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Efficient Estimation Method of Scaling Factors among Probabilistic Models in
Speech Recognition

Yoshifumi ONISHI', Tadashi EMORIT* Takafumi KOSHINAKAT,
and Koichi SHINODATft

Ho5FEL FAERBMICBIBMERETNVHOR T =) ¥ TR MFNIHET 2L ZRET 5. THER
WYATLIEBETN, SHETIVREOEBOETVTHEENS. EFNVI L OMIMEORTEIT ) B
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RO/ BRI B BT VMRS — U ¥ 7 REO HEbEE

=) Y TRBOEEFEP N OPRESI AT
%. 121, Beyerlein [3] i, N XA M1 A MIIB
VB BEER F o ER & LT, SRR bR b Bk
(smoothed error count measure) % fiz/Mb$ 5 2 &
TAT =) Y IR OMEETT>Twb. LaL, N
NA MY A MIHEFEHOBEBENS , 7 BEHOEBR
ELTRIRWTIE R, /2, NRAMJ A ML, £
DEBUIHW 2 EHERR Y AT AIBIT A Ar—1) »
TRPOMITEFEL TELT S, 2070, ZON
NAPMYA M EAVTHESING AT — ) v 7R
FOMIMEICHKGET B2 b, Thbb, 20K
FIMMEOE I L CEETIE 2V, F72, Mak
LT, AT =) IR ERIEET I THEE LT
Wa. ZOFETIE, BMEEDG AT =) ¥ 7RO
WIREBTHBLED DY, HHMEIIRITS.

MR, FREEFVREHEETNONT A= 7 HEIC
BT, S 2 SIS E TV CRBL L & &
Yy (CRF) % Hlv 5 A ER ST b [4],[5].
INEORETIE, WMVEMHOLRIE L THIET 714 A
EFRWTWS, HEET T4 AlE, NRAMJAMLD D
VB OER I D%, FHEI X -FRHEI X M3
B, BRIHEICE B A=) v I RBHEEICB W
T, MUBEHOERE LTHET T4 A2 b L
T, X ORERMLHEEITREI 2L 2 LR TE S,

REL T, THEARICBWT, %W, »o, W
BEOECISH LIEREICA T —) v 7B e fiEd %
FHRIRET D, ATETE, AT EHE LCHES
TARER, ZHOBEICLY AT v R
ETHIET, MEMRMEELTRET S, T2, H
FETT A ADERE AT =) v IREONEE L # %KH
ICHED RS EAT S T (FIRIE[16]), Wil
ENCARAE L Wl 22 8T A — S HEEHAT .

—HIS, HERMROFHEREE & LTIE, HERIERRE
EAHWSNRTEBY, /85 A—FifEnREiEr LTt
INEEBRKILTZ2LOVLET L. EOAFr—
Vv T REBHEETE (3] TIEEELE ) Bk s, xf
BB TNV ZH W2 EE - SEETIVONRT A—F
e Fik: 4], (5] Tl AMAE G (Maximum Mu-
tual Information; MMI) ZE#E2SH 5 L Tw 5 [6].
F72, A CEHMICRNGEAY (Minimum Classifi-
cation Error; MCE) 2# 3 LIZLITHW SN B [7].
NS DKM, HEEEMRE 2 ERICRKILT 2
DTIE R L, TRZERERKILT 5, DHERD
(Minimum Word Error; MWE) 24 [9] @ 5 %5/%F

A= FHEEREMEL LTHLTWD EEZGND, 22
T, BABRETETH VLRI X — sl L
T, MMI [10], MCE, MWE @ 3 fi#i%#47 L, &F
MEERIC BT EDRIEEWNS DI 5.

LT, 2.T, — iz BBET IV EZDEHS
T A= ORBFAIZOVTHIT 5. #id 3. T, W
WILE TN OEFBHBNOBER E, €ZIZBT AT —
VY TRBOMEETEERET S, 4.T, Ar—0 7
PRI D WHMEARAT % BT 2 7200 DR L AR % k7
nL, 5. T, RETEOHMMEEFFMGERIC L YR

2. WEEHET IV

2.1 & =

R = (W, 20y 52 5 e &,
FAWH y =y, yU) OEBRR T
ETFNVEHCTROL ) IZEKBET 5.

exp (Z A Fr (, y))

k=1
Za(x)

(1

pa(ylz) =

22T, Fu(zy) &, BUERY & 7 NVH] y A
NEINLE20 L FHORMEME, \ T EFHD
FUEBOBEIMEY, K 3EBEEOBETH L. F
72, AN ITEIMRBOESE A = (A, he, -, Ak) &
zL, |, |y TEheh, BHIRTIE T XVHIDO
T TH B, Za(z) 1&, HBWTEER & T NV H] D
ROM%E 11T 57-00EHILE (HEME) T,
Za(x) =32y exp (Zszl A Fr(z, y’)) ThbH. Z
T, Y RETOURELRINVIZFET., IRXLVHD
SHRE IR B RIATE- 2 SNz b & ICHBRMERD R
KEBDBINNVHZRAMEE LTERSINS,

2.2 NS X —SHEFLRE

NPT TV OEIMRBES AL, FHY VT
WAz, y,), -, (2R, yp)} &V, FERIERRRIE
HETHE SN, 22T}, FEEROSHIZ -1 %
FULLDOFEHMMEKE LT, T0oRMLEITH)Z &
LT 5. UL, HFEEHROSEIZBIT S MMI ik
MY 5. F72, A0 MCE £ MWE #
#H LIFLIETHWSNRS., LT, #RZhoiE#EDE
7, LU, BAOEEZTNNLEEDOINT X — 5 {ES
FEICOWn TRz Y

(1)t WTFhoHMEBICBW TS, X (1) OFEERE VL2 &
T, BEHOERI @ U CIHER (7 XVF)) OfEERD A OHEE
KCHWHNLZ L &b,
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MMI, MCE, MWE @ HHBEZIZZ TN

R
Ly (A) = — Z log pa (y,|z-) (2)
r=1
R
LMCE(A Z 1 —PA yr|$?" (3)
R
Lywe(A) = Z Z Iy, y,. PA y|$7") (4)
r=1yey

LEFENL., 22T, X (3)E, X7 IKBNT,
TNVEy, k7 FTALRLL, LFOK (5)~(8) &
Fiva 2 & T#EM SRS [20].

dr(z) = —gr(x -H%IEZeWw

r! ! #r

gr(x) = logpa(z, y,) (5)
1 —pa(y,l®)
pa(y,|x)

] o
1

Ti&aigj=1*MNMM) (7)

R R
Lues(A) = 1r(dy) = (1= pa(y,lz) (8)
r=1 r=1
22T, gr(z) FFEFIBEE, dr(x) ($05ERR Y REE,
I-(dr) IZHEEHEETH 5.
HABEL Lawe(A) 2B 2 1(y, y,.) 3L T
HY, EFTNVY gy, EALEDO TNV y OENE
ERIICERT A, 22T, X9 2HVvs

[y
zww=z{f

i=1

= log

I(dy) =

if y@ = yﬁi)

s i )
it y@ o "

22T, YD, gD rEREN, gy, gy, i FHOTA
VThHDL., TNUPIERE—HTEHEIC -1, L%

WA I DAITRE52 D,

EXDSBDIH 05 & 512, MMI TIEIEMFT X
NI ZNLID T XVFIDOW ) FEHEIREL D
LRI A=y DI HEE SN S, MCE Tl H
7 — 7&/%T$K%ﬂ%%ﬂ%ﬂ@ﬁ/7wbk®
FNWH y, O OMFEFEL RAMCT S L) 18T
X—&@ﬁ#%méﬂ% MWE T 7~V y |2
B 5K 4 OMREF v\ 0B 28 ) OWIRER R
INCT B EIIINNT A= DEFHESINSL. T2,
MCE & MWE (%, 320 #IfHEFH R ORI 2%58 ) 721
T, Luwe(A) OBEEEE RO L H)ICEHKT S LM
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CHEOHWBEMTDH D 2 90 s

1 ify=
l(y,yn:{ y="u

. (10)
0 otherwise

2.3 EAFRHOHTE

RETE, R (2), (3), @) K%L DOHMBEEHE K
IMET B2 EARE A OWEFFEICOWTHERS, I

OFHLAL LTI BESHWONS, 29 EER
B St MHOEAMRBOMBEOTHIIAD &L H 125K S
na.

AW =AY LAt (11)

CIT, tIEEELE, AD R tEED/ T 2 — S8,
nWEFEHEKTHL. AN t— 1B tHEDC
JET, KR RESETIEEM VL(A) | j¢-n %
M, Y7Ly 7 AFED L) REBEHEH VW
ETIEACY 2 50ESIR S,

BEARE A X, X (12) TRSNDIEEME R
THETHHIHEYREING.

L(AY) — L(A*?

(2@&9 )SD (12)

3. WEHEHEFIIEHW-SZEEE

3.1 & A

B ek DOEIEL, FEUE 5 OBIIIRY o 651
7o & E DOHFEY] w OFBEMER p(w|o) KL 4 b H
FEH i A RO DL T EEEFRENL., ZDLE, FikE
RAEHFHETELRVWD, N ZDOERZHWTE
WMETFTNTHALEEEFVESEETIVOMEROM %
T s (EREFVMCEIET SO—F).

i = argmaxp(u]o) = argmax f%
(13)

22T, plo|w) (FHFEY] w A N7z & EICBUIRY
o WHERENBERT, BEh~)ba7EF) (HMM)
TEIND. p(w) FHFEY w H BN S L HERT
N 79 LEFNR, FRICINZEEOHFEARY 25
FTOOHFEHANRT VT 4 = Hnws s, B
FZETFINDOHIEDEIBD KNDING » 2% & B 7280
DA =1 ¥ 7REPEASN, K (13) 1ZRKXD &
ICHERINS.

K1 ko N
W ~ argmax plojw)p(w)™e
w p(o)

(14)



RO/ BRI BY BET VAT =) ¥ VMO HIbEE

ZZT, NiZwlZl&INLHEY, e IZHEEHA
NENT 4=, ki, ke \ZAT—1) v IR EET. 1.
THRRZE I, TREDAr—1) ¥ 7RBHIER® )
WETRODLZEDNTE R\, 22T, BETHIL
TR E TV 2B AT 5.

3.2 FMHEAH

KEITIE, SHERBROZEEFN N EHKETNT
FKYT 57200, EHIMBPOEFRIIOWTHERSD.
FrEHE, X (14) THWHNRE HMM & N 75
LETFN, HIEHFANRF VT 4 =2 HOTERRD L)
IZEFHT .

F (o0, w) = logp(w) (15)

X (1) DT NWFH y FHFET w = (w1, ,wn) 12,
BIARRF 2 1d 0 = (01, ,on) WEEHWMZON
TWwh, ZZT o \FHEE w, \TILT 2 B RT,
N ZHEN wICEINIHEHTH S, Fi(o,w),
F(o,w), F3(o,w) %, TNEIEEREE, SiEMEE,
HERIRANRF VT 4 — O HEE R, EARE M
B 1KEET S, M EEHEEFNVICHTEAr—)
YTRE ke, A EHEERANF VT 4 =1 T B A
= IRk £ET D, ThDODBERAZEZH VS,

)\1 = 1, )\2 = K1, )\3 = K2. (16)

TMWEF)L L LTHMM, SEETLVELTIIA
7T LETIVERWESS, FEEKEELERRD
IoweEsns.

N

Fi(o,w) = log pa(0i|w:) (17)
i=1
N

Fy(o,w) = Zlogpn(wz‘|wi717wi72) (18)
i=1

Z T, prloi|w;) 3HEE w; DEENIZE E1T 0 DY
T 2HRERL, o ODMIFERIT w; IZD KK
TB5EWMEL TS, po(wi|wim1,wi—2) E T AT
TLMERTHY, 2HF w1, wio VELOHNIZES
DHGE w; DHBMHERTH 5.

3.3 BEIT XtAVW/-BHNEHROHE

2. T, WEMILE TN OEAMREHR IR DM EN
b0k LT, MMI, MCE, MWE IZ2DW AL
7o, LOIEEZRCBIGETY, HIEEIKENL,

A= ¥ R E OB T 2 BWE#D Z 9
LB T2 L TEORIIREHETES (2.3 %
).

ERERRBROE, MMIIZESEEOE#R, MCE
EOCERERER, MWE (ZHGERR I 2 ko3 % il
Thb. B, SHBMOMIERE L L CIXHEER
BESHWONL, LedoT, 27— ¥ 7 R¥dEE
b HERIERRE & B KILT 5 MWE 2 V2354
IR DB S R L IFTE L. 22T,
MWE IZ2W T DO HWEBOFE 27 L {fx
72 £, MMI, MCE #4122\ T fifHICfiliin s,

I, SHEETNELTEIA VT L2V LHA,
X (4) i1,

R
LMWE(A) = Z Z l((% wr)’YA(W) (19)
r=1weN2
Ehb. 22T, y, y, \INIET A 3 BEREHIG %
FRFNw, w, LR L. QISHIATRE 2 HEEFIFF
ETH5ETO 3 HEHEEDOESTHS. T72, ya(w)
T w DEFEHEETHY, pal(ylz,) & w DI y 2o
WCTRBAEL2b D TH B

X (19) ICBIT 5, 3 HFEEH w O AR A (w)
&, BARIIEHBTRE 2 BRI OMEET2TE AV
TRIHESNZLEDNH LY, HEIZIEIATETH 5.
FIT, TCTREBIL-oTHONDHFET T 1 R
WCE TN HEEG % 72 m A 479 [11]. HRET 74
A3 K OHFEHIOMAEE I 287 MIERETE S
728, NRARMY)AMEHWSE LD L% OHES O
RHZ DRI S EHTEETH 5.

A, HEET T 4 AR A EIRD ) — K %
NENB, E&£T. ¥ihw! 3/ —Fi, jHOT—
JISHIET B, ol %/ —Fh, fHEOEBIZHIET
BRI LTS, /= FhPB/—F fFTHOIH
ESE, W] LEFRTDE (M)

CNFETICHET 74 A LOHEE GHE) 5HHE
B MEMIFAT 2 HESW o RES L TY
% [8],[12]. M 5%, Baum-Welch 7L T X 412
B 2HIME, BRAMSHEREHWEE L RN
BEThHDH. 2T, HIEH o] OLHAHERILRO
Iolicksns.

o kR (XL, MFi(o] )
YA (wy) = Za(0)

(20)
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M1 HETT 4 AOH. MR, h, o4, 4, f, f13/—
FEET. m, & T ldENEN/ —F R & fITH
BF AR AET. of & w! BEREN) —F ik
J—=FjHOT7 = 7ICIET 2 BME & HEEE &
F. o & pfEEnENn, J—F L oRimE A2
7, /—F fOBAMNEATTEERT.

Fig.1 Sample word lattice. Bold points h’, h, 4, j,
f, f' denote nodes. 7, and 7; are time for
nodes h and f, respectively. og and w{ de-
note, respectively, an observation and a word
corresponding to a directed arc having a be-
ginning node ¢ and an ending node j. a™ and
ﬁf are, respectively, a forward score for node
h and a backward score for node f.

ZIT, ol /- FRicBYAHmE 227, g3
J=F fIIBII2%AMNERATTTHAH. HilNE AT
TE, WEET T4 ADLHD» L HIFGHICEIRE SN S.
J—=FhOHBEAITIZROL )RS,

K
=T o exp (z Aka(o;,w;/,))

h/ h//
(21)

R \&/ — PR ICERINL T — 7 Otk /) — K3k
F. 2o, /- FhICEETL2LTHOT — 27 Ofi
MEZAIT72ETRELALELI L THIME R TH
B TE2ZL%2KT. BAME AT T IIFAEOFIR
THIET T4 ADRBRD /) — FE»LiESNS.
i (20) PO Za(o) 1, HIIE A7 EH%A
MERAITEANTRDO L) ICRSING.

Zn(0) = ax = BA (22)

KU1 (19) DEFRBEE (w, wr) DFFEIZOWTH
4%, ZoXTIE, HBEET 71 ZICHBT 5 S8R
EIEMGHFER R OXInY 5 HiE (F]) & xltil, X
(9) TIREND L) ICIEMROYEIE —1, RNIEFOY;
FLlETH, 22T, HEETLDORaTOFEEIK 2
o TEMARMICHHT 5. Rkt [There’s] al
[Japanese] [about] [three] [minutes] I¥ZNZF1
DOHFENHIS A OIEMRHEE L —FT 5720, 18
REBOMEE —1 L5545, —7, [rest] Ton] 30T

1280

I |
P i i i i i
Correct There’s! a | Japanese | restauranti about three iminutes
P PP P h —e
sentence A hd
Recognition  There’s: a ! Japanese (rest 1 on 1about ! three minutes
. P o—o °
hypothesis A4
i i
Loss i i i i
R -1 =1t =1 41t 410 -1 0 =11 -1 1=-4
function
Time

2 fARBBORAER. BENdRE 22T BIILHEEE
DG LD/ — FEELT. BEEO T OMITHGE
T =7 & ET. HREBUIREAROHEE T LR
L IG5 5. RBRk L 72 HEE O AR & #& TR
DMICIERHGEA—MTO BT, EfE LTI

5.
Fig.2 Example of a computation of the loss function.
The horizontal axis denotes time frames. A

bold point denotes the starting/ending node
of a word, and an arc connecting nodes de-
notes a word. The loss function is calculated
by comparing each word in the recognition hy-
pothesis with its corresponding word in the
correct sequence. A word in the hypothesis is
correct when it overlaps with the same word
in the correct sentence in equal or more than
one frame.

5 IEfRHEESAS [restaurant] & 7o TWh 728, 18
LEBOMEET 1 T4, ZOLHIFHETLI LT,
[rest] [on] AFEHFED, A OVWFNHTHILIC
kLR,

kTR sN72eDHEE (F]) o5 AH iR
ya (W) &, #DHFEDEEBE l(w, w,) BT, £
OME L L2 T, X (19) © MWE o H
LMWE(A) 75_’51‘%?5

MCE o HrBE L, EfEHFETIOWw ) LK (22)
TEE SN FEBEKEOEEHEL, £ToFEEY
YTNWIZOWTEFDME L5725 DTHAH. MMI O
HBEUE, 2130 EMEEYIOWw ) B LRI E
DOEFHELZET, £ToOFEEY Y IO TE
DHE L5725 DTH 5.

Mak & [17] &, A7 —V ¥ 7R % I T
HELTWE, ZOFER, ZHREEZHVLRFE
N RICFIHE I 2w, Lo L, @80
PIBEASA 7 — 1) ¥ ZR B ORI TR R
BWEWI RIS . KL THWTWS 3 O
HEBEET Ty 27— v 7B I T
HY, TOFEEZOEFEFH LI LITTER W,

REFHL, HAEDELEFTVEDIBEZ TLZD
HEEICREFOWINIAE LS, FICETVHE#ER
L7Z2BAEIF LTCHAEBICHMATETH L. FlZIL,
SREE TNV R B 5 (18], [19] ~DER 2 2
bNb.,



WO BRI BT B ETIVEA S — ) Y TR BB E

4. ¥R LUBEEOEA

BT/ L 912, HEET T 14 ALK DER
LHEEFINEINTBY NRAMJ A MEHWA X
D% OHEFEFIORH A RIEMICHR D 2 LD HET
Ho., LeLids, 5 HiEGNOKIIEAN %Y
G LTI Wiz, 27— v 7R B0OH
EHEITHET 71 AZEETNLBFEIMRGEST 5. —
W, WEET T4 A, FOEBEBICHWS A —
) Y TRBOEIRET S, Thbb, HET T4 A
ERT =) Y TRBEHEIKE L TwA, ZoZk
&, A7 =) Y IRBOHEEMEDZF OIS
LIl aERT S,

COMPE~OKGEE BT 572012, H
FAADERE A =) ¥ TR OWEE FAEH
MR LEFEAEAT S (FIZIE[16]). Ar—1):
BOWEICL VB ES M EL, 2U2LD
T A4 ALY IEMRISEVHEEFI2SH AR L LT
NB LR, EOMERINEE T, WHEDEE
ZTIHEEDSTEDLZ IS NS,

TNhVIT) XLAOBELX 3 1IRT. X3 HD Step 1
T, AT =Y Y I REOMIE A LR OMEICRET 5.
Step 2 T, TFEEMI AT AR, &TO%EHE
FT—=FIZDOVWTHFET 74 A% ERT S, Step3 T
i, R DZIHIMETAY = ¥ IR EEHT
4. Step 4 TIE, ZHBETEI SN -HWEED
EDK (12) OWHSGHEE - THE, HEUmr %

[B]

A\L aull
o

R\

’

N,

7N

LN

# o 3

RY M 39

Set initial values of
. Step 1
scaling factors
N Generate word lattl.C?S Step 2
using speech recognition
Estimate scaling factors | Step 3
with gradient method

3 MR LBRICE AT =Y v SR OHEE.
Fig.3 Iteration process for the estimation of scaling
factors.

25, G728 WHAI Step 5 128 5. Step 5 Tid,
X (12) OWCREMEE 7286, 27— v 7R
EEPLCHIET 74 A% AR L, Step 2 A, il
72E e, Step 3NRE. TIZT Do 13, 5
B AR ENHET T AZHWzEEDZ SR
BEOPHREHTSH Y, Din BEFET T A0EH &
O 72 LB 2R ONR G TH 5. Din, Dout 12
F L, Din < Douw OHlF % 5. 2B, T4
DB Douy DY % M7 S R Wiad, BRI AR
ENHFET T4 AR AWTAT =) v 7R oHE
AT T ETRIEBEMLIRREAT). BB, EREIN
HEET 74 AIEMOBEEF S EIN TR WS,
Step 3 IZBIFAHEEDTE 2V, TOMEL BT A7
O, EMOEEFNTWRWVEFET 7 4 A ZIERHEGET
TRAET AWM ELT).

5. FFffi X B

RETFEOFMO7-0IZ, KBEEET— 7 ~N—2
& Vo KBS T ARk D B AT o7, £7, 3
M O I, MMI, MCE, MWE R ZhiZ2
W, ZOHMBEROfE L E R L Ok T A
L7z RIS, MEE SN2 AT —1) v ZREBOMAME~
DWATNE % AT L 72,

51 REBREMG

Ty N=RE LT, HAFEG L% -5 (CS))
ZHV72[13]. HEE TV OFEITIE 540 B OE7H
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Fig.4 Relation between word accuracies and scal-
ing factors. Each contour represents a set
of points with the same accuracy. The in-
nermost contour indicates the region of the
highest word accuracy of 80.7%. The interval
in the accuracy between the contours next to
each other is 0.2 points.
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5 Relations between the estimates of objective
functions and word accuracies for three differ-
ent criteria, (a) MMI, (b) MCE and (c) MWE.
Each contour in thin line represents a set of
points with the same estimated value of the
objective function, where contours closer to
the center have smaller estimates. Each con-
tour in thick line represents a set of points
with the same word accuracy. The center con-
tour in thick line surrounds the region with
the highest word accuracy. The outer contour
in thik line passes through the point with the
smallest value of the objective function esti-
mates.
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Fig.6 The values of the objective function Lywe (A)
in the iterative estimation process of the scal-
ing factors. Each of the four lines represents
one iteration procedure starting from one of
the four different initial settings. The point
with an arrow indicates the iteration process
in which the gradient method (Step 5) con-
verged. In the next process, the word lattice
was updated.
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Fig.7 Results of scaling factor estimation. Each con-
tour represents a set of points with the same
word accuracy. Contours closer to the center
have higher recognition accuracies. Each of
the symbols, O, A, [, X, represents the scal-
ing factor estimated from one of the four dif-
ferent initial values. The head of an allow in-
dicates the scaling factor value estimated from
the value at its tail in one iteration step.
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