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7 — A7 v K MMI(bMMI) [3] Tlk. MMI ® B
BEEIZ, IEfR R DR RS 9 % KR & B
TEMRDD BHEBEEAT B,

ZsTesz pa (80, X) " pr(wr)

Algorithm 1 Construct complementary system
model for DNN

fbMMI W) =
( ) Z ZSES DPx (S X) ( )e*bA(s,s,,)
(5)
A(s, s,) 1. HMM JREERF s DEMRF] s, (237

BIRAE 5K BB IEMRRT, 7L — AT CIZEREI N

%, X (4) OHMZRIERIC K b, FMMI 2 FbMMI o

EEZz, R (5) & FERICNBREOEIZ (WS

D) MIEREEMA 5 L. NTFOHWBEEZEES L,

]:ﬁc(wrvwl) = }-Ei\/[MI(WT)

Es,,.eswr pa (sr, X)KpL (wr)

e, PA (51, X) pr(wr)ebtAGLe)
(6)

L WETED Y AT LD 1 ALDOE wy 12X RS 5 HMM
ODinﬁ‘é—Tf\ﬁJ'CZb% WRF5 D BIELRE by DREN
WTIR 2] DR E BRI AV, ZOTIIZES
TV DIRIEE . a%h/%ua’ﬂﬁﬁﬂz;-ax@@b\?m_m\
THHBIZHNWB Z B TES,

DNN-HMM (ZEWT, MMI ¥ (2) 1255 < R4
2R B EPREINT VWS [4), 22Tl Z
DFFIREEZEHT L2252 52, DNN I
HMM DIREE j O HiERZ H 15 5,

+ «aln

Do (]|$t)
po (ze]j) = 200 (7)
po (§) IFFET -2 SitEI NS HHHERTH 5,
HMM JRFEE (2, €TV 0 1% soft-max DiEMEALEIEK
po BEL,
. exp a(y|x:
pe(]|wt) = Zj/exp(i'(fﬁ’ﬂt) (8)
a W XHEAEOEETH O, MMI B IZHD & ZA

iz Eh s, MMI O HBBEIZA 6) DA% 0
TEIMWR DL 5, G o OFEHFNL. B
Bz zn e L TRoNS,

QFPMMI OFPMML - Hlog py (4]5")
da(j) = 0logpg (x¢|j') da(j) (9)
= K™ = ") = EAG

REFZBVWTE, X (9) DRFTA—%%E, IFDO X

DITBIETNIX R\ (v 1EAE)
A, = (1+a) (=)
on 10
den_ryﬂdt +a’yjt ( )
’y.]t 1 +a

TR %% - WA %2 EET 5 HMM ORERINLERD 5
DT, R (6) DFE 2HZI NS DRINET BRI D, BIEE
B by DAL ICBIRT B,

2GMM ~DJEHIE R [2] 2SIz,

Require: Initial model 6, base system models 6,
numerator (w, aligned) lattice A, and denomina-~
tor lattice £ of Eq. (2) or (5)
for i =1 to i, do

Rescore A and £ with

num

Vit
and L, respectively
Yia = =+ A+ o)
for g =1to @ do
Rescore £ with 6,
L1 <Dbest path of L
Rescore £ with 6

7} ¢ < posteriors are gathered on £,

Vit E =GVt T Vit

and 'y]de” <posteriors are gathered on A

end for
Y™, A4 <positive and negative parts of v,

6 < Update a by EBW or GD (Eq. (9))
end for

Ensure: Complementary system model (6. < )
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IND, ZDOEIIREEEZER MMI(f-MMI) » %\
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%2, A1) Dy 2R G) Dz ITRATE (X 2Y T
EEHLZ ) Z 2T, £-bMMI O HIRE R FEMMI 93
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HIUREEE M T LT, M 25o#fbd 5, N 1#
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Algorithm 2 Construct complementary system

model for -MMI
Require: Acoustic model )\, initial matrix M, base

system matrix M, numerator (w, aligned) lattice
A, and denominator lattice £
for i =1 to i, do

Rescore A and £ with X using y; (= x;:+ Mh;)

num

Vimy and yden. «posteriors of A and L, re-

jm,t
spectively
Vjmt & =Y +
for g =1to @ do
Rescore £ with A using y, (= x; + M h;)
L1 <Dbest path of £
Rescore £1 with A
lem,t <« posterior of £
Vimt € = EVjme T Vimit
end for

(1 +a)yjmt

Y yden, <=positive and negative parts of

Yim,t
M < Update elements in M by calculating the
indirect differential
end for
Ensure: Complementary system matrix (M, <«
M)

AT =V VIR TH B, pro lE7 LV — LT LIZEEA
INDH T AN DEEMERT, EAL N, O FHEME
BOAZHND, ZOMREIZLD, hy BPAN—ZIT
70, FHHEEZEIKRT 52N TE S,

Highy A5 L0 HMBEEUE, X (1) KoEHINE,
ZTDOWE, 0% M. T, F& FrMMIcESHZ 5,

Fir. (wrwr1) = Fagt™(w,)
Esresw pm, (s, Y)K pr(wr)
Ysies,, PM. (51, )" prwy)embrAlsnsn)
(13)
REE TR NZHBEB D 5D T, G
RHEELHIZBLHEHTE %, Algorithm 2 IXEEMKT
EERWHY AT LOETIVOEHRFIETH 5,

+ aln

5 B aoaRsR

5.1 EBRFEMH

REEDMILD 7212, 2 DD — A (5 2 |1
CHIME F¥ L ¥ ¥ (MF v 2 2) L HARGEGG L S5
I—/XA (CS))) &AWz, HiE T, REEOEEE
7 ) (DNN), Bl L~ 032 R U, #
HT, BEEVRRLZRZA7IIBWTHEMEL Z
LY, BiE R AR PR SRS REICE T 5%
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FREEREZE (5,000 Hi5E) D X A2 (Wall Street Journal
0) TH5 [5, KaldiY—IFv b [6] o7z, FH
v ME83FEH D 7,138 Fih, BAFEL v b (sidt_05)
110 558 D 409 Fah, FHifiz > b (siet_05) 1 12 554
D 330 Fsehr 670 %, HEETIVIIFE Y bTFH
U, S8AT7 — )bk TR Y b (sidt_05) THREL
720 BRI IMBOFEE OWE, REHNDOEEE., HHL Vo
=IEEEDOSH DT, SNR X {-6,-3,0,3,6,9}dB
D6BEETHE, HHDMIEDILINIFYTRASY
(712 & B EEEIERD T — X &2 flio 7z,

TERMEIL, 0-12K MFCC + A + AA T, ZH
2L R AR (R8T (LDA). ke
254 (MLLY)) & 8545 I F1E G #insE (SAT).
K 22 M LR ER (TMLLR)) % 5 72,

aV T 7 A MERAFE HMM OIREHRIL 2,500 T, A
D AAE DFRENL 15,000 TH D, DNN O IZIE,
Povey IZ & % Kaldi DFE#E % H\\W/z, DNN ZENE
3PSO, 100 HDNT A =R ERD, FEKX
0.01 22 58D T, B 0.001 £ TEBL 72, #51
IR E A BUZ B\ T, 400 DA A5 % W,
7%y NREBEIZEZZENENI 7L —L3 VT F
A MREEU 72 40 R DFHlEZ 5 A 72, & - TR
BARZ MU h, DIRTTIE, 400 x 40 x 9 2705, FHk
R D EAL 2 DITHIGT 2REEZIT 2R U2, B
X5 & U7z, EEDNAT A=K a kb ZZTNTh
Bfty P THFHEL, 0.75 & 0.3 1T E L=,

CSJ 1%, #EHLADKGEHR (70,000 HGE) #ifi =
HBMDRAITHDB, TAMEY b 11F10 ADFEME
BB 1005 15 SREEOHEETH 5, HMM D
REBENIE 3,500, A A4 DFREUE 96,000 & U 7=,
BEEDNRTA—=XIZCHIME F¥ LYY ERIUE
DEAWZ, B AT LOMNIKHERET 5B
Wik, BEEIC L 5EANN ED ROVER 2 AWz,

5.2 H2E CHIME Fv L v (GBS FEFRH)

f-bMMI & DNN OFi¥t v MBI 2650 %2 K
L7z, GMM ¥ A5 ADBAIE, 3k [2] 18R LT
H %, Table 1 (£41) IX. MFCC R &2 RE8m A
(LDA+MLLT) & G5 #)5 (SAT+MLLR) D2 #1%
e U 7= o LT -bMMI 2175 7238540 WER
ZRLUTWS, EE. BB FHEL FERIZZEWE
N, WEROH— 2T L (S1-S4). HEHIEIC X B
VAT LD ROVER(RL,R2), FEFREIZ L 2HiBIV A
7 L (P1,P2), %K% ET ROVER(RPLRP2) T
5, -bMMI LB [FEIR I FEE TV ET
52 eNE\, ZOHE, MY AT LE 2 DDA
WL DML 72, 1 DHIX, £bMMI & bMMI, M fi
DHMBEBEBEL 256 (X (13) 22X (6) TH S
(f-bMMI,. + bMMI.), 2 2HIE, £bMMIIZxL T
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Table 1 Average WER[%] for isolated speech
(development set (si_dt_05) and evaluation set
(si_et_05)) on discriminative feature transformation.
(MFCC with LDA+MLLT + SAT+fMLLR) (up-
per: conventional Single systems (S), upper middle:
ROVER among conventional multiple systems (R),
lower middle: single Proposed complimentary sys-
tems (P), and lower: ROVER including Proposed
complementary system (RP))

£-bMMI, [f-bMMI. WER

ID - 1bMMI £-bMMI + bMMI | +bMMI || (dt) | (et)
S5 v 35.86 | 29.46
S6 v 33.19|27.00
R3| v v 33.80 [ 27.15
P3 v 35.38 | 28.27
P4 v 33.88 | 27.86
RP3 v v 32.75 [26.60
RP4 v v 32.67|26.62

Table 2 Average WER[%] for isolated speech
(si-dt_05 and si_et_05) on acoustic modeling (DNN).
(MFCC with LDA+MLLT)

WER
ID | CE [bMMI[bMML || 5" 1y
ST v 36.59 | 30.84
S8 v 32.40(26.91
P5 v |[33.09]27.97
RP5 v v |[31.38]26.48

Table 3 WER[%)] in terms of SNR[dB] for isolated
speech (si-et_05) on f-bMMI (S6—RP3) and DNN

(S8—RP5).
—6dB
44.14
43.86
43.21
42.85

—3dB
35.42
33.36
34.24
32.43

0dB 3dB 6dB 9dB
28.56 21.46 17.41 14.98
28.13 22.01 17.75 16.36
28.25 21.58 17.17 15.13
27.91 21.56 17.75 16.40

Avg.

27.00
26.91
26.60
26.48

S6
S8
RP3
RP5

7, HIBEEZBIE L 2854 (X (13) 2R (5) T
% (f-bMMI. + bMMI), bMMI & £-bMMI DA
&t (R3) 1E. £bMMI 721 D4 & 0 MEREAYUE
Mol REEZELHMAGDESLZLIZLD (RP3 &
RP4) iR M3 B U7z, TE-bMMI, + bMMIJ) & [f-
bMMI, + bMMI.] ORIZIZBEE 7224 137 5 7,

Table 2 I, MFCC & PLP {Z LDA+MLLT DF§
HELEHEfHL 254 (FEEEKS L) @ DNN O
WER TH %, #fil#3c & 0 iRilF 1% 4.19%07 k
U (S7—S8). IRFELMAGHLETE SIZHERED
EU7Z (RP5), dHilizy hDHEICH, ERIZELL
T3, Table 3 iX, SNR 2 WER 2##&E L 726
DTH5, S6 & RP3 (f-bMMI O£), S8 & RP5
(DNN 0 4) 2T 25 &, ZEFTRTOHAET,
FREEIX WER 2L TH D, K2 SNR 2BV
BIZARTH D (K 1.2%). Lo T, REEIFTZ

_6_

Table 4 WER[%] (CSJ, test set 1) on acoustic
modeling (GMM). (MFCC)

ID |ML|bMMI|bMMI. | WER
S1 | v 21.00
S2 v 18.64
Rl |V v 18.69
P1 v 18.81
RP1 v v 18.52
RP2| v v v 18.28

XFRBBIIBVWTHENILZE L TCWTHEETH D,
FEE TOVOMANE B EZE L &\ 5 28R W RS
BANFEBEIIAENTH D I BRI NI,

5.3 CSJ(AEBEEHSFEaek)
2OHDI—=RATH5D CSI %\ TR 2
f7-7-, Table 4 1. GMM AT LDTA MY
M1IZBIT5 WER THhD, ZOHBEIZH, KD
ROVER(R1) IZ¥—> 25 L DHE (S2) & b £ MhE
METLTWAED, BEEIZ2DOHDHWIE3 DDV A
T LEMAEGDE S Z LT, 0.36%DWENR SNz,

6 FEHESHBDEE

VAT DR D 12D O —{R I 72 385 2 D Hek A
ERZEL. WY AT L 2#HNEE OB AIED
SHEEL 7z, ERRIZL D, SRS T B X O AGEE T
FHERER A7 ITBWTREEOEEIREI Nz,
T HITEEE TIVOMANTE & AN R BA NS
NIZBWTHBRIPA SN, SBROEEE U TIL,
DB FEHDFILEE DMAELENREZ SN D,

S XXk
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