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Abstract This paper deals with a multichannel audio source separation problem under underdetermined condi-
tions. Multichannel Non-negative Matrix Factorization (MNMF) is one of powerful approaches, which adopts the
NMF concept for source power spectrogram modeling. This concept is also employed in Independent Low-Rank
Matrix Analysis (ILRMA), a special class of the MNMF framework formulated under determined conditions. These
methods work reasonably for particular types of sound sources, however, one limitation is that they can fail to work
for sources with spectrograms that do not comply with the NMF model. To address this limitation, an extension of
ILRMA called the Multichannel Variational Autoencoder (MVAE) method was recently proposed, where a Condi-
tional VAE (CVAE) is used instead of the NMF model for source power spectrogram modeling. This approach has
shown to perform impressively in determined source separation tasks thanks to the representation power of DNNs.
This paper generalizes MVAE originally formulated under determined mixing conditions so that it can also deal
with underdetermined cases. The proposed method was evaluated on a underdetermined source separation task of
separating out three sources from two microphone inputs. Experimental results revealed that the generalized MVAE
method achieved better performance than the MNMF method.
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1. FU®HIC

774 v FEESEE (Blind Source Separation: BSS) |
HIE <A 707 VEDBEBEBDBRANTH 5 L) D
bi, v 470717 LARANTINGBIES >S4 D
HIME 52 oW 28 TH 5. HBEGHE BSS TIXERP 7
L A G DR AN BRI WIS E T V2 #HT 5 2
ERHHTH B, HlE LT, MY FASH (Independent
Vector Analysis: IVA)[1], [2] TIX, F—FBEISHKT 5
BRI & Ebicab—L Y MZBLT 5 E L IHIRED D
&, MBI OHETHEE N— 2T —v a VA
RRICHES 2 EDTRETH 5.

JER IR BSS BT 2t 7 7 u—F & LT, $ihfF
WLE S/ TIVEIRSHEGE S T R IR AT SR T4 R
(Non-negative Matrix Factorization: NMF) [3],[4] D% F v
VR NVIRIRE ) FESREZI N TV 3 [5]~[10]. NMF 25
DL FETE, BABBDONRNT—AR7 +u/7L% 2200
FEEMETHIOTFIR L L GERT 3, T &, KRH7 L —

KRBT 2RAEED T —ZAXT Pk, PROBEEARY
FIVERED S A VG ORI E LTGEBEN S, £F v v
FOVIEEAELTAIR T2 f% (Multichannel Non-negative Matrix
Factorization: MNMF) 1, HF v v 2 VE5 2R E L
NMF i LT F ¥ v 2G5 2 AN E T 2IRTFIETH D,
F v v RV DA & v o 722 E R H RSB T 58T
T F0D L LTHHT 5,

MNMF &, BIESIcE&EEns EHEES~A 707507
LADTF % V2 NUVEEDREDE W) BIRESFRMFITE O TRE
IN[E), DHICHRBDF v v FOVELT & v ) ERESME
NERET 2 2 Lot EB T 2007 L 3 XADERR
It [6). BIRESMT O MNMF O A, RRcHsr
&7 > 7435153 #7 (Independent Low-Rank Matrix Analysis:
ILRMA) & Xign 3 [11]. ILRMA % & MNMF O A IC
BOTIRICEBMREE S s 7L 3 AL %2185 2 L o3F]
HTH2—4, NMFIZLBAR7 bus 7 L0E T MLDH
BTSN L TR, oEERESIRE I NS,

ZHUTH LT, BUETIZSF v v 2VES H AR B (Mul-
tichannel Variational Autoencoder: MVAE) & XI¥ 3 Fik
PREZIN TS [12]. MVAE %, ITLRMA ICB) 2 EHHD
ARy b7 LDETMUICEWT, NMF Ofb b icfkft

25 HAR51ba (Conditional Variational Autoencoder:
CVAE) [13],[14] ZFIH$ 2 F#TH 5. MVAE TlE, Hii
DOFEERT 7 UEREARZ a7 T4 ’E%ﬂﬁ"‘b'@f”m’
BT —% 2T, HElC CVAE 2¢EH 3¢ 2, SEERIC
%Qéﬁf«ﬂ%E%%Hﬁ@x«7bn77A%$m¢5$
JEE TN E LT, ILRMA I2E1} 2 NMF oftb D ICHIAY 5.
Za—JNFy P 7= DEWERENZFRDO T — AR
tar L7y IR %I LT, MVAE i3 ILRMA
ZHER 2 EERE 2 ER L T 5,

ARTE, EREFHRDEEEZEE T 5 MVAE 20K L, %
E IR B & A TR e — ML & 17 MVAE 2$2%7 %

Table 1 Comparison with the conventional methods

Separation Source model
ILRMA [6], [8], [10] Determined NMF
MNMF [5],[7],[9] Underdetermined NMF
MVAE [12] Determined VAE
Proposed Underdetermined VAE
(Table 1.). HREFMTOERIC LD > TIREEEZRT

L BT, MNMF 7 & & ERRICAE R f A D IR P DML S 41
T 7 LY RN B EL

2. X 1t

BT v v VBB L OEREz zhENR L, J L, B
B8 L OHREZORMMBEBREZ 22 h

ET5. 22T BEREREL, ¢, 4, f, nZENEFNF ¥
b, HIR, REHR KEE2RIA Ty 7R THDL. AT
1, FINBGEIC B T ARG RHTEI NI HES

x(f,n) = A(f)s(f,n) 3)
A(f):[al(f)y"',aj(f)y"',aj(f)]e((:[x] (4)
%m“é ZITA() BRATIICH S,

y si(fom) DY 0, T v (fin) DEEREST T X
A?ﬁ ./\/'c(s](f, n)|0,v;(f,n)) I L 72 %% 9 Local Gaussian
Model (LGM)[15] ZIRET 5. j # 7 BT s;(f,n),
s (fyim) ML TH B L E, HFIFET s(f,n) &

s(f,n) ~ Ne(s(f,

L9, T2 TV(f,n) & vi(f,n), -, vi(f,n) ZHFE
WIZHONATITH S, (3), (5) £ DBMIES x(f,n) ¥

n)[0, V(f,n)) ()

x(f,n) ~ Ne(x(f, (f;m)A™(f)) (6)

L), 22T (O RiREEY £ T

Lo T, RETI A = {A(f)}, BLFEROTH#L
V= {vi(fin)};, ZHCTBIES X = {x(f,n)},, <&
LNBEEIUTCEA NS,

n)|0, A(f)V

log p(X|.A, V)
==, Fon)(AHV (L) A"() " x(f,n))
+Hogdet(A(f)V(f,n)A"(f))] (7)
IITEBARIA—FICHT HESELT.
3. BEMR

3.1 EFvUXRIFRETIERFSE (MNMF)
BHNESOEMBEIERIEIAT 7Y Y I R7 Pl a;(f) BLWY
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T v;(f,n) ZHOTUTTERI NS,
ANVEmAT(F) = as(f)es(fm)a)l(h)

=D ulfnRi() )

ZZTR;(f) 13ER j M2 RS, MNMF T, IVA
ERRRIC v (f,n) IR L THIFIZIMA 2 Z &2k b, R
Wl EDZFRDEENR—S 27— a v BEEZAHBICTS
MNMF Tld, &EHREZDTH v;(f,n) 2 K; DAY b
TYTL—=b hia(f), o, bk, (f) >0 & ZDRZ RS
F = uzi(n),- ,ujx;(n) >0 ZHV

K

vi(fon) = 7 hik(fuse(n), 9
FRITHE LA K DAXRI MLT v 7L — B XU Z Dk
Ny —v W

Uj(.ﬂn) = Zj:l

&> TETNMLT 3.

MNMF OFG#{L 7V 3 X 232G R = {R; ()},
EERETN (o= {hju(f)} 0 p U ={wn(n)};,, L
Q1B =A{bji}, 0 Ho={hu(F)}y po U ={ur(n)}, ) DK
EHEPI X > TR S 1, ZNZNOHEFTHINE Majorization-
Minimization (MM) 7L 3 X A2k b 505 [16].

3.2 MWI{ES > 71755 (ILRMA)

ILRMA ZEREFEDREZ 9 MNMF ORKAL 7 — 2T
b2, BEFENKET S MNMF & 138724, ILRMA TR
EFNDER R 55 TH 2 R

bjkhi(fuk(n) (10)

wi(f)] eC™ (12

EIRET 2. I CRATHIOHETH WH(f) &
i, (5), (11) & D BUHMES x(f,n) &

STHETAN E &

(N
(13)

x(f,n) ~ Ne(x(f,n)|0, (WH() "'V (f,n)(W
IKLznd. koT, FEHTIIW = {W(f)}, BXOV %/
WTHNELERRATEL 5N,

log p(X|W, V)
LoN Zf log |det W™ ()]

2 [l‘)gvﬂ S+ = o)

ILRMA 2B WTC, RO v, (f,n) & MNMF & FERIC (9)
F721% (10) L LTETMLE NS,

MNMF &[RRI Hy, Uy £ B, Ho, Us 1I2DWT, MM 7
Y RLHDSEHABE SN S, 2, ILRMA X IVA
DHRRIRTH 2 2 05, IVA IZBWTREI I K4

(14)

% (Iterative Projection) % [17] & KI¥N 2 EEAEHF 7L T

VAL XD HETINZ R T 5 2 LA TH 5.

3.3 EFvrURILESECHFSISE (MVAE)

ILRMA %Z&® 7 MNMF O#HA TR, EHIRE TV v,(f,n)
DRBN (9) £/ (10) IKHIRE Nz Z Ltk b, FEBI
13E TGS 2 F RIS L ClE 2 O BEERE DS RE S 11
%. MVAE ¥ NMF Oftbh D ICEEFAD CVAE % w7
ILRMA OB TH 2. S = {s(f,n)},, &d 2 EHOBFEA
R7buso 46T %, MVAE 3R E ¢ 219 CVAE
IC&kD SOERETFNVEYET S, CVAEBZYya—% - F
A—FRDORy FT7— 7 THEIN, T INUNHEDERT—%
{Sm, e }M_y ZHOCHMICEE SN, v a—F Dok
qs(2|S, ¢) \E B A 534

(2]S,c) = HN

Fa—8 DA pe(S|z, ¢, g) 13 0 DIEHEH Y 25540

K)o (k; S, ), 05 (ks S, ) (15)

poSlz,c.9) = NeGs(fmlo,v(f,n)  (16)
v(f,n) :g~og(f,n;z,c) (17)
ERTEICRY M7= 2¥ET L. 22T, 2z BIBFEL

B, po(k;S,c), 03 (k;S,c) BZNZFNEHE kDL a—Fi))
M¢(S,c), Ui(S,C), oz (f,m;z,c) \ZBH (f,n) DFa—FHH
o3(z,c) THY, g BERSINLARZ b s AMxT 57
O—NVAT =V ThHD, Tva—¥, 7aA—FDxy b 7—
IRGRX—=% ¢, QI TOHWBEBIZ KD EEI NS,

j(¢7 6) = ]E(s,c)NpD(S,c) [Ezwq(z\s,c) [Ing(S‘Z7 C)}

~KL[g(2lS,c)[lp(2)]  (18)

22T Egompp @0l BFET Y TNITO 0 TOEAN,
KL[||-] & Kullback-Leibler (KL) #'4 N—¥ = v 2%2%T,
FERINIT 3 =5 DI po(Slz, ¢, g) 13, FHI Y T
HGENBARY F 0T hBERT B2 N—F N BERET
NELTEZLNS, MVAE X CVAE DT a—%% (14) I8
JAEHETNVELTCHAL, Ta—YDANITH BIBIERE
zBEIOBIEI—F c ZHETAREETANIA—F L LTH]
9. L7ed3> T, MVAE Ot 7L 3) X413 IP #Fwik
SHATHIOHEE, MM 7 A3 RAIHS L T a— L Ry —
LVOHEE, BLXUONy 7 Fur—vaviflnizTa—5A
JDOHEEIC & > THEL S 5. MVAE T,
NV —2Tdh 3 VAE O L RBAEN % HRD ST — AR
FRZIAETY Y IANHAT A LDTHRETH B,

4. BEX:

Fig. 1 Ic—f&fk MVAE Ooiff¥i%z (9) THA o s HRET
L% HD MNMF & & BITRT, RERITHRICE W TRE
INTW2 MVAE 2L, SREFHEIHEN EHEHT 5.
fERD MVAE & FfgIZ, —ifk MVAE 2BV ThH, EHIN
72CVAE DFa—=%%,.7 =27 +u 77 LADERETIL
ELTHIAT 3.

2 %

—fix{t MVAE
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Observed signal Basis ‘ Activation |
. iquww\
g foj i (f) | \
5] |
=
© 1 \
x(f,n) € C MNMF
x(f, né‘(f n)  Spatial covariance j-th source
R o A O T
j
; )
~ -+ [gol
I

Frequency

Training

49(2lS, ) _ po(Slz,0)
Sampling
- He 2
S ?@: o T :. —~ 0
© c 1

Fig. 1 Illustration of Generalized MVAE

Latent variable velisbial weile

MVAE

Fa—FONAHLOM L TEA 605 2 Ehb, ()T
RENBABAEICNLT, Fa—5 D g - pe(S;|z5,¢))
PRHOABZEDNARETH S, Lo T, MM 73 XA
Fo ¢ MNMF ot 73y X L8 & FEDTET, R,
G=1{g},, BEOV = {z;,¢;}, KT 2EE7 L TY 242
BHWHETH 2. X(f,n), X(f,n) ZZNZN

X(f,n) = x(f,n)x"(f,n) (19)
X(f,n) = A;(HV(f,n)A;(f) (20)

£, ADREAEIIN LT, UTORFEAIRLT 3 [16].

L=—logp(X|A,YV)

c tr(X(f
I

+vj (f7 n)tr(Kil(‘ﬂ n)Rj(f7 n)):| (21)

n)Pj(fv n)Rgl(fv n)P
Uj (f> n)

i(f,m)

22T P={Pi(fin)}, e K = (K(fin)),,, EHIBNESCC
HY, HEEHIIIUTOEETH S,

-1

Py(fm) = vy (AmRs(fm) (3 v (hm)Rs(fim))

(22)
K(f,n) =X(f,n) (23)
DL E, (21) DEAZ EADONERIE L1239 % majorizer &

LTHATA2ZENTES, Lo T, R, 6BELY, T I
2T majorizer ZHR/MEL, (22) BXU (23) ZHWT P, K
EZNFNEHTERET LT L0, LR L TR A
DIHEPMRAE S N5, 2R EILIIH R OEHTIZ MNMF & [k
ICRATHEZ 615 (18],

R;(f) < A7 (D#®R(H (HR;(S)) (24)
RREL, # EEEEETINCRT 2 %07

G#H =G?(G *HG 2):G? (25)

Algorithm 1 MVAE algorithm

Train ¢ and 6 with (18)
Initialize R, ¥, and G
repeat
for each j do
Update R; = {R;(f)}s using (25)
Update ; = {z;,c;} with (21) using Backpropagation
Update g; using (29)
end for

until converge

THY A;(f), Q(f) BZRZNUTTH 2,
A= w(FmX (fim), (26)
Q) =Y v(f,mX (L)X X (fn)  (27)

%72, majorizer IFF5FIRICHT T 2 HIVBE A~ HEATRETH %
L MG, WITOWTANy 72 7uans — a i Xk B
FITRE L 7%, 2 2°C, ¢; ZHHNTE W TUE one-hot KELDHR
M3 &% 2 L 2IRGES 2D 505, c; DHIIEIZY 7
ke 7 AR

¢; = softmax(d;) (28)

ZHAL d; Z2ZRODIHET 22y F T =785 X=F L L
T S ETRAES NS, GDHEHIUTO L) IcfHoNn s,

gj < 9gj

(f;n)R;(f))

% anae fimng ZJ7CJ)tr( (f7 ) (fv )5(
> 03 (finsz,c)tr(X N )R(f)

(29)
L=,
5. SRERRYEH

51 EREH

REFOHHEZFAET 2D 2F v 2D Af 70
73 YT LA el 3ERHTHEC X % FERVETHT 2 1T - 7.
FBi7—4% &£ LT, Voice Conversion Challenge (VCC) 2018
Ty FPOBEY Y TV EMG19)., T—FEy FHIC
ZB LA 6 EEDORERES ARSI NTED, ERcE
WL 2 35 (SF1, SF2, SM1, SM2) DF&E#FIH L
7o, HEEEICOWTHEE, FHIC 22 81 Fih, 35 Hahk
Fw 7z,

Fig. 2 ICEBBE#/RT. 22T, O, x kZzhFhn~A
ru7 v, GROMEZET. K& OFME 2 Hv
T, &3FEHED/NY — (SF14+SF2+SM2, SF1+SM1+SF2,
SF1+SM1+SM2, SF1+SM1+SM2) DIRAEF & E L 72,
BT =D, FEE T LI T VY MSEHIIE 2R, B
BT LICX>TENO VY 7 VOREFFZMERL 7. £T
DIREEF L, FERIENZNZEN Teo = 78 ms, Tso = 351 ms
DEMTIER L 7z,

LD TN TY X LiF Algorithm 1 & 725,
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75 em'\ /80cm

\30°| 352/

10 cm

Fig. 2 Position of microphones and sources

BMS Zc oW THy 7Y v ZEB#UE 16 kHz & L, STFT
D7VL—LP AR, 7 bHAX%ZNZH 256 ms, 128 ms
El7. CVAEDxZva—%, 7a—4%12id Fig. 3 IR &N
2%y by—sEEEZNENNM LI, BHDO7 5 A5 )L
DWW TEFEEERZFAL, c; 1 4 XI0D one-hot RHLE L
72. CVAE O%#1213 Adam [20] Z V>, 2, c; OFR#ELIC
1& SGD % JHw>7z,

REEZED T OFEZ L 72,

¢ MNMF1: MNMF w/ source model given by (9)

¢ MNMF2: MNMF w/ source model given by (10)

¢ Semi-blind MNMF: MNMF2 w/ speaker templates

e MVAEIL: MVAE initialized by MNMF1

e MVAE2: MVAE initialized by MNMF2
MNMF, MVAE @ RIEREIE 231241300, 100 £ L7-. MVAE
DYIREIZ DOV TUE, KEREE 200 £ L7z MNMF 2wz,
MVAE 28T, IS R 122w Tid, MNMF 2 X -
THonEEzaHEE Lz, MNMF 12 &> T 672350
J DI v (f,n) Z CVAE LB By a—F~ANTHZ L
T, WEL z; OWIPHEESZ, ZOLE, HROI TR T
NU ¢ IZDWTIE, T OEF OIS ER O 2 IliE
ELTHZSILET, Zva—FitBVLTIZ 7A7ULIck 3
ST OWBER R T 2 X ) ICHE L. £k, g; 122V T
X, MNMF IC X DR 6 N2 55HHE 5087 —2HifE & L 7-,
MNMF DXLEEIE, &b D 10 & L7 [7). Semi-blind
MNMF T, £24FFHEDART LTy 7L — &2V,
HEHITEDART PLT v T L— FD¥HICIE, CVAE &
DH¥EF—¥ Xy FZFHL, Itakura-Saito NMF (IS-NMF)
[4] Z 72, IS-NMF (2 81} 2 KERIEIE 1000 & L7,

L LT, V7 7Ly AEELOHESMOE SN
E AL (Signal-to-Distortion Ratio: SDR), {55 S E A
It (source Image-to-Spatial distortion ratio: ISR), &5 %+
#It (Signal-to-Inference Ratio: SIR), 25 %IEMIEZEALL
(Signal-to-Artifact Ratio: SAR) 2T [21], FHfEZEN
L 7%.

5.2 REBR#ER

FEFER % Fig. 4 1T T, XR—2 74 »ThH % MNMFI,
MNMF2 LT 2 &, WTFNOBEICBWTHEREEIC LS
ROVTHERPHERTE S, R—A 74 vV EREEDERIT,
FRETNVDENCEEHDTHBEZ LD 5, VAE IKHTK

(5:1,2) 4,2,2) 4,2,2)

= 3

ES =
£ 12048, 128] |[1024, 128] |[512, 4] 1256,32] g

©

,.‘% .

= Convolution

K [4.128] 4, 128] 4, 64] Batch normalization

© M Gated linear unit

(a) Encoder
(4,2,2) 4,2,2) 5, 1,2)

S &

£256,32] 512, 64] T1024, 128] T2048, 125] g

o)

< .

— M Deconvolution

8 [4.32] [4.64] 4. 128] Batch normalization

o B Gated linear unit

(b) Decoder
Fig. 3 Network configurations of (a) encoder and (b) de-
coder, where [c,1] denotes the input channel and frame
length. Both convolution and deconvolution represents 1-
dimensional operation. (k,s,p) represents the kernel size,
the stride size along frame, and the zero padding size at

both ends of frame, respectively.

RBBESI DR OEHE T TR DI LICH 5 L Twb 2
EERLTWS, 3794 Y Rl to MNMF & oL
IKBWTYH, REEPEHOIHEERZE L T»5 2 LR T
%, FFHEELEICOWTAS L, SIRICBWLWTRERICX S
PHE kBT E2MERRTE 5. HIRE TIVIC VAE ZFIHT 5
LT, BRI X D IERICHE S, HIEFEMA 0T
BEZEOKETNEL T30 THrEEZIONS,

6. 8D IC

ARTIE, BRESHESHICBLTHEREZEIN TS MVAE
DILRE T, 25T RS B W TEE 2 — % {k MVAE %
PREL . RBEERE, RARZKELLERML L hErn,
HERZET 20K D MVAE 2Rk r — 2 &L LCEHED
WabflAachd s, £/, MNMF 7 & & FRR IS A DI
RIS N REL T LT XL 2EH LA, 2F vV %
NDRA 707 5T LA ZHGE 3FEEOFTHEDMH2HEL
7o ERRIEHIIC X 0, REEOGRIEZ FA L 72, FEBRETH
D, VAE Z2EHHRE TV E L THL 2REEICE W TREVWATEE
TEREDHEER S 1, KB OB O EIRE 7037 HEERE D 1) i
TFEL TV I EWRENK, £/, 774 v FiglcT
@D MNMF & O HigIZE W T HIREEO ARG R I 7,

SHBOBEE LT, SRESITNT 2R DFA, S
JE #8475 47 (Independent Deeply-Learned Matrix Anal-
ysis: IDLMA) [22] DSR2 2HE L 72 DNN X— 2
DFEANN 2% F 2 > FOVFIRTEETIL 23] & OHEDE TS
na,

i) 3

AWFZED—x, JSPS BHiFE: 17H01763 DB % 52 1) FEHE
L7%bDTH S,
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8.0

6.0

4.0

20

0.0

2]

[7]

(8]

[10]

[11]

OMNMF1 8.0 OMNMF1
O0MNMF2 O0MNMF2
B Semi-blind MNMF + B Semi-blind MNMF
EMVAE! 6.0 |WMVAEL
EMVAE2 h = EMVAE2 . B rh
+ &3
4.0
2.0
m 0.0 m
SDR ISR SIR SAR SDR ISR SIR SAR

(a) Teo = 78 ms

(b) Tso = 351 ms

Fig. 4 Averaged separation performances [dB] at (a) Teo = 78 ms and (b) Tso = 351 ms
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