Chapter 11

Recent Advances in Multichannel Source
Separation and Denoising Based on Source
Sparseness

Nobutaka Ito, Shoko Araki and Tomohiro Nakatani

Abstract This chapter deals with multichannel source separation and denoising
based on sparseness of source signals in the time-frequency domain. In this approach,
time-frequency masks are typically estimated based on clustering of source location
features, such as time and level differences between microphones. In this chapter, we
describe the approach and its recent advances. Especially, we introduce a recently
proposed clustering method, observation vector clustering, which has attracted atten-
tion for its effectiveness. We introduce algorithms for observation vector clustering
based on a complex Watson mixture model (c(WMM), a complex Bingham mixture
model (cBMM), and a complex Gaussian mixture model (cGMM). We show through
experiments the effectiveness of observation vector clustering in source separation
and denoising.

11.1 Introduction

When a desired sound is recorded by distant microphones, it is mixed with other
sounds, which often degrade speech quality and intelligibility as well as automatic
speech recognition (ASR) performance. To resolve this problem, techniques such
as source separation, denoising, and dereverberation have been studied extensively.
This chapter focuses on source separation and denoising; see [1] for dereverberation.

Figure 11.1 illustrates source separation and denoising we deal with in this paper.
Suppose we record N (> 1) source signals in the presence of background noise by
using M (> 2) microphones. Our goal is to estimate each source signal from the
observed signals. Note that there is not only a multichannel approach [2—5] using mul-
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tiple microphones but also a single-channel approach using a single microphone [6—
9]. A main advantage of the multichannel approach is that it can perform source
separation and denoising with little or even no distortion in the desired source signal.

Especially, multichannel source separation and denoising based on source sparse-
ness [10-20] have turned out to be highly effective and robust in the real world [16,
17, 19, 20]. Various signals including speech are known to have sparseness in the
time-frequency domain: a small percentage of the time-frequency components of a
signal capture a large percentage of its overall energy [10]. The source sparseness
is often exploited by assuming that the observed signals are dominated by a single
source signal or by background noise at each time-frequency point. We call this a
sparseness assumption. The dominating source signal or background noise at each
time-frequency point can be represented by masks. Once we have obtained these
masks, we can estimate the source signals either by applying the masks directly to
the observed signals (masking) [10-14, 16, 17, 19, 21] or by applying beamformers
designed based on the masks [15, 18, 20, 22].

The key to the effectiveness of this approach is accurate estimation of the masks,
which is usually performed based on either spatial information [10-20] or spectral
information [21, 22]. We focus on the former, which employs source location features
extracted from the observed signals, such as time and level differences between
microphones. The sparseness assumption implies that the source location features
form clusters, each of which corresponds to a source signal or the background noise.
These clusters can be found by clustering the source location features to obtain
the masks. This is typically done by fitting a mixture model to the features, where
the appropriate design of the features and the mixture model is significant to mask
estimation accuracy.

In this chapter, we introduce a recently proposed clustering method, observation
vector clustering, which has attracted attention for its effectiveness [11, 13, 15-20].
This method has been employed in many evaluation campaigns successfully [17,
20]. We introduce algorithms for observation vector clustering based on a complex
Watson mixture model (c(WMM), a complex Bingham mixture model (cBMM), and
a complex Gaussian mixture model (cGMM).

The rest of this chapter is organized as follows. Section 11.2 overviews source
separation and denoising based on the observation vector clustering. Section 11.3

q
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introduces algorithms for observation vector clustering based on the cWMM, the
cBMM, and the cGMM. Section 11.4 describes experiments, and Sect. 11.5 concludes
this chapter.

11.2 Source Separation and Denoising Based
on Observation Vector Clustering

This section overviews source separation and denoising based on observation vector
clustering. Figure 11.2 shows the overall processing flow of this method. In mask
estimation, masks are estimated from the observed signals. In source signal estima-
tion, source signals are estimated by masking or beamforming based on the estimated
masks.

11.2.1 Mask Estimation

Figure 11.3 shows the processing flow of mask estimation in Fig. 11.2. In feature
extraction, a source location feature vector is extracted from the observed signals. In
[frequency-wise clustering, clustering of the extracted feature vector is performed in
each frequency bin. As a result, posterior probabilities are obtained, which indicate
how much the individual clusters contribute to each time-frequency point. In permu-
tation alignment, the masks are obtained from the posterior probabilities; the details
will be explained later.

observed source signal estimated
signals estimation source signals

(masking/beamforming)

A
masks

mask
estimation

Fig. 11.2 Overall processing flow of source separation and denoising based on observation vector
clustering
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Fig. 11.3 Processing flow of mask estimation in Fig. 11.2

Feature Extraction

In feature extraction in Fig. 11.3, a source location feature vector is extracted at each
time-frequency point. Conventionally, time and level differences between micro-
phones were often employed as source location features. In contrast, in the obser-
vation vector clustering, we operate directly on an observation vector composed of
multichannel complex spectra.

Let y;cm) € C denote the observed signal at the mth microphone in the short-time
Fourier transform (STFT) domain. Here, m € {1, ..., M} denotes the microphone
index; t € {1, ..., T} the frame index; f € {1, ..., F} the frequency bin index; M
the number of microphones in the array; 7' the number of frames; F the number of
frequency bins up to the Nyquist frequency. We define the observation vector by

Vi L |:yt(f1) yl(f2 ) y;cM)] € CM | where the superscript | denotes transposition.

We employ the observation vector y, as the feature vector z;:
Zyf = Y- (111)

In this case, z; lies in the complex linear space C¥ . Alternatively, we can also employ

a normalized observation vector Hzﬁ as the feature vector z;:

Yy
Zy = , (11.2)
" vyl
where || - || denotes the Euclidean norm. In this case, z; lies on the unit hypersphere
SM=1'in CM centered at the origin, because ||z, || = 1 (see Fig. 11.4).

In the following, we describe our modeling of the observation vector y,. We
consider both noiseless and noisy cases.

First, we consider the noiseless case, where N (> 2) source signals are recorded
by the microphones without noise. The number of sources, NV, is assumed to be given

throughout this chapter. In this noiseless case, y; is modeled by y; = > _, s;f) hf}1 ).

Here, s;f'f) denotes the nth source signal in the STFT domain, and h;f') denotes the

steering vector for the nth source. The steering vector hl(j'f) represents the acoustic
transfer characteristics from the nth source to the microphones. Under the sparseness
assumption, the above model can be approximated by y,; = si}’ )ht(; ), where v = di

denotes the index of the source signal that dominates y,s at the time-frequency point
(z,f). Here, both st(f” ) and ht(;’ ) are unknown.

Next, we consider the noisy case, where N (> 1) source signal(s) are recorded by
the microphones in the presence of background noise. In this case, y,s is modeled
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Fig. 11.4 Example of the source 1
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by yy = ZQ/:I sff'-')ht(;’) + vy, where v;s denotes the contribution of the background
noise to y;r. Under the sparseness assumption, this model can be approximated by

sy vy, if dy =ve{l,... N},

11.3
V[f, if d,f =0. ( )

Yr =

Here, dy denotes the index of the source signal or the background noise that dominates
Yy at the time-frequency point (¢, ), where the case diy = 0 corresponds to the
background noise and the cases dys € {1, ..., N} to the source signals. Note that the
background noise vy is assumed to be contained in y, at all time-frequency points,

because it is usually not sparse. sf;), hf;’ ), and v, are all unknown.

In both cases, our goal is to estimate st(;“ ) given y.
Frequency-Wise Clustering

In frequency-wise clustering in Fig.11.3, clustering of the feature vector z; is per-

formed in each frequency bin. As a result, the posterior probability )7[}]‘) is obtained
for each cluster k, which indicates how much the kth cluster contributes to the time-
frequency point (¢, f).

The clustering can be performed by fitting a mixture model

p(ay|0p) = ) e plag|dy =k, 6) (11.4)
k

to z;. Here, c~l,f denotes the index of the cluster that z, belongs to; af(.k) £ P([i,f =
k|©y) the prior probability of d = k; p(zys|dy = k, ©y) the conditional probability
density function of z; under c~i,f =k; ), the sum over all possible values of k
(.e., Zszl for the noiseless case; ZkKZO for the noisy case); @y the set of all model

. k . k k
parameters in (11.4). (xf( ) satisfies >k oz; ) = 1 and a_; ) > 0.
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© is estimated by the maximization of the log-likelihood function

T
L©) =Y Inp(zs|6)), (11.5)

t=1

which can be done by the expectation-maximization (EM) algorithm. Once © has

been estimated, we obtain the posterior probability )7[}]‘) based on Bayes’ theorem [23]
as follows:

70 & P(dy = k|zg, Oy) (11.6)
o' p(zs|dy = k. ©)

Y ap(eldy =1.6p)
!

(11.7)

Here, ?U(ck) satisfies ), ?U(Ck) = 1and )7;!() > 0.
Permutation Alignment

In permutation alignment in Fig. 11.3, the masks are obtained by using the posterior
probabilities 7.

The index k of the clusters and the index n of the source signals and the background
noise do not necessarily coincide, but there is permutation ambiguity between them.
This implies that )709() for the same k may correspond to different source signals at
different frequencies. Therefore, we need to permute the cluster indexes k so thateach
k corresponds to the same source signal or background noise in all frequency bins,
which is called permutation alignment. As a result of the permutation alignment, we
obtain the masks )/U(c").

Many methods have been proposed for permutation alignment [ 16, 24-26]. Espe-
cially, Sawada et al. [16] has proposed an effective method based on correlation of
posterior probabilities )70((]‘) between frequencies.

11.2.2 Source Signal Estimation

In source signal estimation in Fig. 11.2, source signals are estimated by masking or
beamforming based on the estimated masks.

Masking

When masking is employed, the source signals are estimated by multiplying an
observed signal by the estimated masks ytj(f") as follows:

gg;z) _ J/[;n)y;it)- (11.8)
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Here, 1 denotes the index of the reference microphone.
Beamforming

Here we consider the noisy case. Among many types of beamformers, we focus
on the MVDR beamformer. The MVDR beamformer is especially suitable for the
front end of ASR, because it can perform source separation and denoising without
distorting the desired source signal.

The output of the MVDR beamformer is given by

hg;l)H (¢y)_Ith'

~(m) f
hy " (@) hy
¢; denotes the covariance matrix of y,, which can be estimated by
1 T
=y
= sz’fyy" (11.10)
=1

In the MVDR beamformer, accurate estimation of the steering vector ht(f”) is crucial.

Conventionally, h,(]'f ) was estimated based on the assumptions of planewave prop-
agation and a known array geometry. These assumptions are often violated in the real
world, and lead to degraded performances of the MVDR beamformer and therefore
ASR. Here we present mask-based steering vector estimation, which does not rely
on these assumptions, and therefore is more robust in the real world.

First, a covariance matrix IIIf(-" ) corresponding to the nth source signal plus the
background noise is estimated by

T (n) H
Dimt Vi Yoy

() _
v, = ZT V(n) , (11.11)
=1y
and a noise covariance matrix 'II;O) is estimated by
T 0) H
—1 Yy Yr¥
Ip;o) - M (11.12)

T 0)
Z[:l ylf

The noise contribution to lII;") is reduced by subtracting lII;O) from lIl;"). The steering

vector h,(; ) is estimated as a principal eigenvector of the resultant matrix ¥ ;") —-v ;0).
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11.3 Mask Estimation Based on Modeling Directional
Statistics

Several mixture models for the feature vector z; have been proposed to estimate the
masks accurately. These mixture models include the cWMM, the cBMM, and the
c¢GMM, which are specific examples of the general mixture model (11.4).

11.3.1 Mask Estimation Based on Complex Watson Mixture
Model (cWMM)

Sawada et al. [13, 16] and Tran Vu et al. [15] have proposed to estimate masks based
on modeling the feature vector (11.2) by a complex Watson mixture model (cWMM).
The cWMM is composed of complex Watson distributions of Mardia et al. [27],
and the complex Watson distribution is an extension of a real Watson distribution of
Watson [28].

The probability density function (PDF) of the cWMM is given by

Pz Owy) = Zaf " (7 2 1), (11.13)
where pw denotes a complex Watson distribution

pw(z:a, K) = ™ — 1) )exp(x’aHz|2). (11.14)

2aM (1, M ; k
Both the complex Watson distribution and the cWMM are defined on the unit hyper-
sphere in CM

sM-1 2 {z c (CM‘||Z|| - 1}, (11.15)

which is illustrated in Fig. 11.4. Each complex Watson distribution in (11.13) models
the distribution of z; for a cluster. k denotes the cluster index.

Owy 2 { o a® i k} (11.16)

denotes the set of all model parameters of the cWMM (11.13), where oz;k) satisfies

(k)
o = 0, (11.17)

Z ® — 1, (11.18)
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a;k) denotes a parameter representing the mean orientation of z, for the kth cluster
satisfying

|af] =1, (11.19)

and « € R denotes a parameter representing the concentration of the distribution of
z;s for the kth cluster. H denotes conjugate transposition; .# the confluent hyper-
geometric function of the first kind, also known as the Kummer function, which is
defined by the following power series:

Ex  EE+D K

H(E k)21
(&, m; 1) +’71! S 2

(11.20)

To analyze the behavior of (11.14) as a function of z, note that (11.14) depends
on z through the term |aHz| only and increases[decreases] monotonically as |aHz’
increases when k¥ > O[x < 0]. Note also that

0<laz| <1, (11.21)

which follows from the Cauchy-Schwartz inequality and ||z|| = ||a|| = 1. Therefore,
for « > O[k < 0], (11.14) has the global minima[maxima] at

{2e5%1|Ja"| =0}, (1122)

increases[decreases] monotonically as |aHz] increases, and has the global max-
ima[minima] at

[ze571|[a"2] =1]. (1123)
Note that (11.22) equals

{z e SMNalz =0}, (11.24)
and (11.23) equals

{exp(j0)alo € [0, 2m)}. (11.25)

It is straightforward to see that, for « = 0, (11.14) is constant (i.e., uniform distribu-
tion on S¥~1). Based on the above property, we impose a constraint

K;") > 0, (11.26)

which is appropriate for our application.

Once the model parameters Gy s have been estimated, the posterior probability

ft;.k) can be obtained based on Bayes’ theorem [23] by
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k) (k)
~(k) af pW(zt 9af »Kf )

i !
Zaf PW(fo’af ,ij)

To estimate the model parameters Gw s, the cWMM (11.13) is fitted to the feature
vector z;, e.g., based on the maximization of the log-likelihood function

(11.27)

T
> Inp(zs: Owy). (11.28)
t=1

This is realized by, e.g., an expectation-maximization (EM) algorithm [23], which
consists in alternate iteration of an E-step and an M-step. The E-step consists in
updating the posterior probability yt](ck) by (11.27) using current estimates of the model
parameters Ow ;. The M-step consists in updating the model parameters Gy s using
the posterior probability yt(k), which is realized by applying the following update
rules:

<"> «— = Z;;t}"), (11.29)
~ (k) H
Vi L
R}k) Zle ~(Z; v (11.30)
=1V
(A;k), ;k) ) <« the largest eigenvalue and a corresponding eigenvector of Rf(k),
(11.31)
(k)
a
al) o ! (11.32)
© MWLI AM + D (1= 1)
Kyl ———— 1+ . (11.33)

See Appendix 1 for derivation of this EM algorithm.
A major limitation of the cWMM lies in that the complex Watson distribution
(11.14) can represent a distribution that is rotationally symmetric about the axis a

which can be regarded as the cosine of the angle between a and z. However, the
distribution of the feature vector z,s for each cluster is not necessarily rotationally
symmetric, depending on various conditions such as the array geometry and acoustic
transfer characteristics. The cWMM therefore has a limited ability to approximate
the distribution of z;r, which results in degraded mask estimation accuracy and there-
fore degraded performance of source separation and denoising. This motivates us to
consider more flexible distributions, which are described in Sects. 11.3.2 and 11.3.3.
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Fig. 11.5 Illustration of the c(WMM and the cBMM for two sources

11.3.2 Mask Estimation Based on Complex Bingham
Mixture Model (cBMM)

To overcome the above limitation of the cWMM, Ito et al. have proposed to estimate
masks based on modeling the feature vector (11.2) by a complex Bingham mixture
model (¢cBMM) [29]. The cBMM is composed of complex Bingham distributions of
Kent [30], and the complex Bingham distribution is an extension of the real Bingham
distribution of Bingham [31]. The complex Bingham distribution can represent not
only rotationally symmetric but also elliptical distributions on the unit hypersphere
(see Fig. 11.5), and can therefore better approximate the distribution of the feature
vector z; than the complex Watson distribution. As a result, the cBMM can improve
mask estimation accuracy and therefore source separation and denoising performance
compared to the cWMM.
The PDF of the cBMM is given by

p(zy: @) Z(xf pB<th B )> (11.34)

where pg denotes a complex Bingham distribution
pB(z; B) 2B} exp(zHBz). (11.35)

Here, ¢(B) denotes the following function defined for a Hermitian matrix B.

c(B) 2 [271M é %] (11.36)

l#m
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where B8,,, m = 1, ..., M, denote the eigenvalues of B. Both the complex Bingham
distribution and the cBMM are defined on the unit hypersphere S¥ ~!. Each complex
Bingham distribution in (11.34) models the distribution of z, for a cluster.

Opy 2 { ©, B ’Vk} (11.37)

denotes the set of all model parameters of the cBMM, where B}’Q is a Hermitian
parameter matrix, which represents not only the location and the concentration, but
also the direction and the shape, of the complex Bingham distribution. Note that the
expression for the normalization factor in (11.35) is valid only when the eigenvalues
of B are all distinct, which is always satisfied in practice.

Once the model parameters ®p; have been estimated, the posterior probability

ya((k) can be obtained by

(k)
5 () % pB<Z’f’B )

S
Z o'y (er» B ))

As in the c(WMM case, ®p s can be estimated by the maximum likelihood method

(11.38)

based on the EM algorithm. The E-step consists in updating y(k) by (11.38) using

the current &g value. The M-step consists in updating @p ; using ft(k) , which is
realized by applying the following update rules:

ot < = Z 7y (11.39)
~(k), H
y ZyZ
1= 1
()»j(c,];), a},’;) ) < themth largest eigenvalue and a corresponding eigenvector
of R{", (11.41)
(k)
) [a% o (11.42)
® (k) o (OH
B; <_Z< )L(k) A(k)) A, Ay - (11.43)

m=1 “fin f1

See Appendix 2 for derivation of the above algorithm.
Note that the parameter matrix B}k) has the following indeterminacy
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P (z,f; B}")) = ps (z,f; BY + gl), e e R, (11.44)

which follows from ||z, || = 1. Here, I denotesthe M x M identity matrix. Toremove
this indeterminacy, in the above algorithm, & has been determined so that the largest
eigenvalue of B;k) equals zero.

11.3.3 Mask Estimation Based on Complex Gaussian
Mixture Model (cGMM)

As an alternative method, Ito et al. have proposed to estimate masks based on mod-
eling the feature vector (11.1) by a complex (time-varying) Gaussian mixture model
(cGMM) [32], inspired by Duong et al. [33]. Note that the cGMM models the obser-
vation vector itself in (11.1), instead of its normalized version in (11.2). The cGMM
is composed of complex Gaussian distributions, where the covariance matrices are
parametrized by time-invariant spatial covariance matrices and time-variant power
parameters.
The PDF of the cGMM is given by

Py Ocp) = Y o pa(zy: 0. 6 B), (11.45)
k

where pg denotes a complex Gaussian distribution

po(z; g X) 2 exp[-(z— "X 'z - g, (11.46)

aMdet ¥
with g being the mean and X' the covariance matrix. Both the complex Gaussian
distribution and the cGMM are defined in C . Each complex Gaussian distribution
in (11.45) models the distribution of z; for a cluster.

Ocy 2 ol Bk U fo |k, V) (11.47)

denotes the set of all model parameters of the cGMM, where B"® is a scaled covari-
ance matrix modeling the direction of the observation vector in (11.1) (i.e., the
normalized observation vector (11.2)), and ¢,(jf )isa power parameter modeling the
magnitude of the observation vector.

Once the model parameters ®g s have been estimated, the posterior probability
)7;{) can be obtained by
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(k) . (k) g (k)
oY po(ve: 0.4;8")

A Dp®)
Zaf PG(yzf, ()B;)>

As in the cWMM and the cBMM cases, Og s can be estimated by the maximum
5 (k)

(11.48)

likelihood method based on the EM algorithm. The E-step consists in updating Yy

by (11.48) using the current Gg ; value. The M-step consists in updating @g s using

yl}k) , which is realized by applying the following update rules:

o) < Z 7, (11.49)
~ (k) (k)
Vo Yy /o
B;k) Zt 1 fT ti(}g i , (1150)
=1 Yy
1 1
oy —y,f(B“‘)) Vir- (11.51)

See Appendix 3 for derivation of the above algorithm.

11.4 Experimental Evaluation

We conducted source separation and denoising experiments to verify the effectiveness
of observation vector clustering introduced in this chapter.

11.4.1 Source Separation

We first describe the source separation experiment. We assumed that the number of
sources was known. We generated observed signals by convolving 8s-long English
speech signals with room impulse responses measured in an experimental room (see
Fig.11.6). The sampling frequency of the observed signals was 8 kHz; the frame
length 1024 points (128 ms); the frame shift 256 points (32 ms); the number of EM
iterations 100. The permutation problem was resolved by Sawada’s method [16].
Source signal estimates were obtained based on masking as in (11.8).

Figure 11.7 shows the signal-to-distortion ratio (SDR) [34] as a function of the
reverberation time RT¢g, and Fig. 11.8 shows an example of source separation results.
The SDRs were averaged over 16 trials with eight combinations of speech signals and
two distances between a loudspeaker and the array center. The azimuths of sources
were 70° and 150° for N = 2, and 70°, 150°, and 245° for N = 3.
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Fig. 11.6 Configurations in room impulse response measurement
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(a) Determined case (N = 2). (b) Underdetermined case (N = 3).

Fig. 11.7 Signal-to-distortion ratio (SDR) as a function of the reverberation time RTgq

11.4.2 Denoising

Now we move on to the denoising experiment. The performance was measured by
the word error rate (WER) of ASR on the CHiME-3 task [35]. The CHiME-3 task
consists in recognition of WSJ-5K prompts read from, and recorded by, a tablet
device equipped with M = 6 microphones in four noisy public areas: on the bus
(BUS), cafe (CAF), pedestrian area (PED), and street junction (STR). For further
details about the data, we refer the readers to [35].
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(c) estimated masks (before permutation alignment)
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Fig. 11.8 Example of source separation results for N = 2 and RTgp = 130 ms. The horizontal axis
represents the time, and the vertical the frequency. To focus on low frequencies, which contain
most speech energy, only the frequency range of 0 to 2kHz is shown. The temporal range shown
corresponds to 10s
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Denoising was performed by using MVDR beamformers designed using the esti-
mated masks as in Sect. 11.2.2. Assuming that the background noise arrive from all
directions equally (i.e., noise is diffuse), we set K;.O) = 0 for the cWMM, Bf(.0 ) =0

for the cBMM, and B}O) = I for the cGMM. Permutation alignment was performed
by the method proposed in [36], which is based on a common amplitude modulation
property of speech. The frame length and the frame shift were 64 ms and 16ms,
respectively, and the window was hann.

ASR was performed by using a DNN-HMM-based acoustic model with a fully
connected DNN (10 hidden layers) and an RNN-based language model. The acoustic
model was trained on 18 hours of multicondition data.

The word error rate (WER) for the real data of the development set, averaged over
all environments, was as follows:

e no denoising: 14.29 %,

e denoising with the cWMM: 10.2 %,
e denoising with the cBMM: 8.3 %,

e denoising with the cGMM: 9.3 %.

We see that the WER has been reduced significantly by mask-based MVDR beam-
forming.

11.5 Conclusions

In this chapter, we described multichannel source separation and denoising based
on source sparseness. Particularly, we introduced recently proposed framework of
observation vector clustering, which have been shown to be effective and robust in the
real world. We also introduced specific algorithms for observation vector clustering,
based on the cWMM, the cBMM, and the cGMM.

Appendix 1 Derivation of cWMM-Based Mask Estimation
Algorithm

Here we derive the cWMM-based mask estimation algorithm in Sect. 11.3.1. The
derivation of the E-step is straightforward and omitted. The update rules for the
M-step is obtained by maximizing the following Q-function with respect to Gy r:

T
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Here, R}k) is defined by
T k) H
R 2 Do Vg Tty
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and C denotes a constant independent of Ow ;.
(k)

(11.55)

The update rule for ;" is obvious: note the constraint (11.18) and apply the
Lagrangian multiplier method.

The update rule for a)(,k) is obtained by maximizing Q(Gw ) subject to (11.19).
Noting (11.26), we see that this is equivalent to maximizing a;k)HR;k)a;k) subject to
(11.19). From the linear algebra, a;k) is therefore a unit-norm principal eigenvector
of R{".

The update rule for Kf(k) is obtained by maximizing

T T
() mor (Lmeg) + ( 7 ) RO 1)
=1 =1

Since a;k) is a unit-norm principal eigenvector of R%Y we have

(HR©) k) _ 4 Kk
aRyvas = A, (11.57)

where k;k) is the principal eigenvalue of R;k). Therefore, we have the following

nonlinear equation for /cf(.k):

ﬁ%(l,M; K;"’) = A}“%(LM; ;cf(“). (11.58)
“r

Using (3.8) in [37], (11.58) is approximately solved as follows:
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Appendix 2 Derivation of cBMM-Based Mask Estimation
Algorithm

Here we derive the cBMM-based mask estimation algorithm in Sect. 11.3.2. The
update rule for the E-step is obvious. The update rules for the M-step is obtained by
maximizing the following Q-function with respect to &g s:

Q(OBf)*ZZ)’(k) ln[ “p (ztf;B}"))] (11.60)
T

T
- Z(Z y(lo) o — Z(Z ?t;k)> lnc(B}“) (11.61)
k k t=1
T
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K =
. t
= Z(Z V"”) [m a® —1n c(B}“) + tr(B}k)R;k)):|. (11.62)
k =1

Here, ¢(B) is defined by (11.36), and R{"’ by (11.55).

The update rule for a;k) is obvious.

To derive the update rule for B(k) let us denote the mth largest eigenvalue of R(k)
by )L;,Ifl) and a corresponding unit-norm eigenvector by V(k). We assume that k(k)
m=1,..., M, are all distinct and positive, which is always true in practice. R}k)
represented as

5} k) (k) (k)H
R fom Vo Vi - (11.63)
From a result in [38], V;’];), m=1,..., M, are also the eigenvectors of B}k). Hence,

B;.k ) is represented in the form

B = Z B Vi v, (11.64)

Substituting (11.63) and (11.64) into (11.62) and disregarding terms independent of
ﬂ;,ﬁ),m= 1,...,M, we have

M
(Z y(k)> [_ lnc(B;m) + Zk}ffﬁﬂ (11.65)
m=1
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Therefore, we have

=20, (11.66)

Using an approximation in [38], this nonlinear equation can be approximately solved

as follows: 1
Bo ~ — (11.67)

Substituting (11.67) into (11.64) and adding a matrix of the form &I so that the largest
eigenvalue of B;k) is zero, we obtain the following update rule for B;k)

*® ) (bH
B (_Z< )\(k) A(k)) Vin Yin - (11.68)
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Appendix 3 Derivation of cGMM-Based Mask Estimation
Algorithm

Here we derive the cGMM-based mask estimation algorithm in Sect. 11.3.3. The
derivation of the E-step is straightforward and omitted. The update rules for the
M-step is obtained by maximizing the following Q-function with respect to G s:

Q(Ogy) £ ZZ (">1n[ f(k)pG<ytf’ qb“"B“‘))} (11.69)
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Here, C denotes a constant independent of @g .
The update rule for otf(.k) is obvious.

From (11.70), the update rule for ¢>t(fk ) is given by
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As for B;k) , it should satisfy
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v 1
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Therefore, the update rule for B}k) is
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