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Abstract We present in this paper a voice conversion (VC) method for a person with an articulation disorder
resulting from athetoid cerebral palsy. The movement of such speakers is limited by their athetoid symptoms, and
their consonants are often unstable or unclear, which makes it difficult for them to communicate. In our previ-
ous method, exemplar-based spectral conversion using Non-negative Matrix Factorization (NMF) was applied to
a voice with an articulation disorder. To preserve the speaker’s individuality, we used a combined dictionary that
is constructed from the source speaker’s vowels and target speaker’s consonants. However, in this exemplar-based
approach, source speaker’s activity matrix which is estimated from input spectra and source speaker’s exemplars
are used as target speaker’s. In this paper, we propose a sparse dictionary learning method for exemplar-based VC
and estimate a mapping matrix between source speaker’s activity and target speaker’s activity. The effectiveness
of this method was confirmed by comparing its effectiveness with that of a conventional Gaussian Mixture Model
(GMM)-based method and a conventional NMF-based method.

Key words Voice Conversion, Articulation Disorders, Asistive Technology, Non-negative Matrix Factorization

-39-
This article is a technical report without peer review, and its polished and/or extended version may be published elsewhere.
Copyright ©2014 by IEICE



1. 0000

gobooooboooobooooooooboboooboobooo
ocooooooooooooooooooOon0 «coooro
gobooooobooooboooobooooobooooooooo
ogooooooooooooUoojoooooooooog
0000 (Non-Audible Murmur: NAMOOOOOOOOOO
0O[200000000000o0ooo0oooooooooo
gboboboboboboooboooooboboboboon
O0o0U0o0ooU0ooooUOooUo [8,4uooooo
gbobobobobobobooooboooooboooo
gobooooooooobooooboooooooboooooo
0000000000000 pjo0oo00ooOoooooo
00000000000000000000000000 20%
goboooobboooobobooooboooooooooooooa
ooooooooooooooooobooboooboooooooon
goboooobboooboobooobooooobooooooooa
goooooboooooooooooooooooooooooo
ooooobooooobooOooooooooboobooOoooo
gbooboobobobobooooooooooobobooo
goboooobooobooboooboooooooooooooa
gboboboboboboboooooooooboooo
goboooobooobobooooboooooooooooooo
goboooobboooboboooooooobooooooood
goboooobooooboooooboooooooooooooo
goboooobobooobooboooboooooooooooood
goboooooboobooooboooooooooo
gobodooboboooobooooooobooobooooa
gobooooboooobooooboooooooooooooo
ubooboooboooboooboOoooOobOoO0OOobObOODOoO
gboobO0oobooboobobooooooooobooooDoo
bobooboobooobooooooboobobooooooooDoOooDo
goodoooobobbooooboouooooooooooo
0000000000 4 0ooo0ooouooouUoooo
O (Non-negative Matrix Factorization:NMF)[6] 00D OO
gobooooboooboooooboooooooobooooooo
gobooooboooobobooooboooooooooooood
goboooobooooboooobooooooobooooooo
goboooobbooobobooooboooooooooooooa
0000000 Combined-dictionary 000 O00000O00CO
gobodooboooooooooo
NMFOOOOOoooooooooooooooboooo
000000 (Gaussian Mixture Model : GMM) D 0000
0[7,[8) 0000000000000000 Exemplar-based
O00000o0oo©UUuUobOoUDU0UO0On exemplar O
OO00000000C000 exemplar 0000 O0OOOODOO
oooooooooooooooooooboobooGeMMOOO
gobooooboooooooooooooobooboooood
goooobooobooocboobooboOoboooOoOoooo
O0O000000000000 exemplar DOOOOOODOO

gooooobooooooobooooooboobooooo
gbooboobooboobooboOoOobOOoOooOoOoOooo
O[10)00000000ONMFOOOOOODOODODOOOOO
gobooooboooobooboooboooooboooooOoooo
oooooooboooooboooo

goboouobooboooboooooooboooooboooooo
gooooooooobooooobooooboobooooboooooo
oboooooboooobooooboooobobooooooooo
gooooooooooboo NMFOOOOODODOOOOOO
goooooobooooboooobooobobooooooooo
ooboooooboooobooooo

o000 200000 NMFOODOODOOOOOOOOO 3
0000000000000000 400000 GMMONMF
ooboooobooooboooosooooooooon

2. NMrOOOoooono

2.1 0O g
gobooooboooobooooooobobooobobooooo
oboodoobooooboooboooobooboooooo

vir Y wihi = Wh (1)

v00OODOD /00000000000 DOOOOOODO
000D0000w,;0;00000000000000000
00Ok, 00000000000000000000000
000000 w, 000000000000 W =[wi...w/]
0“007”00000000000000 hy = [hyy... hsy)”
0“0000000’00000000000000000 b
0000000000000000000000000000
0000000000000000000000000000
000000000000000 (1)00000000000
oooo

V ~ WH (2)

V = [V17~~~,VLL H=[h1,...,hL]. (3)

000 Lopoooooooo

oo0ob0DbDbOO0O Fig. 10O0ODDDODOODDODDODDOODODDDOD
000000000000 WSOOOoOOoooo wioooao
goooooooboooooooobbbbboboboboooo
Jodo0o00o0oobooo0ooboooooooDooooooo
Dynamic Time Wrapping (DTW) 000000000000
000bO00oDoOo0o0o0ooOoOo0ooDboooboooooooo
gdoboobobobooobobooobboooboboooboo
0d0DbO0oOooDoOoOoOo0ooObOOo0ooboOoOoboooooobooa
goobooboboooobobooobooobobooobooo
0dooooooboboboooodooooooooooooono
00000000 NMFOOOO [11)0

2.2 Combined Dictionary 000000000

gooboooooooobooobobooboboooooo
gogboboobbbooobbooobbooobbooboboo
ooooooobrTwooooooooooooooooono

-40-



L Activity
! estimation

of

T T
FreTaaa-rrr+a4-rr

Copy

(DxL)

Converted
spectral features
(DX L)

Source and target
dictionaries

(DxJ)

FLbdada-Lk
P

Activity of
source signal
UxL)

01 NMFOOOOOOOOOOO

Fig.1 Basic approach of NMF-based voice conversion

0000000000000000000000000 100
0000000000000000000000000000
Fig. 2() 00000000000000000((b) 0000
00000000000000000000000000 ‘K
000000000000000D0000000000000
0000000000000000000000000000

gboboobooboooboobobooboooooooooooon

000000000ooooooooooooooooooan
000000o0oooooooooooooooooooooo
00000000o0ooooooooooooooooooo
000000000oooooooooooooooooooo
00o00oo0ooooooooooooooooooooooo
000000000oooooooooooooooooon
oo0oooooUooooooooooooooooooooo
000000000oooooooooooooooooon
00000000000 Combined Dictionary 00 00O
Fig. 100000000000 W*O Combined Dictionary
000000o00oooooooooooooooooooo
00000000000 0000oooow OoOoOoooooo
O000000o0oooooooo gPoooooooooo
00000000000000000 wioOoooooooo
00000000oooooooooooooooooooo
0000000000000 0000000000000 vV
000000000 vvooooooooooooooooo
oooooooogogooood

3. Joooopooo

3.1 O O

oooooo NMFOOOOOOOOOOOO0OO0O0O0000
goobooooboooboobooooboooooooooooooo
ocoooooooooooooooooooooo«“gOooon
gobooooboooobooboooboooooooooooooo
goboooobboooboocoooboooooooooooooa
oooooooooooooOoOoooooooorooooon
goboooobooooo

5000£

000[ !

3000

Frequency [Hz]

2000

1000[ '

g« g i
0.1 02 03 0.4 05 06 07 08 09
Time [Sec]

(a) Spoken by a person with an articulation disorder

Frequency [Hz]

Time [Sec]

(b) Spoken by a physically unimpaired person

02 000000000000000 “kioi”
Fig.2 Examples of spectrogram //i k i oi

Fig. 30 2000000000000000000000
“00000’000000000000000OD000000D
oooDbDIrwoOOoOOoOooO0o0oo0o00ooo0oooooooo
goooooboodo ,eooobbooobobooooooooo
O00Fig 300000000000000C0DOOO0DOOO
goboooobooooboboooboooobobooooooooo
goboooooooooooooooooooooooooo
ooboooooboooo

Fig. 10000000 NMFOOOOODOOO Fig. 4000
0000000 100000000000 000 vegooo
0000000000 WO0OOOOOO00O000000o0
000000000 ooo0o0o0o0o0lRE*0O00 NMFOOO
00000000 20000000000000000RB°0O0
000000000 ADDOODODOOOODOOOODOH!'D
00000000300000000000000000H'D
00000000 W!OO0O000000000 vioooooo

gbooobooooboobOooobooobOoOoobOoooo
ooboooooooooooooooboooooooon

o
S
S
9
S
3

-
]
S

get dictionary
N
5
g

m
2
S
=
3
S

®
]
S
»
]
S
i

1000

Basis ID in source dictionary
2
8
|
i

|
|
Basis ID in tar,
\

50 100 150 200
Frame of target speech

50 100 150 200
Frame of source speech

03 ODoOO0ooOooooooooooboooooo

Fig.3 Activity matrices for parallel utterances

-41-



Activity Estimation Stage Activity of
I S si
Solufce Pre-learned source | SOUrce signal

spectral features dicti Frigooois
.. 1ctionas FLhidadoa L

Activity y rIyagorr

L TiTrr

estimation T o

H'::

L

L

b

Tiamerr

1177 rT

Frrtad-rFr

Fosiiares

FL3itooiit

N

Pre-learned
Activity Transformation Stage Mapping

A

Target Construction Stage

FET -

Converted
spectral features Target dictionary

TR
FLedada-Lk
FEHr A

Construction

<

Activity of
target signal

04 0D0ODO0OOOODOODOOOOOODOO
Fig.4 Flow chart of Voice Conversion Using Sparse Dictionary

Learning

3.2 OOO0OOOOO
oobooooooooooooobooooboooooooon

minews,as)d(V*, WH®) +d(V', W'H") + yd(H', A°H")
+|[AH?||1 + [[MH]1 st. H 20,H 20 (4)

010002000000 VSO WHOV!O WH OO
0 Kullback-Leibler(KL) 0000000 300 H*'O WH*®
000 KLOODOOOODA*O H'=A’H* 00000000
000000000000 0000D000000000000
LIO0000D00000040MAONDOOOOOD 30000
0000000000000 000000000000000
000000000000000000

NMFOOODOO 4)0000000000000000
000000000000000 WeOOODOOOOOH® OO
000000000ooo veoooooooooooooo
00000000oDooon

d(V*,W°H") + vd(H', A°H®) + ||\ ;H’||s
st. H*20 (5)
0()02° =V T yH"]" 0D =W 4A*T]T0000
oooooo
d(Z°,D°H°) + ||\:H?|1  st. H° =0 (6)

godooooooooow* o HPOOoooooooooao
0600000000
S = Di.x (H(Z°./DHS) T /(H 1) T (7)
541 = H.x (D5 (2°./(D3HS)))
ST LX) 4y 105D (8)

0000000000000000000 H'ODOOOO
00000 vViooooooooooooooo w'oooo

ooboooooboooobobooooooooooon

d(V , WH") + vd(H®*, A'H") + ||\ H'| |1
st. H'>0 (9)

Zt = [V yHTT 0D = W' 7A! T 00D00000H!
000000000000 (900000000

H., , = H'.« (D' (Z'./(D'H.)))
./(DtT]_<JXL) + )\t]-(lXL)) (10)

O00o0o0O00oOg AsOoOoOoOoooOoooggoooooo
oooood

d(H', A°H®) (11)
0 (11)000000 A*0000000O0O00DOUO
T
el = AL (HU(H' /AGHY) /(H 1) (12)

A'0 As00000000000

3.3 000000000

0200000000 NMFOODOOODOOOOODOOOO
Jo000000000000000oOooooooooon
0000000000000000000000000000
0000000000000000000000000000
000000000000D0000000000000000
0000000000000000000000000000
ooDooog
000000000000kD000000000000000
00000 KLODDODOOODOOOODOO0ODOoOoo0o
vi=wT,v|"00000000000000000000
ooDooog

L

Dis = Zd(vl, me,) (13)

=1
vilm,0L00000(0000000000¢-00000

coooooboooooobgO!Oo00oobOO0b0o0ooooon
gobooobooooooooooon

¢ = arg mind(v;, my) (14)
k

OoooKODODODODODOODOO
gobooooboboooboooooooboooobobooooo
oobooooobobooobooooboooobooooooooo
3.4 0OOOO0OO
goooooooooobo NMFOOOOOOOoooooo
ooooooo

¢ = arg mind(v;, Wihg,) + [|Ashi, |
k
st. hyp; 20 (15)

O000OW*, 0000000000 ooo
0O () 0o0bo0o0o0oooouooooooooooo
0000 v*O00000000000 W OOooooooo

-42-



O00000o00o0o0oooOoOooo gP0ooooooooo
gooooobooobooo

d(v*,W°h®) + |[\;h®|; st h°=0 (16)
0 (16) 000000 H'OOODOODOODOD0O00O0
s s X sT s X7S 1.8
hn+l = hn' * (Wn (V /(thn)))
JWET 10X ) 1 (1xD)) (17)

000000000000 0000000000000000
0000000000000000000000000
vi = W'A®h* (18)

0000 (15 0000000000000000OO0ODO
000000 v 00000 W°OOOOO0000ooooo
oobooooobooooboooooo

v = W°h® (19)

gobodooobooooodo 1o0oa

01 000000o00oo0O0o0o0o0oooooooooo
Table 1 Algorithm of Sparse Dictionary Learning

Initialize for Dictionary Learning
Set source and training exemplars to V* and V?.
Set the other target exemplars to Wt.
‘W?¥ is initialized with a random matrix.
Clustering
Jointed V¢ and V* are clustered by (13).
For each iteration
For each cluster of consonant
e Optimize W* and H® by (7) and (8)
e Optimize H? by (10)
e Optimize A® and A by (12)

Initialize for Conversion

Set input spectra V*,

learned source dictionary W*, target dictionary Wt.
Clustering

Cluster the input spectrum v} by (15).
For each iteration

For each cluster of consonant

e Optimize H® by (17)

For each cluster

e Construct V* by (18) or (19)
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