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LT, HEDOY AT LDIREZAET DY AT L
BIZED LS HEPH ST W5, il 21X Recognizer
Output Voting Error Reduction (ROVER) [2] &,
DY AT L EHHB Y AT L DR DEEPIZ LD,
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EHD S5, BEITEBOV AT LZHRML, HED
HAGLE 2 Y FOMEREIZEDVWTIRET 5,
D& AT S FETId AR < BERAI LR
AEMMATZFEPEEN TN S,

BWWEEHORE TR, [T—AT 1 v VAT
LG OHGRMNENN T E UTALFEEENT WS,
AdaBoost [4] &, Zfilid H O DR LFAEHB T, §
ATy T OIS T2 FH T — RIZKE hEA%E
A% Z 8T, #Eo I ARGHMER % RO a0 & 4
52 L RARRIZT 5, 2MEAHD K S ICHHZRMEIC
FERTH 20, EHRRIRINMETH 5 HFHR
ARDBEIC AT 2 Z 2 TSR,

HHERBOMEIL T — AT« v EBEHALED &
TERAB N DONARLND, HIZAIE, T—AT 1V
2" Baum-Welch [5] l&, Baun-Welch 7 )L 3V X A2
BUIZIV—LEDT—AT 17 THH, REDK
WEHT - XOfGIEEBRANICEETE S, 7272
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ZRARAT B EFRRHT, DY AT LADKF L D
HifmEz MEs 5, BAFEDO-OD T T4 A%
HoTETNEERT B720, HBIFEEEL OBSRME
DT H 5, RO FE L L REE% 2 i, 3
HTHhRAR, 4HIZBWTIREEOAENMEZRT,

2 MHEFERERAL (MMI) #HElFEE
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BB. I ADMIZEGDFEEEK Dy, 13, X, ZIE
EMEIZSB7bDEDTH S, GMM DEGHEHA ),
b AR I B b 2 (7]

boosted MMI (bMMI) [7] (2B W T, #H D MMI
DFEAMBEEUE, 350 DZ WG DRI % Bl S % £
Bba2EL LI ITBEINS,

1 Zsreswr P (0, X)" pr(wr)
n = ,
Zw Zsesw Px (Sa X) PL(W)e*bA(S’Sr)
(4)

A(s, ) 12, HMM OARFERF s DARRE /&3 /HFEIE
figse (1IEfig s,.) TH O, BE 7 L —LBIZEH IS,
Algorithm 1 1%, MMI % U < I bMMI ® Bk
BTN IT)ALEZRLUTWS, #5iE Baum-Welch
(EBW) 1 icp [HHE DB L 7=,

}—I\D(WT) =

Algorithm 1 Construct MMI or bMMI model
Require: Initial model A\, numerator (w, aligned)
lattice A , and denominator lattice £ of (1) or (4)
for i =1 to i, do
Rescore A and £ with A

den
Tjmt

num
’ij,t

spectively

and <posteriors of A and L, re-

num den

Ajm,t = YVim,t — Vim,t
A <= Update pp and ¥ by EBW (3).
end for
Ensure: MMI or bMMI model ()

3 MBI RTLDEHDHRFEE

Z I T, MY AT LEAIIE TV (ML) &uD
AT LDET IV (MMI/bMMI) 2 S EFE I N5 LK
T 5, AEITIE, MBIy AT L D7D DHERFH
#E, (DMMI O 7V T ) XL %EERLUEHRT 5, Z
DFEE, KEBRI T =X D700 [T—AF 1>
7] FHELBEBRYEH D, DY AT LD E HE
572012, A (1) O MMI OFEAfREEE . AR DFE
filiB%L (5) D & Sz —Mefbd 5., Z ORI, Hi4%E
QIHIZBWTIED Y AT LDREE & DI EEHRE % &
MBS 2 ERIRFIZ, G305 1 HIZTBWTIEMRZ )b
2 A AR E % R b T B,

PAC (wh X) 14+«
ZwﬂxwX»)
MI to the correct labels
P>\c (wlLl’ X)

‘i (%)

MI to the 1-best (base system)

73, (arsin) = n )

<2
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RTHD, w1 13q(1<q¢g<Q)BFEHDITDY AT A
D1IMDEHTH S, o lZHBIY AT LD=HD A
=) U RET, a0 ik, ZOFMBEBIX
MMI D ZHUZ 8T 5, fHEDODIZ, AFIEIED
VATLDEQIF1 &L, B q 3BT D, FEAiM
BIBULRTIIZ AT D & S 128 b,

Py, (wy, X)
Py, (w1,X)’

U WHEBI Y AT L OFHIBIEUE. MMI &80 %8 O
PEAIZ A5 TE D A2 BOLE O IH % FF D,

A (6) DHMZ R LT FM 2 FP T L, X
(4) DFLLTHBOLE LEDIHIZ (W5 D) BlERE %
432 &T. BAFD boosted i D FEMREE % 15 5,

(7)

Ty (wr,w1) = ]—';VCI (wr) + aln (6)

Fy(wryw1) = ]"}\)C (wyr)
ZSTGSMT 5 (sr, X) pr(wr)

+ aln ,
Deres., P (51, X) pr(wy)ebrAlsner)

s1 IZTD Y AT LD 1 ALDARGER wy (ZRIET 5 HMM
IRFERIITH 5, WS DMERE b (B L T3
IZER Y 5,

Z 2T, REOFHMRIE (7) 2 H - 7-5E 0wy
AT LDEFHRIZDOWVWTIBRS, GMM D45 & sy
BOEFHRAIL, TD (b)MMI OEH X (3) ICBATD 2

DOEBUMBIERMA BT TLW (Y BAZ),
den r_ ?ﬁgt + Oé’}/]lm7t
’Y]m,,t - 1 I ) (8)

/!
Ay = (14 a) (v = ven)

Vimi FTEDY AT LD 1RO XS 2 3% A
TLDRRMELETH B, W5 DORERE b HOZ)
ReWLd 5720, REEOR T L —LTODN
HREZE S, ZNERFEP 1 7V —LTHE5E
HIELTW5, H—7 L —LDEEIE. HMM Ok
BB %5 2 5 EDR\N 20, HMM OYIHHIRAED
HAZAWKT DL, HERMRIEELEHFAITO
B BERED 5 72 £ DI T 5, FaE L 2405
TBE, FHMERAL EUTOML RSN,
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Clpe™

1
el

(4, s.t., si=j€S,,, correct),
(4, s.t., s1 #j € S.,, incorrect),
Py (4, m, x) pr(wi)

Zm’j{eswl P3 (41, M, x) pr(wr)ebr A1)’
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Algorithm 2 Construct complementary system

model
Require: Initial model A (e.g., ML), base system

models )\;, numerator (w, aligned) lattice A, and
denominator lattice £ of (1) or (4)
for i =1 to ie, do

Rescore A and £ with A

num and vde’ft <posteriors are gathered on A4

’ij,t jm
and L, respectively

(1 + )yt

den

Vimt = ~Vjm,e T
for g=1to @ do
Rescore £ with A,
L1 <best path of £
Rescore £1 with A
'y}m,t < posteriors are gathered on £
Vim,t < *%'le'm)t + Vim,t
end for
Vimt s Vfﬁfft <positive and negative parts of
Vim,t
A < Update p and X by EBW ((3))
end for

Ensure: Complementary system model (A. < )

i IEROBEITHA TR P (> 1) BV, 4,
WNE B0 4], 1 A (8) IZBWTRIEDENH
AR A, PHEIERONDDT, lem BINE L5
. INSDEFICT B ESRETEDPKE BB,
Z1iE AdaBoost [4] L\ o2 T —AT 4 VI DT IV
TYRALE, DY AT LDBES A %25 25T —
2T LT, KD KREREAZBZL, Fnd 2535
A—RERESHEFT DLWV HTHEHLUMELRD 5,

FEDER D 7 L — MCEHBEA I, BIAE -4
AEETILT) AL L > THBMEREZHHT 20
EAHY ., BTV — LOEBRERITHIZR T L —LDZ
NOMEEZIT D70, FEMEREHIEREOMOD
BRI Z R T 2 IR L WV, LA LA S,
VINSOE Tk 5 Sl e S 1T A £ STHODZS
F LD EMRICE L THINERTH 5 Z e n
WiFcE, HRIL—-L05ATH, BEEET -2
T4 T EEENRD B ENZ B, Algorithm 2 121,
REDWHH AT LOEEET N EEHT 5720DD
THNITVALERT,

4 ERENEERRIC & BFHM
4.1 ER&EHE

REFEEE 2 CHIME F¥y LYY (FTv 2 2) %
FAWTRHIi U 72, 7% - JER GBS BRI B 1) 5
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FEEEGER DI R A 2 (Wall Street Journal (WSJO0))
TH 5 [8], sBHY 1 Xk 5k(basic) & L. Kaldi[9] &
o7z, Ly MEBIFHH D 7,138 Fifi (si84). #F
fifitz v b (si_et_-05) & 12 §E#& D 330 ik (Nov'92),
FAFEE v b (sidt_05) 1& 10 G55 D 409 FEhHD 572 5,
HEETIVIIFEEY hEHVWTEEL, 582 —
ok ZBFEE Yy ST L 72, B IO O
HORENORE., SR Vo EEEEDS DT,
MNLFFHZ R LT SNR = {—6,-3,0,3,6,9}dB TH
BINTWD, HENMIZEDII NS F I ATIZ
KO EREWE S N &5 &l o TRl U 72 [10],
TR » FHSE AR O E I L TR RS [11],
N— 2D HEERHEIX MFCC & PLP (0-12 order
MFCCs/PLPs + A + AA) TH 5, AT, F¥EZE
BRI (R0 (LDA), B2 (MLLT))
LRI TFIE (G IR Y (SAT). FriR 22 M
KAIEIE (IMLLR)) 2 o7z, SBETIVOEETF
g & R S B D B E I BT U TR, SRk [10, 11] 2%
RE 7=\, HMM OREEE 2,500 T, 47 A534
DFEIE 15,000 TH B, TV X LT LA NI
HAEHEFL T, MFCC & PLP R TAME % 2
U7z, 28 a L by FF¥Ey THEL, 0.75
£ 03 IZHE Lz, EBW id 4 [m#EDIKL 7=,

4.2 WBREEE

Table 1 (Z1%, MFCC & PLP R#&E ToOR*t
v N (dt) &Rl Yy b (et) DHFEFA D R (WER) %
RT, R BB FHB. FBRIEZEhZENH—
VAT L (S1-S4)s WL DODRDY AT LIZKT BIH
KD ROVER(R1,Ry). IREIEIZ L DM AT A
(P1,Py). $2%¥E%E AT ROVER(RP-RP3) OFERT
H5, BIFEEY MzoOWTIX, PLP K& ToM:kE
i MFCC RE D Z 1 & D K\ AY, bMMI(MFCC,
PLP) & Y AT L#i&T 52 2T, WER 2% 2.2%
(So—Ro) M1 U7z, ZHud, Fie 2 R4 - 7=
VAT LDMEDNENTHEI L ERLT WS, fl
B 27 s (bMMI,) OM:HEIZ. MFCC O¥;4. ML
L D&KL, PLP ®¥4&. ML & bMMI OHffiTdh 5
A%, bMMI & bMMI,. DFEEIZ & D bMMIIZ AT
0.3%#Ri%= A3 L 72 (MFCC and PLP, So—RP;),
X 512, ML, bMMI & bMMI, & OFE&EIZ& b, ML
& bMMI Z#F& UG8 bR T 383K 1% 0.3%1A
U7z (Ri—RP2), MFCC & PLP &% ffH L.
bMMI, % ML & bMMI & #lA&HE2 Z LT, WER
12 0.3%%E L, b mWHEREER 72 (Re—RPy). Z
NIz & D IREIEOEMELRE N,

Table 2 1213, MFCC & PLP R#E 12 LT, kK
BE 2 (LDA+MLLT) & §E4&#t (SAT+MLLR)
L7256 WER 2739, A EROHD L [H
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Table 1  Average WER|[%]. (MFCC/PLP) (upper:
conventional Single systems, upper middle: ROVER
among conventional multiple systems, lower mid-
dle: single Proposed systems, and lower: ROVER

including Proposed system)

D MFCC PLP WER
ML |bMMI | prop | ML | bMMI | prop || dt et
S1 | v 46.9 | 42.5
Sa v 45.6 | 40.7
Sa v 48.2 | 44.4
Sa v 46.7 | 42.1
Ri | vV v 45.1 | 40.0
Ra | v v v v 43.4|38.6
P: v 47.0 | 42.9
P2 v || 47.5|43.7
RP: v v 45.3 | 40.6
RP2| v v v 44.8 | 40.2
RP3 v v v v || 43.3|38.7
RP4| v v v |V v v ||43.1|38.3

Table 2 Average WER[%)] for isolated speech.
(MFCC/PLP with LDA+MLLT & SAT+{MLLR)

D MFCC PLP WER
ML |bMMI | prop | ML | bMMI | prop || dt et
S1 | Vv 38.2|32.2
Sa v 35.929.5
Sa v 38.1132.2
Sa v 36.4 | 30.0
Ri | v v 36.1(29.2
Rz | vV v v v 35.0(28.0
Py v 36.2 | 30.1
Py v |136.7|30.5
RP: v v 35.7|28.8
RP2| v v v 35.6 | 28.8
RP3 v v v v |134.4]27.4
RP4| v v v |V v v ]| 34.6|27.5
MThs, ZOLEITIE ML OMEREAEEEIZ bMMI

LD BED o f:f:&b\ ML &MET 52 & THRlRIT
BT U7z, YATLHIFE2OTHEUTH>TH, ML
& bMMI D& (Ry) (&, bMMI & bMMI. O#EH
(RPy) IZHARTEHEERIME P o7z, MAT, RED
bMMI. OMEEIZHRETH Y, VAT LS ERE
H72dDIZLTHE D, REEIE WER % 0.6%80E L
7z (Re—RP3)e ZHUIREEDOMRENFTETE S Z
IEBHERTH B,
RKITIEFERHZ, Hiz Y b (et) D WER 2R LT
W5, REEIZITHEEY N (et) T L THERT,
WER # 0.3% (MFCC/PLP, R,—RP,). 0.6% (Z#
K&, Ry—RP3) i L 7z,
nmb3t4uW@R%SNR®ﬁmﬁbR4&Rm
DT & Ry & RP3 DRT THEL-EDTH 5,
EAETRTDGHET, BEEI WER %:E%Iibto
. Z OMHAIE SNR BMEWGAICEHETH D, I
RTIDRHBRE2UE L2, Lo T, RBEHRITREL
fEIZRH U THHEETH D VWA D,

Table 3 WER|[%] in terms of SNR[dB] (si_et_05).

(MFCC/PLP)
—6dB_—3dB 0dB 3dB_6dB_9dB || Avg.
Ri 56.2 49.2 42.6 34.7 30.9 26.6 || 40.0
R, | 558 47.9 40.8 334 290 25.0 38.6
RPs| 55.8 49.0 42.6 35.2 31.5 27.4 || 40.2
RPs | 546  47.9 409 337 292 26.0 || 38.7
RP,| 54.8 47.4 40.3 33.2 29.0 25.3 || 38.3

Table 4 WER[%] in terms of SNR[dB] (si_et_05).
(MFCC/PLP with LDA+MLLT & SAT+fMLLR)

—6dB —3dB 0dB 3dB 6dB 9dB || Avg.
R1 47.1 38.1 31.0 23.7 19.1 16.6 || 29.3
R 45.9 36.6 29.2 224 18.6 15.4 | 28.0
RPs> | 46.4 38.0 30.3 23.2 18.7 16.2 | 28.8
RPs3 | 44.6 36.0 29.0 22.2 17.7 14.6 ||27.4
RPs| 448 35.8 28.9 223 181 15.1 || 27.5
5 F&HESERDEE
VAT LAMEDODEBEE T IVOHBNFEEE
BREU 2, BEEIRENNEEEDO MR A D TR
VAT LAERRBET LI LNTE, BE GERETOYE

Fiaaal X A2 CTHEEHR D BOMBA R 5 iz,

Sk

DFE & U T, 52 R 22 MR 272 8 5

LD

SHETV VI o T OFAEEE 1]

Madslerbifons,

SE Xk

(1]

2]

(3]

(4]

(5]

(6]

[7]

(8]

[9]

(10]

(11]
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