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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, FEEEREREDWE DT DTGB [3], FDfikt4
IR AT (4], 5] \DIGHMARETH B T e WBITF 5N, AT
HEOEFR M NEEEOFREZ L DG RANERT 572D
FIC FO R & AT BIVIEMZ 2T 208D H %D, %<
DYERE L FIRRIC, RIFFETIE AT MVIFROZELICE H
5.

CNFETOREEHNETIE, FEINFEICEDS 7 Ta—F»
IEKMEENTE[6],[7). HTEH GMM (Gaussian Mixture
Model) Z W 7eFik 8] AREIL HWSNTED, HAKRK
BAGENTE . FIZE, FHS (9] &, BinfEes Ja—
INWNY T VA (GV) ZBA LT, ZHEEZm LEE5FiE
ZHEZE L7z, Helander 5 [10] i PLS (Partial Least Squares)
ZHOTHEZUGET 5 FEZER U, kDS [11] 1, GMM
DAJ1E UTTHIZERZ OV SR M (15 E GMM) %2
MW EZ A2 LT, GMM DALY 7un—Fe LT
&, 4 NMF (Non-negative matrix factorization) &\ 7z
FEAWTFL 12] BMRESH, #FEEOVEWTFEE LTHE
ENTVAS.

LI LD, TNEOFEIVITNEET VORI
FUNT =% (AIEEE L WNEED, H—RENBICE DS
A B E L, 785 LIVT— X OVERICIIRE & 7 iR AR
¥oN%. HB—ld, HalT—2RBA—DOREFAETELEL
TNV HIENH 5728, BN (FREFERD T 3%E
T—2%2tv FOBHEIK,. BT, TL—LEATAHMN
HEORAZI S REND 5728, BIEHNLEGEZHWTT
FAAY M 2IBD, TRICT L— LORBBEN TV 2 REE
MWW, MHEOBRICE FICEEDIND > TV 5 7% EORENH
. iz, FRRITo TORVEEEMCH LT, BHFOLHME
TIWEMATER.

AEEER O LIV T =223t e Uis, #L LD
BONTLIVT—2ZHWT, EEMEZFRICHIET 27 7
O—FE WV OMRRERIN TS [13]~[16]. il Z 1E3THk [13)
T, BREEED/IT LIVT— 272 HW T iEE M OBRIE
Z GMM TETMELTHE, AJIEEE (6L <R
B IEEHE DR EANGTR § 2 1752 RD B T, AJ1ES
H-HIFEHEBONRT LIIVTF—2igng e Lisyy (UL LW
5, BIEEEDOM TR LIVT— 228 Ed5) . £z, X
Bk [15] Tld, TOERBOIEEICEZ/5 LIVT—2ZHVTHE
A7 (Eigenvoice) ZERKL, AJIGEEMNSEGER, EARH
SHAFEENI v EV T T3 L TEMEFEERZRE LT
W3 (CO77u—FTh, EEFIEKIICEEGEEE D/ ST L
WT—22HET 20ENDH ) .

AWZTIX, WHERETIVD—DTH% restricted Boltzmann
machine (RBM) [17] Z#55R L7 E TV (adaptive restricted
Boltzmann machine; ARBM) ZHWT, AJEE&E-HI156E
MO LIVT—2 T T AL, BIRGEERONRT LIVT—
REZLRMBEL URWEEREE R EA LRI T 5. AR5
TRET 2#I5% RBM ¥, #WHOFEMNEET EEET —X
M5, FEEICRTIE 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,
FERFHOMEIR AL, RERFREOBEEEIARSF LI
(FEH) THEDEET S, EHIC, TORMIFHHKRFEL 5
TR TRBIE N, WROREEMRELEERT—2 O
FLIVTHZREFZE) ZHAWT, ENZThLHMME LY
THFHCHEEE NS, #ERE LT, SEEKIFES LaiH KT
HACTEEL D SIER BBNET) 252N TE 5.
EREGEAEARZITORE, £, #OE GIEE O
T=RERNT, EROX S ICHHERERA LS RER
AFRHEES 5. R, EHZTVIZVEEE (AEEE) O
(DE8ED) F—2ZHWT, FHEIMKEFEAZEE LR 5 H
TSR B AP BB HEE T . A0S (HIREE) O
BRAFEACH L CEEMICHEES 2. £LT, L0 E
RS, AJFEEOREERGES, sEEIHKFERZ AWV THE
HEREHEEL, TO%, MHREOFTIKEERES, AFFIHK
AR A TEEREEAY MV EgEET 5 T & TG R
2%,

GMM ® NMF 75 &, {EROFEZMTILOZ SR IE
N—RE LT3, ZEREICERADND 5. DX, &AL
DOFEIIRZIFREN TH 2728, BFRiESICEENLFED
Rtz & O IEREICHEZ B e DICIEIFRIEAN— XD E T )IUELD TS
DEIER—AE D LY THZ LEZBND. IFE—ADRH
HEHTFLk L LT, Desai HIC&K%ZJE 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 e F B ZHGE [20], FHEK
17 CRBM (conditional restricted Boltzmann machine) [21]
Z Wik [22] RFEEKTFE RTRBM (recurrent temporal
restricted Boltzmann machine) [23] ZFW 7T [24], Wu 5
IZ &% CRBM 72 Wz IRIE A 25 H2: [25], Joint Y RBM
RAITE [26] AT BND. WFNOIGIARI IS <
FHECBVTE, FIPERAN—ZADTFE L R TEOEELG
BNTVB T EMETN TS (18], [20], [22], [25]. AWIZFET
RET 2 FEAINE L IFRIBRERZ N— R & U227z Fv
THEL, BEORVWET IUENIIFTES.

2. Restricted Boltzmann Machine

Restricted Boltzmann machine (RBM) I35k aEE 2R
2Ry b= THD, K1DXSI, AJHEERNEOMER
BB HieRBT BT 5T 4 WVETIVTH B [17). L&
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RBM @ENAFVF—REANESHZETINE LTREINT
Weh, #BISEEHEZ AS1E 85 E 7)1V (Gaussian-Bernoulli
RBM; GBRBM [27]) BERI Nz, LM LENLZDETIV
&, TEIEORETEEDRLEIES LS [ [19], (28]
W&o 7728%, Cho HIZ K-> T GBRBM D EK (Improved
GBRBM; ImpGBRBM [29]) AMERE Nz, TD ImpGBRBM
T, HEHHEOEET v = [v1, -+ ,vr] v € R & 2 {HDFE
NFETF h=[hi, -, hj|" h; € {0,1} DFIFEHER p(v, h) &,
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

TCTT, ||-P & L2 /)WL, FEEERE A LT, W e R/,
o c R, b e R, ¢ e R G ENENalglE-REUE
DEATH, AHETORE, FHETONAT X, BNET
DINAT AZRLTED, WITNEHEITANENRNTA—XT
H5.

RBM TRAHZETR, FEBNETHOBRTFELR
Wi (OFD, ZNTNORHET, BNETIAEWVICET
XN THB728) , TNTNDOEMT &M p(h|v), p(v|h)
ELL R OB AR BT RBIE N 5.

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

TCTT, W; E Wi, 3W ODFE j7X7 bbb, 55X
PRV EET. Er, S() BEHELDOY T EAL FMK
SE)=100+e™), N(|uo®) F I u, 58 o DIE
Mtz

ZHREND RBM DT A—% 0 = {W,b,o,c} i, N
DT —27% {v )0, T2 EE, T OMREMOMEN
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. 72720, (data & (Ymodet EZNTN, BT —
2, BETIVT—XOMRHEEZERT. UL, —RICHEEOIARE
(I L C AR CH 5 72, (Kb IcK (4)(5) lck>T
F5N5 FHREE L 7e T — X OBIFRHE () recon WAV BNS (CD:
Contrastive Divergence {% [19]) . %7z, ImpGBRBM T35}
HzIFEEICH L, PR REE e o] =¥ Ll
TR L. TNUCEKD, 2 IKHT2ERRBUTOLS 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

~ 5

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

ARETIE, wifi TRz RBM Z4k L7z €70 & LT, #iS
A RBM (Adaptive restricted Boltzmann machine; ARBM)
EEHRL, FEEHREZRTNSHT 2 FEICOWTENS.

3.1 ESE RBM DEZ

ST RBM 1, K2 0X 31, @HD RBM TREN ]
BETLRNETRITEL, #ET s =[s1,-,85| , 8 €
{0,1} Bb o EFIVER->TVS (S EiIETORE T
%) . BIZIEFREEBICHENT, AJT v DG5S k DFGETH S
TERRTGE, spk=1,Vsy =0 (K £k) %%, TOET
JVTIE, AIHET EBNETORICIERRIERT s THIEE NS
BHHOEEWMEET . TOEERE W(s) &L, AT
CTHZELFOXSICE#ET 5.

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

W(s) = A®3 sW + B®s s (11)

EEL, Ak BEWINE, FREEEAH W € R
EEEIL GEIS) §2EHD3BDT VY IIST A —XZ
(A € RIXIXS B RIXXS) ThHB. 2, X @4y 3E—FR
dZEB U 3BT VIV X DFEITHENT bV y ONFER
LRHEAETRET. HELSHMOBA, W DI MRESEEICK
MAER, Ak & B, DEE k OBISITHINTINA T 1T
Wekd (LU A, B3BTYYIVADE—R3IDFE K
11572 KT .

EIGH RBM T, X (11) TEHEL W(s) ZHIWVT, Al
HET v, BNHET h, BIHRET s OFIIER p(v, h, s) 2L
TOXSICEET 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, Ay
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 PAC (12)
Za
—_bl? T
Ex(v,h,s) = ”20 —c"h - (%) W(s)h (13)
Za=y e Palhe (14)
v,h,s

INSDERICKD, FMTEMEE p(h|v, s), p(vlh,s) 1TL2L
TOXSICHIHETES.

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

HIEH RBM D/35 A—% 4 = {W, A, B,b,o,c} &,
N HD%E T — % {vn, sa}noy ZHWT, HBOLKE Lo =
log [T, p(vn, 8n) = log[], 32 p(vn, hn, 85) ZERKIET B &
SICHEEEND. CORNBLEE 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 (vihysk)aata = (visk)model (19)

CERHETES. D5 A—=% b, o, clITBELTE, ZThZTh
K (7), (9), (8) LHEKKICLTRkDENS. #ILH RBM IH
W, CDEZRBEHNTZTENTES D, SRS
T (Ymodel 2T — X DFIHEEAE ()recon & LTHIET S
CETHBRILNRTGA—ZZHET BT ENTES.

3.2 EHE RBM 2R\ -EETH

HIGE RBM 2 EAHANIGH T 5358, K3DKSICETH
B (S N) OBHEIEIC X 5T — 2 Z AV THEIGE RBM O#%/%
S A—RZFREHEET S (Step 1). JIS, W R EFHZITKIFL

RVIST A—=REEELT, #MihT—2ZHWTAIEE &
A DBIS/NT A =2 A" 3 {As = Ast1), Ar = Aso) ]
B' 3 {B: = B.(s41), Bt = B.(s42)} 22 (18)(19) & b #EE
9% (Step 2). TLT, AJIEEEDEHLUIEWVERDOT L—L
BERYE v, 5, XXDX S IR E (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
5. iz, ARICER s DEZZ S+ 2\JEL, A B%EZE—
F3kii-TENEN A, B ZiBNT 28D 9%, X (20)
EEEET L,

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

MEEN, FEEICKE LRVIE W &2 AJIGES IS & 874
BEAIZHOCTEBIEFMEZHEEL TR T LIcED. £
(21) 1&, —JEEIEE RBM O¥EAHDIUE h 13255 v DI
HEEBDT, h BFHIKELEVIBERMETOR %
TBELTWS. $hbb, iHME s DR THEEN, h I
FHIAF LR WERIGEWERZE T EEADBNS. Lich->
T, WIREEOFENEROEHE B VS, SHEER A
5, s; CGHSH2EHEDOA 1, 0 &&B7 ML) ZHVT
FEEMarETTI 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

I B 1E5E1CHE U TR IR Z VT, HJ1E58 OS8R
BEERLTWE I ZRLTWVWAS. £z, X (21)(22) b dH
% & 91T, ANREEDEERNYE v, Z NS O8N HYE
v NEHT BEE, h OHETICIFIEBSE VTV B 20, 1
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21 RETEC &3 HIAROEBF (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 7.64 7.81 7.81 7.82
male-to-female 7.50 7.54 7.61 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¥, WEOBHT— 2 &> TGS RBM %49 51
&, BEREBRIFETEN, TNENORGET— 23Dz
EWVS T —ANHB. TOHE, W OHEEICHVWSNE T—
ZIZTDFAET D, BEST A=K A, BEHET 372D
T—2WPELESTS, FEHES L IGHEEOEKN LTS,
Z T AR THANZHERTIX, A ZRATH], B., Z&5IH
HLWTHI TS % T L T/TRA—2BENZ 5.

4. 5T M R B&

4.1 REBEH

AREER T, HFEEOEROFEE I CXSZERMTENzO—
ISATH B TIMIT [30] VT, REFETH %04 RBM
EHWEEEBORE AN, COa—Ah 5, FEEIE
KEFEIRTA—ZDHEEDT-DIC, BIEEHE LT 38 % (WK
M 14 2% 24 1) ZEAE. BIEEDDIE, 5 XOFHET—
2EEECHNT NS CERICHWIER T L—LBUIB &7 27
) . BBERTERINT B2, 4%, B4 205~
EHOTANEE - HEEEDORT GF28 X7) ZEKL, H
MR O EEROFREEROMRELE 2Tz, ok E, A
T - WIREEDNS LIV T —42 (H—FEENRIC K S, 28 T—
R EENZ 2 XOT— 2D SENEFHTEIC K > TIER)
% F T SDIR (spectral distortion improvement ratio) IC &
BliZB T RoTWaD. EERMEL LT, STRAIGHT R
N7 FV[31] hSRIEE N 32 KoTd MFCC Z RV,
JISE RBM ICBT 2B E, Ny FF AR, HORLREEIZZ
NZ10.005, 50, 500 & Uiz. BENZETHE 128, 192, 256,
512 & & Z CHETo 2.

4.2 EERERLEZR

REFRC X ZHFELMOMRZE 11TRT. HlAI female-
to-female TIXFHEH DM 4 HDER 2, TNZF ot
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 AR L& ASJZEEN 5 L EEE AL E N
AR MV (FERD .

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 Wgh
5. RBNETEN 512 & 256 DFRZLRT 5 &, 512 DEHE
FBEEANDZH (female-to-male, male-to-male) TE-> TV
B0, EANDOZEHL (female-to-female, male-to-female) Tks
EWTFH>TLEY, fRe L T2FHD SDIR HMEL &>
TLE->TWS. oL LT, /835 XA=2FoEhnic ey,
ETFIVMBREE L TWA izt Z26Nn% (B0
BEUE 1431 28 TH D, BRNETH 512 DETIVTIIAHEH
DEMEAANELS KIS LTWA T e S LEEENEZ B) .
RRECLST, EBICHEINIISTA—E W, ABK
U BO—#%ZK 41R9. AELTIE, dafrse LT
BIL Ay, OXARDZHTINT L E LTEE T LIS
TR LTEO (B BREBRICEEE Z LI5S b Lk
RUTW3), 14 5T bV EcEaR&, 4 24 57 B
EEMFEHICHYT 2. CORMEINE LI, A (ki
B) DOFLZDFIRT MVIEFMEE TR E L, B TH
PEPMENRT BV E RS> TS, ThUE, SEEEOTEHE
DENERHT I, HAOZERL O EUHOBE N E LD KE
CIKUCH->TWB LW EKE —83 5.

mBIC, BETFIHRCI>TREFESH (I—/SA TR
FCJF0) ZHMREEZER (MWARO) ~ZH# L 717K 5 1R
9. ZORITIE, FCIFO DH BHFLNICIITF B AT ML
(M EEE D » 5 MFCC 23R L, FCIFO DEIGE RBM
IC& 5T h Z2HEE Lit:, MWARO OIS/ 8T A— 22 VT
L NI SRR R AR Y FIUANETE LT (RIS
). BELLT, h OHEER FCIFO DS/ 8T A—2Ic k-
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THEILLIEARY M)V (R EEESHD , BIEE %% MWARO O
AT MV (K TESERD ZiET0sd. 2ORED, FCIFO
BN S FCIFO DEANFRELIEART FLOAEST,
/”le)aa%‘ﬂ% MWARQO NEHL Fzi5 75 AT MU BNT
&, EIEICBITBARZ MIVE—Z DR (T4V< > )
NEBLZEHEE T 54%E, ZOREORHMERA TS

WM B. FEEEBIBICE L TidWVnIh e HiEL KEL
Hz>TWaBM, MFCC 5 ART ML ZEIRL TWa T,
EIIC BT BERMERLTLES T LICERT 2. ST

VT — 2SRRI AE S, 5D FCIFO "5 MWARO
ANDEWET I EZE L TWAEWICEED ST FCIFO i 5
MWARO NZETETCWVWS T LR IBETEORELFLETH
BEEAB.

5. bW Ic

AT, BENRREEZET % RBM ZHLEL T,
FEE KT T AHEARAF LR WIHIC O BEL TETIVET 52 &
TEEMHCNT LIV T — 22 h B e UM G S R E AT
R LTz, RFFETIRET % RBM OFLEET IV GRS
RBM) BHEEAMDORIEST, HrE OG-0 R
E, MABRZAI\DISANEZ5N%. ¥z, TOETIVC
BOTHAIZET s ZHET 2 2T, FIAIXEEERIRANISH S
DT LEARETH D LEZAOND. EFEIEHEFEE IR
LIcERDSZENENZHEL, SEETEZHIETE 2 mEIs
T RBM DA TH Y, SHIGHEIET RBM %2 F W Tl 385%

E ER RO ERHEEEIC OV TR L TV E 2.
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