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A Kernel Machine Derived by Minimum Relative
Entropy Discrimination For Automatic Speech Recognition
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This article describes a novel method for automatic speech recognition (ASR)
based on kernel-based nonlinear classification. The new approach is obtained by
substituting kernel function into inner-product performed in the dual problem of
a learning problems of CD-HMMs formulated using minimum relative entropy
discrimination (MRED). Unlike earlier work on sequential pattern recognition
using kernel methods, our method can accurately model the three kinds of hi-
erarchical dynamic patterns in CD-HMMSs. Sequences of discrete-valued labels
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(string-level) or hidden states (state-level), as well as sequences of continuous-
valued speech-derived frames (frame-level) can all be represented within the
same kernel-based framework. Therefore, many efficient sequential pattern
recognition algorithms for CD-HMMs (e.g. dynamic programming, Viterbi de-
coding, and the forward-backward algorithm) can be integrated into the new
approach. This is an essential requirement for state-of-the-art speech recogni-
tion systems. We also describe a practical and effective optimization procedure
for the proposed model, based on a cutting plane algorithm. The performance
of the proposed method was evaluated in isolated phoneme recognition experi-
ments. The method was found to be comparable with well-tuned conventional
models.
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DIETIEFEL L, BAEE 1 O CD-HMM TiE, 7L —AIlBW T XEBTREINS
A LR TE R LI EBMsNT VRS

REERTNCET 2 N ﬁiéﬁ%ﬁﬁﬁ%,%ﬂ%?WW@nvw:7%%»T%ﬁ§
NTWVBZERBEL T EEMOBEN D7 DI IZBERAR S DTH 508, BRABICET
2 BN ZEH ,Mﬁ%L&(T%+A&§ﬁﬁ%ﬁOHﬁAﬁ%ﬂmT% ETHET S
ZENTEL, ARTRIEAEICHETIBNERZMNET S Z L TRIMRICIRT S Z &

WFDZEE2EZS. % IT, RAUfEEZR7-7%\ Log-Linear €7 V2 104 & LTE&
Z, 0 —FI)WVEIC X > TERO IR DS ATRE AT ICIRIR § % 2 & T, Risim#lE
& IR DL 24T 7% 9

WD H —FoViEE OB TR, —o07 7a—FIckilcE s, —oHD7
Ta—F1, RANT—F W) A —2 VB EFE T 2 FETH 5. TFS D Dynamic
Time Alignment Kernel Support Vector Machine (DTAK-SVM) Ti3R%17— ¥ DN
BEEFHT 20— 3 VEIBEEA T2 2 LIk D, Support Vector Machine (SVM) T%
57— OFMNETBRICT 2 FikTh D, IMNLHFEZRCHOREBFT05 [1). LaL
DTAK-SVM (2 HMM % W& L 72 FllAaTldZe\a 72 o, BINEHREEICIE D /7 79 r —
Ta v (HREFERSP T — FARy 74 v 7%5) IR T 2 2 EBEB TR RW, —oH
D7 7u—F1F, SVM & HMM Z#lla&be i) 7 7a—FTdH 2. hH:51&, Viterbi
TIA4 VAV ML T HMMREE L 7 L — 2 ORNERIRZ SVM I & - THE 4,
AJ1%F % HMM REGICHAT 23088 2 578, Zodils»gitiss22a7%257a—
F32% 2L TEHRRMETE) FEERE LKL 2. L2 L, Left-To-Right 1 HMM 128
VBB L 72 HMM IRFED & 9 12, AEMICXHZ 2 3 0B EO/NS Ligilb b b, 7
L —2% HMM REEICEAT 2 7 7' n — F I3 IERIEINTH 5.

AR TRET2TER, B a7 eEr LV ollzits, BEOSHERSBIEOIGH %
RIS L %2235, A —FVikE Ao IFG oMz WigIc§ 2Hach s, £, 20
FIR DR 8 — 3B (SVM %) 2 w2 0Tk, RAIOMNZ HNICE
AMLIN T 270, HMM REF O & v ) JERNERZ BT 2 Z L8 TETWV 3

AETIRETHE 2HICBOTETVOEREZ, HIHITT, ZOETNVOYEEEL A —
FVIEDEAZFT29 . B 4TI, FEEEFEET S ECAELRT 7=y 7100 TR
5. RIS, FB 5 EITHEBE ZOMBICHT 2 EE 2B
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2. Log-Linear HA4fZRAW: HMM I & 555!

ARETIE, NHOF—=8 260 L —=v /7 =2 Ic&ENn5 i ZBHOZ 7 L —2050% X,
ZRUTHHET ZIEE T AVHIE Wi ERBE, bL—=v 75—y 2kt (X, Wi € [1,N]}
DEHIHobT, ZITX ETHHD DRIGR7 FAVORIITH Y, RIINDKT7 L —

L (RZPV) X (e, T)) Thobd, £k, 74y 7 2AD[MpRV X, Wik
L= 7 F=%icG&EFntwu 7L =275, 5% H56b7,

BHEOGHERMT 2 -7, 24T S MoRkELKE> HMM {A ¥ (s €
[1,S]}, 10,0} (2 Zd, WHSH T Y, REEB T XY, SHEEFNATIRAY) %
v, WT ORSEGE (REsiE) 2R 2 LickoT, T —2 X SBT3 1F
R N W ZHEET 5. )

w :arg{rlaxP(X,W\A,H,G)
w
P(X,W|A,II,0) =P(X|W, A, TI) P(W|©)
~P(X|dy, AP (G |W, TT) P(W0)
_HP () Aayy, () PGy | W, T1) P(W]©)

::T@Wuwmam%ﬂ,T&b%

Gy =argmaxP(q|W, X, A, II) (2)
ThHY, 7L—ht B} HMMRER g, (1) TRb SN,

ATk, EXTHSbINIZWAEDT a5 TIERET NV EHEETE D L) ke T
WERET S, SBET VR LY, REER T X OHEEIZARDO A 2 =T 65N 57
&, D, o L I IHEEEMWT 5.

ARETIEET, FL—=v I F=2 o7 L —0% X EBY B W IS, N
R (37— V) 2R GRISAIBETSH 5 2 R kIR K 28 A§ 5,

KX WEIA) =1o P((XX73//||A; 3)

72— L AT %775 5 7 L TOMMBEE T 270, Fa—5 (R (1)) T
H ST 3 Viterbi dilZEAT 52 EICE DT 245, _
) P(WY)

R, WEIA) =Y~ [log P(X' (1) g, (1) — log P(X' (8) [ Agyye (0))] + log %

~K (X WEIA)
(4)
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O KX, WA BETDO W £ W ICHLTIECRS LI RETFTANTI AT ADbh
X, PL—=V 7 F—FItBI 2R 2% T ENTE S,

AFHETIE, & HMM REOH ISR DOEF L & L TIFMEEREE ¢ DEHRLETD
Log-Linear €7 V%5,

POX (BN =5 e (AT6(X ()}

Zy(Xs) = [ exp {)\Zgb(x)} dx.
RIC Zy DEETICH BB BRI RKD 2 2 LIRTE ARV, AT, Z, DFHEIIR
FgL, EHEINTOROERBOMRI 2T 2, FH oI, 7 2 F725EAINIC,
DX DIERSAOHEEMEDOH AL & SN -CGRIGR D 2 R/IMET 2 L ) IHEESI 58,
&, TOBPUIMEICZ DIl W EEZ TV, oI (K (5), Zs(\s) =1) %, ik
A% (30 (4)) IfRAL, LT 2/H5, ) .
RO, WEA) = 37 [V 08X (0) = Ay 06X (0)] + log % (©)

LIk DfiiTia, i@éﬁéﬂﬂﬁgﬁbfé“c@ FL—=y 77— X' LD We o LTy
WCRERERED LI BNRTAY NDWELZEZ S,

3. RIVEMIYFAE—FBHICLBZEEA—RILENY Y TDEA

KHiTIE, WHDH T XY A DHEBICOWTHRRS, B, BNESEz atiExR
ST DA FE T M O A IS > TERILT 2 2 E B TE S R/MEN Z Y P rE—
#A (Minimum Relative Entropy Discrimination; MRED) O A Izt > TERM L 72,
MRED (& SVM O—#{t-cdH b, SVM & FkkIC/ T X & H#EE % i & o I g
IETVEH, SVM LR%LD, R#ETORTOERIIHRLERTH S LIEIND. &
TOEREMRERTH 2 LIRET 2 &, WEDIEAMLEEZ Fiiofi L 0 KL 54 N —
PxVRAEWHETERT S I ENTE, IEROIEHLFEDOERMN T 21749 2 LavT
Z%. MRED {9 Z & CRNEHZ AL OBINET~DIENES TH 5. KT
IXRATREOMEZ BT 272D HE—D A —F VBB TE TV EMET 22 LE2E L TVLED,
[7] D & 9 B ORI E W TERD A — 2 VBB X 2 TV ORESATET L
T5LIRIEDARETH 5.

B/ T Y b o B =g, HiETEE L2k K oW Es M ETh Bk
CIHFRID BT, 89 X F OHERIIARITR OIS F X & 5370 % K 2 HlF A o i

(5)
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ElLcEbEng, HHNOBMEFEIR T LA 7 v 7 A bIEREHLE LK) LT,

COREIZR T v VBB E T XY OHEHIE PO(A, €) 26 FHEDM P(A,€) ~D KL 5

AN= x v 2% /ML 2EOELRIE L 20, DTo X cERMbSns (LRE).
mg%geKIU%mme%Aém

_ (7
P(A, &) {K(X", WEIA) — &we } d€dA > 0, vmmﬂ¢Wﬁ()

:@ﬁﬁ%%ﬁuﬁw%ﬁﬁ&m%ﬁ@m&Wﬂ—yiyz)v,ﬁ%ﬁﬁ%%%ﬁ@%%
filiffF) TRl TV A RELRETH 3.

KKT 4k b, Sod{bRIEDIRIZS 75 Y 2 BB DOEEICH 5 2 ERASNT WS,
BHEIC Lo TS 2Rk B 2 LT, RMRICBI 25770 Y 2 RERK o & RiE{LM
PN ICUTORRYEH 2 2 LAEHBTE 2,

subject to

P(A&) PP (A& exp | D aawe {K(X, WEA) = Gawe } |

IIT, aldv sy vV %%g%%b,ﬂ%?&m#ofoiﬁéhé.?&b%mwc
Zic[1,T] E W AW IZBWTERINS,

IMEGHEILIED 5 75 v 2 BIBOBRIZ T 7T v Y 2 REFK o 1ICBT 2R ASICHE
95, BonzBR (X (8) M (X (7)) IRAL, P(AE) ZHEL, a DA

FTHRAMURMEE UTERLd 2 &L IT oIz 5, _
maximize J(a) subject to azwe > 0, Vi, YW £ W"*

o

where J(a) = —log /A /E P°(A)P°(€) exp

Qiwe 2 0. (8)

Z aiwe {K(X", We[A) — giwc}] dedA.

i, W¢e

9)
B IE DM & ERTEOMIZ (8) THIFTN TV B 720, ZOMERMC 2 Lok

W T 77 a RKEFHEX ) KRATEZ LT, RBANRNIAYGAERDZ LM
AFIETIE, 2 2T Soft-margin SVM & [AEkIZ, L2-norm IEHI{L#% Log-Linear D &
X7 PV A I, Ll-norm ICHMBTERFAVT A ATy VEBREWCEZLZE2EZ, D
TORAIMZENT S,
PY(As) EN ([0, 1),
Vi [ e -CIAM W) e e < AOWLW), (10)

PP (&iwe ~
0 otherwise,
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TITAWL W) ZIERT L W % W LR L 72 5aIc 5.2 2 T V7 4 REET
HY, EBROEHCTEREITS.
K (10) TERL 2HHaMm 2R (9) AT 22 Lickh, UMTOHNWREEZE 3.
S e @+ D@+ D> g (@)
i WL;éW‘L s i, WeAW
eowe (@) =AW Wi)aiWC +1og(C' — aswe),
In. (@) = = [[Xs()]P,
(a) =
(a) =

a

(11)

a) = — aywe {log P(W") +log P(Gy ) — log P(W*) — log P(Gwe) }

> auwe Z AL (5, W)p(X' (1)),

i, WeAWi

A’Y(tvle ) (qwl(t) 3) *I(qu(t),s),
22T, I(zy) 3ETRBEBTHY, =y DLEIT1Z, Z)THWVRIZ0ZET.
PO C L, HINBIE O DI (Ji, (o)) FIEFPELELE L 72X 7 bV ¢(z) MO
AOEAMEMTRELSNDE, A—F LV FY vy 2iE, 0L RAMEZFEIEEMES — L
B K (2, y) 2 o(x)To(y) TREILL & — 2 VBISK K (2, y) % EEEET 2 2 & CERL%
MADEE ¢(z) ZBENARBECHD LS 727 =y 7Th 5. & (11) D Jy, () IKH—F
W ZEATZE, LTOX)ICEFTEZ S,
J)\S (a) = Z Z QW pre! ZAZ(t;i, WC)AZ(tl;i,
it Wel Wi i, We£W? t,t!

aiwe

As(a

(12)
FAOEGEORRE LTRONL/ 7 XY TO L) 127455,

A) =[N OA(@), D). (13)
AR, ZOSMEORM A = argmax, P(A) 237 X ¥ O L LRI 5 (MAP
plug-in). MAP plug-in I3—MICHMARBOECIFIEL L THEAINE D, RFEHRIIBL
Tl Eal 2] = AT o D3ICIRALT 2728, BB AEBITH 5.
HADADZ a7 N p(x) DEFES, A\ DR (11) DXk I IcEbEINDE I L2HHT &,
DIFD LS t:lﬁﬁzqﬁ %”rﬁ?“é LHRARDBENTES,

Z achZA (t; 1, WOK 1() x). (14)

i, WEe#£W

4. Modified Cutting Plane 7}bjU ALZRAWEREE

P ORETIE, ERER%2 7L W £ W OB HAGHOHIERIIHINT
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% 1 Modified Cutting Plane 7L 3V X L D%la—F
Table 1 Pseudo code of Modified Cutting Plane Algorithm

JWEK(X (1), X7 (1))

: Afe) E {Ai(@), - Al@), -+ As(@)} (Ba. (11)

s M(WEIA) Y R(XE, WEIA) — AW, WE)

e — 0 for all i and W€ #£ W*

C; « ¢ for all ¢

: loop

6: i FL—ZVIF—yE-OENT 2

7 if As(a) # 0 for all s then

8: We — ArgmaXyyc sy M(WE|A(a)) /* MGFEDTFa—FTRITTHILNTES */

9: else

10: We — #h 5 \0F% 5 v & MERT

11: end if

12: ifiﬂa):oaxor{mmwmQQNMWﬂAm»}>qmnmea@ﬂAm»}+eﬂmn
13: Ci — C; U{W°}

14: end if

150 Gy & Gy (YW €C;) ZEF IV A(a) & Viterbi 74 TY RAZHOTHET 2,

/* Viterbi 51k 8 fTHICK T 2 7 a—50FToHHA L LTRONTW S I %, BHIcHsnT
VEBARZNERAAL, FEERXy TTES ¥/

FANE > v

16: while a;wc converges for all W¢ do
17: W C; 2055 VF LITEALE TV W
18: a BEASNI Gy b Gy, O LTRIEL

19: end while
20: end loop

279, Hiffi cER LRl EZ BNy — L2 LTS 2 L I3BFENTIIE
72\, % T, Tsochantaridis & 2%2%E L 7z Cutting Plane 7V 3V X4 [8] I, Viterbi
TIAVAY FOEHREIMALT LT AL ZHREL, KELL, R1LIKEETLIY R
LADFHL 2 — F 27T,

RETNVIYZLTE, £ECGVIiBHO ML —= v 7/ F—Fic8»CHER#ELOX
REBRSTVRIER ciwe DICHIGT 2 W L T3, C; 0BEEIF, FPilllv—Y v
M(WC|A) 2RSS T2 W BBEREME T, ZHUF BRI B LRSI 2 3
LO50» W ZERT 2 2 LIS L, m(Licsiiod ) 2 95 285 aIcER LA
MLTWL Z EITHST 5, Fllle—2 v M(WEA) IZRBISOIEHE EA[K(XT, WEIA)]
LRELHE LA Ty 2B argmax, PO(€) DS E LTHA BN S,

Axis Parallel Optimization [4] LR UK AKFETH 777 v l?ﬁﬁﬁiﬁ’*‘ﬁ PV —
WETORBLTEIEAEZERAL LT, 7y 77— P Z2BHNCEL 2 EBTE, REA
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BETEL D SROROIREZITSR S ZE23TE S, £, SHRRMNEICEVWTIE, 18
THTRELIND, Gy & Gy B 8ITHIITADNE T a—T 4 v 7O E LT
BoNTOREANEL, HEHHEEZ A Xy 78¢5 2 L THIRNICHL 2L TE 5,

5 = BR

RELEOEINEZRWGET 2 720, I ERABRIR 2T R o7, Sldoid D, REEE
CD-HMM & FDOREE A FFOE TN TH 570, RPICHEREEHARICIRRT 2 2 LT
Z 508, ARCIERIERANEG & L oM %FHE T % 7c 0I5 Filafk coMREZ iTHli 3 2.

SRR & LT, RAAY Atz 15346 & LT %2 HMM (CD-HMM) % iR AHEE
THEHIRLLDOEME L, £/, REETF), CD-HMM & b2, 3RED HMM % v
fo. REEDO N =B E LT, 3RDEHEAD — V%2V (K(2,y) = (2Ty+1)%).
FL—=v 7%y bBLUET ARy b ELTE, TIMIT 57— X—2%JUICAER L 72108
VERTFT—F v WK, TRy MIEENEEEST IV IE9FETH L. F—
Yy FDFEME LTET VDAL R—08F7 X5 DFEE R 2 IR T,

FEIE MFCC (12 XJt), AMFCC, AAMFCC, Energy, A Energy, AA Energy Dzl
39 Xtk iz, WIILE LT L —=v ey b 2RDTFH ELSHERD, FL—=
Y7y FOFH 0 EAHAATI L e % k) B A R TR o (Afafk). Atk
IFFBNET VD b L—= v JORE E LT BINETFETHD, PL—=v 77 —905
U IWIVZE AT % 7: 9, Cepstral Mean Normalization (CMS) SE D IESUVTFE & 1%
B b, RRAOANRINHL 1 7L —LGICHEHTE 3,

oA (2 (10)) OFEEICFHIN TR BIER W % 7L W ISR L BT
VT4 REEE LTI, UTOXTERSNS Viterbi BRI 2 > ZHH#EZ 7z,

e
AW, W) :;u — I(Gw (£), dwe (1)) (15)
=T

REBNIIIZ RGBS A7 TH D10, iz 57 )LD Viterbi RAE D S v 7 HHEEE
TL—LBE—KT B,

51 RRER

F AL 2 PFROGEHERYRERT,

KLY, BEREEI ML -2V T2 T 2D BEZ RIS T ENTELILE
MR L7z, £/, A—=7"vxy M Tl L RAEE > CD-HMM IZVUET % 68 % i

K2 EFNVEF—Fky b
Table 2 Dataset and model description
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® 3 HEOWEM

Table 3 Acoustical analysis configuration; A

means time-domain derivative of feature

sequence.

Dataset
# categories 39
# seq. (train) 9,275
# seq. (test) 4,594
# frames (train) | 77,463
# frames (test) 36,790
Model
# states 3

Kernel type

Polynomial (order = 3)

Sampling rate
Quantization

Feature vector

Window len./ shift

16 kHz
16 bits

MFCC (12 dims.), Energy

A MFCC, A Energy

AA MFCC, AA Energy

(Total: 39 dims.)
25 ms / 10 ms

C (Eq. (10)) 5.0

State models Closed Open

GMM (1 mix.) 345 385 T4 KFEOFHEMDE (Closed: FL—=v %y b/
GMM (2 mix.) 292 350 Open: ARty MBI BHYE; GMM: —
GMM (4 mix.) 23.8 333 fi#iy% CD-HMMs/ Poly. kernel: #%8ik)
GMM (8 mix.) 17.0 31.0 Table 4 Phoneme error rates of compared
GMM (16 mix.) 106 31.3 methods
GMM (32 mix.) 7.8 32.5

Poly. kernel (order = 3) 1.8 31.4

HTBIEDTEL, KEHTIZZuANY F—2 a VEITED A —F N5 XA —F DH
B fThoTESLT, BRELTML -V F—F I 2EYREF A P F—F 10T
ZHDEOMICKELRT vy THELTLEL2 TV B, ZRTHEYNC/ T X — 5 JiH
R E 7z CD-HMM ICVU T 2 PEREASER T & 72, BWY A =T X —F D EIFE
W SHBOMETH S,

5.2 BORIN—ARR

SVM L FKRIZ, 777 VY aRERE aswe D0 ERSHRVIRD I )L We z2HfD
(aiwe Z0IWE) XP RV R =+ =7V RAEMEE (PR — b7 ¥ — LB ) RYekT
ETNEMET ). YAR— b =7 ADOHUII SVM LB 2 K=+ 7 ¥ —DHLFH
CE®EZRD, fHRZHE LN OMEICE W TEELETH 5.

PR— b =T VRADRDETILVORBIBIRL TV % L0 HE» S, YR —7F
YRAPUHNDRINE D, bL—=v ey FPLRELTETILVEHEL THHERIZETD
F= 2o THEE L b D EA—TH B ENTFHIING, EHaitkEHE XY, vR—
=7 v 2 THLRINER (7) TR I T 2GR 22T EBHLTH B, 2

(© 2009 Information Processing Society of Japan



TEHAIL AT

IPSJ SIG Technical Report
N6 EDPS, FL— VTP R— =7V ATRORIE —OROTHEE
LTV ERHOTEROWARINZEN L THIELWERBEH NS Z EBRIEINTn D,
Z U3 Leave-One-Out % (LOO ) E L THIGNT W B 70 ANY F—2avyOFIHE—
MLTEBY, YR=F =TV ATRORINOBERRT, 2V I R—F+> =7 VA%
59 2 & TLOO LTIl L Bt # M L X 2 2 L3 TE %, LOO BN biEaED
FHICFIHE N2 FETH D, ¥R — b =7 v 2B0FE IR LicE S T35 L%
ZA6MN5.

KEBTH LN R— =4 Y 2DHIF 6972 TH o7, #t>T, Pt d 2303
DT —5 (25%DF—%) 12 LOO HEIcHS L 7m AN F—v a v THIEL RIS N
2 E0gols. BTOT—=IVBETAERICEHFS L TokkvE ) A= 3 ZADFIE
ERZERICEVTHIERT 2 LI TEL,

A=A F ASFTRSIROM CHEETH 2, FHARCRICEE LD, & — VB
K(z,y) OFHERETH Y, I E— b =7 Y ZADOHT, auweAY(t;4, W) #£03IW*e
DR DAL (s,4,t) DRLOBTHE S NS, HMMIRIE s I2oWT, LOMEM7T (i,t)
TREINDE7L—L (H/EAD L=V 7 F—=FICBI 2t HEHD7L—4) 2, ET)L
DR EZZ B 7L —LTHB L) BEIS HMMIRE s DY R —+ 7L — L LIER

AEBTH N R—F 7L —LDMREIZ 280,184 THh-o7, ¥HR—F 7L —LED
ERIZ, PL—=v 7T D7 L =2 ((5,t) DE) 1T, BETIARMEDH HIREDOHK
(REDVI S s D) 2RHEL b0, T4hbb, (FL—=VIT—FD7L—5%) x
(HMM A7 IVH-1) = 2,943,594 TH 2, ZDIZ 06, REEFEIIA—FVELRD
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