s Perspec-
tive. New York: Springer-Verlag, 1997.

[13] S. Ikeda and N. Murata, “An approach to blind source sepa-
ration of speech signals,” In Proc. ICANN 98, pp. 761-766,
1998.

[14] Room Impulse Response Generator for
http://home.tiscali.nl/enabets/rir_generator.html.

MATLAB,

500



