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<Abstract>

Implementation of Connected-Digit Recognition System

Using Tree Structured Lexicon Model
Young—Sun Yun, Yi-Geun Chae

In this paper, we consider the implementation of connected digit recognition system
using tree structured lexicon model. To implement efficiently the fixed or variable length
digit recognition system, finite state network (FSN) is required. We merge the word
network algorithm that implements the FSN with lexical tree search algorithm that is used
for general speech recognition system for fast search and large vocabulary systems. To find
the efficient modeling of digit recognition system, we investigate some performance changes

when the lexical tree search is applied.

* Keywords : Korean digit recognition, lexical tree search
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1. A

rhu

gubEel d4 |4 AAS &4 Ed(phoneme model)oly Tol ®ul(word
model)-‘—} 22 J4 dH(recognition unit)E RAHI F, G GA A do] md

o] &3t U4 EHEY A FERE H4F F HH do] E& FIh 1
AU, £AS AL B4 dAA @A FI(search space)S Y F A= Ao
ARE o] 83t7] oo @il Aot 2AS AAL I AHEAH A wel dojs
7t IRHE A9 B2 wEd 9o WE/IE ol&d 7Y FE Fole
WHS ANSET

&% 4 A A" Ay, AR st Do F7F BolAAA g
FZtol FAE A AHY F7ME VM LA "ok oldd EAHE A
Aot o]F AlHS 2dPY o @o]E FA4HI}E subwordE FHIE WHo] A
FEo] ALEET Jut. o] g WA J|E9 AHE o3 AlA(linear lexicon, flat
structured lexicon)o] Hl@ 3l Eg] & o|3 AlA(tree structured lexicon) £& #H
Fo] Ff o3 AlA(prefix sharing lexicon)o} 2t H}.

E dFodAe 78 A B2 ZA-S WEsHARL 34 3E FAAA A
12H8 w27 e Ef FX oF AHE o] 434 = 9
& 783, 78 A Y A i3 Jdgdch & <
o wA 2= G £ A4 AxEY] JE 9AE AFHED, 3F M=
EY F29 o3 AHE o] 83te QA AxEle FdE A 1y AlgE A AHda,
71E A2dd FEE A|a"Y S vlagth opAgoz 4o B A9
s 9 HES BEE AT

>

2. 97 =AE A Azl 74

4 Nxdold del AgHE olf Ad 2dY 3
4 Azdolu M4 oRE AL $4 Ay Az

44
o
2
R
rlr
oo
o
o
i o

dstn, g% 34

A A4 £ 5 WA 317] 9)ste] B FIi(search space)S Zol= Ed T =%
A Bl g AgRith £, 4 4 A4 AxdHelA de] AgEE EE A
2 dndEFS AdHdta, _E_El T2 o3 AAE o8ty AF £AS Y Al
HE FTHIZE F3 el vl =9 A(FSN; Finite State Network)S] Z3tel] tis) 4
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2.1 OF] AR 2

R 8w A% Sl
subwordE AHE-@TH 71 E Q4 @HEE FE 42U
& SA4A A2H”H s doju EF
718 subword T EEZ FAHAE ©o] L AlA(pronunciation lexicon)& TR E 3}
A "ok go] IS AAL UutFH o R gojd s EE WS E7|(baseform)
E U4 999 942 ygdFgoEn FAINAY S&F8F A4S 71z A&
oA grEo T

N e i e gl g —,7‘_...{ ;
I e L ISt e T T

@ 48 1§ A ) E8) 7= ¥ AA
<a¥ 1> W AR P&

g AL <OE 1>0lA BRol AF oF AMd Feju Ef 7x oF A
A FHE FAo] JhEsith A3 oF A FH= ZEAY EE ARY 2
2 7t E4E0] 48R Udd Fejolth o] FRAAN = UHo ALHE=E UEY
A(network) 717} &3 AHAO Yelve HA 54 9 XEA Eo. 22,
AAZ g B €ES BFE By 22 4 FE0] Bol FHHY o=
A& 4 F Utk ol FEH 54 EES AANAY HME FHEHA HE Ul
Efae 3717} 2953 B8 ALE Y & UA . 49y FEL U
oo met A2t tEy, dWtAH o= oF It sold S FHEH= FEo] Bl
A ot Eg] 72 AMA FHOAE o dort FEE 249 FAAE =
719 2L £4 €S FAee TRE Ho Itk HEYIY FA7E EFY =
S(node) 79 LAEA HEZR, Ay ofF AbHd vlsjA A FHE Hol] £¢Y
T A Bk a8y B9 oA ko =EEly] AzAlE A4 o o
(target word)E AAT F ¢l7] "o & G| Fo Ao vdL HEs7|7]

A
B
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4A gote EAH-l ok A B2 o oF A& A4 AATIAAE U Y
EYa Iyl £Y2E2A S8 ANH beam FHNM B E LHE EQ
T Q7] WE) Er 72 e HF AHE FE AL AT B 729
o3 ALHE o] 83tE AL, AAE FELY EARESC RauH1 YA, t§
F S AARSRE AAFY] YA E E FF9 oF Abde] Hasi (1)

AF &S Ao AR3E ol mde] A, gdvtF o2 MY Sz W
AA-E Fo) Agstn Utk Iy R oy o] Rdo] opd EtojEE <l
A ez ‘6}“ A5, @olY AEgl 2 $49 @Y o 2+ S4d 9
Fe B S Aded, ey 471 FHEusE 50l 51]11“4 olaj %t
o2 vl ;ﬁloi Eglo]ESL ¢4 9HZE 3= A5, A7 FF EY 7=
(prefix sharing tree structure)lt Fvlo] Ff E& - R(suffix sharmg tree structure) ]
]3] E(lexical tree)E ©]&3t3 Yo B AFAME 71EY N2"le FF
TH EP FRY A ARE o|&3}=E JfMIAT 28U, E 729 LF
AL ol 83tE S, A F JHA AR 1EHAE LAY ANE EF
Tz #g AAY A, Efe @ikl =38 AnAe J4 dds o
°}&}7] 01"5‘3}" @™ol Atk ol dd EAAHE A Asto dojo < @
A FEL treed] ZF E7)(arc)ol) vl E-FF factored language probabiliyE 283t} o
2 © 2 word unigram probabilityE 2 83le Eg FZo &S AHAE @A
bl 7}A 2] 7] (pruning) 3+A U, word bigram probabilityES 2 £3}7] = it} o]} Zhoj
tree T T ALANA Tolg BZF FEL o] LI FA3= FAHE Ayt
= W& LM (Language Model) Look-Aheadeltx 3t} £ AFoA H&3= 2t
oo} 28 FEL tree AAMZE E&SE WHL te 2o

28 FEL treed] @O XAFCH
@ EY Tz AF AACdA 2}44 X (children)] XA FE 9 A

s dS d wee gE oz AFYJ
@ RE o ds 5 ol AAHA, 24 w9 gE e 84 =9
& o= Y.

71& AT E QeANA FE g9 Hd == F& HEsiHAE A4 4
SolE & Aol7t = Ao BHEHJTHII
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<I1% 2> (a) BlEA @S g AH () MAX FE9 B4 0 Y g2 28 FEuMe
ol () HUMAX) BE & ol &% 3 @) & TEUME o] &35 23

sit L No
(3

Acoustic Language Acoustic
Morlel | vooel l nodel
{ -

t

f

Symhols: s wora end hypothesia A, B, C;
<irom of a tree copy for history A, B, C;
bl fing; acotgtie Mmodel recombination within a toe copy,
thin kna: bigram language modat recombination;
dashed line; word bounday recombination for sifence ypothesis
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a3y £2-5 A o] dojzte] 944 HRE FEZH FH] JE A
o= LM Look-Ahead 7] & AFEE & QivtE ©do] &A%
T OE 18 JoEx EF 7RY IS AHE o] &3le '@ AL AX
A5, O AR BAIR Q¥ vz Tt g dmgEe BEzAoth
WE o of RAS AML3A] Ee AE, & "o Lo & ¢ Ue voE
< @oi7t 2 & Q7] HEe, old dojo) tid ARE AREA Qgote AT
12} bigram ©o]/de] @Ol AEF FES ol &3 A, tee T BA F o
A 2R FAY Do w ool & F UE ©o vE g1 dojof Y, Ef @
o AR g kEo A w7tA] ©@o] vo U Ao fHEHo BE Eg
T2 BAZE Hagojol dh<1¥ 3> FR). o] ZAFEL A3} sty of
3 EYE BASE uiAl, o Efe ARE U] Yot BAL ALse
A& AHgETE olEA v T oA U FRE HAstY HALdE WAL E
Z(token) AG W2jolg} jir},

o e

22 £2 JY gae|E

£ dFAE o EY Fx9 IF AAE FBARBE U4, e o E
gl &g AARE ARSI, oF Ef g ARe e, g4 E JYste EE )
H4E EYUEIZ HY, <O9 49 <B 1>2 FEizte] Aol wE 193 E
Z Hg &) F(token passing algorithm)& el Aot}

propagate and
update tohons o
each tawe frame

ceep best toehon
arvving af cach
st

<% 4> 7123 token passing ¥ E

9 Gojue AeE Ay EES AGEE ¢ndEe uad 2ol 7
¢ EEL FEV 2EHU EE9 EAUL oA 1, ARy AFHA FHu)
E W% ET H34 HE UGS e EET #XEY g8 EZ AE dnHFE
d @A 53 % (one-pass dynamic programming) Y1 E3 FTYsA Hed

Eg) Tx9) off AAL ol§HE A%, EBY AL A4 v 2 Wy
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oA Jejztel Aot dAst= FE9, By RS FHIE

G CH<2E 5> FX). EI o3 EY g¥ ko Efo] =g}
Gl E AAEA HER 2L dojd digk Aoyt HRslt. oF
st A QA2 dolo AFo] oF Eg Wt o2

ol A4 Doyt AAE g dolZ Hojsol e A FRUFL
9 FEAPL o] Fo{ 3T 3].

<E 1> 5Y dojdAM9 AL EFZ AE ¢1yF

Initialization:
Each model initial state holds a token with value
All other states hold a token with value
Algorithm:
fort =11t T do
for each state i do
Pass a copy of the token in state i to all connecting
states j, incrementing its s value by p;+ dj( )]
end
Discard the original tokens
for each state i do
find the token in state i with the smallest s
value and discard the rest
end
end
Termination:
Examine all final states, the token with the smallest s value

gives the required minimum matching score

=
A BB .
Tk

@ A4 Bl N
el A Aeizel o )
#o)(s1) b -+ JFo4 271 (p2, p3)s NZE g

A &) Az (W, W)

<a¥ 5> B3¢ 2A7 AAHE B
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AH EN EZo] $YH0] Al B = A4 F2o E2Y §A5E

= A w9 WAAE @ el de F2s 2AHE A9 Tole B
BE7A Holh AU BUT ZAYANH AZE Dot A Aol
(<2% 6> FF). A4 Bol7t RS AL Golrk ARHE A5, FRALR
3¢ AL olHALH Mol A4 wele Ag AHAME Hol BE ol
B AL A2 ge 2= E2U A%Sn duiAE wag,

By
° e % Py
(@ A g 8—6_‘6 w, 6“6—‘

el 4 g2
D)

(b) MZ2& A4 ol Azt A Aojd <14
&9 (pl, payollA EE HE AR

<% 6> EE9 Aol WY I ESZT AdH oz A
23 0% E2|e & Ae) HERZ HEt
I ZHole] 43 xAS Jd4L A 92 doE /3 HH UEYaE
EQ3lHoF 3ttt FSN-S H 33 = HHolE o8 71A7F S F ey, 2 a3

o) A= HTK(Hidden Markov Toolki)[4]o1A AL&3t1 U= @ol UELY A (Word
Network)®] ¥4l & wel /3 A8l EYIE FH3I

@ e digit digit digit digit ° e
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o] WEYIE v S(node) Bl 2ES} olFarc, 3) BAER FAHO Yot =
dolE X3t okaE dol ko] AHol(transiion)E oW ¥Th<TH 7> F
o] & A=A ¥2A(SLF; Standard Lattice Format)ollAl = =$} o}=9] A9
E 9E BYEA, A Y=g FAEY do d99 SLF 34 & reste
| Ag€A LYtz Aztel Weol Heles ZAgdel7] @&, HTKAA AF3te
HParseZ ©]£3}o] 33 BNF(extended Backus-Naur Form)oll A Zt&k3slA| SLE &2
T8 & Ao
dmtA o g FYUF oo WrEo] B AHLdE do UEHNIE T
A7) wEo FE WEHYAGub network) MEE =Yt SLF 32 H A4
At o] A, FE UEHIE AA 7€ O3, O3 dAdA & UEHA
£ o83t A ==F T4l drt

A4 DAl A o] SLF Y& ¢gojx do] MESNIE FA3t, oF E
9 @ =X Q4 Tyt AFHU AHAE o] UEYAY =T oA RE
Aol 7had DAJAE At RAHJAE dold AS wegn, AFE Dol

£ A48 @oE AR FAE AESET

71EY dol VES A 49A Y dnegFY A7 dojy Ao £
F, A 2L dojRe] Mol oA do] VEYAE ol &3t & HAE A3t
Atk 23 oF A-E o] &3E AS, A A FA dole ofF EY @
o =2 rtAs AAHA @7 @i £ ZH UELIZ 94 W
AE A= ¥z AMgE 4 gtk

wEtA, o3 ALAE o] &% A4 A2®E FAHSE A AHAA A=
Hiel Zo] EF HE 41 E S o83 FHE F Ut} o] AS, 4 ESddE
ggEE o EgY =g e HE Fo| ARHY. o] EZ dndEFH /T
Jel MEHNIE A3 Heie 74 EEdd do MEYZY o tig=HE
A Al ZHpointer)7t A ZG = ojof FAoh(<1E 8> F=X). o] AAAE ofF EY @
oA 14 ©ojr} AAETE olH TojoA Ho] rled TDojIAE HARE
HEg2 Jo.

<19 80X EZ 19 A, G E FAHsE A4 &9 WelA FHolrt LA
Bl Z-¢o17] W&, ofF AR Z A @Y E JEde AANAE FAHIL,
e AET FAEY EE 29 AR A @V viAE HLEA ofF E
29 = ARl A ARV FAAT Ao 2 EF 39 A, <14 dojrt
AARASHA7] WE] A EZ AZH do] UEYIY = FHRE o]§sld
A" dolzl Hol E = UA=AE AASY Aol 7M53hA god #Hr MR
o F, wd7l AZE w19 o @ E F9 U we, w7 F 3tuold )
o] HELZS = FERE ABAstd EES AFeta, 194 ¥ B¢ EE
32 HUIAHESH O ol &M WYP= A =)

(n

X
T
=

o]

tlo

s
T
2=
T
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i Token 1

plextree
pWordNet |

- plextree ‘
.............. <

pWordNet |

Token 3 |

plextree
PWOIANE!  efmmm e amam==""

]
. m )

=
A

<% 8> olF Eggl o] YEHNF, EZ9 AHAA

o] }A L HYSA <E 2>9 Po| VA 16T F Urh

<¥ 2> o]§ EfAMY BEE A 4IeEF FSNe A¥ ¢ F

Initialization: t = 0
Find the available start word and set the previous word network
pointer to NULL
Algorithm: Token propagation
fort=1t T do
for each state i do
Pass a copy of the token in state i to all connecting
states j
If the state i is the end state of the subword unit,
new token is generated with next subword unit
information
else if the state i is the end state of the target word,
check whether the current word is able to be
propagated from the saved word node of network
end

end
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Discard the original tokens
for each state i do
find the token in state i with the maximum
likelihood and discard the rest
end
end
Termination:
Examine all final tokens, find the token of which
the corresponding state is at the end state of the sentence
end word and report the path

At deEFY FAHL 4y g4 FAHUAR Yo VIEY A F5
B AAAE 22ZEIA] ZXdte Aot (EA F). o)A 4 Tt SF
gHog AE 2dldex 23 A G 4R £ dojrt 48 &
Aol AujA o2 WZ3te= A folth F, ZF FeldA B AFAA A FES
zte EET ARE7] dj&o] dAste Y HH3 EAldocal optimum) 2 34 H
o o] @A YubAQl OPDP ¥igEe TS IUE Wyt 917 Wil
A% SF RdH S FaA AEE F# IAY Ed 7R off AdTH} do
UIEQIE A3 S 9sto sidd 5 o

ML

/go

U.L..

3. 74 A3

2 AdAe BEY 729 oF 2d< AL A8 92 AS A4 A
2de] 7 HAoA nT A, FEE A4 A2 H5E 719 U
3 vlmate) 4 AdEE st 1 AHE B

31 7 Al g F

13 EZE HEY 92 AT A4 A2"e TR AN A A

I A gde AARH. ofF EZE ol &F g4 ¢
dole olF Ege @ k=i A AAAY oMY A
dd A4 Tolo AL do] WYEHIE o83t T AW WEYIAE FH
AAE A, ERO BT ALHA AHE2EL dojrt Aol £ th<1¥ 9>
). maA Z AdAdolrt AP F do] YELIAA 7 E dodxE
AASLY O o] MEE dolRe] Holg FAFNEE vk 18X ¥, AR
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< @oj2e] Ho| B EF A4 T (Wenend)® A A O|(self-transition) 2] ZE-&
k)

BlZste] 2g Bolzel Mol Sgol B AXA HAY, beam pruningo) o3} A
A Aol A=rt AAMHAY, YD 249 vpA THYAA AN T} (Wyew)
b 2ol oa) ARHE A Avz W AL A4F 5 Ak wAA 7 4

g "ol AAste] ERAA Y opAg @oldd B, AZE Doj(Wew) 2 X0
BEE FATY.

Self-transition %

L4

8-8-848-8-0

'
b
]

Woent_end Next word transition

<13 9> BAe) T woldl AL ARE BojRe) Ho) 2

SARANA AT F gt BB sy BAME THY Bel ZARE Q
Sl sihold RAYE Bojo Aol Astel AW £ s 4
Agolth B AFNAE HEAA WRe 29 S5t WA oF selg
ZoY JHs@ ESE olgstel Aol ABY #% YU MEYAES w3
Atk Wb, Aol 75 off) EXY RE AUt wde) E2 Yng An
Aoy Zejuh, BAFE To] Mok ofF Ede wHwsolA U4 Wl
A eel EREAR et £ Qo) WEel, APV £2 ARE FAYY
E2 AuEAn geueld #r8 227 dA2 4 WA g0 2E A4 we
o RAYY Wl BAFAE @] WEo) wolo] AAE ERHE sil Golt
sle) ga BgeN PAsE el A4 45 PAATIEH £l @ Hold

(<2138 10>).
AAALAAA L

Token4 Token1l Token2  Token3

i:l Norr >

Wnot_boundary Wboundary
<1 10> 73A dol2e BAZF Ho| 53

'?"] 1%10“/(1 7(:)]7:“ ?__}o'](wboundary)T‘:_ T"?_—zo’] :’é"- ] __,_%ﬂ()i ‘:-1 0]161-‘9] @ ]7}'
A\ =0}, Token3t A& A Mol HgPoh oW AFA 2AHI A4 v

£ al
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Wiobounday™= T ol Zold ©o]E RE7] fio] BE 7Hed 4 g2 A
o7} 3 &5 o] Tokend2 HH7} Hol gk X (maximum token keeped) HHY o2 <l
3+ Whomaay®] PHAIE FEol7bA] 228 & UA Ik 18Y Whoundaay® 9HA
Fefell A B2 dolo HolE |AE 1 ARE HHI old A, AJY
3 AE ARE AT Q= Tokenl, Token2, Token3= ©]F] Tokendol] 23] 73
A8 Agol7] g A4 LFE LA ). webA, Tokend7t MZE o
2 Holste Ao AA DoAA WewmanE Ol E Vg HAStY RAHE A=
AAE Y9 14 A F4E Aotk

3.2 H|n "I}

AYe 71E A7 L BANA olFAATSL J1E AT 24 2D
oluf ©ol mEQl A9 ol W g $ol wet A9l W} A, B ApolAE
a
o}

B @Ol dold Fxd) &4 Ede AH &€ wE2A FHE&3 734 G !
37 A%t AL & F AUT. 71 7 LY fANAM LHF A
o Z M 7] Jhed Hdl B2 F(JA4 o3 F AH e <F 3>
2o FoM & F ARl EFY FE2E AYG ofF Aol & 60% Hx=e W=
g8 AT F AT 53], B dFAAE Dot EolE L 1AV HE
o MR E ol I F AU

<H® 3> Ay o3 ndy EF Tz off nde Ay F vn
olg Aty nd Ay ndg Eg Fz »2dg
= e < 19,721 7,980

A&a md Je l B A] AYHI AFE <E 4>9) 7@3151211:}. o]
AQoME A& 2dE FE3o ‘ol'g ‘0 I FhE HH FE 671

ARSI U] 4o daiMe 472 AelE @33 A éﬂr oo
Sl A= 9.26%, = LFEANAE 88%, U AUNANME 643%Y B F
4& o] FAUct

<E 4> THY A2H 5 Y

Ay 2y Ef Fx 24 s T
Q14 A% (WER) 5.4% 4.9% 9.26%
A B (B 71.6% 74.1% 8.8%
B A AzE 986.56s¢ec 352.22sec 64.3%
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4, 99 AE

=

B d7dME EE3d 42 xAs dd Az"e AEstr] e Ed

?_
zo of% =AW §¥ AY MEHIE 2T v YnIEL FEIAT. 7
48 QRYFL o EYE og3td EAH Aol 2UL o8F A& &4 2
4 9 g 2P 8 4F YU MEYIE BT 8T & AES @
Mol A" ol = o}
7

= %
dot B2 AY ¢l o4 53, oy =g

T3 A WEAIE FAA TFHEF st F¢ TN F e

& 2
ARE A% ANBOIY &, viRe) WlH BT FEY B 45
o 53 of ZANA Aol B F AW 5o qAE Fuhe) AN A
I3 702 $58 FANAT. A 78I ofF EIE HAFoRe T
Fxold % A72 ATl HuolE BT FAAE ofF mdd BF AT
g Bt O Ue U4 457 S5 F4 Astua sk

EN
—

b1 31

e
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