INTERSPEECH 2021
30 August — 3 September, 2021, Brno, Czechia

Alpha-Stable Autoregressive Fast Multichannel Nonnegative Matrix
Factorization for Joint Speech Enhancement and Dereverberation

Mathieu Fontaine', Kouhei Sekiguchi', Aditya Arie Nugraha®, Yoshiaki Bando®*, Kazuyoshi Yoshii>*

LAIP, RIKEN, Tokyo, Japan
National Institute of Advanced Industrial Science and Technology (AIST), Tokyo, Japan
3Graduate School of Informatics, Kyoto University, Kyoto, Japan

{mathieu.fontaine, kouhei.sekiguchi,adityaarie.nugraha, yoshiaki.bando, kazuyoshi.yoshii}@riken. jp

early late reverberation
reflexion
<«——direct sound
11 VT BT WP s

This paper proposes a-stable autoregressive fast multichannel BT T S Y A T Y

Abstract

nonnegative matrix factorization (c-AR-FastMNMF), a robust Figure 1: Room impulse respo‘r”l”&é\‘(RlR ) representation. The di-
joint blind speech enhancement and dereverberation method rect sound can be seen as an outlier realization of all reflections.
for improved automatic speech recognition in a realistic ad-
verse environment. The state-of-the-art versatile blind source insufficient to extract a direct sound in a noisy reverberant en-
separation method called FastMNMF that assumes the short- vironment and naturally calls for models that deal with more
time Fourier transform (STFT) coefficients of a direct sound to impulsive sounds.
follow a circular complex Gaussian distribution with jointly- Heavy-tailed extensions of MNMF [12-14], ILRMA [15],
diagonalizable full-rank spatial covariance matrices was ex- and FastMNMEF [16, 17] have been proposed in the context of re-
tended to AR-FastMNMF with an autoregressive reverberation verberant source image separation. Unlike the late reverberation,
model. Instead of the light-tailed Gaussian distribution, we use the direct sound and early reflection tend to be outliers. In [18],
the heavy-tailed a-stable distribution, which also has the re- the room impulse response (RIR) and sources are statistically
productive property useful for the additive source modeling, to represented as a heavy-tailed Student’s ¢ distribution (Fig. 1).
better deal with the large dynamic range of the direct sound. However, the Student’s ¢ law is usually not preserved under lin-
The experimental results demonstrate that the proposed a-AR- ear combination, whereas the sum of a-stable random vector
FastMNMF works well as a front-end of an automatic speech gives an a-stable random vector [19]; the a-stable distribution
recognition system. It outperforms a-AR-ILRMA, which is satisfies the reproductive property (RP) [20]. Besides the RP,
a special case of a-AR-FastMNME, and their Gaussian coun- the a-stable model has capability of adjusting the tail heaviness
terparts, i.e., AR-FastMNMF and AR-ILRMA, in terms of the with a characteristic exponent « € (0, 2], including well-known
speech signal quality metrics and word error rate. distributions such as Levy (o = 0.5), Cauchy (o = 1), and
Index Terms: speech enhancement, dereverberation, automatic Gaussian (o = 2) distributions as its special cases. The mul-
speech recognition, a-stable model, joint diagonalization tichannel a-stable model is usually restricted to the so-called
elliptically-contoured a-stable distribution [13] that admits a
. positive definite shape matrix akin to the covariance matrix of a
1. Introduction Gaussian distribution, yielding a robust extension to FastMNMF
The multichannel speech enhancement and dereverberation have called a-FastMNMEF [17]. Even if the RP is satisfied, the prob-
become crucial with the new technologies of automatic speech ability density function (PDF) of an a-stable random vector is
recognition that aims to exploit the spatial correlation between usually not computable. Instead, the c-stable distribution can be
microphones [1]. Joint blind source separation (BSS) and dere- seen as a Gaussian one, where the covariance is perturbed by a
verberation have been investigated actively because the good positive random variable called an impulse variable [21].
adaptability to various acoustic environments is offered by its In this paper, we propose a robust and adaptive extension of
unsupervised nature. AR-FastMNMF called a-AR-FastMNMF based on the a-stable
A popular approach to multichannel BSS is the combina- model on the direct sound for joint BSS and dereverberation.
tion of a full rank spatial covariance matrix (SCM) model and Our method enforces the sparsity of the direct sound represented
a nonnegative matrix factorization (NMF) model on the power by the full-rank SCM model and satisfies the RP for the addi-
spectrogram of each source signal, resulting in multichannel non- tive source model assumption. The sparsity is controlled by a
negative matrix factorization (MNMF) [2]. Its computationally- time-dependent impulse variable [13] intended to more precisely
efficient constrained version called FastMNMEF [3,4] assumes identify the direct sound in a noisy reverberant mixture. Inspired
the source SCMs to be full-rank and jointly diagonalizable [5,6]. by [22], adaptive estimation of the characteristic exponent « is
The well-known independent low-rank matrix analysis (ILRMA) furthermore proposed. In this context, the value of « also aims
[7] is moreover a special case of FastMNMF with a degenerate to evaluate the impulsiveness of the direct sound in the noisy
rank-1 source SCMs. FastMNMF was recently combined with reverberant observed signal.
an autoregressive (AR) model by making use of the weighted pre- The remainder of the paper is organized as follows: Section 2
diction error (WPE) [8] for joint BSS and dereverberation. This reviews the conventional AR-FastMNMF. Section 3 describes the
combination called AR-FastMNMEF [9] achieves better results proposed a-AR-FastMNMEF and derives its parameter estimation
than its degenerate version called AR-ILRMA [10]. The local algorithm. Section 4 evaluates a-AR-FastMNMEF in the context
Gaussian model (LGM) [11] on the short-time Fourier transform of noisy and reverberant speech recognition. The conclusion is
(STFT) coefficients of each source signal, however, would be finally drawn in Section 5.
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2. Autoregressive FastMNMF

This section reviews AR-FastMNMF [9] that integrates an au-
toregressive model into FastMNMF2 [4].

2.1. Mixture, Source, and Spatial Models

We suppose that [N sources are recorded by M microphones. Let
X £ {Xft}j}::thl € CF*T*M e the tensor of a multichannel
reverberant observed signal in the short-time Fourier transform
(STFT) domain for all time-frequency (TF) bins, where F' is
the number of frequency bins and 7' is that of time frames. We
consider an autoregressive (AR) model that decomposes x ¢+ into
the direct sound dy; and the reverberation rs; as follows:

A+L—1

Y. Buxpr, (D
I=A

reverberation

N

Xft = dfz + rfe = Zdnft +
n=1
—_——

direct sound

where By, £ [bfi1,...,bpa]" € CM*M are the coefficients

of the AR process of order L > 0 called the tap length, A > 0
is the delay and T denotes the transposition. From the local
Gaussian model, the direct sounds {d,, ft}l; I are assumed to
be independent circular complex Gaussian distributions [11]:

dpyfe ~ Nc ()\nfthf £ Ynft) , 2)

where A, s; > O represents the power spectral density (PSD)
of the source s, and G, is the spatial covariance ma-
trix. The source PSDs {)\nft}g’fil are represented by non-

negative matrix factorization (NMF) parameterized by W £
{wnkf}i:],ffil H2 {hnkt}fx‘fgzl as follows:
K
Anft = Wk shnke, 3
k=1

where K is the total number of NMF bases, wysr > 0 and
hnit > 0 are the magnitude of basis k of source n at frequency
f and the activation of basis k of source n at time ¢, respectively.
Moreover, we consider that G, ¢’s are jointly-diagonalizable
full-rank spatial matrices with the decomposition:

n, f, Gny = Q; 'Diag(g,) Q; ", @)
where Diag(g) is a diagonal matrix whose diagonal elements
are gn =S [Gniy---, gnm] € Rf, Qy =S [ari,--- ,thM]H €
CM*M is the diagonalizer assumed to be non-singular, and
denotes the conjugate transpose. Using the reproductive property
(RP) of Gaussian distributions and combining Eqs. (2) and (4)
provide the following mixture model:

dft NNC <Qfl

Such a model with the AR filter is called AR-FastMNMF [9]
and includes AR-ILRMA [10] as a special case with G £
[g1,---,&n]" equal to the identity, M = N and the column
vectors of Q;l acting like the column of the mixing matrix. The

N
3 AnftDiag(gw] Q"2 th> L ®)

n=1

column vectors of Q! then serve as steering vectors pointing
in a set of M directions with a weight-shared scale given by the
entries of the nonnegative matrix G.

2.2. Parameter Estimation and Filtering Methods

The whole parameters ® 2 {W H, G, Q, B} with Q £
{Q f}?:l and B 2 {By }?le:l are estimated jointly based on
the maximization of the log-likelihood (LL) log p(X|®), where
p is the probability density function (PDF) of a distribution. The
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Figure 2: PDFs of bivariate elliptically stable distributions for
a=1.6 (top-left) and =2 (i.e., the Gaussian distribution; top-
right), and positive a-stable distributions for various o (bottom).

observations X and the estimated parameters © are then used to
apply a Wiener filtering that provides an estimator of the direct
sounds {d,, ft}?:;r:l. The readers is referred to [4, 9] for further
implementation details.

3. Alpha-Stable Autoregressive FastMNMF

This section introduces the a-stable theory and the proposed
a-stable autoregressive FastMNMF (a-AR-FastMNMF).

3.1. a-stable Theory

A multivariate random vector u that can be decomposed as the
sum of two independent identically distributed (i.i.d) vectors
with the same law as u is called «-stable [19]. The characteristic
exponent « € (0, 2] controls the heaviness of the tails with special
instances such as Levy (a«=0.5), Cauchy (a«=1), and Gaussian
(av=2) distributions. Assuming the complex-valued isotropic
symmetric multivariate a-stable model [19], we have shown that
the underlying vectors can be recovered [23]. However, due to
incompatible representation, incorporating the computationally-
efficient joint diagonalization (as in FastMNMEF) is not possible.
Instead, we use in this paper the complex-valued elliptically-
contoured symmetric multivariate a-stable distribution [12,13],
shorted in elliptically stable distribution hereafter (Fig. 2), to
integrate the joint diagonalization. A zero-location elliptically
stable distribution u can be represented using a positive-definite
shape matrix R > 0 as in the Gaussian case:
u~Sc(0,R). (6)
The elliptically stable family holds the RP for a fixed a. However,
the shape matrix of the sum is not the sum of shape matrices
[24]. This non-linearity of shape matrices can be resolved by
representing an elliptically stable distribution as a Gaussian scale
mixture [25], where u is described as a conditional Gaussian
distribution u|¢ ~ A¢ (0, R) whose covariance is perturbed
by a so-called impulse variable [21, 26] following a positive
a-stable distribution (Fig. 2) [19], ¢ ~ PS“ (2 cos(%)z/“).

3.2. a-AR-FastMNMF Model and Filtering Method

The first impulse in a room impulse response (RIR, Fig. 1),
i.e., the direct sound, can be regarded as an outlier compare to
the rest consisting of early reflections and late reverberations.
Combined with the additive source model, it naturally calls for
an elliptically stable model, whose impulse variable can enforce
the sparseness of the direct sound compared to the reverberant



observation in the time domain and thus, it can be assumed to
be source- and time-dependent. For each source n and TF-bin
(f,t), we consider the following conditional Gaussian model to
represent the elliptically stable model in Eq. (6):

{dn,ft | ¢nt NNC (0 ¢ntYnft)

o 7
Gnt ~ PS8 (2(:05(4)2/ ), 7
where Y, is defined in Eq. (2). Because x;|® with & £
{qﬁm}ﬁi’;l is also a conditional Gaussian model, we estimate

the direct sounds {dnft}i’g;l using [9,17]:
E@\X [E [dnft ‘ 67 ¢7 Xfty a“

N —1
=Eax ¢mYnft<Z qﬁn/tYnfft) dpe. (8

n’/=1

3.3. Parameter Estimation

We first describe the estimation of the characteristic exponent
€ (0,2] in Section 3.3.1. Sections 3.3.2 and 3.3.3 then for-

mulate the estimations of ® and ®, respectively, following the

expectation-maximization (EM) framework [27].

3.3.1. Estimation of o

We propose the estimation of « for the complex-valued multivari-
ate isotropic a-stable distribution by generalizing the method
for the real-valued counterpart proposed in [22] since all as-
sumptions still hold when all entries of X are assumed to be
i.i.d. with the same «. Given the mixture X, we create non-
overlapping segments consisting of 7" frames (T’ < T) and
consider each segment as a set B 2 {Xft}f 1 {xb}bFle/,
in which the shape matrices R are assumed to be i.i.d. We
randomly split the set into B> minibatches of B samples with
|B| = B1 B2 = FT' being the total number of samples. The
values B and By are arbitrary as long as 1 < By < Ba [22]. The
estimated « for set B, denoted by &g, can be computed as

B |B|

1

1,1
" log B;

ap
where &/ ézg}:l Xy +(v'—1)B, and ||.|| the Frobenius norm.

Assuming that « is the same for the whole mixture, we then
obtain & by averaging all ap from the different segments.

3.3.2. Estimation of ©

We maximize the discretization of the LL function
log p (X0, a) =log [ p(X|®, ¢, a)p(¢)de [9,17]:

LSy (e

f,t,m=1p=1

dfim
Uftm

P

log p(X|®) > +log yftmp)

F
+ 7Y 10g|QsQY| - KLlg(bn) [p(@ne)]. (10)
f=1

where P is the number of samples, KL is the Kullback-Leibler
divergence, g(¢) a variational distribution that satisfies the

equality in (10) for all n,¢ if q(cbm) = p(Pnt]X), dftm e
|qudft|2 and yftmp = Zi;il ¢)ntpwnkfhnktgnm, where
Gnip ~p (dnt|X). The multiplicative updates rules for W, H,
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G are given by [9, 17]:
M, P 7 5
me p=1 ¢ntp nktgnmdftmyffmp
)

T,M,P ~—1
Zt m,p=1 ¢ntp nktgnmyftmp

an

Wnkf — Wnkf

F,M,P
Zf, m,p=1 ¢ntpwnkfgnmdftmyftmp

F,M,P 7
Zf m,p=1 ¢ntpwnkfgnmyftmp

hnkt — h'nkt ) (12)

F,T,K,P
Zj,t,k,p 1 ¢ntpwnkfhnktdftmyftmp

ZFTKP

T (13)
fit,k,p=1 ¢”tpwnkfhnktyft'mp

gnm <~ gnm

The vectors q ., of Q are updated as in [28] given the matrix

Vim2 s S0 dpdi,, as follows:
arm — (QVim) 'em, 14)
_1
Arm (@ VimQrm) 2 dpm. (15)

The updating rules for B are similar to the ones in [9,29] :

M 1 T,P xH ay *
v, 2 o= Y L%, (16)
! mE::qum (P t;l Ysimp d
M | TP g M T
ft
Q2> (@mdim)® (5 > ) an
m=1 P t,p=1 Ystmp
by =Q; ¥, (18)
where * stands for the complex conjugate, ® stands for the

Kronecker product and

~ 2

bfé [b}:h"wb}:]%}-r ECM L7 (19)
bf:m £ [b}—,A,mm s ,b}—,A+L71,m]T S (CML7 (20)

Rpe £ [Xf-a X arr-n] €CYE @D

3.3.3. Estimation of ®

Since @ is not tractable because p (¢n:|X) does not admit a
closed-form, we approximate the PDF by iteratively drawing
samples using the Metropolis-Hastings (MH) algorithm [13]:

~ PS* (2cos( T ) /a).

2. Sample v ~ U ([0, 1]) from the uniform distribution.

new

1. Draw samples from ¢y’

3. Compute the acceptance probability for all f:
unst (Sniny)

wnge (54 1)

where st (¢ne,s) is the PDF of a zero-mean Gaus-
sian distribution whose covariance matrix is given by
ant,f)\nftDiag (gn) =+ Zn’;ﬁn d)n/t’f)\n/ftDiag (gn’)

4. Acceptance test:

new

acc (¢nt F (;bnt ’ (22)

f) = min | 1,

. 1fV<aCC(¢nt 7 ¢?fo) Bt f=Pny. s

« otherwise, ¢ne,f =0y f (reject).

(accept);

5. Average by computing qgmp =5 Zle Dt f-

4. Evaluation

We assess the performance of the proposed a-AR-FastMNMF
and a-AR-ILRMA in the context of speech enhancement and
dereverberation for automatic speech recognition (ASR). The
enhanced speech signal is evaluated in terms of the signal-to-
distortion ratio (SDR) [30] and the perceptual evaluation speech



Table 1: Average SDR/PESQ/WER scores for experiments described in Section 4. Boldface numbers show the best performance.

a-AR-FastMNMF variants

a-AR-ILRMA variants

Distt. SNR M L ae(0,2] p— «e(0,2] P Unprocessed
, 0 b54/16/491 48/1.6/504 25/1.6/51.1 2.6/1.5/49.2
0dB 4 7.0/1.6/34.4 6.2/1.6/355 3.9/1.6/36.0 4.2/1.6/364 . oo
g 0 121/23/122 11.3/21/133 8.9/1.9/11.3 8.8/2.0/10.2
N 4 13.7/2.4/ 8.6 12.8/2.2/ 9.7 10.9/2.0/ 8.9 10.8/2.0/ 9.6
ear , 0 93/18/111 89/1.8/129 7.1/1.8/134 7.2/1.8/1438
s dB 4 109/1.9/10.2 10.2/1.9/11.7 86/1.8/11.4 86/18/1L1 1 <o
g 0 189/26/ 72 13.2/2.6/ 81 11.9/2.3/49 122/23/ 53
4 16.2/2.7/ 4.0 15.1/2.6/ 58 14.2/2.4/ 4.4 14.0/2.4/ 4.7
, 0 27/1.4/443 18/1.4/457 05/1.4/459 0.7/14747.9
0dB 4 51/15/404 4.2/1.5/42.4  2.3/15/41.3 24/15/423 | o o
g 0 T7/L7/196 TA/17/21.0 5.1/1.7/227 55/1.7/ 241
. 4 10.8/1.9/12.2 10.0/1.9/16.0 8.4/1.8/15.3 8.6/1.8/ 14.2
ar , 0 54/1.6/274 48/1.6/279 4.1/1.6/283 4.1/1.6/26.3
5B 4 81/17/19.4 T.6/16/21.2 6.2/1.6/201  63/1.6/19.7 o, <o
g 0 97/20/ 86 0.0/20/ 93 7.6/1.9/80 8.0/19/ 83
4 13.4/2.2/ 4.9 125/2.2/ 7.6 11.9/2.0/ 6.5 11.7/2.0/ 6.8

quality (PESQ) [31], while the speech transcription is evaluated
in terms of word error rate (WER). A higher score is better for
SDR and PESQ; a lower score is better for WER. The methods
discussed in this paper act as a frontend of a transformer-based
ASR [32], as implemented in SpeechBrain [33].

4.1. Data and Settings

We consider 20 utterances from the REVERB challenge dataset
[34] composed of 8-channel mixtures (M = 8) sampled at 16kHz
with a distance of 2.0 m (far) or 0.5 m (near) between the center
of microphone array and the speaker. The reverberant time
(RTgp) is either 0.25, 0.5, or 0.7 s, while the signal-to-noise
ratio is either O or 5 dB. The STFT coefficients are computed
using a 1024-point Hann window with 75% overlap (F' =513
frequency bins).

The compared methods include a-AR-FastMNME, a-AR-
ILRMA, and their Gaussian variants (o = 2) [4, 10]. Those
AR variants use a tap length L = 4 and a delay A = 3. We
also consider the corresponding non-AR variants [4,7,17] by
setting L = 0. For all methods, the number of NMF bases is
K =16 and that of microphones is either M =2 or M =8. For
a fair comparison, we only perform the determined separation
(N = M), where the channel with the highest energy is selected
as the enhanced speech signal afterwards. All methods initialize
©® using AR-FastMNMEF run for 50 iterations, and then perform
parameter optimization for 150 iterations. The parameters o« of
the a-stable variants are estimated using segments with 7" =100
(see Section 3.3.1) and MH sampling for 40 iterations, including
a burning period of 30 iterations, so P=10.

4.2. Results and Discussion

Fig. 3 illustrates spectrograms obtained by a-AR-FastMNMF
with different o, where ap¢ is estimated using the proposed
method in Section 3.3.1. For o = 1.5, we can see that some
harmonics of the phoneme are vanished while the Gaussian
case (o = 2) is noisier on the silent part than ap:. Table 1
shows that a-AR-FastMNMF achieves the best SDR, PESQ,
and WER scores for almost all settings. For non-AR methods
(L =0), ILRMA achieves the best WER scores in some cases.
If we compare the ILRMA variants for L € {0, 4}, the a-stable
version tends to achieve similar results as Gaussian ILRMA.
ILRMA and FastMNMF gap scores between o and Gaussian
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Figure 3: Spectrograms (of the clean speech reference
c30c0201, the observed signal (SNR=5 dB, RTe0=0.5 s, far),
and the enhanced speech obtained by a-AR-FastMNMF (M =S8,
K =16) with different c.

extensions shed the light on the necessity to consider a full-rank
model for the a-stable version.

In summary, we first pointed out that the estimated value
a by the method of Section 3.3.1 is essential to have a good
reconstruction of the speech spectrograms. We demonstrate that
the combination of a-stable model with an autoregressive FastM-
NMF model significantly improves the performances of speech
enhancement, dereverberation and ASR. The results of ILRMA
methods also show that a full-rank SCM model is relevant for
the -stable variants to outperform their Gaussian counterpart.

5. Conclusion

This paper described a probabilistic integration of an autoregres-
sive model with the FastMNMF framework, where the original
elliptically-contoured complex Gaussian model is replaced by an
a-stable one to form the proposed a-AR-FastMNMEF. By doing
so, we enforce the sparsity between the direct sound and the
reverberant component using the impulse variable induced by
the elliptically-contoured a-stable model. The proposed method
achieves promising results in terms of source separation and
speech recognition scores. Future directions may include char-
acteristic exponent o depending on time or replacing the NMF
decomposition of the speech by a heavy-tailed deep speech prior
model on the spectrograms as in [14].
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