Vol.2009-NL-191 No.24
ooboooooooao Vol.2009-SLP-76 No.24

IPSJ SIG Technical Report 2009/5/22

oooobbogooooobod
oooobbgogooobouoad

O o o ot o o o o2 g o o of?

gbbooooooooooooboooouooooooboooooooooooooo
gooooooooooooooooOoboOoOoOoooooOoObObOOoOoOooooooo
gooooOooooOoOoO0OO0bOOoOoOoOO0OO0OOOO0OO0O0O0COOOO0O0CO0O00O0
goboobooooooooooboooooboOooooboboOooOoOoboOoobOOooOoobooo
goooobooooooooboooooooOoboboOooooooooOOObCboboOog
gooooooooOoOooooOooOoOoOO0OOOO0OO0OO0OOoOOOO0O0bOO0O
oooooooooooooooooooooooooooooOoOoOOOO000O0AO0
Misra 0000000000000 000O0O0OC0OCOOOOOOOOOOO0O0OO0O0
gooooooobooooooooooboobooooa

A study on unsupervised stream-weight estimation
for multimodal speech recognition

KoJi Iwano it Tosnmibe Matsuo 2
and SADAOKI Furuif?

This paper proposes an unsupervised stream-weight estimation method for an
audio-visual speech recognizer constructed for spoken dialogue systems. In the
proposed method, audio and visual stream weights are optimized and stream
entropies of the audio and visual signals are calculated in advance in the clean
condition. In the weight estimation process, the stream entropies under an
actual noisy condition are calculated and compared with those of the clean
condition. And then the stream weights are adaptively controlled according to
the differences of entropies between the clean and noisy conditions. Evalua-
tions were conducted by using an audio-visual speech database collected from
multiple male speakers. Experimental results show that the proposed method
yields better performance in various noise conditions than the entropy-based
unsupervised weight estimation method proposed by Misra et al.

1. 0000

0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0D HMMOOOOOOOOOOOOOOOOO0OO0O000O000000000000000
00000000000000000000Y00000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000

000000000000 00000000000000000000O00MCEQDOD
00000002 Y0000000000000000000%00000000000
0D00000Y 000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000O0
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000C0
00000000000000000000000000000000000000000
0000000000000000000000000000000000
00000000000000000000000000000 SNOOoooooo®:?
00000000000000000000000000% 00000000000 0Misra
0000® 000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000

f1 000000 D00O0o0O0 oooooooo

Faculty of Environmental and Information Studies, Tokyo City University
t2 000000000 00000000 DO0O0O0OO0

Department of Computer Science, Tokyo Institute of Technology

(© 2009 Information Processing Society of Japan



oooooooooo
IPSJ SIG Technical Report

gboooodooooboobdoboooobooooobooooooboooobooooooaon
goooobooooooooooooooooooooboooooooooooooooo
gobooooooooobooboooobobooboooooooooooooa

gobobobooboooodooooboooooboboooooooooooooooooon
goooooooboobobooooooooooooobooboooooooboooooooo
goooobooooooooboooooboooooooooooooooboooooooo
gooobobooooooooooboooooboboboooooooooboooooooon
gobooooboooooboooooooocoooooooaoo

oooooooo2000000000000000C0000O0O0O000OO00O0DO0OO
00000000 3000Misra 0000000O0O0OOOOOOOCOOOOOOOOO
gooooooooooooooooooooboooOoooooboooobooboOoooooDooboo
00400000 50000000000

2. 00O0oO0OOoOOooOoooooaoo

00D00000000Y00000000000000000000000000000
0100000000000 0000000000000000DO0O0DO00 16kHz0 60Hz
00000000DO00000 100HzODODDODOODOO 60OHzODOOODODOODOODOO
goobOo0oooboooobooobOboooobooobobooobobooooboDboo
000000 3000000000000 100Hz ODOODOODOD20DbD00D00O0O
00O0ob0o0O0000010Hz ODODOOoOOooOo0oOo0obO0ooOOoOooDooDOobDOooooD
00000 HMM ODODODODOODOODODOO

2,1 JO0O0OOOOoOoooboog

00ooooooMFCC 1200000 AUAATDOOOOODOOOOOO AODAADO
gbob 3800boogbodbooobooboobooboobooobooo 25ms O
00000000000 00D000000000 0O Cepstral Mean Normalization: CMNDO
gooboogoa

00000000000000000000000% 00000000000000000
000000000000 00DbO000ObO00DO000O00O00 720x480 0 bv ooOoO
000000000000 D00000D0O000D0b0O00nOD ed0x480 00 0O0O0DODOODO
JoooooooOoObOooOo0oooboObooodoooooooooooooooooo
Jooooooboobbobooooooo OpenCVlO)[II:I[II:I[II:I[II:I[IAdaboostI:I[I

Vol.2009-NL-191 No.24
Vol.2009-SLP-76 No.24
2009/5/22

TILFRA R —L
HMM

100Hz 4}’8”8”8”0

o
3
ujr
| dio
s
54
E@
o
g
z
y
o
E
i
E_Iéﬂ!
b
=
z

16kHz

@@E% ERHEE | 3xzTS50>
720 x 480 W oH 60Hz # [
60Hz S Tirin. e iimeeeemmeeeeeeeoeeeeeeeeooeseeeeeoceseeeeeeoooeeeees,
T [ e [0 nmmm [180x 12055
2T - A T g BT

01 DoooY 0000000000000 DDOO000D0ONo0O

00000000000000000YW 0000000000000000000000
gooooobooobooboobbooboobobooboDbOooobooboobOoobo
goisoxlo00000booo0ooogbobooboobooooobooboobooboobo
2000000000000 Lucas-KanadeD'? 00000000000O000O00O0OO
0200000000000000000000 20 ()00 (b)ODODOODOODOOO
000000000000000n (e)U00O0OD0DODODOODOOOODUODUDUODOO
0000000000000000 2160 (=18x12) 00000000 OOOOOOOO
0000000000oooooooo0o00oDooooO0o000O00oOoOoOoOOooOooOg A
ooboooooboooboo 4000000000 DOOODOOODbOODO

2.2 00000000 HMM

goobooooooooooooo MM OOOOOODODOO tODOOOOOODO
O, 00000000000 bOy,) DOODDOoooooouooo

b(Or) = Waba(Oar) + Wyby (Ove) (1)
O00D0ba(0Oa:)0by(Ovy) OODDOOOOODOOO 04000000 Oy, 0000000
ooooow,sowy OOoooooooooobobooooo
Wa+Wy =1 (OSWA7Wv§1) (2)

gbobooooooooon

00O000O00O0D0O0000O000O0O0O0vo
(1) 0D0O0O0O0O0O0O0ODOUOOUOOUOOOtriphone HMMOOOOOOOOOOOOOO

o0 30000b0obobobobouobooooo

(2) 0D0O0O0OOOOOOOOUOOOUOOUOODOOOOOOOOODUODUDOOOO

(© 2009 Information Processing Society of Japan



oooooooooo
IPSJ SIG Technical Report

(c) optical-flow vectors
02 0000000000000 0000000000000000000000

gooooooooobooooo

(3) ODO0OO0O0OOOUOO0OOOODOUOOOODOUOOOODOGMMOOOOOOO

(4) 0DO0OO0OOODOUOUOOODOOOOOOUOUOOUOOODUODOOOUODUODOUOO
ooboooooooooooobooooobobooooooobooooooboooboooon
oooooooo egMM O00000

3. DOoOOoOoOOobOoOooobOOobooooobooboo

3.1 MisraOOOOOO
0000000000000 0000000000 MisraOJODODO® 000000000
00000000000 000oooDUO W, (s=A,vV)00D0o0oO0oooooooooo

1/hs
s — 3
S (3)
O0000A 0OD0O0DODOO sODODODODOOOOOODOOOOODOODODOO
he == P(A]0s) - log, P(3|0,) (4)
P

O, 000000 sO000D000ON 000D p0O000O0D00O0O0OO0OODODOOOOODO
oobod 1000 42000000000000000A0

Vol.2009-NL-191 No.24
Vo0l.2009-SLP-76 No.24
2009/5/22

01 00O0O0000000oO0O0000O0000000O0

silB, silE, sp, a, aa, b, by, ch, d, ee, e, {, g, gy,
h, hy, i, ii, j, k, ky, m, my, n, N, ny, o, oo,
P, PY; 4, I, Iy, S, sh, t, ts, u, uu, w, y, z

gbooboobooboooboobooooboobobooboobobooboboboobbob
gbobooboooooooboboboobooooooboobobobooboboboobo
gbooobooboobooooboobobooobobooobooboobobobooboobo
gbobooooooooboboobo

000008 UUoUo0o000o0o00UDO0o00ULOUUoUoDULOUOOOoDoOUO
gooobooobooooobooooboobo0oogbooboooboobDobbooboOooD
00000000000000000000000000 (4)00000 P(M\|0:) 00
gobooobooooboooobooboooooooobooboobDooooDoboobobo
gpooo

3.2 JUO0O0O0O0OOOODObDODOoOOoObOObOOobDOobDODO

goboooooboooobooooboobooboooboobDooboobooboo
goboooooooooobobobobooooooobobobobobooooobooo
gooobooooobooooboobobooobobooobDoobooboopoboobo
oboobooooooo

gooboooboboboboboboboobooboon

¢ Nmaz — hs
R — e ®
000 Wy OO0000000000000000000 sO0000000O00OA; OO
000000000000 sO000D00000000 hme, O0OD0O0OO0OODOOOOOOO
hmaz = logyn (6)

goooooobooboonO0O0OOO0ODOOOOOODOOOODODOOOOD 420000

oooooOooooDOoOoO000oooOoO0OD sO000000Oo hsOOOODOOODODO
gbogobooobooboooboobooboobobooooboobobooobobobooo
gooooboooboooboobooooboobooboogbobobbooobboboobOoo
00000000000oooooooooooooAs>hA00000000000000
O0hs < h0000000CCOOOOOO0O0O0O0OOOOOODODOOOOOOOOOO
goooboooo 1ooboobobooboobooobDobDoooobooboobOobDOobDooo

(© 2009 Information Processing Society of Japan



oooooooooo
IPSJ SIG Technical Report

god0ooooooooooooooooooo
000000000000 0000000000AR: >A0000000000O0O0O0O0O
gooooooooooo (5)DDDDDDDDDDDDDDDD (Z)EIEIDEIEIEIEIEIEI
go0ooo0oooooooooooooboooooobooobooon WSEIEI[I[I[I[I[I
gooooo
. W,
We = ™
goooooooooooooooooooooooooooooooobooooono
O0O000o0.0500 100000000 00000000000000O00O

4. ODOOOOO

4.1 0 0O0OO

0000000000000000000000Y 00000000000000000
00000000000 000000000O000 150000 ATROODODOOOOOO
ooboobobooono wodooo ,oouoboboooooobooo 200000000

OO0 triphone HMM 000000000000 O0O0O0O0OCOOOOOOOCOOOOOOO

00000000 8000000000 2000000000000000000000
0000000000000000 10000000000000 P(0.A,) 00000
000D000D000000001)0000000000000000 triphone HMM O
00000000 p0000D0000000D0002)00000000000000p0
000 ) 000003)00000000000000000000000000000
s00000000000 P(Os)A,) 0000

0000000000000 10000000000000000000 400000 400
0000000000 3000000000000000000000000000000
0000000000000 00000D0000000000000000000000

000000000000000000000000000000O000SNR = 100150

20dB0000000000000O00000Y 0000000000
0ooooon 2gramO0000 3-gram 00000000000 OODOOOOOOODO
00000 1206 0000000000000 00 6,839 00000
0000000000 000OY 000000000 HMM 000000000000
Julivs 00 O0ODO

Vol.2009-NL-191 No.24
Vol.2009-SLP-76 No.24
2009/5/22

02 000000000000000000O00

oooo oooo oooo® oooo 0ooooo
clean 74.3 % | 74.6% (0.93) | 74.9% (0.50) | 74.9% (0.50)
20dB 47.2% | 47.9% (0.92) | 52.5% (0.43) | 53.1% (0.35)

oooo | 15dB 23.1% | 24.7% (0.84) | 31.7% (0.40) | 34.8% (0.25)
10dB 71% | 7.7% (0.76) | 10.5% (0.40) | 14.1% (0.20)

20dB 54.6% | 56.2% (0.83) | 58.2% (0.39) | 59.0% (0.45)

ooo 15dB 28.2% | 29.4% (0.79) | 32.1% (0.31) | 33.3% (0.30)
10dB 5.6% | 6.4% (0.75) | 7.9% (0.33) | 8.1% (0.35)

4.2 0O00O0OO0OO0OOOOOOO
000000000000® 000000000000000000000000000
goboooooooboooooooooocooooobooOobooOooobooOononD 2000
gooboobooooooooooboooooooboooOooooooocOooooooonoon
goooobooooooooobooboooooobooOooobOoOooooooboOooooooono
goooooooooooooooooooooboooOooooobooocOooooboooooon
goooooooooooooooooobooooobooboooooooboOooooonoon
oobooooooobooooooobooooOoOoobooOooOoOoobOoOoOooOoOooonn
4.3 ODO00OO0OOO0OOOOOOOOOOOOOOO
ogoboooboooooooooooobooooooboooooooooooboooooonn
gobodooooboodooooobooooobooobboooooog
(1) DOOOOOO0OO0OOO0OOO0ODO 10000000000 DOO0OOODOOO
gboboooboooooobobooboooobnfddoned
(2) DOOOODOOOODOOOOOOOOOOOOOOOO0O
(3) ODO0OOOO0OOUOOU0OO0OOOUOO0OOO0OO0OO0OO0OOODOO0ODOOOOOUODOOOOO
gobooooooboboobooddpred
(4) DOOOODOOOODOOOOOOOOOOOOOAlO
0400000000000000C00 03000000 I’ OO0 20000000
gboboooobooooooooo 1000000000000 b0obcdboned0OnOd
000000000000 0I000000000000000O0O0DO0000O0DDOOO
goooboooooooooobooooobooobooboOooooooooboooooooon
O010000000000one0000000O0COODODOOOODANIODOOOOOO
goooboooooobooooooooobooooooobOooOoooooobocOooooono

(© 2009 Information Processing Society of Japan



oooooooooo
IPSJ SIG Technical Report

03 O000OoOoOoO0o0o0o00oo0o0o00oooobo0o0oooobooOo0o0obooooonn

gooo one utr pre all
clean 74.9% (0.50) | 74.9% | 74.9% | 74.9% (0.50)
20dB 51.6% (0.44) | 50.6% | 51.0% | 52.5% (0.43)
oooo 15dB 32.5% (0.42) | 32.8% | 31.9% | 31.7% (0.40)
10dB 10.5% (0.40) 10.5% 9.1% | 10.5% (0.40)
20dB 57.2% (0.30) | 58.7% | 58.1% | 58.2% (0.39)
ooo 15dB 33.3% (0.30) | 32.2% | 31.4% | 32.1% (0.31)
10dB 8.0% (0.30) 8.1% 7.9% 7.9% (0.33)

04 SSOO0O0OO00O0O00O0O00O0DOOODOOOOOODOOOOOOO0O0

oooo oooo one utr pre all SEGEEE
clean 75.6% | 76.0% (0.50) | 76.0% | 76.0% | 76.0% (0.50) | 76.0% (0.50)
20dB 56.6% | 60.8% (0.50) | 60.9% | 60.8% | 60.6% (0.52) | 60.8% (0.50)

oooo | 15dB 35.1% | 40.0% (0.51) | 40.7% | 41.0% | 40.2% (0.53) | 42.9% (0.30)
10dB 14.6% | 17.9% (0.50) | 18.4% | 18.1% | 17.7% (0.52) | 21.9% (0.30)

20dB 59.2% | 61.4% (0.41) | 60.1% | 60.4% | 60.7% (0.45) | 61.6% (0.40)

0oo 15dB 39.6% | 45.3% (0.34) | 44.3% | 44.8% | 44.3% (0.40) | 45.5% (0.35)
10dB 18.5% | 22.2% (0.34) | 21.1% | 21.5% | 21.2% (0.47) | 22.0% (0.40)

goooobooooooooooooooobooOooooooooooooboooooonoon
0000w Oooooooooooooooooootobpre000OO0OO0OO0OO0O0ODOO
gooobobooooooooboooobooooooboobooooooobooooooooOoag
uboobooooobooobodoooooooooooooooooooooooooOoon
44 0O0O0OO0OOO0OOOOOOOOOOOOOOOOCOO0OO0
0000000000000 000000000000000SS00Y oooooon
ooboodoooobodooooobooooooobooooooobooooooa
0400SSO000000000OO0O000OOOO00OOOO00OOOBO0O000
0 400000o0ne, utr, pre, allD00000 4300000000 400 20000000
0000000000SSO000oo0o0o0o00ooo0o0ooooooooooooo
0000000000000SSO00000000000000000000B0O0000
gooooboooooooooooobooooobooOooooooocOooooooonoon
ooboooooboooooooobooobooooon

Vol.2009-NL-191 No.24
Vol.2009-SLP-76 No.24
2009/5/22

5. 0 0O O

goboboooboooooooooboooooboboooooooboooooooooon
gooobobobooooooooooooboooooboooooooooooooooon
gboboobodobooobooboboooooboooooooboooooobocoooooan
goboobooooobobooboooooooboOoooobobooooooobooOooooonn
gooobobooodoooooboooboooooobooooooooooobooooooon
goooboooooooooooooobooooobooboooooooooooooonn
gooboobooooooooooooooooobooOooOoooooobooOobocOoOoooOooOoooon
gooooboooooooooboooooboobooboooOoooooobooooooDoooOoo
gooooboooooooooooooooooboooooooooocooboooooonoon
goboooooOooooboooooooboooooboooboooobooo

00 oOoodooooooooboooooboooOoooboooboOobooOobcOoOooooon
oo

o o0 0O O

1) J00o0oO0oUoOoUUoOoUO0oU0DOUOU0“00000OULOUDOOD0OOOOUOOO
000000000000 0000000000000 0O0SP2007-4, vol.107, no.77,
pp-19-24, 2007.

2) C. Miyajima, K. Tokuda, and T. Kitamura, “Audio-visual speech recognition us-
ing MCE-based HMMs and model-dependent stream weights,” Proc. ICSLP2000,
vol.2, pp.1023-1026, Beijing, China, 2000.

3) G. Gravier, S. Axelrod, G. Potamianos, and C. Neti, “Maximum entropy and MCE
based HMM stream weight estimation for audio-visual ASR,” Proc. ICASSP2002,
vol.1, pp.853—-856, Orlando, FL, 2002.

4) K. Kumatani and S. Nakamura, “Audio-visual speech recognition based on op-
timized product HMMs and GMM based-MCE-GPD stream weight estimation,”
IEICE Trans. on Information and Systems, vol.E86-D, no.3, pp.454—463, 2003.

5) oooo,0000,0000,“00000000DOOOOOOOOOOOOOO
00000000, 00000000000 0000SP2003-153, vol.103, no.519,
pp-241-246, 2003.

6) S. Dupont and J. Luettin, “Audio-visual speech modeling for continuous speech
recognition,” IEEE Trans. Multimedia, vol.2, no.3, pp.141-151, 2000.

(© 2009 Information Processing Society of Japan



oooooooooo
IPSJ SIG Technical Report

7) H. Glotin, D. Vergyri, C. Neti, G. Potamianos, and J. Luettin, “Weighting schemes
for audio-visual fusion in speech recognition,” Proc. ICASSP2001, vol.1, pp.173—
176, Salt Lake City, 2001.

8) H. Misra, H. Bourlard, and V. Tyagi, “New entropy based combination rules
in HMM/ANN multi-stream ASR,” Proc. ICASSP2003, vol.2, pp.741-744, Hong
Kong, 2003.

9) K. Iwano, S. Tamura, and S. Furui, “Bimodal speech recognition using lip move-
ment measured by optical-flow analysis,” Proc. HSC2001, pp.187-190, Kyoto,
Japan, 2001.

10) http://opencvlibrary.sourceforge.net

11) P. Viola and M. J. Jones, “Rapid object detection using a boosted cascade of
simple features,” Proc. CVPR2001, vol.1, pp.511-518, 2001.

12) B.D. Lucas and T. Kanade, “An iterative image registration technique with an ap-
plication to stereo vision,” Proc. DARPA Image Understanding Workshop, pp.121—
130, 1981.

13) S. Itahashi, “Recent speech database projects in Japan,” Proc. ICSLP1990, vol.2,
pp-1081-1084, Kobe, Japan, 1990.

14) S. F. Boll, “Suppression of acoustic noise in speech using spectral subtraction,”
IEEE Trans. Acoust. Speech, Signal Processing, vol.27, no.2, pp.113-120, 1979.

Vol.2009-NL-191 No.24
Vol.2009-SLP-76 No.24
2009/5/22

© 2009 Information Processing Society of Japan



