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Bayesian Multichannel Audio Source Separation
Based on Integrated Source and Spatial Models
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Abstract—This paper presents new statistical methods of multi-
channel audio source separation based on unified source and spatial
models that, respectively, represent the generative process of latent
source spectrograms and that of observed mixture spectrograms.
One possibility of the source model is a factor model based on non-
negative matrix factorization that represents each time-frequency
(TF) bin as the weighted sum of basis spectra. Another possibility
is a mixture model inspired by latent Dirichlet allocation that ex-
clusively classifies each TF bin into one of basis spectra. Similarly,
the spatial model can either be a factor model that represents each
TF bin as the weighted sum of source spectra or a mixture model
that classifies each bin into one of those spectra. To unify these
models in a principled manner and incorporate prior knowledge
of a microphone array, we propose hierarchical Bayesian models of
all the source-spatial combinations (factor—factor, mixture—factor,
factor—mixture, and mixture—mixture models) and derive efficient
Gibbs sampling algorithms for posterior inference. Experimen-
tal results showed that the proposed unified models outperformed
the state-of-the-art method using only the spatial mixture model.
Among the four unified models, the spatial factor model tended to
work better than the spatial mixture model in exchange for larger
computational cost, and the choice of source models had a little
impact on the performance and computational cost.

Index Terms—Multichannel source separation, latent Dirichlet
allocation, nonnegative matrix factorization, Bayesian models.

1. INTRODUCTION

ICROPHONE array processing forms the basis of com-
putational auditory scene analysis that aims to un-
derstand individual auditory events in a sound mixture. A
promising approach to multichannel source separation is to
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represent a hierarchical generative process of the time-frequency
spectrogram of an observed mixture signal by considering both
a source model representing a generative process of source spec-
trograms and a spatial model representing a mixing process of
those sources. There are two major kinds of probabilistic mod-
els that can be used for representing those generative processes.
One is a mixture model based on the sum of probability dis-
tributions used for describing random variables. The other is a
factor model based on the sum of random variables described
by probability distributions.

A typical approach to multichannel source separation is
to formulate a mixture model as a spatial model for time-
frequency (TF) clustering [1]-[8]. If the frequency components
of each source are sparsely distributed, as is often the case with
pitched sounds, the source spectrograms can be considered to
be disjoint with each other in most TF bins, i.e., one of the
sources is dominant at each bin. This assumption, called W-
disjoint orthogonality [1], is reasonable because the additivity
of source spectrograms does not hold exactly and at each TF
bin a loud sound masks smaller sounds. Under this assumption,
Otsuka et al. [8] proposed a Bayesian mixture model inspired
by latent Dirichlet allocation (LDA) [9] for classifying each TF
bin into one of sources at the same time as classifying each
source into one of directions. Such unified source separation
and localization can circumvent the permutation problem of
conventional frequency-domain separation methods such as in-
dependent component analysis (ICA) [10].

In single-channel source separation, a factor model called
nonnegative matrix factorization (NMF) has gained popularity
[11]. It approximates the power spectrogram of an observed
mixture signal as a low-rank matrix given by the product of a
basis matrix (a set of basis spectra) and an activation matrix (a
set of temporal activations). Multichannel extensions of NMF
using factor models as source and spatial models have recently
been proposed using both the low-rankness and spatial char-
acteristics of sources [12]-[17]. The complex spectrograms of
observed multichannel signals are modeled by basis spectra,
temporal activations, and full-rank or rank-1 spatial covariance
matrices. A Bayesian model was proposed to use prior knowl-
edge on a microphone array (e.g., impulse responses recorded
in an anechoic room) [17]. A further extension based on non-
parametric Bayesian modeling would be feasible to estimate the
number of sources as in [18].

In this paper we propose and evaluate unified Bayesian mod-
els corresponding to all the four combinations of source and
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TABLE I
COMBINATIONS OF SPATIAL MODELS AND SOURCE MODELS

Spatial

Factor model Mixture model

Source
Factor model
Mixture model
Not applicable (NA)

Factor-Mixture [20]
Mixture-Mixture
NA-Mixture [8]

Factor-Factor [18]
Mixture-Factor
NA-Factor

Source model

E X Lol

Mixture model Spatial model
: : or H
g Factor model i oL
£ X i L Power -
bl bt spectrogram Mixture model
Bases Activations of source 1 or
T Factor model
Observed multichannel
- Spatial complex spectrogram
Power covariance
spectrogram matrices
of source K
Fig. 1. The hierarchical generative process underlying the proposed models.

The power spectrogram of each source signal is generated by a source model
represented as a mixture or factor model, and the complex spectrograms of
observed multichannel signals are generated by a spatial model represented as
a mixture or factor model.

Power spectrogram
of each source
Aesre

Basis spectra activations

Wiif Rt

Fig. 2. The generative process of the power spectrogram of each source k in
the source factor model. Each TF bin of the source spectrogram is given by the
sum of the L products of basis spectra and their activations.

spatial models (factor-factor [17], mixture-factor, factor-mixture
[19], and mixture-mixture models). Since multichannel source
separation is feasible by using only a spatial model (mixture [8]
or factor model), there are six variants shown in Table I. As il-
lustrated in Fig. 1, source power spectrograms are stochastically
generated based on a source model and observed mixture spec-
trograms are stochastically generated based on a spatial model.
Either a mixture or factor model can be used for formulating
a source or spatial model. Given the complex spectrograms of
observed multichannel signals, we try to solve the inverse prob-
lem to jointly estimate all the parameters of those models using
Gibbs sampling.

Figs. 2-5 illustrate the source and spatial models. In a source
factor model, the power spectrogram of each source is repre-
sented as the sum of rank-1 basis spectrograms (Fig. 2). In
a source mixture model, it is represented as a patchwork of
rank-1 basis spectrograms (Fig. 3). In a spatial factor model,
the spatial covariance matrix corresponding to each source is
given by the weighted sum of those corresponding to directions,
and the observed multichannel complex spectrogram is the sum

Power spectrogram
of each source

X hadsdsial] X

E
E

ki
. Tempgral hRL | Atsk
Basis spectra  activations Binary masks
Wip Rt Ut fr
Fig. 3. The generative process of the power spectrogram of each source k in

the source mixture model. Each TF bin of the source spectrogram is given by
one of the L products of basis spectra and their activations.

Spatial covariance matrices Grq

Each spatial covariance matrix Ay corresponding to a source is . L
corresponding to directions

given by the weighted sum of those corresponding to directions
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d: direction index
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Fig. 4. The generative process of the complex spectrograms of multichannel
signals in the spatial factor model. The spatial covariance matrix of each source
k is given by the weighted sum of D spatial covariance matrices corresponding
to different directions and the sum of the complex spectra of K sources is
observed at each TF bin.
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corresponding to directions

f
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Each spatial covariance matrix Ay corresponding to a source
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Fig. 5. The generative process of the complex spectrograms of multichannel
signals in the spatial mixture model. The spatial covariance matrix of each
source k is given by one of D spatial covariance matrices corresponding to
different directions and one of the complex spectra of K sources is observed at
each TF bin.
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of source images' (Fig. 4). In a spatial mixture model, the
spatial covariance matrix corresponding to each source is one
of those corresponding to directions, and the observed multi-
channel complex spectrogram is a patchwork of source images
(Fig. 5). We experimentally found that the spatial factor model
tended to work better than the spatial mixture model in exchange
for larger computational cost, and the choice of source models
had little impact on the performance and computational cost.

The rest of the paper is organized as follows: Section II re-
views related work on multichannel source separation in terms
of source and spatial modeling. Section III explains the four
proposed models based on source-spatial combinations and Sec-
tion IV derives Bayesian inference algorithms. Section V reports
the results of comparative experiments and Section VI summa-
rizes the key findings.

II. RELATED WORK

This section introduces conventional methods of audio source
separation using source models and/or spatial models.

A. Source Models

In single channel source separation without spatial informa-
tion, it is necessary to focus on some structural characteristics of
sources. One of the most popular methods is non-negative ma-
trix factorization (NMF) and various extensions of NMF have
recently been proposed [18], [20]. Assuming the low-rankness
of source power spectrograms, NMF approximates an observed
power spectrogram as the sum of products of basis spectra (spec-
tral templates of individual sources) and activations (temporal
volumes of those templates).

In the context of speech enhancement, robust principal com-
ponent analysis (RPCA) [21] and robust NMF (RNMF) [22]
have often been used. While NMF assumes the low-rankness of
all sources, RPCA and RNMF assume the sparseness of speech
sounds and the low-rankness of noise sounds. The observed
noisy spectrogram is decomposed into the sum of a sparse ma-
trix and a low-rank matrix corresponding to speech sounds and
noise sounds.

B. Spatial Models

In multichannel source separation, sounds are commonly sep-
arated by using spatial information such as the phase differences
between microphones. A conventional approach to multichan-
nel source separation is to estimate a linear unmixing filter that
decomposes the complex spectra of mixture signals into those
of source signals in the frequency domain [10], [23]-[27]. Mix-
ture signals are usually represented as the sum of source sig-
nals convolved with the impulse responses of the corresponding
source directions. This is equivalent to an instantaneous mixing
process in the frequency domain, i.e., the complex spectra of
mixture signals are the sum of source spectra multiplied by the
impulse-response spectra. Using such linearity between mix-
ture and source spectra, frequency-domain ICA [10] estimates

'The multichannel complex spectrogram of source signals captured by a
microphone array is called an image.
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a linear unmixing filter for each frequency bin. The permutation
of separated source spectra, however, is not aligned between
different frequency bins. One way to resolve this permutation
ambiguity is to use the directions and inter-frequency correla-
tions of the sources [23]. IVA [24], [25] is an extension of ICA
that can jointly deal with all frequency components in a vectorial
manner. Several variants of beamformers based on a minimum
variance distortionless response (MVDR) [26] and generalized
eigenvalue decomposition (GEV) [27] have widely been used
for multichannel speech enhancement. MVDR puts a constraint
that the source signals are not distorted by linear filtering and
GEV maximizes the signal-to-noise ratio (SNR) at each TF bin.

Another popular approach to multichannel source separation
is nonlinear TF hard masking based on the sparseness (disjoint-
ness) of source spectrograms [1]-[8]. TF bins can be classified
by using the complex Gaussian mixture model [6]—[8]. The com-
plex Gaussian distribution uses the absolute phases and signal
energies of sources. The complex Watson mixture distribution is
used to describe the phase and level differences between micro-
phones [2]-[5]. If each TF bin is assigned to one of the sources
independently, the permutation ambiguity arises as in ICA. To
avoid this problem, Otsuka et al. [8] proposed a Bayesian mix-
ture method inspired by latent Dirichlet allocation (LDA) in
which each TF bin is exclusively assigned to one of the sources,
each of which is further exclusively assigned to one of the di-
rections. The impulse responses measured in an anechoic room
can be used as prior knowledge for joint source separation and
localization.

C. Integrated Source and Spatial Models

In multichannel extensions of NMEF, the source model and
spatial models are both described as factor models [12]-[17],
i.e., the power spectrogram of each source signal is given by
the sum of products of basis spectra and their activations and
the complex spectrograms of observed multichannel signals
are given by the sum of those of propagated source signals.
Ozerov et al. [12] pioneered the use of NMF for multichan-
nel source separation, where the spatial covariance matrices
are restricted to rank-1 matrices and the EM or multiplicative
update (MU) algorithm is used for minimizing the cost func-
tion based on the Itakura-Saito (IS) divergence. This model
was extended to have full-rank spatial covariance matrices [13].
Sawada et al. [14] introduced partitioning parameters to have
a set of basis spectra shared by all sources and derived a
majorization-minimization (MM) algorithm. Nikunen and Vir-
tanen [15] proposed a similar model that represents the spatial
covariance matrix of each source as the weighted sum of all
possible direction-dependent covariance matrices and used the
MM algorithm for minimizing the cost function based on the Eu-
clidean distance. Kitamura et al. [16] modified Sawada’s model
by restricting spatial covariance matrices to rank-1 matrices,
resulting in a unified model of NMF and IVA.

Some studies have investigated a hybrid of factor and
mixture models corresponding to source and spatial models
(factor-mixture) [19], [28]. More specifically, the power spec-
trogram of each source signals is given by the sum of products
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of basis spectra and activations, and each TF bin of the complex
spectrograms of observed multichannel signals are given by one
of sources. Our main contribution is to investigate and exper-
imentally compare Bayesian versions of all the four combina-
tions of source and spatial models in terms of source separation
performance and computation time.

III. PROPOSED METHODS

In this section we formulate the four possible unified mod-
els (factor-factor, mixture-factor, factor-mixture, and mixture-
mixture models) because the source and spatial models can each
be represented as either a factor or mixture model.

A. Problem Specification

All signals are represented in the TF domain using short-time
Fourier transform (STFT). Suppose that K sources are observed
with M microphones. Each TF bin of the complex spectrograms
of observed signals and that of the complex spectrograms of
source signals are defined as

Sagu]t € CM, ()

k)’ € CK. )

.’Bf,f = [xtfl,..

ytf:[ytfla---

Similarly, each TF bin of the complex spectrograms of the latent
signals corresponding to source k is defined as

Tipr = [Tipr1y - vepm] € CYY 3)

Note that x; 1., can be directly observed by microphone m at
time t and frequency f if only source k exists in a recording
. . T F .
environment. Given observed data {x; }, ¢—1,our goal is to

: T.F.K
estimate {@ i}, oy -

B. Source Models

We formulate two source models representing the generative
process of source power spectrograms A = {1; fk}foFinl Ais
generated using basis spectra W = {wy; ¢ }flLffl and activa-
tions H = {hklt}ﬁ}ifl-

1) Source Factor Model: The power spectrogram of each

source signal is decomposed into basis spectra and temporal
activations via low-rank factorization as follows:

L
Atfr = Z Wiy Pie s 4)

=1
where wy,; = Wy, ..., wrr]? is the I-th basis spectrum of
source k and hy; = [hpi1, ..., hir)? is the activation of basis

[ of source k at each time.

2) Source Mixture Model: The power spectrogram of each
source signal is decomposed into basis spectra, temporal activa-
tions, and binary masks. Assuming the sparseness of the power
spectrogram of each basis, one of the bases is considered to be
dominant at each TF bin as follows:

L

Aifr = H(wklfhku)"‘f“, %)
=1

Mic. 2
Source 1 . Source 1
Mic. 1 X
*x
x
|i> X Xx ﬂ
o ¥ :
x Mic. 1
. Xxxx x /
Mic. 2 *®
Mic. 2
MiC. 1 x X
x
% x \
X
0 w< % %\ Mic. 1
x
Mic. 2 %N;‘( x
Source 2 Source 2

Fig. 6. The distribution of multichannel complex spectra {z; ;. € CM }T_,
of each source k in frequency f (M = 2 and K = 2). Each axis indicates one
of M channels, an ellipse indicates a spatial covariance matrix Ay}, and an
arrow indicates the direction of a steering vector ay. .

where w ;i = (W1, .. WifkL |7 is a one-hot vector for binary
masking, i.e., u; r1; takes 1 when basis [ is selected (dominant)
as the frequency component of source £ at time ¢ and frequency
f and otherwise takes 0. We assume u, s, to follow a categorical
distribution as follows:

W s | ~ Categorical (v ), (6)

where ¢, € Rﬁ is a parameter such that Zle Y = 1.

C. Spatial Models

We formulate two spatial models representing the generative
process of observed spectrograms X = {x; }foF: |- Assuming
an instantaneous mixing process in the frequency domain, the
observation x; s, is represented using a source spectrum ¥ j, €
C of source k at time ¢ and frequency f and a steering vector
ays, € CM of source k at frequency f as follows:

Tifr = QfeYifk- (7N

Asin [8], [29], [30], we assume that y; s}, to follow a zero-mean
complex Gaussian distribution as follows:

Yerk | Aepr ~ N (0, Aepr), (8

where A; 7}, is a power spectrum density of source k at time ¢ and
frequency f. Using (7) and (8), the observation x; ;. is found to
follow a multivariate complex Gaussian distribution as follows
(Fig. 6):

xifp | Mg, Ape ~ Ne(0,h 1 Afr), ©)

where Ay, = a f]cCL;Ik + el is a spatial covariance matrix of
source k at frequency f, */7 denotes Hermitian conjugate, I is
the identity matrix, and € > 0 is a small number to make A, a
positive definite matrix to avoid the degenerate distribution.
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Fig. 7.  Factor modeling of multichannel complex spectra {z; ; € cM f: 1

in frequency f. Each spectrum @; ; is stochastically generated from a Gaussian
distribution whose covariance matrix is the sum of spatial covariance matrices

. K
given by Zk:l i Afp.

1) Spatial Factor Model: Assuming that an observed spec-
trum at each TF bin is given by the sum (instantaneous mixture)
of latent source spectra, the observation ;s is given by

K K
Tyf = Z-’Btfk = Zafkytfk-
k=1 k=1

Using (9) and (10) and the reproductive property of the Gaussian
distribution, the observation x;; follows a complex Gaussian
distribution as follows (Fig. 7):

K
Tif | A A~ NC <Oaz)htkafk> .
k=1

To estimate the direction of each source k, the spatial covariance
matrix A, is further factorized as follows [15]:

(10)

Y

D
Agp = Z rdGa, (12)
=1

where Gyq is a spatial covariance matrix for direction d at
frequency f and ryq is the weight of G4 in A .. Although each
source k has a particular direction and 7, = [r41,...,7p]"
should be a one-hot vector in theory, in factor modeling, 74 is
allowed to take continuous values. As in [ 15], source localization
can be performed by representing each source as the weighted
sum of different directions. We let R = {r.4}, ;. Plugging
(12) into (11), x;y is represented as a unified factor model
given by

K D
zif | A, R,G ~ Nc (QZZMfkrdefd) .13

k=1d=1

2) Spatial Mixture Model: 1f source spectra are sparse, only
one of the sources tends to be observed at each TF bin. To specify
the observed source at time ¢ and frequency f, we define a one-
hot vector z; = [2f1, ..., 27k]" such that z sy, takes 1 when
source k is observed at time ¢ and frequency f and otherwise
takes 0. We let Z = {z;; }tTszl Using this assumption, the
observation x; ; is given by

K

K
e = [ 2 = [T (arunre)
k=1 k=1

(14)
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Source 1
Mic. 1
Mic. 2
Source 2 Source 2

Fig.8. Mixture modeling of multichannel complex spectra {a; ; € cM e
in frequency f. Each spectrum @, is stochastically generated from a mix-
ture of K Gaussian distributions whose covariance matrices are given by
{hipr App K| respectively.

Equations (9) and (14) indicate that ; ; is generated by one of K
Gaussian distributions, i.e., ; ; follows a mixture of multivariate
complex Gaussian distributions as follows (Fig. 8):

K
Ty | AMAZ ~ HNc(O,)»tkafk)z"f".
k=1

5)

To associate A ¢, with one of D directions, (15) can be extended
to a unified mixture model given by

K D
T | 0,G, Z,S ~ [ [] N0 1epeGra)* /o, (16)
k=1d=1
where s; = [sg1,...,5:p]7 is a one-hot vector such that s;4

takes 1 when source k exists in direction d. We assume z;y and
sy, to follow categorical distributions as follows:

Zy ‘71-25 ~ Categorical(ﬂ'f,), (17)

8i|¢ ~ Categorical(¢), (18)

where 7; € RY and ¢ € R? are parameters to be estimated
such that Y>¢_ my = Land 37 g = 1.

D. Combinations of Source and Spatial Models

We formulate four unified models and explain its Bayesian
treatment based on prior distributions.

1) Factor-Factor Model: Both the source and spatial models
are formulated as factor models [17]. This model is an extension
of [13] that further decomposes the spatial covariance matrix of
each source into the weighted sum of direction-dependent ma-
trices for joint source separation and localization as in [15].
Note that [15] is based on the minimization of the Euclidean
distance while the other variants [12]-[14], [16], [17] including
our method are based on the minimization of the IS divergence
(the maximization of the complex Gaussian likelihood). In ad-
dition, our model is different from MNMF [14] and its rank-1
version [16] in that each source k is forced to have a unique set
of L basis spectra. Substituting (4) into (13), the likelihood of
the model parameters W, H, R, and G for the observation x;
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is given by

z; |W,H,R,G

K D L
~ N <0azzzwklfhk1t7"k:ded> - 319

k=1d=11=1
2) Mixture—Factor Model: The source model is represented
as a mixture model and the spatial model as a factor model.
Substituting (5) into (13), the complete likelihood of the model
parameters W, H, R, U, G for x; is given by

z; |W,H,RU,G
~ Nc ( ZZ (H wkifM:lt)“”“) deGfd> . (20)

k=1d=1
In addition, the likelihood of 4 = {4}~ , _ for the latent
variables U given by (6) should also be considered.
3) Factor—-Mixture Model: As in [19], substituting (4) into
(16), the likelihood of the model parameters W, H, Z, S, and
G for the observation x;; is given by

x; |W,H,Z,S,G

K D L ZtfkSkd
~ ] J]Ne (QZwkuhklthd) : 2y
k=1d=1

=1
In addition, the likelihoods of 7 = {7, }1_, and ¢ for the la-
tent variables Z and .S given by (17) and (18) should also be
considered.
4) Mixture—Mixture Model: Substituting (5) into (16), the
likelihood of the model parameters W, H, Z, S, U, and G for
the observation x; is given by

Tyt f | W,H,Z,S,U,G

L 2ifk Ska
(O’H wrifhrr) ’”"Gfd>
k=1d=1 =1
K D L
H H H (C 0 wklfhklthd)thkSkdutfkl )

11=1

(22)

In addition, the likelihoods of 7, ¢, and v for the latent vari-
ables Z,S, and U given by (17), (18), and (6) should also be
considered.

E. Bayesian Extensions

For mathematical convenience, we put conjugate prior dis-
tributions on model parameters as follows (some of the prior
distributions might not be used):

(23)
(24)

wyrp ~ Gamma(ag , by ),

Ry ~ Gamma(al, bl),

rra ~ Gammal(a(, b)), (25)
Grq ~IWe (v, GYy), (26)
7y ~ Dirichlet(ag 1k ), 27)
¢ ~ Dirichlet(aj1p), (28)
b ~ Dirichlet(af 1), (29)

where aj > 0, b5 > 0, vy > 0, G(} 4 = 0 are hyperparameters
that should be set in advance. aj and b, denote the shape and
rate parameters of the gamma distribution, 1, denotes an N-
dimensional vector with all elements one, ZW¢ indicates the
complex inverse Wishart distribution [31] given by

|G|” exp(—tr(G°G™1))

M1
FM(M-1)/2)g-M M)

IWc(Glr,G) =

L(v—m)’

(30)

where v > M is a degree of freedom and G° is a positive
definite matrix. To use prior knowledge about a microphone
array, steering vectors { g(} d }fj _, are measured for each direction
d in an anechoic room and G4 ; is setas G, = v(g%,(9%,)" +
eI) such that Eprior[G'yq] = g(}d(g?cd)H + eI, where € > 0 is
a small number to make Ggl 4 a positive definite matrix.

Note that source separation can be performed by using only
a spatial model given by (13) or (16) (called a NA-factor or
NA-mixture model). In this case, the power spectrum density
At s 18 not decomposed and the conjugate prior distribution is
put as follows:

Aifr ~ Gammal(ag, by), 31

where a}j > 0 and b} > 0 are hyperparameters.

F. Source Separation

We estimate all parameters in a Bayesian manner and then re-
cover source signals using the estimated parameters. When the
spatial model is represented as a mixture model, sound sources
are restored by applying a soft TF mask corresponding to a
certain direction. Each mask is estimated using samples of la-
tent variables Z and S given by Gibbs sampling. Multichannel
source spectrum & yq is restored as follows:

I K
Z Z tfkskda:tf’
i=1 k=1

Tifg = (32)

~l

where zf})k and ') are the i-th samples of z ;. and s;¢ and I is
the number of samples obtained by Gibbs sampling. The factor
S S zt(?k s,(;(; is a contribution of direction d at time ¢
and frequency f.

When the spatial model is represented as a factor model,
sound sources are restored by using a multichannel Wiener fil-
ter [14]. The multichannel mixture spectrum x; ; at time frame ¢
and frequency bin f is decomposed into the sum of multichannel
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source spectra {Z; ; }5_, as follows:

(33)

—1
Tifr = Yifk (Z thk'> Ty,

k!

where we let thk = Zld Wi f hkltdevfd in the factor-
factor model or Yy = Zd Hl (’Lka,[fhklt)"*f“7‘defd in the
mixture-factor model.

IV. BAYESIAN INFERENCE

Our goal is to calculate the posterior distribution and find opti-
mal parameters that maximize the posterior distribution in prac-
tice. Since the posterior distribution is analytically intractable,
but the posterior distribution of each parameter conditioned on
the remaining parameters e.g., p(W|H, G, R, X)), is tractable,
we can use a Gibbs sampling algorithm [32] that alternately
and iteratively updates one of the parameters according to the
conditional posterior distribution by fixing the other parameters.

A. Factor—Factor Model

The factor-factor model estimates four model parameters W,
H, R and G. Since it is hard to directly draw samples from
the conditional posterior distributions, all parameters are up-
dated using a variational approach [33]. More specifically, the
log-likelihood function defined by (19) is lower-bounded by
a tractable auxiliary function having auxiliary variables. The
auxiliary function should become equal to the log-likelihood
function when it is maximized with respect to the auxiliary
variables. The log-likelihood is given by

logp(X|W,H, R,G) =

S (log Vsl - (XY 7)) + G,
tf

(34)

where Y i1 = wiirhknurmkaGras Yip =Y 30 Y ifkia, and
(' is a constant. To derive a lower bound from (34), we use
two inequalities proposed in [33]. First, for a convex function
f(Z)=—log|Z| (Z = 0 € CM*M) we calculate a tangent
plane at arbitrary €2 > 0 by using a first-order Taylor expansion
as follows:

—log|Z| > —log |Q| —tr(Q7' Z) + M, (35)
where the equality holds when €2 = Z. Second, for a concave
function g(Z) = —tr(Z~' A) with any matrix A = 0, we use
an inequality given by

K

_ tr((sz_l Zk)lA) > > u(z,'@,A8)"), (36)

k=1

where {Z )}/, isasetof arbitrary matrices, {® }2_ | isasetof
auxiliary matrices that sum to the identity matrix (}_, ®;, = I),
and the equality holds when ®;, = Z,, (3", Z;) .
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Using Inequalities (35) and (36), the log-likelihood function
given by (34) is lower-bounded by £; as follows:

logp(X|W,H,R,G)
>y (—tr (thsz;fl) —log || + M)
tf

def

- Z tr (Y;flkldéf,fkldth@gkld> +Cy = Ly, (37)

tfkld

where €2,y and ®, 714 are newly introduced auxiliary variables.
The auxiliary function £, is maximized (i.e., the equality holds)
when €2,y and @ ;4 are given by

Q=Y and Pippa = thkldYt_fl- (38)

The parameters wy; s, Rrie, Tra, and Gyq can be sampled
from conditional distributions proportional to the product of
(23)—(26) and (37) as follows:

wiif | X, Oy, ~ GIG(Wiss Piigs Thif ) (39)
hiae | X, ©-nyy ~ GIG(ig, s Thie)s (40)
Tra | X, 0, ~ GIG(Y4, Pra» Tha ) (41)
Gra| X,0.g,, ~MGIGc(vfa,Qra,Viya),  (42)

where © is the set of all parameters, ®_, indicates the set
of all parameters except *, and GIG and MGIG¢ indicate the
generalized inverse Gaussian distribution [34] and the complex
matrix GIG distribution [35], defined by

_exp{(y =) logz — px —7/a}p/?

GIG(x|’Y7p7 T) - 277/2K7<2\/p77') ) (43)
o | X" Mexp{—tr(QX + VX 1)}, (44)

where /C, is the modified Bessel function of the second kind,
v is a real number, p > 0, 7 > 0, @ = 0 and V' > 0. To draw
samples from the GIG, we use a rejection sampling method [36].
To draw samples from the complex MGIG distributions, we use
a Metropolis-Hastings (MH) sampler [35] that uses as a pro-
posal distribution a complex Wishart distribution having the
same mode as a target MGIG distribution (the mode of the
MGIG distribution can be calculated by using an algebraic Ric-
cati equation). The conditional posterior parameters v}, pi, 7,
Qyq,and V g, are given by

Vetp = a0 s (45)

Py = b5 + > hrurkatr(Gra®, ),
td

(46)
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Ty = it (G}i ¢t,fk1dXt,f¢'f§kzd) , @D
td
h _ _h
Vi1t = Qo (48)
Py = b + Z wiiprratr(GraQ ), (49)
fd
The = Y Welred tr (G}i (I’tfkldth‘I)g‘kld> . (50
fd
Ved = @0 (51)
Pra = bh + Z wiifhrtr(Gra€, ), (52)
sl
Tha = Zwizlfhlzzlttr (Gﬁ ‘I)tfkldth(I’gfkld) ;o (33)
tf1
Vid = 1, (54)
Qrq = Z wszhkm”kdﬂ{fl, (55)
thl
Via=Gh+ Y wiihirii ®ipraX s @t (56)
thi

B. Mixture—Factor Model

The mixture-factor model estimates five model parameters
U, W, H, R, and G. While U can be directly sampled from
the conditional posterior distributions, W, H, R, and G are
updated using a variational approach [33] like that used in the
factor-factor model. The conditional posterior distribution of U
is calculated by the product of the likelihood function given by
(13) and the prior distributions given by (6) and (29) after the
parameter ;. is marginalized out as follows:

s | X, O, ~ Categorical(wgfk), (57)
where 1}, is given by
Vi o (age + n;;fl) Ay + Zwkl,fhk-zﬂ“defd
d
-1
exp | —af} <Atfk + ZwklfhkltdeGfd> xip |, (58)
d

where A;yj, is given by

Aipr = Z (H(wk’lfhk’lt)u‘/kll> rkdGq- (59)

d.k'£k \ 1

Although the conditional posterior of each parameter W,
H, R or G is proportional to the complete joint likelihood
given by the product of (20), (23)-(26), it is difficult to
directly get samples from the conditional posterior because
of the complicated form of (20). The log-likelihood function
defined by (20) is therefore lower-bounded by a tractable
auxiliary function having auxiliary variables. Letting Y; ;1.4 =

[T (weighiie)*  rpaGra and  Yip =3, Yifea, the

log-likelihood is given by
logp(X|W,H,R,G) =

S (“log ¥ s | — (X, Y1) + Ca,
tf

(60)

where () is a constant. Using Inequalities (35) and (36), (60) is
lower-bounded by L, as follows:

logp(X|W,H,R,G,U)

=3 (—tr (thQ;fl) —log || + M)
tf

_ def
=Y (Vi @i Xy @) + Y L.
tfkd

(61)

The auxiliary function £, is maximized, i.e., the equality holds,
when ;; and ®, 1,4 are given by

Q=Y and Pyppg = thdeffl- (62)
The parameters wyis, hrie, Tkq, and Gyq can be sampled

from conditional distributions proportional to the product of
(23)—(26) and (61) as follows:

wiip | X, Oy, ~ GIG(Viips Prigs Thiy)s (63)
hii | X, @y, ~ GIG(’YIithalet’TI?It)v (64)
rra | X, 0, ~ CIG(Via, Pras Tha): (65)
G| X, 0-g,, ~ MGIGc (vrd:Qra, Vsa)- (66)

The conditional posterior parameters v}, pi, 7., Qf4, and V ¢4
are given by
Veip = ag (67)

iy =00 + D urprihinreatr(Gra®,}),
td

T = D wigkihyhrg tr (G}jfbtfkdth@ff%d) ;o (69
td

(68)

Vi = ags (70)
piu = b + Zutfklwkadetl"(GfdQ{fl), (71)
fd
T = ) kWi g tr (Gﬁ (I)tfk?ldthq)g‘kl«zl) , (72)
fd
Vhif = 05 (73)

Pra =05+ (H (wwhku)“”“)tr(Gfdﬂ;;), (74)
tf l
-1

Tha = Z (H (wklfhm)u’“”> tr (Gﬁ 'I’tfdetf@flfkd) ;

tf \ 1
(75)
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Vig = 1, (76)
Qra = Z (H (wmhm)“"”’) deQ;f17 (77)
N\ 1
~1
Vg = Z (H (wszhklt)u’f“> Tid ®irra Xy (I)ffkd
N\ 1
+GY, (78)

C. Factor-Mixture Model

The factor-mixture model estimates five model parameters
G, Z, S, W and H. While G, Z, and S are updated by
sampling from the conditional posterior distributions, W and H
are updated using a variational approach [18]. The conditional
posterior distributions of model parameters G, Z, and S are
calculated by using the likelihood function ((16)) and the prior
distributions ((18)—(28)) by marginalizing out parameters 7,
and ¢ as follows:

Gra| X,0-g, ~IWe (v, Gla), (79)
ziy | X,0-,, ~ Categorical(m},), (80)
si | X,0.s, ~ Categorical(¢y,), (81)

The conditional posterior parameters v/} ;, G ;, 7} ;, and ¢}, are
given by

Vig =1 + Z 2t fkSkd, (82)
tk
ha=GYhy + STy kSkd> (83)
fd fd Zzzwwhuf Y

-1 Skd
Tipp = H : exp | — 7@% Cais
e LU\ S wiip b G ral > Wrip P

x (af +n)l), (84)

—1 Ztfk
&g = H ! exp | — 73:{1} Gfd Tef
hd i} > Wk hen Gral > Wrip iy

x (af + "), (85)

where n,, kf indicates the number of TF bins assigned to source k
at frame ¢ without frequency f, and c;k is the number of sources
assigned to direction d without source k.

Although the conditional posterior of each parameter W or
H is proportional to the complete joint likelihood given by the
product of (21), (23), and (24), it is difficult to directly get sam-
ples from the conditional posterior because of the complicated
form of (21). Therefore, the log-likelihood function defined by
(21) is lower-bounded by a tractable auxiliary function having
auxiliary variables. More specifically, letting A; 11 = wpifhrie,
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the log-likelihood is given by
logp(X |W,H,Z,S,G) =

ZZ <—log Z)»tszGfd
]

tf kd

XffG ZtfkSkd
+ Cj,

(86)

where X, = mgpm and Cj is a constant. To derive a lower
bound of (86), we use two inequalities used in [18]. First, for
a convex function f(z) = —log|z|, we use a first-order Taylor
approximation around an arbitrary point « as follows:

~log |z > ~logla| — = +1, (87)
«

where the equality holds when o = z. Second, for a concave
function g(z) = —=, we use Jensen’s inequality that for any
vector 3 such that ﬁ; >0and ), 5 =1 as follows:

1 _ Nl
L R Y.L T W o

(88)

where the equality holds when (5, = W'
Using Inequalities (87) and (88), the log-likelihood function
given by (86) is lower-bounded by L3 as follows:

logp(X |W,H,Z,S,G)

Do Mk
= (M <10g|atfk| - Olétift]: +1) —log|Gyal

tf kd
1

—tr (thGﬁ) Zﬂf?fkl?
1

ZtfkSkd lof
W) +C5 = L3, (89)
i

where o ¢, and 3 1, are newly introduced auxiliary variables.
The auxiliary function £3 is maximized (i.e., the equality holds)
when oy i, and 3,7y are given by

At frl
oufr = Z)\tszl and By = Y (90)

; Sou Ay

The parameters wj,; ¢ and hj¢ can be sampled from the fol-

lowing conditional distributions proportional to the product of
(23), (24), and (89):

Wi f ‘ X, ®ﬁwk1f ~ GIG(’V}EUlfv p}:fl» Tlgfl)v oD
hklt | X7 eﬁhklr, ~ GIG(’YI}CIIN leh T]éth)‘ (92)
The conditional posterior parameters v, pi, and 7, are
,YIZ/Zf = a8)7 (93)
Mhy
=by + , (94)
Priy = bo Z e
w o G-l ﬂtszl
T =Y (X1 Gry) T (95)
td "t
Ve = ag, (96)
Muw
h Mwgif
e =0 + : 97)
Prit %: sk
h —1 ﬁ?fkl
e = > (X Gp) oy (98)
fd ’
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D. Mixture—Mixture Model

The mixture-mixture model estimates six model parameters
G, Z, S, U, W, and H. All the parameters can be updated
efficiently by directly sampling from the conditional posterior
distributions. The conditional posterior of each parameter is
proportional to the complete joint likelihood given by the prod-
uct of (22)—(24), and (26)—(29), and samples are taken from
each conditional posterior after parameters 7;, ¢, and 1, are
marginalized out as follows:

Wit | X, Oy, ~ GIG(v s PRI THL ) (99)
he | X, @, ~ GIG(Wis Pl i), (100)
Gia| X,0.g,, ~IWc (Ve Ga), (101)
ziy | X,0-,, ~ Categorical(7;; ), (102)
s | X,0_s, ~ Categorical(¢).), (103)
Ui | X, @, ,,, ~ Categorical (1 ;. ). (104)

The conditional posterior parameters v, pZ, 77, u} g G} g0 T £
@}, and ¢}, are given by

Vg = ag — Mnyp, (105)
Pris = by, (106)
mH Gic}%tf
Thif = Z ﬁ#ztfkskdutfkl, (107)
td il
Ve = ai — Mnyg, (108)
i = b, (109)
z G’;wtf
The = Z Sk Skate s (110)
T Wi f
Vig=vo+ > 2tfkSed, (111)
th
e I T T (112)
R
1 zH Gilm/ . SkdUifr
T 1
v\ Wil G ra Wi Pt
x (af +n,0), (113)
1 :BHGiI:B ZtfkUtfhkl
=11 ‘ exp [ - ZCra®ts
il wklfhklthd wklfhklt
x (a§ +¢%), (114)
1 .’I)HGiliB/‘ ZtfkSkd
G =TI ‘ oxp [~ FCra®ts
’ S\l wriphiii Gra Wi fhiie
x (ag +ngl), (115)

where 1t (n¢1,) indicates the number of TF bins at frequency
f (frame t) assigned to source k and basis [, and n,, kfl indicates

the number of TF bins at frame ¢ assigned to source k and basis
[ except for frequency f.

E. NA-Factor Model

The NA-factor model estimates three model parameters A,
R, and G. 74 and G'y4 can be sampled from (41), (42), and
(51)—~(56) where >, wy; g hyy is replaced with 2, 7y, In the same
way as the factor-factor and mixture-factor models, the condi-
tional posterior distribution of 4, s, is given by

Mgk ~ GIG(V 1, pEpas Tie)- (116)
The conditional posterior parameters are given by
Vi = ag, (117)
pz)‘,\fk = b(); + Zrkdtr <GfdQ;f1) , (118)
d
Tk = Zrk_-(}tr (G}é q’t,fkdth(I’gfkd) , (119)
d

where Qtf and ®; 14 are defined by Qtf = Zk:d )\tfk'rdefd
and @ rrq = A puTraGra (O gy Mperea Gra) ™

F. NA-Mixture Model

The NA-mixture model estimates three model parameters A,
G, Z,and S. Gy, 251, and sj4 can be sampled from (79)-
(85) where Zz wyy s hyge is replaced with A7 and A4 ¢y can be
sampled from a conditional posterior distribution given by

Mgk~ GIG(Y 1, Pl Tk )- (120)
The conditional posterior parameters are given by

%?\fk = af — 2 M, (121)

Pire = bg, (122)

Tt)tfk = Z thkskdwng;algwtf- (123)

d

V. EVALUATION

This section presents source separation results obtained with
simulated convolutive mixture signals.

A. Experimental Conditions

We synthesized mixture sounds as test data. Fig. 9 shows
the locations of microphones and sources. Three sources were
convoluted using impulse responses measured with four mi-
crophones in a room where the reverberation time R7Tgy was
400 ms. We used music signals (including guitar, bass, vocal, hi-
hat, and piano sounds), speech signals selected from the SiSEC
data set [37], and the JNAS phonetically balanced Japanese ut-
terances [38]. Thirty mixture signals were used for evaluation:
ten samples of music mixtures, ten samples of speech mixtures,
and ten samples of music and speech mixtures. The audio sig-
nals sampled at 16 kHz were analyzed with STFT with a 512-pt
Hanning window and a 256-pt shift. The average length of mix-
ture signals was 5.22 sec. We also examined the separation
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Fig. 9. Locations of microphones and sources.
performance for two times longer mixture signals. In this ad-
ditional evaluation, to make each source signal, two utterances
randomly selected from the JNAS database were concatenated
or two times longer signal was extracted from the beginning of
each musical piece.

The proposed factor-factor, mixture-factor, factor-mixture,
mixture-mixture methods were compared with IVA [24] and
MNMF [14] and with the NA-factor and NA-mixture [8] mod-
els using only a spatial model. MNMF is similar to the factor-
factor model except that the factor-factor model is based on a
Bayesian model that can use prior knowledge on steering vec-
tors. When spatial correlation matrices are restricted to rank-1
matrices and the source model is forced to be time-invariant,
MNMEF reduces to IVA [16]. The number of iterations for IVA
and that for MNMF were 100 and 200, respectively. The number
of basis spectra for MNMF was 20. The parameters of IVA and
MNMEF were initialized randomly and estimated by using the
majorization-minimization methods.

The steering vectors {g(} d}?‘f;’ 4, for all directions were
measured with an angular interval of 5° (D = 72) in an ane-
choic room. This is important to maximize the potential of the
proposed models. Once this measurement is done, the proposed
models can be used in different echoic conditions without any
special treatments (e.g., level-difference compensation). Hyper-
parameters were determined such that the prior expectation of
diagonal elements of the covariance matrix in the likelihood
function equals 1 as follows: a = af = afj = by = 1,b) = &,
and Gf}d = V(gf}d(gf}d)H +eI). bl varied depending on the
model: b = 1 in mixture-mixture, b = L in factor-mixture,

I
and b} = = in factor-factor and mixture-factor. The other

parameters were determined experimentally: af = ag’ =10,
ag' =1, L=20, vy = M +1, and € = 0.01. All the models
were implemented using the C++ language. The parameters of
each method were updated or sampled 200 times: 180 sam-
ples were abandoned as burn-in and 20 samples were used
to estimate sound sources (I = 20). The signal-to-distortion
ratio (SDR), signal-to-inferences ratio (SIR), and signal-to-
artifacts ratio (SAR) [39] were used to evaluate the separation
performance.

B. Experimental Results

The experimental results are listed in Tables II-1V, in which
the rightmost columns show the SDRs for longer mixture
signals. In terms of SDR and SAR, the factor-factor model
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TABLE II
EXPERIMENTAL RESULTS FOR MUSIC MIXTURES

SDR SIR SAR SDR*
IVA [24] 0.3dB 4.9dB 5.7dB —2.5dB
MNMF [14] 1.0dB 6.2 dB 6.7 dB —0.4dB
Factor-Factor 3.3dB 7.9 dB 7.4 dB 3.3dB
Mixture-Factor 3.7dB 9.3dB 6.7 dB 3.1dB
Factor-Mixture 0.5 dB 8.3dB 3.6 dB —0.3dB
Mixture-Mixture 1.2 dB 9.8 dB 3.3dB —0.4dB
NA-Mixture [8] 0.5dB 8.1 dB 3.8dB —0.6dB

*Separation performance for longer mixture signals.

TABLE III
EXPERIMENTAL RESULTS FOR SPEECH MIXTURES

SDR SIR SAR SDR*
IVA [24] 3.4 dB 7.5dB 7.1dB  2.6dB
MNMF [14] 4.8 dB 10.0dB 7.7dB  52dB
Factor-Factor 6.1 dB 12.1dB 7.8dB 7.0dB
Mixture-Factor 5.7 dB 13.4dB 6.9 dB 7.3dB
Factor-Mixture 49dB 15.0dB 5.6 dB 6.2 dB
Mixture-Mixture 5.0 dB 15.3dB  59dB 6.7dB
NA-Mixture [8] 5.1dB 14.8 dB 59dB 6.2dB

*Separation performance for longer mixture signals.

TABLE IV
EXPERIMENTAL RESULTS FOR MUSIC AND SPEECH MIXTURES

SDR SIR SAR SDR*
TVA [24] 0.1 dB 5.3dB 53dB 0.3dB
MNMF [14] 1.8dB 8.6 dB 6.1dB  2.8dB
Factor-Factor 4.9 dB 12.6 dB 6.5dB 49dB
Mixture-Factor 4.6 dB 13.4dB 5.7dB  4.8dB
Factor-Mixture 1.7 dB 11.6dB 4.2dB 3.3dB
Mixture-Mixture 3.1dB 14.7 dB 4.1dB 2.7dB
NA-Mixture [8] 2.5dB 12.3dB 44dB 23dB

*Separation performance for longer mixture signals.

worked better than almost all of the other methods. In terms
of SIR, the mixture-mixture model worked best for all mix-
tures. Although the separated signals sounded clear because of
the clustering nature of mixture modeling, severe distortion was
caused. Regarding the spatial model, the factor models achieved
higher SDRs than the mixture models. Regarding the source
model, there was little difference between the factor and mixture
models. Fig. 10 shows the power spectrograms of ground-truth
signals and Figs. 11-14 show the those of the sounds separated
with the proposed methods. We can see large difference between
the spatial factor and mixture models and little difference in the
source model.

The SDRs were improved for longer speech mixtures and
degraded for longer music mixtures in most methods. The spatial
factor models kept the relatively high SDRs for all kinds of
longer mixture signals. The spatial mixture models were not
suitable to music mixtures because the W-disjoint orthogonality
did not hold. MNMF failed to separate longer music mixtures.
This indicates that longer signals were not approximated well
in the experimental condition because music had larger spectral
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Fig. 10.  Spectrograms of musical instrument sounds (ground-truth data). (a) Guitar. (b) Hi-hat. (c) Piano.
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Fig. 11.  Spectrograms of musical instrument sounds separated from a music signal by using the factor—factor model. (a) Guitar (SDR: 5.7 dB) (b) Hi-hat (SDR:
5.5 dB) (c) Piano (SDR: 7.7 dB)
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Fig. 12.  Spectrograms of musical instrument sounds separated from a music signal by using the mixture—factor model. (a) Guitar (SDR: 6.3 dB). (b) Hi-hat
(SDR: 5.0 dB). (c) Piano (SDR: 6.6 dB).
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Fig. 13.  Spectrograms of musical instrument sounds separated from a music signal by using the factor—mixture model. (a) Guitar (SDR: 1.9 dB). (b) Hi-hat
(SDR: 4.1 dB). (c) Piano (SDR: 4.9 dB).

| - | - | -
(@) t () t © t

Fig. 14.  Spectrograms of musical instrument sounds separated from a music signal by using the mixture—mixture model. (a) Guitar (SDR: 1.8 dB). (b) Hi-hat
(SDR: 1.2 dB). (c) Piano (SDR: 4.8 dB).

variations than speech. In this condition, the prior distribution
on G y4 was helpful, resulting in the difference between MNMF
and the spatial factor models.

The performance of the NA-factor model could not be
measured because the estimated sound sources could not be
associated with ground-truth data (some estimated sources in-

cluded no sounds). Although how to represent the source model
made little difference, the source model plays an important role
in combination with the spatial factor model. Since the factor-
factor and mixture-factor models are equivalent to the NA-factor
model when the number of bases L in a source model becomes
infinite, the estimation of L is consider to be essential to the
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TABLE V
ELAPSED TIME OF ONE ITERATION FOR A MIXTURE SIGNAL OF 4.6 S

IVA [24] MNMF [14]
0.02's 0.60 s
Factor-Factor ~ Mixture-Factor ~ Factor-Mixture = Mixture-Mixture
57.3s 64.2s 3.26s 1.97 s
TABLE VI

EVALUATION OF MUSIC SIGNALS SEPARATED FROM MUSIC
AND SPEECH MIXTURES

Source-Spatial SDR SIR SAR

Factor-Factor 1.0dB 8.4 dB 3.1dB

Mixture-Factor 0.5dB 9.5dB 1.9dB

Factor-Mixture —4.7dB 4.8 dB —0.2dB

Mixture-Mixture —2.1dB  10.4dB —0.7dB
TABLE VII

EVALUATION OF SPEECH SIGNALS SEPARATED FROM MUSIC
AND SPEECH MIXTURES

Source-Spatial SDR SIR SAR

Factor-Factor 8.8 dB 16.7 dB 9.9 dB
Mixture-Factor 8.7 dB 17.3dB 9.5dB
Factor-Mixture 8.1 dB 18.4 dB 8.7 dB
Mixture-Mixture 8.3dB 19.0dB 8.8 dB

mixture-factor and factor-factor models. Indeed, the mixture-
factor model did not work when the number of bases L was
equal to the number of time frames 7.

While there was not much difference of the SDR for speech
mixtures between the proposed four models, the factor-factor
and mixture-factor models based on the spatial factor model
achieved much higher SDRs than the mixture-mixture model
for music mixtures. This is because the W-disjoint orthogonal-
ity assumption does not hold for music signals. Therefore, the
factor-factor and mixture-factor models are suitable to separate
music mixtures, and the mixture-mixture model is suitable to
separate speech mixtures in terms of SDR.

Which model is best when we want to separate music sounds
and speech sounds in music and speech mixtures? To answer
this question, we consider the results for music and speech mix-
tures listed separately for each kind of sounds in Tables VI
and VII. For music and speech mixtures, the mixture-mixture
model seems to be inferior to the factor-factor model in terms
of SDR. Focusing on the speech signals, however, one sees little
difference between the mixture-mixture and factor-factor mod-
els. Therefore, in terms of SDR, the mixture-mixture model
can extract speech sounds almost as well as the factor-factor
and mixture-factor models even when the mixture sounds in-
clude other kinds of sounds. Further investigations are needed
to discuss whether the mixture-mixture model can be used as
preprocessing for automatic speech recognition because the
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mixture-mixture model achieved much lower SARs than the
factor-factor and mixture-factor models.

These results show that the proposed models could success-
fully separate mixture sounds in an unseen environment where
the actual steering vectors are significantly different from those
measured in an anechoic room. The proposed Bayesian models
can flexibly adapt the prior knowledge on the steering vectors
to the environment where mixture signals are observed. Open
problems to be tackled in the future are to deal with moving
sound sources, to achieve real-time source separation, and to
estimate the number of sound sources over time.

C. Computational Costs

In our experiments, all the methods sufficiently converged
within 180 samples. While the mixture-mixture and factor-
mixture models converged within 50 samples, the mixture-factor
and factor-factor models needed to draw more than 100 samples
before convergence. The proposed models were not sensitive
to initialization because the impulse responses measured in an
anechoic room were used as prior information. The time elapsed
for one iteration of each of the proposed methods with a four-
channel input signal (4.6 s) are listed in Table V. The spatial
model had larger impact on computational time than the source
model, and the mixture models needed less computation time
than the factor models except for the mixture-factor model. The
computational cost of the mixture-factor model was larger than
that of the factor-factor model because of the complicated form
of (58). Although the mixture-factor model took 7.8 seconds to
sample the latent variable u; s, the mixture-factor model could
sample other parameters faster than factor-factor. As shown in
Tables II-V, we found that the factor-factor and mixture-factor
models achieved high SDRs but had large computational costs.
On the other hand, we found that the mixture-mixture model
achieved slightly lower SDRs than the factor-factor and mixture-
factor models but attained remarkably fast computation. There-
fore, the mixture-mixture model may be best in terms of SDR
and SIR if you want to separate fast; otherwise, you should use
the factor-factor or mixture-factor models.

D. Effect of Hyperparameters

We investigated the effect of the hyperparameters on the sep-
aration performances of the proposed and conventional models
by changing the window length (512, 1024, or 2048 pts), the an-
gular interval between sound sources (20, 50, or 80 degrees), and
the number of basis spectra (L = 5, 10, 20, 50) if necessary. The
SDRs obtained by the compared models with different window
lengths under a condition that L = 20 and the angular interval
was 80 degrees were shown in Fig. 15. In our experiment, the
window length of 512 pts was sufficient to attain good SDRs be-
cause the SDRs tend to be degraded according to the increase of
the window length. The factor-factor and mixture-factor mod-
els (spatial factor models) worked well regardless of the sound
characteristics.

The SDRs obtained by the compared models with different
angular intervals under a condition that the window size was
512 pts and L = 20 were shown in Fig. 16. We found that the
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Fig. 15.  The SDRs obtained by IVA, MNMEF, and the factor—factor, mixture—
factor, factor—mixture, mixture—mixture, and spatial-mixture models with the
window length of 512, 1024, or 2048 pts. (a) Music mixtures. (b) Speech
mixtures. (c) Music and speech mixtures.

SDRs tended to be considerably degraded as the angular inter-
val became small and heavily depended on the characteristics
of mixture signals. The spatial factor models kept good perfor-
mance when the angular interval was 50 or 80 degrees. When
the angular interval was 20 degrees, the spatial factor models
failed while conventional MNMF relatively worked well. In this
condition, the spatial mixture models worked well for speech
mixtures while the source mixture models did so for music and
speech mixtures.

The SDRs obtained by the compared models with differ-
ent values of L under a condition that the window size was
512 pts and the angular interval was 80 degrees were shown in
Fig. 17. The proposed models were found to work best when
L = 10 or 20. Too many basis spectra degraded the SDRs.

E. Effect of Bayesian Formulation

We investigated the effect of Bayesian formulation in the
factor-factor model, which tends to work best in various set-
tings. This model is a Bayesian and direction-aware extension
of a variant of multichannel NMF [13]. Note that the direction-
aware extension that decomposes the spatial covariance matrix
of each source into the weighted sum of direction-dependent

7
6
5
4
3
2
1
0 - M- _ -
:; I 20 deg}!l l 50 degrees I 80 degrees
-3
:2 B [VA mMNMF B Factor-Factor ® Mixture-Factor ® Factor-Mixture ® Mixture-Mixture ® NA-Mixture
(a)
7
6
5
4
3
2
1 | . 11
. | . [ | [ |
:; 20 degrees 50 degrees 80 degrees
3
:2 ® [VA mMNMF = Factor-Factor ® Mixture-Factor ® Factor-Mixture ® Mixture-Mixture ® NA-Mixture
(b)
7
6
5
4
3
! in
. n 0
j [ — | N
X H B E BE -
5 20 degrees 50 degrees 80 degrees
3
-4
5 ®[VA ®mMNMF ® Factor-Factor ® Mixture-Factor ® Factor-Mixture ® Mixture-Mixture ® NA-Mixture
(©)
Fig. 16.  The SDRs obtained by IVA, MNMEF, and the factor—factor, mixture—

factor, factor—mixture, mixture—mixture, and spatial-mixture models for the
inter-source interval of 20°, 50°, and 80°. (a) Music mixtures. (b) Speech mix-
tures. (c) Music and speech mixtures.

TABLE VIII
EVALUATION OF BAYESIAN INFERENCE OF DIRECTION-DEPENDENT
SPATIAL COVARIANCE MATRICES

Music ~ Speech  Music & speech
Factor-Factor 33dB 6.7dB 47dB
Factor-Factor-fixed 3.8dB  Failed 0.8 dB

covariance matrices was already proposed by [15]. We there-
fore compared our Bayesian model with its restricted version
whose direction-dependent spatial covariance matrix G'q was
fixed to G? , measured in an anechoic room. In our model, on the
other hand, G? 4 1s the hyperparameter of the inverse Wishart
prior on G'f4. This enables us to adaptively estimate G4 in
posterior inference.

The SDRs obtained by the compared methods under a con-
dition that the window size was 512 pts, the source interval
was 80 degrees, and L = 20 (described in Section V-A) were
shown in Table VIII. When G4 was fixed to G? 4» the speech
signals could not be separated. For such signals that violate the
low-rankness assumption, spatial information is essential for ac-
curate source separation. On the other hand, the restricted model
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Fig. 17. The SDRs obtained by IVA, MNMEF, and the factor—factor, mixture—

factor, factor—mixture, mixture—mixture, and spatial-mixture models for the
numbers of bases, L = 5, 10, 20, 50. (a) Music mixtures. (b) Speech mixtures.
(c) Music and speech mixtures.

was comparable with the proposed model for music mixtures be-
cause the source factor model was effective for the low-rankness
of music spectrograms. Although MNMF can be extended to
have G's4’s as in [15] and each Gz is initialized as G(} 4» it has
no mechanism to associate G’y with the direction of G, dur-
ing parameter updating. To prevent G ¢4 and G ¢4 (d # d') from
converging to the same value and let G4 and Gq (f # f)
indicate the same direction, Bayesian formulation is considered
to be effective.

VI. CONCLUSION

This paper presented multichannel audio source separation
methods based on unified source and spatial models. The source
model represents the generative process of source power spec-
trograms and the spatial model represents that of observed mul-
tichannel spectrograms. Each model can either be a factor model
that represents a generative process as the sum of bases or
sources or a mixture model that represents it as the selection
of bases or sources. Experimental results showed (1) that the
proposed unified models except the factor-mixture model out-
performed the conventional spatial model without the source
model, (2) that the spatial factor model achieved higher SDRs
than the spatial mixture model, (3) that the choice of the source
model had little impact on the separation performance, and (4)
that the mixture models needed less computational cost than the
factor models so that the mixture-mixture model was fastest in
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the four proposed methods. With further extensions, we plan to
estimate the number of the sources and basis spectra in a non-
parametric Bayesian manner and to develop an online source
separation algorithm.
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