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Abstract Voice conversion (VC) is a technique where only speaker-specific information in source speech is con-
verted while keeping phonological information. The technique can be applied to various tasks such as speaker-identity
conversion, emotion conversion and aid to speaking for people with articulation disorders. Most of the existing VC
methods rely on parallel data—pairs of speech data from source and target speakers uttering the same articles.
However, this approach involves several problems; firstly, the data used for the training is limited to the pre-defined
articles. Secondly, the use of the trained model is limited only to the speaker pair used in the training. In this
paper, we propose a novel probabilistic model called an adaptive restricted Boltzmann machine (ARBM) for VC
between arbitrary speakers without use of parallel data. This model consists of a visible-unit and a hidden-unit
layer with the speaker-dependent connection. In this paper, we report our experimental results of arbitrary-speaker
VC using our model, an ARBM.
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DL, FEEEREREDWVE DT DTGB [3], FDfikk4
IR (4], 5] \DIGHMARETH 2 T EWBIT 5N, AT
HEOE R M NEEEOFREZ E DG RANERT 572D
FIC FO R & AT BIVIEMZZET 2008 H 5D, %<
DYERE L FIRRIC, RIFFETIE AT MVIFROZELICE H
5.

CNETOREEHIETIE, FEINFEICEDSS 7 Ta—F»
IEKMEENTER[6],[7). HTEH GMM (Gaussian Mixture
Model) Z W 7eFik 8] HmEIL HWSNTED, HAKRK
BAGENTE . FIZE, FHS 9] &, BinfEs Ja—
INWNY T VA (GV) ZBALT, ZHEEZm LEE5FiE
ZHEZE L7z, Helander 5 [10] i& PLS (Partial Least Squares)
ZHOTHEZUGET 5 FEZ2ER U, kDS [11] 1, GMM
DAJ1E UTTHIZERZ OV 2R M (151 E GMM) %2
M2 EZ RS LT, GMM DALY 7un—Fe LT
i, 4 NMF (Non-negative matrix factorization) &\ 7z
FEAHTFL 12] DMRESH, #FEEOVEWTFEE LTHE
ENTVAS.

LILAEDDS, TNEOFEIVITNEET VORI
FUNT =% (AIEEE L WEED, H—RENBICE DS
A B E L, 785 LIVT— X OVERICIIRE & 7 iR AR
¥oN%. HB—ld, HlT—2RBA—DOREFAETELEL
RNV HIRNH 5728, BN (FREERD TE3%E
T—2%2ty FOBHEIK,. BT, TL—LEATAHMD
HEORAZI S REND 5728, BIEHNLEGEZHWTT
FAAY MDD, FTRICT L— LORBBEN TV 2R
MWW, MHEOBRICE FICEEDIND > TV 574 EOREN D
%. iz, FRRITo TORVEEEMCH LT, BHFOLHME
TWEMATER.

AIIEEER O LIV T =223 e Uiz, # L LD
BONTLIVT—2ZHNT, EEMEZFICHIET 27 7
O—FE WV OMRRIN TS [13]~[16]. il Z 1E3THk [13)
T, BREEED/IT LIVT— 272 HW T iEE M OBRIE
% GMM TETMELTHE, AJEEE (6L <R
ZZEEE DR EANGTR § 21752 RD B T, AJ1ES
H-HIFEHEBONRT LIIVT—2gng e Liswyy (UL LW
5, BIEEEDOM TR LIVT—2EZp 8T 5) . £z, X
Bk [15] Tld, POEROIEEICKZ/5 LIVT—2ZHWTHE
A7 (Eigenvoice) ZERKL, AJIGEEMNSEGER, EARH
SHAFEENI v EV T T2 L TENEREERZREL T
W3 (CO77u—FTh, EEFIEKIICEEGEE D/ ST L
WT—2 2 HET 2R0ENDH ) .

AWIZ T, WHERETIVD—DTH% restricted Boltzmann
machine (RBM) [17] Z#L5R L7z €T )V (adaptive restricted
Boltzmann machine; ARBM) ZHWT, AJEE&E-HI156E
MO LIVT—2 T TIEEL, BIREERONRT LIVT—
REZLRMBEL URWEEREE T EA L RIS T 5. AR5
TRET 2#I5% RBM ¥, #WHOFENEET EESET —X
M5, FEEICHRTIE LR WIS & 565 ICRTE U 7o s i L
BIG, BENEREZML T 2RET NV THS. TOET

B 1 RBM DF'J 7K.
Fig.1 Graphical representation of an RBM.

IWEFHETE ERNETREN SR 2T 5T TRHAS M,
[FfERFHOMEIEE <, RERTFHOHEEIME LR
(HH) THEDEET S, EHIC, TORMIFHHRFEL
FIHKAAHTRBIE N, WROREEMRELEERT—2 O
FLIVTHZREFZE) ZHAWT, ENZThLHMME LY
THFHCHEEE NS, #ERE LT, SEEKIFES LaiH KT
HACTEEL AN SIER BBNET) 252N TE 5.
EREGREAEARZITORE, £, #OE GIEE O
T—RERNT, EROX S ICHHERERA LS RER
AFRHEES . R, EHZTVIZWEEE (AEEE) O
(DE8ED) F—2ZHWT, FEEIMKEFEAZEE LA 5 H
TSR B AP B2 HEE T . A0S (HIREE) O
BRAFEACE L CEEMICHEES 2. £LT, L0 E
RS, AJFEEOREERGES, EEIHKFERZ AV TE
HERZHEEL, TO%, MHREOFTIKEERS, AFFHIHK
FEIZ AV TEEREEAY MV EgEEd 5 T & TG R
2%,

GMM *® NMF 75 &, {EROFEZIMTILOZ  GHHPLAIE
N—RELTWB7D, ZEREICERAND 5. DX, kL
DOFEIIREIFREN TH 2728, HFRiESICEENEFED
Rtz & 0 IEREICHEZ B T DICIEIRIEAN— XD E T )IVLD TS
DRIER—AE D LY THZ EZBND. IFEN—ADHH
HEHTF1Lk L LT, Desai HIC&K5ZJE NN (Neural Networks)
% O Te PR AR HGE (18] %0, AR LU T X eahi& ki
RBM (restricted Boltzmann machine) # LU < (& DBN (deep
belief networks [19]) %\ 7z 2 g mE ZHGE [20], FHEK
17 CRBM (conditional restricted Boltzmann machine) [21]
Z Wik [22] RFEEKTFE RTRBM (recurrent temporal
restricted Boltzmann machine) [23] Z W72 Fi2 [24], Wu 5
IZ &% CRBM 72 Wz IRIE A 25 H2: [25], Joint Y RBM
RAITE [26] AT BNS. W NOIGIARI IS <
FHECBVTE, FIPERAN—ZADTFE L R TEOEELG
BNTVB T ENMETN TS (18], [20], [22], [25]. AWFFET
RET 2 FEAHNE L IR REEZ N— R & U227z Fv
THEL, BEORVWET IULNIIFTES.

2. Restricted Boltzmann Machine

Restricted Boltzmann machine (RBM) I35k aEE 2 FED
2Ry b= THD, K1DXSIC, AL RNE DR
BB HieRBT BT 5T 4 WVETIVTH B [17). L&
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RBM @ENAFVF—REANESHZETINE LTREINT
Wieh, #BISEEHEZ AT1E8 5 E 7)1 (Gaussian-Bernoulli
RBM; GBRBM [27]) BERI Nz, LM LENLZDETIV
&, TEIEORETEEDRLEIE D LS #E[19], (28]
M&H-7728%, Cho HIZ K-> T GBRBM D EK (Improved
GBRBM; ImpGBRBM [29]) BMERE Nz, TD ImpGBRBM
T, HEHHEOEET v = [v1, -+ ,vr) v € R & 2 {HDFR
NFETF h=[hi, -, hj|" h; € {0,1} DFEIFEHESR p(v, h) I,
Fo&oickEIns.

ploh) = e P 1)
v—b|? T v\T
E(v,h) = %_H—ch—(;a Wh 2)
Z=>3 e Fm (3)
v,h

TTT, ||P & L2 VL, FEREERREZRT. W e RT,
o € R, b e R, ¢ e RV 3ENZNnHE-FEAUEH
DEBMTY, ATHETORE, AIHETONAT X, BhET
DNATAZRLTED, WINEHETNEINTA—XT
H5.

RBM T AHETH, ERENETHOBERIIEELR
Wit (DFD, TNTNOREZRET, BNEFIIAEWNICEAT
EMUTTHZ720) , FNENOLMT EMEE p(h|v), p(v|h)
LU OB BB T RBIE N .

plhy = 1v) = S(e; + ()" W) (4)
p(vi = v|h) = N(v|b; + Wi.h,07) (5)

TCTT, W; E Wi, W DFE jF7X7 bV, 55X
PRV EET Er, S() BEHELDOY T EAL FHK
SE)=10 0 +e™), N(|u o) F T u, 58 o DIE
Mtz

ZHREND RBM D35 A—% 0 = {W,b,o,c} i, N
DT — 2% {v )0, T2 EE, T OMHEREMOMEN
e L =log [, p(vn) ZEAILTZ &S ICHEEND. TR
R ZNEFNDIST A— 2 TRMHT B L,

0L vih;j _vihy

8Wij _< a_i2 >(iata < a_ig >m0(iel (6)
oL V; V;
Ob; = <;$>data - <O_7i2>model (7)
oL

Y <hj>data - <hj>model, (8)
Oc

J

MMESNS. 722U, (data & (Ymodert EZNTN, BHIT—
2, BETIVT—XOMRHEEZERT. UL, —RICHEEOIARE
(I U C RN CH 5 72, (Kb IcK (4)(5) Ik >T
F5NS FHREEL 7e T — X OBIFHE () recon WAV BNS (CD:
Contrastive Divergence {% [19]) . %7z, ImpGBRBM T35}
HzIFEEICH L, PR REE B o] =¥ Ll
TR L. TNUCEKD, 2 IKHT2HRRBUTOLS ICRHES
ns.

2 ARBM O7'J 7K.
Fig.2 Graphical representation of an ARBM.

- UiWi:h>model (9)

ZTRENDINT A—2FK (6)(7)(8) 5, FERHIAELEE
FAWTHEDIRLUEHENS @IS X LICREEND) .
Iiabb,

oL

~5e

TTT, v 3 PYEREET.
3. ®EE RBM &FBEZBRADIGH

ARETIE, Bifi TRz RBM Z4ik L7z €70 & LT, #iS
A RBM (Adaptive restricted Boltzmann machine; ARBM)
BEHRL, FEEHREZRTNSHT 2 FEICOWTIENS.

3.1 ESE RBM DEZ

ST RBM 1, K2 0X 31, #HD RBM TRSEN ]
BETLRNETFRITEL, #ET s =[s1,-,85] , 8 €
{0,1} Bb o EFIVER->TVE (S EiIETORE T
%) . FIZEFREEBICHENT, A v WEEE kE DHGETH S
TEERTGE, sp=1,Vsy =0 (K £k) %%, TOET
JVTIE, AIHET EBNETORICIEHREIERT s THIEE NS
BHHOEEWMFET . TOEEIE W(s) &L, AT
CTHZELTFOXSICE#ET 5.

(__)(new) _ @(old) (10)

W(s) = A®3 sW + B®s s (11)

EEL, A BEWING, FREEEAHIW € R
EEEIL GEIS) §2HD3BDT VY ILIST A —Z
(A € RIXIXS B e RIXXS) ThHB. 2, X @4y 3E—R
dZEB U 3BT VIV X DFEITHENT bV y ONFER
LRHEAETRET. HELSHMOBA, W DI RESEEICK
WAER, Ak & B DEE k OBISITHINRTINA T A1T
Wekd (U A, B3BTYYIVADE—R3IDFE K
11572 KT .

EIGH RBM T, X (11) TEHER L W(s) ZHIWVT, Al
HET v, BNET h, BIRET s ORISR p(v, h, s) ZLL
TOEIICEET 3.
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(W, A", B’}

ref. 1 ref. 2 ref. 3 ref. S source speaker

target speaker

Step 1. -
Estimate parameters {W, A, B}
using reference speakers’ speech

Step 2.

Estimate parameters {A’, B’}
using source and target speakers’
speech with fixing W

{W,A,,B,}

source speaker  target speaker

source speaker

target speaker

Step 4.

From hidden units in Step3, estimate
target speaker’s features using W, A4
and B;

Step 3.

Estimate hidden units from source
speaker’s utterance using W, A
and B,

3 #SE RBM Z W B ORAN.

Fig.3 Procedure of voice conversion using an ARBM.

P(v,h,s) = e PAM (12)
Za
—_bl? T
Ea(v,h,s) = ”20 —c"h - (%) W(s)h (13)
Zy=) e Palwhe (14)
v,h,s

INSDERICK D, FMTEMEE p(h|v, s), p(vlh,s) 1TL2L
TOXSICHIETES.

p(h; = 1o, 8) = S(e; + (5) W(s)) (15)
p(vi = vlh, s) = N (v|b; + W(s)::h, 01'2) (16)

HIEH RBM D/37 A—% 4 = {W, A, B,b,o,c} &,
N HD%E T — 5 {vn, sa}noy ZHVT, HBOLKE Lo =
log [T, p(vn, 8n) = log[], 32 p(vn, hn, 85) ZERKIET B &
SICHEEEND. CORNBILEE W, A BOEHE Wy,
Ak, Bijr) TIRMA LIzE DI, ZhEh

OLa Avigvih;s Apirvihjsk
T = < >data - < 7>model
oW, e e
(17)
LA Wirmvihmsk Wit mVihm Sk
8Aii’k = <Z 0.2_2 >data - <; T>model
(18)
LA
- iy ata — ity model 1
0Biji (vihssk)aata = (visk)model (19)

CRHETES. D5 A—=% b, o, clITBELTE, ZThZTh
K (7), (9), (8) LHEKKICLTRkDENS. #LH RBM IH
W, CDEZBEHNTZTENTES D, SRS
T (Ymodel 2T — X DFIHEEAE (recon & LTRITET S
CETHBRINRTGA—ZZHET BT ENTES.

3.2 EHE RBM 2R\ -EETH

HIGE RBM 2 EAANIGH T 5358, K3DKSICETHE
B (S N) OBHEIEIC X 5T — 2 Z AV THEIGE RBM O#%/%
S A —RZFREHEET S (Step 1). HIS, W R EFEZITKIFL

RVIST A—=REEELT, #MihT—2ZHWTAIEE &
FEAE OIS/ NTA—2 A" 3 {As = Ast1), At = Aso) ]
B' 3 {B: = B.(s41), Bt = B.(s42)} 22 (18)(19) & b #EE
9% (Step 2). TLT, AJIEEEDEMMUICVERDT L—L
EERMYE v, 5, XKXDX S IBERE (BhE) &
#E29 % (Step 3).

h = argmax p(h|vs, ss) = S(e+ (%)TW(SS)) (20)

h
72720, s lEHE S+ 1 EHEOHR L, 2 0&TBHXTMLET
%. iz, ARICER s DEZZ S+ 2\JEL, A B%EZTE—
F3kKibi-TENEN A, B ZiBNT 28D 9%, X (20)
EEEET L,

h=5S(c+ <%>T<ASW+BS>> (21)

MEEN, FEEICKE LRVIE W &2 AJIGES IS & 27t
BEAIZHOCTEBIEFMEZHEL TR T LIcED. £
(21) &, —JEEIEE RBM O¥EAHDIUE h 13255 v DB
HEEBDT, h BFHIKELEVIBERMETHR %
TBELTWS. $hbb, iHME s DR THEEN, h I
FHIAF LR WERIGEWERZE T EEADNS. Lich->
T, WIFEEOFEN R OEHE B VS, SHEER A
5, s; GBSH2EHEDA 1, A0 L&BR7 ML) ZHNVT
FEEMErETTT IRV, ThbE, HRREOEH D
T L— LEE v ZLLTO X S ICEHE S % (Step 4).

vy = argmax p(v|h, s¢)
v

= b + W(St)TiL
=b+ (AW +B,)"h (22)
ThU, AJEEESE D SR NCSREHRERIC, &I

FIEZ TR ICEIG U T B 2 VT, 156 OS8R
wmRERLTWA T 2R LTS, iz, X (21)(22) e dH
2 &9, AJIEEE OEERE v, 2 W EHE OSSR E
v NS BBE, h OHERICIRE B E VTV BT, i
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21 RETEC &3 HIEROEBFT (SDIR [dB]).
Table 1 Performance of our VC method (SDIR [dB]).

# of hidden units 128 192 256 512
female-to-female  7.18 7.26 7.30 7.14
female-to-male 764 7.81 7.81 7.82
male-to-female 7.50 7.54 T7.61 7.48

male-to-male 7.86 8.00 8.03 8.06
avg. 7.54 7.65 T.69 7.63
female male female male
_— A A N
==H':i:ﬁ R ra
s i

4 FEWBIEC, #ESNW, A, BO—HzkT.
Fig.4 From left to right: estimated weights W, A, and B.

FIEIERE AN —ADFELERIE L 52 5.

B¥, WEOZHT—2&2H-> CHEcE RBM %49 351
&, BEREBRIFETEN, TNENORGET— 23Dz
EV ST —ANSHB. TOHE, W OHEICHVWSNE T—
ZIZTDEAET D, BWESTA—K A, BEHET 372D
T—2WPELES0, FEHES L IGHEEOEKN LTS,
Z AR THANZHERTIX, A ZRATH], B., Z&5IH
HLWTHI TS % T L T/TRA—EBENZ 5.

4. 5T M R B&

4.1 REBEH

AREER T, HFEEOEROFEECX2ERMTENzO—
ISATH S TIMIT [30] ZHWT, RETFHETH %04 RBM
EHWEEEBORE AN, COa—Ah 5, FEEIE
KEFEIRTRA—ZDHEEDT=DIC, BIEEHE LT 38 % (WK
M 14 2N 24 ) ZEARE. BIEEDDIE, 5 XOFHET—
2EEEICHNT NS CEFICHWIER T L—L BB &% 27
H) . BBRTERMNT B2, 4%, B4 205~
EHOTANEE - HEEEDORT GF28 X7) ZEKL, H
MR O EEROFREEROMRELE 21Tz, ok E, A
T - WIREEDNS LIV T —42 (H—FEENRIC K S, 28 T—
R EENZY 2 XOT— 2D SEINEHHTEIC K > TIER)
% F T SDIR (spectral distortion improvement ratio) IC &
BHliZB T RoTWaD. EERMEL LT, STRAIGHT R
N7 FV[31] hSRIEE N 32 KoTd MFCC Z RV,
JISE RBM BT 2B HE, Ny FF AR, HOERLUREIZZ
NZF10.005, 50, 500 & Uiz. BENFETHE 128, 192, 256,
512 & & Z CHETo 2.

4.2 EERERLEZR

REFRC X ZHFELMOMRZE 11TRT. flAI female-
to-female TIXFHMEH DM 4 HDEFZ, TNZFNthoict
3H/NEHL, &7 1L—L0 SDIR D& L -7t D%ET.

42 &0 e Original
7\ Reconstructed

4 6 8 10 12 14 16 [kHz]

42 o e Original
: 5 Reconstructed

0 2 4 6 8 10 12 14 16

X5 AJEEEDOEHARY MV EFMREINIZAXT ML (ERD
WEREZOEE ARY L& AJJZEEN 5 L EEE AL E N
AR MV (FED .

Fig.5 Log-spectrum from a source speaker and the reconstructed
spectrum (above), and log-spectrum from a target speaker
and the converted spectrum from the source speech to the

target speech (below).

“avg.” FRMAEDEDOEIETH . £105, —HZHRN
TRARFEDEINT NS EHREE D ELTWB T e Mg
5. RBNETEN 512 & 256 DFRZLRT 5 &, 512 DA
FBEEANDZH (female-to-male, male-to-male) TE-> T\
B0, EANDOZEHL (female-to-female, male-to-female) TFs
EWTFH>TLEY, fRe L Ta2FHD SDIR EMEL &>
TLE->TWS. TOHfE LT, /8T XA=2FoEhnic ey,
ETFIVMBREE L TWA izt Zx6Nn% (B0
BEUE 1401 28 TH D, BENETH 512 DETIVTIFAHEH
DEMEAANEL KIS LTWA T e S LIEEENEZB) .
RRECEST, EBICHEINIISTA—E W, ALK
U BO—#%ZK 41R. AELTIE, dafre LT
BIL Ay OXARDZHTINT L E LTEE T LIS
TR LTEO (B BEBKICEEE C LI5S b Lk
RLUTW3), 14 5IRT bV EcEaR&, 4 24 57 B
EEMFEHICHYT 2. CORMEINE LI, A (ki
B) DAL DFIRT MVIEFMEECHEMEDE L, B TH
PEMENART BV EES>TWVWS, ThUd, SEZEOVTES
DENERHT I, HMAOZERL O EEHOBE N LD KE
CIKUH>TWB LW EKE —53 5.

mBIC, BETFIHRCI>TREFESH (I—/SA TR
FCJF0) ZHMREEER (MWARO) ~ZH#: L7172 K 5 1R
9. ZORITIE, FCIFO DH BN B BAXRT ML
(M EEE D » 5 MFCC 23R L, FCIFO DEIGE RBM
IZ& 5T h Z2HEE Lits, MWARO OIS/ 8T A— 2 2 VT
L NI SRR AR Y FUANETE LT (RIS
). BELLT, h OHEER FCIFO DS/ 8T A—2Ic k-
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THEILLIEARY MV (KR EEESHD , BIEL %% MWARO O
x&ﬁhw(ET&Mﬁ)%ﬁ&Tm ZOKED, FCIFO
BN S FCIFO DEANFERELIZART FLOAEST,
%@ﬁ%f%%MWMw«%mbt AR R IUTENT
&, EIICBITBARZ MIVE—Z DR (74b< > )
NEBLZEHEE T 54%E, ZOREORHMERA TS

WM B. FEEEBIEBICEL TIdWVnIh e HiEL KEL
HZ>TWaM, MFCC 5 ART MU ZEIRL T2 T,
EIIC BT BERMELLTLES T LICERT 2. ST

VT — R R Y AE S, 5D FCIFO "5 MWARO
ANDEWET I EZE L TWAEWIZEED ST FCIFO i 5
MWARO N TETCWVWS T LR IBETEORELFLETH
BLEEAB.

5. bW Ic

AW T, BENEREZ LT % RBM ZH0EL T,
AEBICHAF S AIHEAF LR WHIC L TET VLS 22 &
THBEHINT LIV T — 2 2R E L LR WVEEGEE T E AT
BEaRRE U, AW THRET 5 RBM OHRET IV GEIGHY
RBM) 3 EAMDHRIZE ST, & OBIEN G2 A&
&, BRRIZZATNDISHNEZbND. ¥z, TOETINIC
BOTHRT s 2HEET 5T LT, BIZEEESRHNIGH T
HTLLARETH B EEZDNS. SHEIGHEEEHRNEE
LIBRMLZNTNEEEL, SR MEEHIE T & % mhhEis
T RBM DA TH D, S%IGEIST RBM 7% U TR E 8

& B RO FRHEEEIC DV THET L TV E 2L,

X [
[1] A. Kain and M. W. Macon: “Spectral voice conversion for
text-to-speech synthesis”, ICASSP, pp. 285-288 (1998).
[2] C. Veaux and X. Robet:
neutral to expressive speech”,
(2011).

[3] K. Nakamura, T. Toda, H. Saruwatari and K. Shikano:
“Speaking-aid systems using gmm-based voice conversion

“Intonation conversion from
Interspeech, pp. 2765-2768

for electrolaryngeal speech” ; Speech Communication, 54, 1,
pp. 134-146 (2012).

[4] L. Deng, A. Acero, L. Jiang, J. Droppo and X. Huang:
“High-performance robust speech recognition using stereo
training data”, ICASSP, pp. 301-304 (2001).

[5] A. Kunikoshi, Y. Qiao, N. Minematsu and K. Hirose:
“Speech generation from hand gestures based on space map-
ping”, Interspeech, pp. 308-311 (2009).

[6] R. Gray: “Vector quantization”, IEEE ASSP Magazine, 1,
2, pp. 4-29 (1984).

[7] H. Valbret, E. Moulines and J.-P. Tubach:
mation using PSOLA technique”
11, 2, pp. 175-187 (1992).

[8] Y. Stylianou, O. Cappé and E. Moulines: “Continuous
probabilistic transform for voice conversion”, IEEE Trans.
Speech and Audio Process., 6, 2, pp. 131-142 (1998).

[9] T. Toda, A. W. Black and K. Tokuda:
based on maximum-likelihood estimation of spectral param-
eter trajectory”, IEEE Trans. Audio, Speech, and Lang.
Process., 15, 8, pp. 2222-2235 (2007).

[10] E. Helander, T. Virtanen, J. Nurminen and M. Gabbouj:
“Voice conversion using partial least squares regression”,
IEEE Trans. Audio, Speech, and Lang. Process., 18, 5, pp.
912-921 (2010).

“Voice transfor-
, Speech Communication,

“Voice conversion

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

25]

[26]

27]

28]

(29]

(30]

(31]

- 170 -

N. M. Daisuke Saito, Hidenobu Doi and K. Hirose:
cation of matrix variate gaussian mixture model to statisti-

“Appli-

cal voice conversion”, Interspeech, pp. 2504-2508 (2014).
R. Takashima, T. Takiguchi and Y. Ariki: “Exemplar-based
voice conversion in noisy environment”, SLT, pp. 313-317
(2012).

A. Mouchtaris, J. Van der Spiegel and P. Mueller: “Non-
parallel training for voice conversion based on a parame-
ter adaptation approach”, IEEE Trans. Audio, Speech, and
Lang. Processs, 14, 3, pp. 952-963 (2006).

C.-H. Lee and C.-H. Wu: “Map-based adaptation for speech
conversion using adaptation data selection and non-parallel
training”, Interspeech, pp. 2254-2257 (2006).

T. Toda, Y. Ohtani and K. Shikano: “Eigenvoice conversion
based on gaussian mixture model”, Interspeech, pp. 2446—
2449 (2006).

D. Saito, K. Yamamoto, N. Minematsu and K. Hirose:
“One-to-many voice conversion based on tensor represen-
tation of speaker space”, Interspeech, pp. 653-656 (2011).
Y. Freund and D. Haussler: “Unsupervised learning of dis-
tributions of binary vectors using two layer networks”, Com-
puter Research Laboratory (1994).

S. Desai, E. V. Raghavendra, B. Yegnanarayana, A. W.
Black and K. Prahallad: “Voice conversion using artificial
neural networks”, ICASSP, pp. 3893-3896 (2009).

G. E. Hinton, S. Osindero and Y. W. Teh:
algorithm for deep belief nets”,
pp. 1527-1554 (2006).

T. Nakashika, R. Takashima, T. Takiguchi and Y. Ariki:
“Voice conversion in high-order eigen space using deep be-
lief nets”, Interspeech, pp. 369-372 (2013).

G. W. Taylor, G. E. Hinton and S. T. Roweis: “Model-
ing human motion using binary latent variables”, Advances
Neural Info. Process. Systems, pp. 1345-1352 (2006).

T. Nakashika, T. Takiguchi and Y. Ariki: “Voice conversion
in time-invariant speaker-independent space”, ICASSP, pp.
7939-7943 (2014).

I. Sutskever, G. E. Hinton and G. W. Taylor: “The recurrent
temporal restricted boltzmann machine”, Advances Neural
Inform. Process. Systems, pp. 1601-1608 (2009).

T. Nakashika, T. Takiguchi and Y. Ariki: “High-order se-
quence modeling using speaker-dependent recurrent tempo-

“A fast learning
Neural computation, 18, 7,

ral restricted boltzmann machines for voice conversion”, In-
terspeech, pp. 2278-2282 (2014).

Z. Wu, E. S. Chng and H. Li: “Conditional restricted boltz-
mann machine for voice conversion”, ChinaSIP (2013).

L. H. Chen, Z. H. Ling, Y. Song and L. R. Dai: “Joint
spectral distribution modeling using restricted boltzmann
machines for voice conversion”, Interspeech, pp. 3052-3056
(2013).

G. E. Hinton and R. R. Salakhutdinov: “Reducing the di-
mensionality of data with neural networks”, Science, 313,
5786, pp. 504-507 (2006).

A. Krizhevsky and G. Hinton: “Learning multiple layers of
features from tiny images”, Computer Science Department,
University of Toronto, Tech. Rep (2009).

K. Cho, A. Ilin and T. Raiko: “Improved learn-
ing of gaussian-bernoulli restricted boltzmann machines”,
ICANN, Springer, pp. 10-17 (2011).

J. S. Garofolo, L. D. Consortium, et al.:
phonetic continuous speech corpus”,
sortium (1993).

H. Kawahara, M. Morise, T. Takahashi, R. Nisimura,
“TANDEM-STRAIGHT: A tempo-
rally stable power spectral representation for periodic sig-

“TIMIT: acoustic-
Linguistic Data Con-
T. Irino and H. Banno:

nals and applications to interference-free spectrum, F0, and
aperiodicity estimation”, ICASSP, pp. 3933-3936 (2008).



