oooo
TECHNICAL REPORT OF IEICE.

o000 OO0ooooooo
THE INSTITUTE OF ELECTRONICS,
INFORMATION AND COMMUNICATION ENGINEERS

Jodouougoobobubouobobobouooua

00 ot oo oot oo oof oo ogogfff

t100000000000000000 O 27861 00000000 5-1-5
1100000 O0100-8280 0000 0OOOOOO 1-6-6
11T 0000000000000 000 O 1130033 00000000 7-3-1
E-mail: {{asakawa,murakami,mine,hirose }@Qgavo.t.u-tokyo.ac.jp

gbob 0OoooboobobooooobOobOoboooooboobOobobOboOobOOobOOobOobOoboooobDOobobn
gboboooooobooboboooooooboboooooooboboboooobooboboooooobDOobOobo
gboooooooboobooooobooobooboobooooobooboboobooobooboboooooobOobooon
obobooooooooboobooooboobooooboobobooobobooobooboOoooooOD HeMMOOO000O0
goo0o0o0o0o0o0oooooo MLOOOOOO MAPOOOOOOOOOOOOOOOOOOODODOODOODO
obobooooooooooboooosMMOODOOOOOOOOOOOODOOOOODOOOOOOOO0O0O0O0
obooooobpO0O0O0O0OO0O0ODOO0ODOOOOODOOOOOOODOOOOODOODOO

ubooo0 bOobOoooOoboooobOobOoobOobOoobpOOOOO

Recognition of continuous utterances of Japanese vowel sequences

based on structural representation of speech
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Abstract Non-linguistic features such as vocal tract shapes and acoustic devices are inevitably involved in speech.
Recently, a new representation of speech without any dimensions indicating the non-linguistic features was proposed.
It discards the absolute properties of speech events and captures only the interrelations among them. In this pa-
per, recognition experiments of continuous utterances of Japanese vowel sequences using stractural representation
of speech are carried out. Distribution sequences are obtained from continuous utterances by training HMMs,
and ML-based, MAP-based and Bayes-based methods are investigated for the estimation of the HMM parameters.
Furthermore, to solve problems in continuous utterances recognition, a DP-based structural matching method is
proposed and examined in recognition experiments.

Key words structural representation of speech, speech recognition, Japanese vowel sequences, DP matching

goboooobooooooobooooooooooooooo
0000000000000 DO00oO00OO0oDO10l) a

phoneme is a class of phonetically-similar sounds and 2) a

1. 0000

gobooooooooboooooboocoooooboooooboo

gooboooooobOooooobooooooobobobo phoneme is one element in the sound system of a language

gobooooobooooboooooooooooboooooboo
gobooooboooboooooooooobooooboo
gobooooobooobooobooooooobooooboboo
gobooooobooooboooooooooobooooDooboo

having a characteristic set of interrelations with each of the
other elements in that system. 000000000 1)000
00000o0o0O0o00ooOo0o0oUoooOoooUooOoOoUooO
000000 RU4oUooooooooooooooog

N



0000000000000000001)000000000
0000000000000000000000000000
0000000000000000000005 0000000
0000000000000000000000000000
00002)00000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00000000000 1000000000000 2kHz
0LPFOO00D000O00100%0000000000000
0oo [6)0
00000000D0000000000000000000
0000000000000000000000000000
0000000000 HMMOOODOOOOOOODOO00OO00
000000000 HMMOOOOOOOOOOOO00000
O00O0DO0OMLOOOOOOOOMAPOOOOOODOOOO
0000000000000000000000000000
0000000000000000D0000000 HMMO
0000000000000000000000000000
00000000000DPOOOODOOODOOOOOOOO0O
000000000000000

2. 00DOO0OODDOO

2.1 000000000 O0OO0OOOOOOOO
ooo0o0oO0o0ooOooOoooooooOoOooooooOooog
0000o0o0000o0ooooooDOoOooooooooooog
0000000000 oooooooooooooooo
0000000ooooooooooooooooooooo
000000000000 oooooooooooooooo
gddobboooobooooooooboooooooobooon
000000000000 oooooooooooooooo
0o0oooooooooooooooooooooooooo
00o0o0oooooooooooooon
oooooopooDOoO0ooOooOdoOooooooogooo
000000000000 00 e0D0O0ODOOOOO bOOO
cd=c+b000000000000000DO0000O0O0O0OO
0000000000 CMNDO Cepstral Mean Normalization
000000oooooooooooooooooooooo
000000oooooooooooooooooooooo
o00o0o0oooo0O00ooooooOooooooooooo
O0o0ooooooodoooooooooooooboooooa
000000000c0O00000 AODOOO ¢ =AcO0O
00000000000 0ooooooooooooboooo
00000000000 ooooooooooooooooo
00000ooooooooooooooooooooooo
0000000 ADOUOODDOUOOOOODOOOO 7O
00000ooooooooooooooooooooooo
00000000o0oooooooooooooooooon
0000000o0ooooooooooooooooooon
0000000000000 0000UUUO0 eODODOO
00000 ¢ =Ac+b00000000 100000000

<> 4
/D 4
\ '/\' Horizontal
vy _\ A\ distortion
b v\ -—>

Amplitude

N\ VAN
Vertical N\ / \

distortion \/ \

Frequency

01 00o0oooooooooboobooooooo

¢ =Ac+b0000000000000000000000
00000000000000000000000000 AO
00000000000 b00000000000000 AQ
bO0D000D0000D000DO00DO00O0DO0O0D00

2.2 00000000000000

00000000 NOOOODOONC, 000000000
0000000000 NOOOODODOOOOOODOO0000
0000000000000000000000000000
0000000000000000000000000000
0 NODOOOOODODOOOOOOOOOOOODOO0000
00000D0D0000000000000000000000
0000000000000000000000000000
00000D0D000000000D0000000000000
oooo
000000000000000000000000000
000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00000D000000000D0000000000000
000000000000000000000000000
00000000000 pi(e)0p(xz) 0000000000
00000000000000

BD(p (), pa(@)) = —In / T n@m@de )

0< [* Vpi(@)pa(z)de <100000000000000
0000000000000 [bit) 0000000000000
00000D0D000000D00000000000

BD(pi1(z), p2(x)) ) o)
1 31+ 32\ " 1 3+ 39)/2

=§H1Tz(%) #12+21n|(211%|222)|/%|

OU0ooTroooog|-|000000onp:, X0 pe, 300
pi(z)0p(x) 0000000000 DOOO0OOOOOOOOO
pio0 p—p 0000000CCOOOOOOOOOOOO
000000 Ae+b000000000000000O0O0O0O

00000000 00000000000 0oooooon

g0lmooo0oooOooo0oOoO0oOoOooOo0ooO0oO0oOoOoooOooooooD
00oooooooooo (8]



Sequence of spectrum slices

Sequence of cepstrum vectors @

OO0000000-------

Sequence of distributions @

NN N\ 7
\ ™,
~ ~

SN SN 7 7N
MM M - ===

Structuralization by interrelating temporally-distant events

02 0D000O0O00

03 0DoOob0oooooooo

goboocoobooooobooobooooooooboooobooo
goboooooooobooboooboooboooobobooooo
0000000000000 00ed ADOOOOOOODOO
oooO0o00s00O0O0OOOO0ODOODOOOOODOODOOO
oooogo

2.3 0DO00OOOoOoboOooobooooon

gobooooooooooooooobooooooooooo
goobooooboooobooooboooooooboooooboo

gobooooobooooboooooooboooooboooon 200

000OMOOOOOP, Py, -+, Py, Q1,Q2,+,QuO000
0000000000000000000LI0000A0ODO
0000000000000000000000000000
00 300000000000000000000000000
0000000000000000000000000000
oooooooooo

S (BR- Q) 3)

00000000000000000000000 900 (3)
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000b00
000A0D0DD0O0000D000000000000000
000000000000000000A0000000b00
0000000000000000000000000000
Ooooooo

/al /il

/- Je/ ol

statistical structure model

—> lalfil-huldelol O\

CEP sequence

CEP distribution

L Jarfif-tul-lol-lel /\

N\ N\ VAN .
N\ N\ °
structure distance matrix . °
0
0 .
Mahalanobis

structure vector distance
§ = (8158550005 81))  ———L> Jolselmifit N\

04 DO0ODOUODOOOOOODOODOOODO
2.4 00000000000000000000
00000000D0O0000000000 5000000
000000000000000000000000000
06000000000 40000000000000000
0000000000000000000000000000
0000000000000000000000000000
00000D00000000000000000000000
000 1000000000000000000000000
000000000000 0000000000000000
0000000000000000000000000000
000000D0000000000000000000000
nfufalalufslaln
0000000000000000000 MAPOODOOO
0000000100000000000000000 100%0
000000004130000000000000000 HMM
000000000000000000000000000
0 [6]0

3. dubooobuodaboaood

3.1 HMMOOOOOOOOOOOO

000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000 HMMOOOOOOOOOOOOOO0O
0000000000000000 500000000000
0000000000000HMMOOOOOOOOO0OO0OO
00000000000000000X = {®,xs,--,@r} 0
0000000000000000006 = {a,p, ¥} 0 HMM
0000000000e00000000rOO0 =0000
0000000000000000000000000000
HMM OOOOOOOOOOOO0OOO000000000000
00000 p(e)X)0000000000000000000
00000 HMMOOOOOOOOOOOOOOOOO0O ML
OO0O0OMAPOOOODOOOOOOOOOODOOOOO 3



Speech signal

-

l—a, l-a, l1—a,
L9.9.6.

CEP sequence
X:{xlﬂxza"'axT}

e o o o o o

HMM
0=1a,u,=
ta .2} A A vee A
125 U2 Uy
a0 O g
ple)  ple)) o pley)
CEP distribution ALON AN oo AN
Structure @

05 HMMOOOOOOOOOOOOOOOO

01 OOooao
000000 16bit / 16kHz
O 00 25msec0 0000 10msec
ooooo MCEP + A + AEO25000
000000 0O0O0oUOooOoOoOoooooooo
oooooo ML, MAP, MAP with VB
ooo N=5, 15, 25
oo Fullband, 4kHz, 2kHz

00000000000000000000000000000
ML Baum-Welch 0000000 HMMOOOOOOOO
0000000000000000000000

MAP Baum-Welch 0000000 HMMOOOOOOO
000000000000000000000000 MAPO
oooo

MAP with VB 000000 [10],[11] 000 HMM OO
0000000000000000000000000000
0000000000000 00D0000000000000
000000000000000000000MAPOOOO
3.2 0000000000000

3.2.1 0000

00000 1600000800000000500000
000000000000000000000000000
sP; =1200 0000000000000 50000000
0000000000000004000000000000
0000000000000000000000000000
0000000000000000000000000MLO
MAPOMAP with VBO 3000000000000000
00000D0000000000000000000000
00040000 800x 5000000000000000
000000000000000D0000D000 4800000
800x 500x 1200000000000000000000
0000000000000000000000000000

02 0O00O0OC0OOOOOOoOooooOo
ooooooo 5 15 25

ML 199 % 32.4% 31.9%
MAP 30.8 % 59.1% 61.5%
MAP with VB | 34.1 % 60.4% 62.5%

03 000O0O0O0OO0O0O0O0O0oooo

gooooo Full-band 4kHz 2kHz
ML 324 % 37.6% 41.5%
MAP 59.1 % 58.6% 61.1%
MAP with VB | 604 % 59.1% 61.4%

gooooooooooboboooooooob10b0oobo
gbooooosbooooboobooooocoboooboooooboo
gobodoobooooooooooood

3.2.2 0 0O0OO

0000 5,15,25000000000000 FullbandO O
goobooo 20000 30o0oo0ooOOO0o0ooobOooooon
MAPOO MAP with VBOOOOOOOOOOOOOOOO
goboooovBOOOOOOOOOOOOOOODOOODOO
gobooooboooboooboooooooboooooboo
goboooooooobooooboooooo

0000000000 Fullband, 4kHz, 2kHz OO OO O OO
goooog wkoooooooo 3gboogo s0000
ooo0oeLO000000U0D0DUDUDUDUDUULOOoOoooQ
2kHz 0000000000 OCOO0O0DOOOO0OODODOO
gooooo

3.2.3 O a

00000000000 OMAPOO MAP with VBOOO
ooooooOooodeloooooooooooooooog
goboooobooooboooboooooooboooooboo
OvBOOOOOOOOOOOOOoOOoOoOoOooooooooo
goboooooboooobooobooooooobooooobo
goboooobooobboooboooooOooboOoooboo
gbooboobobobobobobobobobOoboooo
ooooooooOoOOOOboOOO0O0OO0 HEMMOOO00C0DOO
gobobooooobobooooobooboo eMM OO0OO0O0O0O
gobooooboooobooobooooooobooooooboo
gobodooboooobboooooooooobooooobod
000000000000000000000D0O00O0 60%
gobooooboooooooboooobooooon

gooooooobooooooooboooboboooboo
goboodoobooobooooooooooboooood
goboooobooooboooboooooooboooooboo
gobooooooooooocooboooooobobooooo
goboooobooobooobooooooboooooboo
00000 [1200000o0oo0oooooooooog
goooooobooobooobooooooboooooboo
gooooooooooooboooooooobocooooooon



4. DPpUOOUO0ODOOOOOOO

000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000 HMM
000000000000000000000000000
000 (3)00000000000000000000000
0000000000000000000000000000
00000D00000000000000000000000
00000000000000000000000000 (3)
00000D0D0000000000000000000000
0000000000000000000000
0000000000000 DPOOOOOOOOOOOO
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
4.1 DPOOOODOOOODOOOOOOOO

DP 000000000000 00O00O00O00000
00000000002000000000000000
000000020000000 P = {P,P,, -, Py}0
Q = {Q1,Qs,---,Qy} 00000 PO Q,00000
di,j ) A £i < M,1<j < N)DDOOOO(1L,1)00 (4,5)
0000000 ¢(4,f/)000000000000000000

g(imj_ 1) + wld(z7j)
g(i—1,7) +  wsd(i, j)

w,w, w3 00000000000 DOOOOOOODOOOOO
goboooobooooboooooooooooboooooboo
oooo0ooooooooodG,j)000 RO ;000000
oo0ooooooOoooOo0oOoooobpPOOOOOOODOO
gobooooooobooooboooboooooboo

gobooooooooboooooboboooooobooooooo
0000000000000 0000R 0000 @Q;0 Qj+1
0000000000/ 02000000000 ;0 Qj41
gl1oo0ooboooooooooooooooooooooag
goboocooobooooooooboooooooobooooooboo
OOoooUoo0o 3)oooouoooooooooo

gobooooooooooooboobooobooobooooooo
oooooOoooooOooDbPO HMMOOODOOOOOO
googooooooooboooobooobooobPOOOOO
goboocooboooobooooobooooooobooOoooDooboo
goooooooobooooooo

4.2 0 OO0

4.2.1 000O0OO0OOO

200000000000000000012000000 5
ooboobooooooooooboboooooooooo b
OO0 DbpPODOOOOOOOOODOOODOOOG00OOx 6000
gbog seooo0obbonooooooooooan 3,000000
oboooo3reoo0boobooono 400000000000

04 0O0OOOOO
000000 16bit / 16kHz
O 00 25msec0 0000 10msec
ooooo MCEP + A + AEO25000
000000 0O0OOoU0OooOoOoOoUooooooo
0oooog MAP with VB
0o Fullband

05 DpOOOOOOOOOOCOOOOO

DP OO DP OO
00 |4.82x 1072 | 4.64 x 10—2
ooooo
00 |6.10x107°|3.81 x 10~5
00 | 7.50x 1072 | 8.06 x 10—2
oooo
00 |1.33x 1074 | 2.16 x 10— 4

goboo2sb0o00oooocoobo 0o sbboooooooo
goooooobooobooboobooboobpPOODO
goboooooooooboooobooooooobooooo
gobodooboooobobooooooooooboooobod
gobooooobooooooobooooboocoon

4.2.2 0000

bpO0O00D0O0O0DOOO0ODOOODOOOOOODOOOODOO
ooooooooooooooooooooboooobPOO
gobooo0obpOOO0DOOOOOOOODOOOODDOO
UledbOO0O0O80D0O0UO0OOOSOOOOOObOOODOO
00 sPs=1200000000000 50000000000
gb40000000C0C00O0000O0DOOOOOODOO
goooooooboooo4000000D00O00O0DDOO
goboooobooobobooobooooooobooooooboo
gobooooboooooooobooobono 40000 80
Ux s0000b0ooooooooooooooooooOon
oooooooooboOoOoObOOOoOoOobOoOoOoOoO4sc0000 8
OO0x 500x 120000000000000000000O
goboodooboooobooooooooooboooooboa
goboooooooboooboooon

bDpOOO0OO0O0D0ODOODO 3.00000000C0000O0DP
gooooooooooboobooobooo bpOOOOOOO
gooooooooooo ppOOOOOOOODOOOODO
goboooooboooboooboooooooboooooboo
oo pbpOOOCOOOOOOOOOOODOOOOOODOODOO
gooooOobpOO0OOO0OOOODOOODDOOODOOOO
gobooooboooboooboooooooboooooboo
gooodoooooooooboobooooooooooboooOooo
goboooobooooboooobooooooobooooooboo
goboogoo

gooboooooboboooobo NOOODOOON =10~ 30
ooooooooOOOOOO0OO0OOOObO 60000 DPOO
000000000 230000 63.0%0000000000
OO0bpPOO0ODOOOO 300 7748%0 00000000

goboooobooooooobooooboooooooooo
ooooOoOOoOoDbooboboOoO N=15,20,250000000000



B o- DPEEL
—e-DPED

.
500 0O 6-o-Bp-0
OO
o O

i (%)

=3
oAl

10 15 20 25 30
RREEL

06 OD00OO0OO0O0OO0OO0OO0OOODOOOOOOOO0

S & EFILIREES 15
= EF/LIRRES 20
o EFJLIREEER 25

15 20 25
ATTIREES

07 ODO0O0OO0OO0OO0OO0OOOODOODOOOOOO0OO

gobooo -3s~4+3000000000000O0DO000O000 7
goooodo 120b000000000000000O000
00o0o0oooo0%0oo0o0o0oooUoooooUoOoo
4.2.3 O a
4.2.1000000000Db°POOOOOOOODOOODOO
gobooooooobooboooobooooooooboboonooooo
obooboobobooooooooooooooooboooooo
ubooooooboobooboboooooboobooooo
bpO000C0O0O0OO0ODOOODOODOOOOOOOOOODO
gboboboooooobooooboooboooooa
4.2.2000000000DPPOOOOODOODOOOCOODO
gobooooboooobooooboooooooboooooboo
gopoooobooooobooboooooobooobouoooDooboo
00o0oo0oUooOo e D0DbO0o0DOooOOoUOOUOOoOOO
O0o00O0o0oo0oo0ooOooOooeooooooooooo
goboocoooboooobooooooooooobooooboo
goboooooboooooboooooooooooboooooo
gobooooobooooooooooooooobooooboboo
goboooobooooobooobooooooooboooooboo
goboobooooooooooooooooooboooooono
l20000000000000CO00000O00O0OOCO0O
goboooooooboooooboooboobooooo

5. O 0O O

gobooobooooooobooooboooooooobooo
gboooooooboooboboobooboooocoooooo
0000000000000000000000000 63%0
goboooobooooboooboooooooboooooboo
gooboooboooboooboooboooboooooboDbPO
000000000000 0DUoLODOoDOUOOOD 77.48%0
ooooooobpODOOOOOOODOOOOOOOOODO
gooooooooon

gobodobooooooooooobooooooobooa
gboobooboobobooooboooooooboooooboooooo
gobooooboooooooooooobooooboooooo

O O

[1] H. A. Gleason, An introduction to descriptive linguistics,
New York: Holt, Rinehart & Winston, 1961.

[2] A. Gutkin et al., “Structural representation of speech for
phonetic classification,” Proc. Int. Conf. Production Re-
search (ICPR’2004), vol.3, pp.438-441, 2004.

[3] T. Fukuda et al., “Orthogonalized distinctive phonetic fea-
ture extraction for noise-robust automatic speech recogni-
tion,” IEICE Transactions, vol.E87-D, no.5, pp.1110-1118,
2004.

[4] L. Deng et al., “Production models as a structural basis
for automatic speech recognition,” Speech Communication,
vol.33, no.2-3, pp.93-111, 1997.

[5] N. Minematsu, “Mathematical evidence of the acoustic uni-
versal structure in speech,” Proc. Int. Conf. Acousitcs,
Speech, & Signal Processing (ICASSP’2005), pp.889-892
(2005)

[6] T. Murakami et al., “Japanese vowel recognition using ex-
ternal structure of speech,” Proc. IEEE Automatic Speech
Recognition and Understanging Workshop (ASRU’2005),
pp-203—208, 2005.

[7] M. Pitz and H. Ney, “Vocal tract normalization as linear
transformation of MFCC,” Proc. European Conf. Speech
Communication and Technology (EUROSPEECH’2005),
pp-1445-1448, 2003.

[ bDOoODOO0OO0O“000000D0O0D0O0ODOODDOO0ODOO
000000O0’0000000 AIOOO0OOO0OO0DOSIG-
Challenge—0624—-60 pp.35-420 2006.

[9) bDOoO0DOoO0“000O00OUO0O0OO0OOYDOUOOOO
0000000000 SP2005-130 pp.9-12, 2005.

(10 DOOO0D“00000 [OI0 N0V 0000000n
0 0 Ovol.850n0.40 265-27100 no.60 421-42600 no.70 504—
50900 no.80 633-63800 2002.

[11] DOO00DOO“HEMM O0000000000D000000000
gooo0o0oO0o0ooO0oOooOoooUOoOoor»oooOoooOo
0000000 Vol.J89-DO No.90 pp.2113-21220 2006.

[12] T. Kitamura et al., “Speaker individualities in speech spec-
tral envelopes,” JASJ(E), Vol.16, No.5, 1995.



