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A stream-weight optimization method
for audio-visual speech recognition in real environments

Satoshi Tamura, Koji Iwano and Sadaoki Furui

Department of Computer Science, Tokyo Institute of Technology
2-12-1 Ookayama, Meguro-ku, Tokyo, 152-8552 Japan

E-mail: {tamura,iwano,furui}@furui.cs.titech.ac.jp

Multimodal speech recognition which jointly uses acoustic and visual information has been
actively investigated for increasing robustness of ASR. In order to improve performance of
multimodal ASR in real environments, it is crucial to automatically optimize stream weights
for multi-stream HMMs using a small size of data. This paper proposes a new stream-weight
optimization method based on an output likelihood normalization (OLN) criterion; the stream
weights are adjusted to equalize mean log likelihood values for all HMMs. Experiments were
conducted using audio-visual data recorded in a driving car. A 16% improvement of recognition
accuracy was achieved over an audio-only baseline by applying the unsupervised OLN stream-
weight optimization. By additionally applying the MLLR adaptation, a 23% improvement was

obtained.

1. 0ooo 000000000000000000000000
0000000000000000000000 00000000000000000000000
00000000000000000000000 00000000000000000000000
00000000000000000000000 00000000000000000000000
00000000000000000000000 00000000000000000000000
000000000000000000000000 00000000000 O00000000

0290


研究会temp
テキストボックス
社団法人 情報処理学会　研究報告
IPSJ SIG Technical Report

研究会temp
テキストボックス
2005／2／4

研究会temp
テキストボックス
2005－SLP－55　(6)

研究会temp
テキストボックス
－29－


oboooooooOobooobooooboonoo
ooooooobooboobbooobooooboo
oooobooooboobbooobooooboo
ooooboooobooboooogoboooboo
0000000 (1,2, 3000000000000
0000000000000 0O0UooOoO 4)oo
oooobooooboobbooboboboooboo
000000o0o0oo0oooO plooooo
obooboooboooboooboobobooooboo
ocooHMMOOOODOODDOOOOOOOOO
goooboooooboobbooobooooboo
oooooboooobooboobooobooboo
00000000000 pooooooooooo
oboooobooobOoooboobbooooboooobooo
goooooooooobooboooooo

obooobooobOoooobooooboonbo
oboooboobOobObooboooooooooo
ooooboboooobooooooboooboooobooo
oobooobooooboooobooobobooboog
Oo0000 MLLROODOOOODOOOODODOO
oboooooooooobono

2. 000o0o0ooboooon
21. 00000000 HMM

gobboooobboobooboooooboboo
oboooboobOobOoboobooooboooooo
OHMMOOOOOOOODOOOOOOOO HMM
o000 wOOOOOO-O000O0O OO0
oooo b,(0y)000 (1)OOOODDOOOUoOo

bw(ot) = )\Awaw(OAt) + )\Vwaw(OVt) (1)

000 t0000baw(0a)0byy(Ovy) 00000
00000 0,,000000 0y, 000000 w
000000 MeOAve 000 wd HMM OO O
00000000000000000000000
000000000

)\Aw+>\Vw:1 ) OS)\Aw;Ang]- (2)

gobboobboooboooboboooboooon
oboooboobOoboobooooboooobooo
ocoooooooODODODODOOOO0OO0O0O0O0gOoHEMM
gboogboooobooobobooboboob
gbooobooboooboooobooboboon
ooooooboooon

g

22. 00000000000O00O00O0

ooooooboooDooDgnD w01 <t T, wy €
w,wioobhDohoooooooooodw, 000D
gbooooooooooboooooboooon
goboooobooboboobt v, 0oogno
gogbgbooboooooboooboboobob
gboooooooobooooooooboooon
gbocoooobooboobooooobooooon
gogbgboobobooobooboboobon
gogbgbooobooooboboboboobob
gbooooogoobooo

T

L= Y (b0 -b.0)) @
t=1 weW
O00oLA)O0ODODOOODO0OUODUOO A =
(M} 0000000 (3)000r e WOOOO
0000000 Mg, 0000 ANy, DDOODOOO
gooooao

A = Y (1)
N = i[awt#{zvm(ot)wgvbmot)}
Suee {100 = b, (0}
D= §Tj [uimr - Np(O0) + G,z - 41 (0]
4w(00) = bau(Oar) — dvu(Ov)

oobobé 000000 10000000000
000000 40000000 A, €eAD0DOODO
Ad4,, 00000000 Mg, OOOOOOOOO
000000000 oo0ooooooooOn A0
O000000000000000000 (Likelihood
Ratio Maximization) 0 000000000000
00o00oo0o0ooo0ooboooooooooo
00 MCE-GPDOOOOODOOOOOOODOO
00o00ooOo0ooooooOoooooooooo
000 [6]0

23. 00000000000DOO00O00O0

goboooboobboooboobobooboobooog
gbocoooooobooooobooooooon
gboooooooboooooboooobooooon
gobooooooooobooobooboogooo

0 300


研究会temp
テキストボックス
－30－


Speech signal

i

16bit @ 16kHz

Audio

parameterization

360x240 15Hz
24bit color

Video signal
%

Visual
parameterization

9 dim. @ 15Hz

Normalization
Interpolation

9 dim. 100Hz

38 dim. N 100Hz

CAudio features) I;’>| Concatenation |<,EI CVisuaI features)
v v

| Training | g@udio-visual features)g I Training I

R NI R

Audio HMMs Multi-stream HMMs Visual HMMs

Stream weight
optimization
- Multimodal Recognition
Hypothesis ) <3 speech recognition ':>[ result ]

01 0o000ooooooooooboo

obooobOoobOoboooboooooooboo
obooobooboooobooboooooboo
oooooooooboobobooooooo
obooooboooobooooooooooDo
oooooooooooooooooo-ooooo
oboooboooooooboooooooooo
ooO-0Oooo0OoOoobooooboobaooo
ooooboobooooboooooooooog
ooooboooobooobooooboooooog
obooobOooboboooboooooogoboo
gbobooboboooooooooooooog r
0000000000000 M- 000000

T

T30 bau(Oar)

1t=1Tw€W (5)
T Z bA'r(OAt)
t=1

000 N=|W|00000 (5000000000
0000, 000-00000000000000
00000000000000000000000
00000000000000000000000

)\Ar =

Video signal

|

22

time

current frame [
]

|Contour extraction |<ﬁ| Preprocessing |Q>| Equalization |

Y %
%

|Integral computationl | Training |
v_J v K

HMMs for
mouth detection

Horizontal center
location of a mouth
N Viterbi alignment %
G Viterbi scoring
§> One-path DP matching
The teeth The height The width
information t of a mouth h of a mouth w

Visual features

020000000

Features for
mouth detection

0< 24 100000 Aapyax = maxy Aay, 00
000000000 0oooooooooo (2o
00000000000O000 (Output Likelihood
Normalization) D00 000000000000O0O
000do0o0obOOoooOobooobooooboooon
gobDOoooooooooobooooag

3. dbbuooogboboouaoan

0100000000000000000000
0o0ooooo (50

3.1. J0oogno

oooOoDDOOOCMN-MFCC 120000000
AOAADOODOOODODOOOOODODOO AOAA
ooob 3800ooooooooobooooooboo
ugboOo200000000000000000¢0
00w«w000ARO0O000000¢tD 300000
000 ADAADDOOOY9ODOOODOOO3000
goboooooooobooooooooobooooo
uoboooooooooooo-ooooooooo
gbocoboooobooboooooboooon
gpbooogoo

0310


研究会temp
テキストボックス
－31－


03 00000000DDO0O0OoOooDDOOooog

3.2. 00000

00000000000000 30000 20 left-
to-right 0 triphone HMM OO OO OHMM OO O
00000O0000O0oUoOo 7jobooo0oooo
O0000o0oooooD HMMOOODDO O Viterbi
0000000000000 0000000000
00000 HMMOOOOOODODOOOOOoOOoOO
OO0 HMMOOO HMMOOOOOODOD-OOO
oooooooHMMOOOOOO

3.3. 00000o0ooooooan

oo-0oooooobooooDoo0oD HMM OO
gobooobooboooobooboboooooooood
ubobooboooobooooboooooboooo
oooooooooooboooHMMOODDOO
oboooboobOooboboobooboooooboo
gooooooogon

4. 0Jgogd

oboooooooOobooobooooboonoo
obooobooobOoooboobbooooboooobooo
ubobooboooobooobooboobooboooboo
goooooobd

4.1. 000000
oboooobobooboooooooobooo

000000000 guoooooooooooo

ubooooboboobooobo nnoobaooo

obobobooobooobooooooooog

oboooooobOoobooobocobebOOODOOO
ooobooooooogoz2060000000000
gob 200000000000 115000000

gobobobooobooobooooboooooog

O000000O000oOO0o0oooooOSNROO
OO0 1w01dBO00O0OOO0OO0OOOODOOOO
ubooobooooboobooooboooboo

Recognition

Multi-stream HMMs

....... ~H84H-

o L)
[—=>MLLR adalptation

I:’> Sream weight
: optimization

O

Spkr.No.1 EI

Spkr.No.2 E [ |

Spkr.No.6 ! [ ]!

Recognition 8'8'8
(i) Y
Spkr.No.l(i7”””””””””””” 777!,:‘7 > MLLR adaptation

””””””””””””””””” Sream weight
Spkr{NO'z l | optimization

1848

[ - L2 | I}> MLLR adaptation
Sream weight
| optimization

Spkr.No.6 | |

(i)

Spkr.No.1

Spkr.No.2

Spkr.No.6 |

Six data sets for each six speakers

040000

gboooooboobooboooooboooon
gboooooooobooooooboooooooon
gbooooboobooo 30004

4.2. 0000

gboooobooboobooboooboooa
gbocooOoooooboooooboobooooon
uobooO0ooooboooooboobosoboboooan
O0O00OODOOMLLRO|ODODOUOO0OOOODOOOO
oooooooooO0OMLLROOOOODOOOO
gbooooooooboooooboooboooon
goboobooobooboooboooobooog
gboboooboooooobobooboobooebnoOonOd
oo3e00oooooboooobooobonooon 4
gboobo3oobooooooooboooon
o000 MLLROOOOODO

(i) OOO00O0OU00D0O0O0MLLROOOOOOOO
oboooooooboboobobooobooo
gboooooboooobooboo

(i) MLLROOOOOOODOOOOOOOOOO
oboooobooooboooooon

(iii) MLLROOOOOOOOO 360000000
obooooobooooboooooon

0320


研究会temp
テキストボックス
－32－


01 000o0o0o000000O000O0oMLLROOO

000 oo
00O ooo
0000 62.0%
0o-00 |0ooo00 64.2%
oooo
BB 756% | 764%
Gnooo 59.4% | 778%
spkeNol [ [ ] [ | [ |
SpkrNo2 [ | [ [ [T ]
spkrNo6 | [ [ T T ]

l—> (1) optimizing stream weights using
q n utterances in each data set

(2) recognizing the data set using
the obtained stream weights

Os5 0000000000000DOOO0OODODOOO
oo

80

S g e

70 fooepe

65

60 %

Digit accuracy [%]

55 3

50 S

45 T

S

40

0 10 20 30 40
# digits for optimization

whole set

"""" audio-only

————audio-visual (the common weights for all HMMs)
—— audio-visual (LRM stream-weight optimization)
—=e— audio-visual (OLN stream-weight optimization)

e 0o0oobooooobooooouobobocoonbooo

oboooboooboooboobooooboooboo
gboogboooobooobobooboboob
ooooooboHMMOODOOOOOOOOOO
O A =10Ny,, =00000

4.3. 0000

0000000 ()000 (i)00000000o0
00000000000000000000000
000 10000000000000000000
000000000000000000000000
00000000000000000000000
00000000000000000000000

022000000000000000MLLROOO

MLLR | OO0 0o
0o ooo 000

00- [ () | 851% | 911% | 90.2%
0o [ () 88.7% | 90.4%
(i) | 781% | 762% | 84.5%

000000000000000 ()0000000
00000000000000000000000
000000000000000 11%012%000
0000000000000 D0000000000
00 (i)0000000000000 ()0000
0000000000 16%00000000000
00000000000000000000000
0000000000000
0000000000000000000000
0000000000 50000000360000
00000000000000000 00000
00000000000000000000000
00000000000000000000000
000 6000000000 (LRM)DODOOOOO0
(OLN)00000000000000000000
000000000000000000000000
000000000000 0000000000
00000000 wholeset000000000D00

ooooooo4rol26000000000O00O00OO

00000000000 10 )0ooooooo
gbooboooooooboooobooooon
gbocoooooooboooooboooobooooon
gbooooooooboooooboooooooon
gobooboboooboooboooogobooooo
oood
oooOoOMLLRODOOOOOOODOOODOOO
ooboooooooboooboooob 20000
010000 200000 MLLROOOOODDOO
gobooooobobboobooooobooooo
00000000000 000oo0o0ooOooo (i)
oo0ooooMLLROOOOOOOODOOOOO
gbocooooooboooooboooboooon
0000o0oo0ooooe%0o0oooooooon

4.4. OO

gboooobboobooboobooboooo
gbooooooooooboooooboooon
gboocobooooboooboooooboooon
goboobooooboobooooobooooo

0330


研究会temp
テキストボックス
－33－


oboooboobOoboobooooboooobooo
gboooboooobooboboooboboob
gboooboooobooobobooboboob
gbooobooboooboobobooboboon
oboooboooobooboobooooobooo
obe00000000O0DOODOO 000000
gboooboooobooobobooboboob

000 10%0000000001000000000

01ooooboooooboobooooboaooo
oboooboobOobObooboooooooobooo
ooooooobooboo 20000bO0oO0bDOooO
ooboooooboooobD MLLROOOOODO
00000 (i)00000o0oouooog 23%00
oo0oooooooooooMLLROOOOO00OO
00 6%0000000000MLLROOODOOO
ooooboooooboooboooooboooboo
oboocobooooboobooooobooooo
gboocoooboooooooboooooon

5. 0o

oooooboooobooobD HMMOOODOO
goooboooobooobooboboboob
oboocoboooobooboooooboooobooo

ooboooboooooboooboOooooooo

gooobooooboobobooboboon
goooboboooboobobooboboob
cooooooooOoOoOOoO0oooo0O0 MLLROO
oboocoboooobooboboooobooooboo
000000 23%0000000000000

0000000000 ()oooooooooo
gboogboooobooobobooboboob
0000O0()Doo0o0oooooooouoo
00000000000o0ooooooooE)o
gboogboooobooobobooboboob
goooboooobooood

HEN

OO0O0O0ONTTODOOODDOOODODOOOOOO
gbooooOooooooboboooboooon

gooo

(1] 00 00,00 0,00 0,00 00, “HMM

0000000000000000,”200000
0000, 2-Q-11, pp.111-112 (2000-9).

[2) 00 000,00 00,00 0,¢000000
0000000O0000000,”20000000
00, 1-Q-14, pp.159-160 (2000-3).

[3] G. Potamianos, J. Luettin and C. Neti, “Hier-
archical discriminant features for audio-visual

LVCSR,” Proc. International conference on
ICASSP 2001, pp.165-168 (2001-5).

[4] K. Iwano, S. Tamura and S. Furui, “Bimodal
speech recognition using lip movement mea-
sured by optical-flow analysis,” Proc. Inter-
national workshop on HSC 2001, pp.187-190
(2001-4).

[} 00 00,00 00,00 00,“000000
0000000000000000000000
00O000,72003000000, 3-6-11, pp.123-
124 (2003-9).

[6) 00 00,00 00,00 00,¢“000000
000000000000000000000
0000000000000, 200400000
0, 3-8-1, pp.123-124 (2004-3).

[7] 00 00,00 00,00 00,0000, ¢
00000000000 0000000000
0,7 0000, 2003-SLP-46-11, vol.2003, no.58,
pp.61-66 (2003-5).

8] 00 00,00 00,00 00,“000000
000000000000000,2002000
000, 3-5-5, pp.151-152 (2002-3).

[9] C.J. Leggetter and P.C. Woodland, “Maximum
likelihood linear regression for speaker adapta-
tion of continuous density hidden Markov mod-
els,” Computer Speech and Language, vol.9,
no.2, pp.171-185 (1995-4).

0340


研究会temp
テキストボックス
－34－




