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LVCSR Robust to Noise and Speaking Styles

Shigeki Matsuda  Takatoshi Jitsuhiro
Konstantin Markov  Satoshi Nakamura

ATR Spoken Language Translation Research Laboratories
2-2-2 Hikaridai “Keihanna Science City” Kyoto 619-0288 Japan

Abstract
To make the LVCSR (Large Vocabulary Continuous Speech Recognition) system that
is robust to noise and speaking style change, we present our LVCSR system that com-
bines multiple hypotheses obtained by parallel decoding using multiple acoustic models,
each trained from a different environment. The performance of the LVCSR system was
evaluated by the normal speaking style and hyperarticulated speech data contaminated
by various kinds of noises at different SNR levels. Experimental results show that the
system could achieve over than 90% word accuracy for the normal speaking style data
when the SNR is above 10dB, and about 45% word accuracy for the hyperarticulated
speech.

Key words
Speech Recognition, HMM, Robustness, Noise, Speaking Style, Parallel Decoding,
Hypothesis Combination

0370


研究会Temp 
社団法人 情報処理学会　研究報告IPSJ SIG Technical Report

研究会Temp 
2004－SLP－50　　(6)

研究会Temp 
2004／2／7

研究会Temp 
－37－


1 0000

gbooooooboboboobobobod
gboobobooboobooboboboooan
gboooboboboobooboobooooo
gboboooooboboboboooooon
gbooooboobobobooooboooon
gbooogobuoooobaoboboooan
gboooobobobooboboboooan
gbooooboobooobooboooooboboo
gbooooboboobobobobooooan
gboogboobobobooooboooboooboo
gbooobobobooobooboboooooan
goooooooboboboboooooobooon
0000000000 [1jbooooooooo
goboooboboboobobobooooon
gobooobbooobooobbooboab

0000000000000D00SS(Spectrum
Subtraction) 0 2] D 00000000000
000000 0ORASTA(RelAtive SpecTrA)[3]0
DMFCC (Differential Mel Frequency Cepstrum
Coefficient)[4| 00000000000 O0OOO
goboOooossoobobooobooooooog
goobooobooooboooboooooo
OSNR(ODOOOODO)OOODOOOOORASTA
gobooooooboooooooboboooogoo
gboooobouobobuoioi2gz00000
ggobooobbooouobuoooboooooo
00o0ooooooobMFCCO FFTOODODO
ggobbooobboouobooobobooonoo
gooooboobobobobobobooooboon
ggoooooobobobobbotododooooon

goboboooooobboooooobboo
PMC(Parallel Model Combination)[5] 0 O O O
0000 [6]0 MLLR(Maximum Likelihood Lin-
ear Regression)[7|0 0000000000000
ocooopMCOODODHMMOOOOOOOOO
ggoboooboboooobooobbooanoo
gooboboooobobooooboooooo
ggoooobboooooobooooooboo
goboboobooboobooooboooon
gboobdobooboobobobobUOMLLRO
ggobboooboboboooboboooboo
gboogboobooobooboobooobooobo
gobobooooboobobouooobooo
gboooboogobooobooboobooboo
gobobooobobooouoboboooooo

0 380

000 [9ooooooooo

ubobooboooooboboboobooboon
goboooboobobooboobobooooon
O0OLombardODODODODODODODOODODODODOO
00000 QUoOo0oo0HMMOOOOO
gboboooobobobobaoooooan
O00000000o0oooooooooo (10
gboobobooboooboobooboan
gboobooobooboobooooboooboon
gobooboogoooobooboobooboo
000000000000 0ooo [11,12)00
gboooooo

gboopooobobobooboobobon
obooboobooboobooboobon
gboooooboobobooboboooooaon
gbobooboooboobooboooooboo
gbooooobooboobooobooonoooan
gboooobobobooobobobooooon
gboooooobob200b00b000o04an
gooooobobbooobobobooooon
gboooobooboboooboboooan
gbooooobobobpooboobooooon
gbobooooboobobobaoooooan
gbooooobboboooboobobooooon
gbobobobobobo

gobooooboooobooobooooo
gogobobobobooobbooobobooooo
ggobbooobbooobboooooooo
goooobbbobobooodooooooooo
gobbooooobbooobbooooo
HMM (Hidden Markov Model) DO 000000
ygoboooboooobboooboooooo
gooboobooobobuooboobobooon
000000DOO0D00O0ODbOooOonog SNRO
goobobooobobooooobooooooo
ggobogobooobbooobooonoo
goobobtbooooooboobboooooo
ggobobooubbooobbooooboooo
00000 [B¥ooooo0oooooooo
goobooooobobobobooooobooo
ggobbooubobooouobboooooooo
gooooobobobooobbobooooon
gobbooubbooouobbooooboooo
goobooooobobobobooooooon
godooooboboobbbotodouoooon

gboooooooboobooboobooboobo
gboboooooboboboboooooan


研究会Temp 
－38－


Normal Speech HMM

Hyperarticulated Speech

(MFCC) HMM (MFCC)
Noise 10dB Noise
Adaptation Clean ™" 515 Adaptation
| Decoder [, | Decoder | Decoder E
AL T T TI K1 = T HLIT‘I TI
JEGG | t Lt iIEEIN
<>
MIC E = 3 B
< 2
| = » Hypothesis |, |88
[ » Combination €3
<> s
B X< i3 >
> e
B =
— R
—>| DMFCC l
1 VJI LI :
y Y
A 4 1 A 4
Noise Noise
Adaptation Adaptation

Normal Speech HMM
(DMFCC)

Hyperarticulated Speech
HMM (DMFCC)

U1 00000bgoooon

gobooobooobooobooobogoon
goboboooooobooboobbo 4000
ooooooo

gboooooboobobooooooboobobo
oboboboboboboboboboobo
gbodoobobooboobobogooobo
gobooooboooboooboobooooo

O0O00OO0DO0O0O000OO0bOOoDbDOoSNRODOO
gboooooboboooboobobooooooDo
oboobooooobobobooooobobo
gbooooooobobobooooooobbo
gboooooboboooboboboogooobo
(5|0 0000000000000 O00DOO00
gbooboooooobogbbobobobobo
gbooooobooogoboboboogobobo
gbooboooboobooobobobooobooboo

g2000000000000Db000000
gboooooogoboboboonooogobbo
gbooooooobobobooonooobogobon
gboboboboobobobobobobobo
gbogs3bobooboobobobobobo

0390

2 Jooouod

21 0OOoOooooga

01000000000000000000
0000000000000000000000
0 MFCCOOOOO DMFCCOOOO [4] 00
0000000000000000000000
1600000000000000000000
1600000000000000000000
000000000 2000000000000
0 Markov0 0O OOO0O0O0OO000O [15]000
0000000000000000000000
0000000000000000000000


研究会Temp 
－39－


gboooboboboooboobobooooo
gboboooooboboboboooooon
OO0 [100oo0poo0o00oooooooon
gboboooodgbobobobooogooan
O00000o0o0oOooOoooooooo 4o
gobOSNROOOODOOOOODOODOOD
gboobooboooboboobooobooooan
Oo0O00O0O0O0OO0SNRODOOOOCOOOODOO
gboobooooobobooboboooooon
goooooodbMFCCOODOODOOOODOO
gboobooboboobooboooobooboo

22 0O0000O0OOO0O0OOboOn

goobooooooobooobobooooo
O00ChenOOOOOO DMFCCOOO [4]0
O0000oOoDMFCCOOOOOO (1)OOO
DPS(Differential Power Spectrum) 00000 O
oooooooDooo Y6, kDODODO:0000
goooobobokooobboboooooooDo
00000000 D(iL,k)O00O0+0000000
OO0000 k000 DPSOOOOOODMECC
0000000 DPSOO0OODOO DCT(Discrete
Cosine Transform) 0 0000000000000

D(i, k) =Y (i,k) =Y (i,k+1)| (1)

gboooooboooboooobobonbon
gbooboboobooobaoboboooan
gboobooboobobooobobonoooon
oooooooobpPSOOOODOODOOO
gboobooooobobobobooooooon
bpSsOOD00ODODODLDODOOOOOODOO
gboooobobooboobooobobogn
Oo0O0o0oooooO0ooooooooDbpSOO
gboboobobobooobobooboooan
ooobpSOO0000000O0O0O0O0OOOOO
gboboooooboboobobooooooan
goooooooboboboboooooooon
ooOobDPSOOOCOODOOOOOOOODO((DO
O0000)00ooO0o0oOoooooooooo
gogbooobboooooaobbooooab

DMFCCODODODODOOOODOOOOOOOO
gboboooog2s00bo00ooooobogn
00000000000o0oOoO1s)o0oooo
oooooobpoooMFCCOOOO DMECC
gbooboobooboooboooboooboo
gobooobobooooooboboooooonoo

0400

STEP 1) Preparing a noise GMM and noisy speech
HMMs

| 888

Noisy Speech HMM

Noise DB

STEP 2) Estimation of mixture weights

WA -

Observed noise

2
Povm = Z wn, Py;
i=1

wn, Pr,

. V. V. Acoustic
Noise GMM N No Feature

STEP 3) Generating a noise adapted HMM

i wx, 1P 1 8_’8_8
wx, 2P 2 | -
A
i Acoustic Feature . Py = Z Z Wy, W Py
S i=1 =1

: wWx,2 W, wx, 1P
i Wx1 P01
Ao :

Acoustic Feature ‘.1

Noisyb 'Sbére'ch HMM

WN, W2 Py
WN, Wx, 2Py N2 TA2 5002

AV VAN

Acoustic Feature

Noise adapted HMM

O200GMMOOOOOOOODOOO HMM
goooog

23 0O0O0OO0O0Ooooao

000000000000000000000
00000000000000000000000
0000000000000000000000
000000 140000 GMMOODOOOO
00000 HMMOOODOOOOOO 20000
00000000000 00000000000
1)000000000000000000000
00000000 GMMODOOO00000000
0000000000000000 HMMOOO
002)00000000000000 GMMO
000000000000003)0000000
00000000000000000 HMMOO
0000000000000000000000
0000000000000 N;0040000
00X 00:i0000000000000000
HMMOOOOPy, 0 wy, 000 GMMOOOO
0:00000000000000000000
000000000Py,;0 wy,;00:0000
00000000000000000 HMMA; O
0000, ;0000000000000000

gobooboobgooooboobooo


研究会Temp 
－40－


0100000000000

ooooboooooao

oooooooo ANADOOOO
JROOOOODOODOO |Oobo0Oobooon
ooooooood ooooog
JROOOOO JROODOOOO
ATR OO gbooooooooboo
goooooooon gbooooood

y 000000000000
(00000000 [0000 [000000 \

GMMOOOOOOOOOOOOO0OOOOOOO
gbobooooooooooooboEeMMODOO
gbooobobooboobooboboooon
gbobooooobobooboboooooan
goboobooooboobooboboobd
g3fdbgboboobobobi1oobon
120000000000MFCCOOODOOOO
00000 HMMO pPMCODOOOODOODOO
DMFCCOUODOODODODOOO HMMOOO
gooobooboobooobooMLOODOO
gobMrFCCOOUOOODO PMCOOOODDO
goboooobooooooon

24 0O000O0OOOO0OOODODOOO

gbooooboboobooboboobod
goooooooboboboboooooooon
gboboooooboboboboooooon
gboooobobooobooboboooon
gbobooboboboboobobuoooan
gboooboboboooobooboboboooon
gboooboooboooobooobooboooboo
gboobooooobobooboboooooaon
0000000 [1ojoooooUoooooooo
gogoooobooooooboooboooooobooo
g3boobooboobooobooooboog
gbooboobobooboboboooan
U00Ot-a+sil0000O0O0OO00OOO0O0O0OO0O
gbooobooooboboobooboooboo sg
gbooboooobooboboooboooboo
gboooboboboobaoboboooan
goobobooooobobooognD sil-k+i O
gbooobooobooooboobooboooboo
gbooobobooboboboobonooaon
gboooboogobooobooboobooboo
gobooobooboooooaonbooo

0410

sil-k+i
pause

03 0000000000000 000O00 (O
OO0 t-a+k0O00000O0O0ODDOOO/t/0000
00/k/000000/a/0000000000)

Re-finding for a optimal word sequence

U4 0000000000

25 0000

obooooooboooooooboooooo
O00U0OUO [s|0o0oo0oUooUooUoUo
gbooobooooooboobooooobooo
gboogobooboobooobooobooboboo
gbooboooobooboboooooooo
gbooobooboobooooboboooo

gboooooboobooooobooobobooon

gboogbooboobooobbooooboobooo
gogooboobooboooooboboobobooooooboo
goboobobbooooooooooooobooboboon
gboooobobooboboooobobgon
goog

o4000000000000DDOO0OO
000000001)0Uoo0o20000000


研究会Temp 
－41－


gboboboboooobobobooooon
00000oo0o0o2)0oooooooooo
ggooboboboooooobobooooobo
goooooooooMFCCO DMFCCOODO
ggoooboooooobooboooooobooo
goooMrCcCOOOOoOoOoooOOooOooOoo
ooooobMrFCCOOOODOOOOOODODO
goboooboooobooobooboobooboon
gboobooooobobooboboooooon
gooobobooooboboboboooon
gbooobobuoobooboboboooan
goood

3 duouobuouoooobon

3.1 ODOodugdobbooogbon

02300000000000000000ad
gooobooboouoobuooooboooo
oooooooooooooooooooooon
d00o0ooooDoDoooOoog ATRIUMS OO
000000 DOOOoATROOODOOOODOO
BTEC[17]0 000000000000 0OOOO
0000000000 SDBOSLDBOLDB[16] O
ooooDe61MOOODOOOOODDOOOO
34k0 0000 10000000000 2-gram[18]
0000002000000 3gram00000O0O
goooboiooodooooooonon 100000
oo0ooooooooouooooooooooo
000000000 16kHz000 00 20msO00 0O
00 1msO0O0000O0O0OMFCC OO DMFCC
dooooooooMrFCCOOOODOODOODO
001200 MFCCOAcO1200 AMFCCODO
25000000DMFCCODOODODOOODOO
001200 DMFCCO Apowd 120 0 ADMFCC
00200000000000000 /x, a, b,
ff,d, e, f,g,hi,3, k, mn,o,p, ¥ 1,8 [, ttsu,
w,j,z/0260000000000000000
O00OO0OML-SSS[19]0 000000 2100000
HMnet 000 OO0OO0O0O0ODOOOOOSO00O
0000000 DOATROOODODOOOOOO
TRAOOODO40700000000000ODO0O0
goggso3og3aogoooooooon
ooooboooob 100000 12000000
oo0o0oooooMrFCCOOOOO0O0OODODODO
SNR OO PMCOOODOOODOOOOO HMM
0000oooooooooooobMFCCOO
goooooooooooooooooooon

0420

[EH 10dB HMM

[ 20dB HMM
100} I:IMAX 3 30dB HMM

I Clean HMM

91 I

80+
70+
60
50

Recognition Accuracy (%)

40}

10dB  20dB 30dB Clean 10dB  20dB  30dB Clean
SNRs of evaluation data SNRs of evaluation data

MFCC DMFCC

Us 00000boboooboboooon

O00O00O0DOO000O0 SNROO10dBO20dBO
30dBOOOOMFCCO DMFCCODODOODODO
OO0OO0O0O0OO0D12000D0003000 SNR
Ob2x12x3=720000000000000
00730000000000000000ATR
000000000 BTEC testset-01(510 0 00
04000060000510000000)00
Oo0010dBO20dBO30dBO SNROOOOODO
goboobobooobboob1b000on
coGMMUOOOOOQOOODOO1ODO0OO0O
gbobooobobobobobo40000
gboooobooboboobobooboobo

gs0b3pboobobooboboboon
gobbooooooooboboobod MAXDODO
00000000 (10dBO20dBO30dBOclean) O
gbooooboooobooboooobooo
gboboooobooboooboboboooon
gbobooooboboooobobobooon
SNROOOOODOOO9%% 000000000
oooooobMrFCcCOOOODDOOOMFCCO
goboooboobobooobooboboon
ocooobMFCCOODOOOOOODOOOO
ooooooOoooooooboo MrFCCODOOO
OO00DDO0O000000DO000000 SNR
oooooooooooobo MrCCOODOOO
ooooooog

3.2 UU0O0O0O0O0O000O000O0000
goggon

g240000000000000000O00O
gbooooobooooboboooooboon


研究会Temp 
－42－


100
D MAX - Normal Speech HMM

D—Iyperaniculmed Speech HMM

©
[3)]

9
>
@)
[
R
>
3] .
o
< 90 .
c
2
=
c
(o))
3
g 85 .
[an

80 L] e )

10dB  20dB  30dB  Clean 10dB  20dB  30dB  Clean
SNRs of evaluation data SNRs of evaluation data
L J L
MFCC DMFCC

e 0boooooobobooooboobo
gogboboobbooobooboboon

gooobobooobooboboobobooon

goooooobbobooooboboboobooboboo

031gooooooooooooooogno
gooobooobooobobooboobooon
goboboooboobooboooboooboon
2000 200000 1000040000000
OO0D0O0O0O0O030dBO20dBO10dB O SNR OO

J1goooo3noooooooobobobobobon

gbboobooobooboobobooobooo
gbooboobooogoboooobooboonbo
goobooobooboobbobooobonbon

goooobobboobobboooooooooooo

gboooboobooobobooboboonbo
gobobooobobooboboboooon
ggbbogboodobboobbooboo
gedbobopobooboOoboobobon
gbobogobooboooooooo2000000
gboboooooboobobooobgoobDbo
gobooooboobooobooboooboon
gbogbobooboooboobobaon
gbooobooboooobobooobooonDo
gboooooooboboobobooobooboooon
ggbobooboodobboobbooboo
gbooooboobobooboboobon
goborooboboboobooobooooonDo
gooobooooboobobooobobooo
gobobooobooboooobooobonoon
oooooosiaobobopoobooogogoglodBO
goboooobooobooo3odBOOOOD
gogboooobooobooon

0430

[e2]
o

Normal Speech HMM

-
D-iyperamculated Speech HUM |

[6)]
o

N
o

n w
o o

_
o

Recognition Accuracy (%)

o
I
I
[

I
I

-10

10dB  20dB  30dB  Clean 10dB  20dB  30dB  Clean
SNRs of evaluation data

DMFCC

SNRs of evaluation data
L J L

MFCC

Ornoboobobooobobooobobon
guobbooooboboooobbooabboo

3.3 UOOUoooood

goooMrFCCOODOO DMFCCOOODO
gbboobugoooboboooboobaon
gboboooobobobobobobooobobo
gbobooboboboboooooboboobo
goo.o6n0oon

gsgoooooooobooboooooo
goboobbobooboobooboooooooon
MFCCOODODOODOOODOODOOODOOO
ooo0bOO00oOobOoo0oobOooooMECCO
bMrCCOOOOOOOOOOODOODODOD
gobobuaboboobooooboooboonon
gboboooboobobooboboboon

4 00O

gbobooooobobooobooboobooog
gboooobobooobooboooobobo
gobogobooobooboobobobobobo
gbooooobobooobobooogobobo
gboboobobobobooboboboobo
gboodoboobobooboobobooooboobo
obobooobobooboboboobobobo
ooooooOoooobo bMrFCCOOOOOOO
oooooooooHEMMOOOO0O00 GMMO
gboooooobooboasMMOODOODO
gboboobogooboboooooobobo
gbooooboboobobooooon

OOoo0O0O01dBO0O 30dBO SNROODOO


研究会Temp 
－43－


100 60

[ MFcC HMM
[

[T ] pMFCC HMM
< 96| 2
> 50
[&] [&]
g g
3 92} 3
< <
5 g
= 88t =
o o
jo2) [o2)
8 8
9] 30 @
o 84 o

20

10dB  20dB 30dB Clean 10dB  20dB 30dB Clean

SNRs of evaluation data SNRs of evaluation data
L J v "

Normal Speech Hyperarticulated Speech

U8 ogoboobooooobooooooon

oo oUoobo
W0W%0 00000000000 LODOObODOOOO
gbboooobooobbooobbooooo
gooopooboobobobooboooooon
gboboooboboobo

gbooboboboobobobobobobobo
gboooooooooooooooooooon
gbooooobobooooooooooogoo
goooboobooboboboboooooogn
gbopooooboooo

oood

(1] 00,“000000000000000000,” 00
00, EA2002-12, pp. 31-36, 2002.

[2] S.F. Boll, “Suppression of Acoustic Noise in Speech
Using Spectral Subtraction,” IEEE Trans. Acoust.,
Speech, Signal Processing, vol. ASSP-27, pp. 113—
120, 1979.

[3] H. Hermansky and N. Morgan, “RASTA Processing
of Speech,” IEEE Trans. Speech and Audio Process-
ing, vol. 2, no. 4, pp. 587-589, 1994.

[4] J. Chen, K.K. Paliwal, S. Nakamura, “Cepstrum De-
rived from Differentiated Power Spectrum for Ro-
bust Speech Recognition,” Speech Communication,
vol. 41, no. 2-3, pp. 469-484, 2003.

[5] M. Gales and S. Young, “Robust Continuous Speech
Recognition Using Parallel Model Combination,”
IEEE Trans. on Speech and Audio Processing, vol. 4,
no. 5, pp. 352-359, 1996.

[6] Y. Yamaguchi, S. Takahashi and S. Sagayama, “Fast
Adaptation of Acoustic Models to Environmental
Noise Using Jacobian Adaptation Algorithm,” Proc.
Eurospeech 97, pp. 2051-2054, 1997.

0 440

[7] C.J. Leggetter and P.C. Woodland, “Maximum Like-
lihood Linear Regression for Speaker Adaptation of
Continuous Density Hidden Markov Models,” Com-
puter Speech and Language, vol. 9, pp. 171-185,
1995.

[8] J.C. Junqua, “The Lombard Reflex and its Role
on Human Listeners and Automatic Speech Recog-
nizer,” J. Acoustic. Soc. Amer., vol. 93, pp. 510-524,
1993.

[9] K. Yao, B.E. Shi, S. Nakamura and Z. Cao, “Resid-
ual Noise Compensation by a Sequential EM Algo-
rithm for Robust Speech Recognition in Nonstation-
ary Noise,” Proc. ICSLP2000, vol. 1, pp. 770-773,
2000.

[10) O0O,00,00,¢“0000000000000000
oo0ooooooooooooooooogyyoon,
vol. J86-D-II, no. 1, pp. 42-51, 2003.

[11] 00,00,00,“0000000000000000
0000000000000000000000000
0,” 000, vol. J86-DII, no. 2, pp. 204-211, 2003.

[12] OO,00,“000000000000O00O0OOO0O
0000000, 0o0o0O00SP2001-103, 2001.

[13] M. Ostendorf, V. Digalakis and O. Kimball, “From
HMMs to Segment Models: A Unified View of
Stochastic Modeling for Speech Recognition,” IEEE
Trans. Speech and Audio Proc., vol. 4, no. 5, pp 360—
378, 1996.

[14 00,00, “00 GMMOOOOO SNODOOOOO
00000000 HMMOOOOOOOOOOOO0O
0, 000, vol. J86-D-II, no. 2, pp. 195-203, 2003

[15] K. Markov, T. Matsui, R. Gruhn, J. Zhang, S. Naka-
mura, “Noise and Channel Distortion Robust ASR
System for DARPA SPINE2 Task,” IEICE Trans.
Inf. & Syst., vol. E86-D, no. 3, 2003.

[16] T. Takezawa, T. Morimoto and Y. Sagisaka, “Speech
and language databases for speech translation re-
search in ATR,” Proc. EALREW, pp. 148155, 1998.

[17] T. Takezawa, E. Sumita, F. Sugaya, H. Yamamoto
and S. Yamamoto, “Toward a Broad-coverage Bilin-
gual Corpus for Speech Translation of Travel Con-
verstaions in the Real World,” Proc. LREC2002,
pp. 147-152, 2002.

[18] H. Yamamoto and Y. Sagisaka, “Multi-class Com-
posite N-gram Language Model Based on Connection
Direction,” Proc. ICASSP, pp. 533-536, 1999.

[19] M. Ostendorf and H. Singer, “HMM Topology De-
sign Using Maximum Likelihood Successive State

Splitting,” Computer Speech and Language, vol. 11,
no. 1, pp. 17-41, 1997.


研究会Temp 
－44－




