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Abstract 

Thi" 111<':-i" (',,\,lllliIlC'S hidd<'11 Markov filter models and tht"ir applications in l1peech 

sq!,IIH'1I1 i11 iOIl. :\ 111('1 hoel of sC'gment.ing the speech waveform is proposed. This 

Il)('f.hod Il:-(',,, t II<' BilUIIl- WpJ('h rcestimation algorithm applied ta the hidden filter 

1110(1<'1:-. Sill( (' :-p(·(·('h ~igllals are handl<'d at the samplc level, the amount. of compu-

1,11 iOIl:- lu·(·cI(·d i:- \'('l'y large'. WC' will show how this issue can be dealt with effectively 

IIy IIsillg fi ~t ail'(,él,"\(' apJ)roach in the trC'lIis calculations. 

'l'II<' hi<ld('11 \1(11 ko\' filtC'l's are> used to segment specch signaIs. Test results show 

\'<'1')' ('()II:-isl <'III local iOlls of phollc boundarÎes. The hidden filter model fits vocalic 

S('gllH'1l1 S \'('ry \\'(·11 (\\'il Il nonnaliz('d prediction errors of less than 0.01), but performs 

I('!'>s \V(·II 011 ('Oll:-Olléllli s (\Vith Ilormalizecl prediction errors of up ta 0.3). 

Th(· :-p('('('11 :-('gllH'lltat ion Ily hidden filters is applied to a large vocabulary speaker 

<1('1)('11<1('111 i!'>olilll'd-word rccogniz('r at the preprocessing stage>. The performances of 

1.11<' J'('mgni;wl' ",it Il éllld ",ithout preprocessor are comparC'd. Th(' resl1lts show small 

i III pl 0\'('111<'111 s i Il t II<' l'('cognition élcc uracy. 
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Sommaire 

('c'tlt' \It(,~(, 1>I(""('IlI(' tllH' élude' sur !C's modè-!e's dl' filtn' d(' i\lrll'h.o\' ca('h(~~ pt I(,tlrs 

applicatioJl!'> ;1 lel "q?,l1wlltatioll de parol('. Il propoSe' une lll(;thoc!e dt' sq?,I\\('lItatioll 

dC's signaux cI(, parole' qui utilise' l'algorithnH' dl' Bali 111-"V<,leh appliqul; élUX 1lI0dè'II's 

dt' nit 1'(' ('adll'·~. ('0111111(' l'analys<' du sigllal est faite' à chaq\\(' (;chant ilion, ln quant itt', 

dc calcu! ('.,\ tl('S grande'. NOlis Illoptrons COlllllH'nt Cf' proh!('llll' l'st 1(;~ol\J ,MI' IIll1' 

approchc' d '<~cll('lolI c1alls Î(' calcul ('Il tr('illis. 

Ll's tp~t~ d(' ~q!,IIJ('l1téltioll SOllt réalisés élYe'C Ic's hande's dc' donnc;I'~ d(' paroi" 

cont.inll<' 1'1 dt' Illoti'l i~ol<;s. L('s résultclts dc' sl'gu1<'nt.at.ioll SOIlt. tl'è,~ COIli'list('l\ts al! 

poillt (Je. \ u(' d<' pliH'('lIl1'lIt des Illarqu('s dt, froIlW'\'(, ph()II(~t iqll('. LI' lIIoclè·I(, de' filt J'<' 

caclté 1'<'\) J'(;.,(' Il 1 (' t l'('~ hic'II I('s \'oy<,II('s (av('c i<,~ Cl'I'PIl\'S d(' }ln;dict.ioll pl\l~ p<'l,it(,~ <pl<' 

0.01) ll1ai~ il (,.,1 IIlOill., hOIl pOUl' ks COllsonllCS (av('s l('s ('IT('IIIS jll~qll'Ù O.:l). 

La scg Il 1<' Il 1 c1t iOll dc'i signaux acoust.iq\H:'S pc\!' filIn' <'iwhépsf, appliqu('·(· ilU sysli'l\l<' 

de' 1'e'('011l1 a i!'>~é\ Il ('(' (1<. pa 1'0\1' ~(HJS [orlll(' cl 'UII 1I10d u 1(' de prc~t.1 cl i t ('IIWI\ t, L('s l'I;slll t il t.s d" 

t('~t éI\"(,(, pl ~all" pd·t l'é\it('l\H'lIt SOIlt. comparés. L(· prc.l,rélite'l\WlIt. tH Ol\~tiql\(' llppollt· 

Ulle' légè·l'c c\Illt"lioléltioll il lél pl'c.cision dll syst.èmc' <1(' r('connaissc\J1c('. 
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Chapter 1 Introduction 

:\pplicat iOll ... of éltltolllat ic s.)('('ch proce"sing hasf'd liron hiddl'\1 rvLII'ko" lIl()dc·l~ 

(1l~1~1,,) Il,1\(' l!lcHI(' cOllsidc'rablc' progress in th(' past. f('w y<'ars, 'l'II<' tt·dl\li<III(· of 

l\IarkO\' Illudclillg hc\~ ))('('11 d('\('lo[>('d in a 1It1Il1IH'r o[ din'ct iOlls ~II('II as Iilt('ar pn·di(

t h'(' II ~ L\ 1 .... ! 1 i ddc'II fi 1 t ('1' Il;\1 ~I s cllld Illixt urc' a li tO\'('!',\'('ssi VC' 1Il\1l\h. TII<'~(' 1Il\.1 l\1 s 

ha\'(' he('11 illlpklll<'llt(·d in s[>('(·ch ~('gllH'lItélt.i()lI, ('lIhallcc'IIH'lIt alld IC·(,O!',lIiIIOII. 

Tlli~ 1 1J(' ... j~ j ... <1 ~t IId)' of HII aulornatic Sf'gllH'lIt.at iOIl proCPSSOI bas('c1 \lpOl\ hidclt'II 

filtel' lJIodcl~ wit It appliCéll iOIl 10 cl larg(' vocabulary speaker clc'I)('I)(I('III isol,tlc'-wOI li 

l't'coglll;l,(·J'. 

III titi ... ('lldpt(,l. \\'C' fil:-t J'c'vic'\\' the theOl'Y of hidd('!1 l\larkov III()dc·I~, Wc' foots 011 

011(' ch:-:-, of IL\I\J.... 1It11lH'ly tllC' lill('aJ' predictive' I1MMs, and c1c'scrilH' t.ltl' [lIl1dclll\('ll

lais of t}1<' hidr/t /1 Jilft l' II/(ult 1 ..... Fillally w(' will fOClls our at!('lItioll 1,0 the' plohll'III of 

speech S('glll<'lllatioll cllld 1'('<111\1'(' "xlraction t1sing thC' hidcl(,11 filter Illo(kk 

1.1 FundaluentaIs of Hidden Markov Models 

The hasic t 1 1<'0 l'.\' of hiddC'1I l\larkov mode! \Vas fir~t pllhli~l)('d in a c\a:-,sÎc pcl(wr by 

Baulll [1 J .. \ Ilidd('1I \Ial ko\' lllodcl is a collectioll of IIllohs<'I'vahl(· Stclt(·S COIIIIC'('I,('d by 

transitions. Ea('!J tl'c\l\sition oftl\(' mod('1 is charadPlizC'd hy él trclll~itioll Plolmbilrty. 

The ('\'Ollllioll or tl)(':-'C' ~tfll('s (callf'd the Markov chaill) prodll(,(':-' oh<.j(·I'Vcll,I(· olltplJt!"i, 

DpP(·lIdill,!!. Olt t II<' type' of obsC'rvation outputs, c1ifrpl'PIII Mal kov IJHH!P\.., ;U'C' dc'

fill('d: fi ("'~('ltI( II~I:\I 01' a rOllfilll/OU,'; IIMl\'1. 
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III ,1 <l1"C 11'1(' IIII)clc'!. IIJ(' ob:-.e'r\'atiolls aJ'{' discrctt' symbols l'llliUc'd froIn a fini~e 

,t1ph,tllC'1. :\11 ()Jllpul pl'ollélhility di:-.tributioll c!C'fincs a conditionéll prohability of 

('lIlill illg il Il {jlll plll "YllIbol gi\'('11 that a trélnsitioll is taken (in which ca,,(' we spcak of 

<1 1/f1l1."i//OII-I)(/.~((1 IlIod('I) 01 !?,ive'lI that a statC' is oc('upiC'd (in which case w(' speak 

III a ( 011 1 11111011 ... Illod('I, 1 Il<' obs('rvat ions arc cOllti nuous sym hols, or more generally, 

{()1r1iIlIIOII ... \('C I()I'" TI\(' di:-'<Tf'tc' probahility distrihution is rC'placC'd by a probahility 

dl'Ilsil \' 111111 t 1011 (pd/'). TI!C' prohahility dCllsity function definc>s the condit ional proh-

rlhility t Ir ,11 illl (1)"('1 \'dl iOIl Vf'ctor lies between a certain rangC' given that a transition 

i:-. 1.11.:('11 (d (1 dll ... it iOIl-ba:-.C'd (,Ollt illtlOIlS lllodC'l) or givc>n that. astate is o('('upied (a 

:-.I,,\c>-ha:-'I'd ((Jill iliIlOIl:-' 1110<1(·1). 

Fig 1.1 i 1111 ... 1 1" 1 1':-' il :-.i III pIf' ('Xii III pIc' of a state- hasC'd disC\'c>tC' HM M wit h t wo statC's 

,"1 illid ''':! éllid I\lU olltpul :-'YIIll>ols, Il and B. When t.he Markov chain is in state 81, 

tif(' :-'.\'11""" \ i" oh,,(,J'\ l'd ",il Ir prohability 0.8 whilC' B is ohserved with prohahility 

o.~. If 1 Ir" \1.11 ko\ (11alll is ill ~t atC' 82, wc can observe A \Vit h probabilit.y 0.3 and B 

\Vit Ir plol,abilil.\ () ï. \\'1lil(' ill 81, the probability of staying is 0.6 and tll<' probability 

of 1111' 1 r,,":-.il iOIl t Il ''':! i:-. 0.1. 01l('C' in 82, it will stay there forC'wr. 

il 0.8 
il 0.'2 

A 0.3 
B 0.7 

Fig. 1.1 :\ ~illlpl(' sI al ('-based discrete UMM with two states 51, 

':! éllld 1\\'0 output syrnbols A and B. 

(;1'11(,,,111\. <1 lridd('11 ~lal'kO\' lllodC'1 is defincd by: 

• .\:-.1'1 ur Îi'.llhilioll probahilitiC's [aij] where ai) = P(8t = SjlSt-1 = sd is the 

pll>h,d,illl\ uf laking a ll'élllsitioll from state 1 to statC' j. This probability is 
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illdt'\H'II\!t-lIt of lin\<', i.e. 1'( .... ( = .... )\ .... 1-1 = .... ,) = 1)( .... )1 ... ,) for ('''CI.'' 1111l<' f. 

T/tl' Ilclll..,ÎliulI prohrlhiliti('s d('fill<' cl fil'st-orc!('1' l\larkl)\, c/tain: <II t'<lt'h .Iuck 

lilll<' l, d 1It'\\ ~tc\te i.., ('111('1'('<1 hascd \Ipon é\ tf(\ll~ition ]/roh<lhilily di~lllblltl\l11 

\\ hic Il dl'I)('III\.., ()Ill~' Oll the' PI'('\'ious ~Iatc" 1'(8/ = 8) \· ... /-1 = .'" "1-'2 = .... J, ) ---

1)( .. , = .... jl ... /-l = .... ,). 

• .\ ~t·t or 011\ pul probclhility di~1 l'ihutiolls or d('nsily fllncl iOlls: 

• FOI 1 II<' 1 1 <l1l~itioJl-bas('{1 discr<'l(' 11Iod('l: t.11(' pro!>clhility of ('I"il 1 Ill.!!, 

~.\ miJOI/,' \\'11<'11 taking a transition l'rom st.at(' 1 t.o "Icll(' j, [{)'j(k)j. 

• FOI \11<' ..,1 atc-ha:-.C'd discl'(·t(· lI1oc!('I: t.JH' ouI pllt. proh"hility or ('llIit t.in.!!, 

..,\ 11I1lOi k ",1t('11 ~Iat(' i of t1l<' llIodp! is o('('upit'd, Ih,(~')J ' 

• FUI Ill<' Irclllsition-bas('d cOlltillllOliS 1110<1(,1: tll(, (llobahilit.y 1/t.tI tlH' 

Ob:-'('J'\ilIÎOll "C( 101 Ijc's I)('Lwccn x and x + dx \\'1)('11 lakillp; cl t.r.lllsiIÎOIl 

• FOI t Il<' !-Ita\(·-hasp<1 contilluons IllOc!t-!: the' prohahility t Ital. t II{' ob~('r V<l

llol! \('('101' lies 1)('1\\'('(,11 x and x + dx wlwlI "t.<lyillg ill :-,t.i1tl' 1, h,(x)t!x 

.\ Itiddl'Il \lcll'ko\' mode! Illcl)' he' C'rgodic: CVe'l'y :;tat(' o[ t II<' lI1ode! ('cil 1 \1(' )(w!wd 

flOlIJ C'\ c·r.\' ot 11<'1 ~têlt(' ill a fillite' 1l1l1llheJ' of step:;. Fig.I.2b illllst l'a 1,(':-' (III l'xitlllplt· of 

êl :3-!-It.alc· crgodir 1I\1~1. 

,\ special I,\'()(' of II:\DI has 1)('('11 dcv('lop<,d for sp('('c11 t'('('()!!,lIitioll [~l Titis llIode'! 

is cclllc'd cl Ir j'1-lo-l'I!lh' lIlodc·J, b('callM' the llIld('rlyillg stalc' S('qllC'lI("(' cl:-,socia!.c·d \Vit h 

t!\(' llloc!(·1 It<l"> t il<' P)O()('rt~' that as tim(' iIlCI'<'clS('S, t!t<' st. a 1.<' illd(·x ill(')('cl~('S (or stayl> 

the salllC'). Fi.!!,.l ~cI illll:-.1 ral('s a fil'st-ord('r ,1-statc· )('ft.-to-rigltl IIMM \Vi!.h a :-.p('('Îal 

skip j l'all:-.it iOIl 

In 19S:L H"hilll'I. Lc,\·iIlSOll éllld Sondhi [~], [:l] al, Bc'" Laboliltori('s prc'S(,"I,(·d ail 

approach t () "PC'cl k('!'-llId('p('II(kllt isola tc'cl words }'('('ogn i tioll wi tilt Ilt' liSe' of phOlll'lIH'

bas('c1 1I~[?\k L('ft-to-I'ight IIMl\ls with state-bas<'d discrc·j(' wllIbol.., Wf')(' lhl'r! III 

- .1 -



" 
" 

(a) 

(b) 

Fig. 1.2 I1lust.l'ation of t.wo types of HMl\ls. (a) A four-state 
I(,ft -1 o-I'ight model.(b) A three-state ergodic model 

t1l<'il 1 ('COp,1IIZ('J'. l'Il<' 11t\1l\1\ difl<Tetc symbols were ohtainecl using the vector quan-

1.i:;,at.ioll (\'Q) (JI' lill(,éll 1>1·('dict.ive cocling (LPC) analysis. 

Th(, ~-p()I(' LPC' élllalysis by autocorrelation t.echnique was performed on 15ms 

fl'élllj('S. ('<lch lH'illg Spi-l('('d 10llls aral't. lTsing ail iterative reestimation technique, 

tlws(' pal'éllIJ('I('I'~ \\'('1(' tl'ainC'd to providc the codchook entrics of the vector quan-

1.IZ('1' illld 1 h(' IIlOd('1 codficiellts of caeh word Hl\IM. Then using the Viterbi scoring 

algol'illl1l1 [Il. cl pl'Ohability :-ocore and a clecision l'nie (which chooses the word whose 

l1Iod(,1 p,i \'('~ Il ip,It(,~t f>J'OIHI hilit,y) W('J'C applied 1.0 the unknown word al. the recognition 

TIl('il illil i(1I (''\p<'l'illJ('nts with this framewol'k (in [2]) were restricted to a vocab

IIlal,\' of 10 dlgil~. Ikeoglli1ioll rat.C's from 93% to 96% were reeorded. Extended tests 

to (1 ll1<'dillJ\I-~il'(' \ ()('ahlllary of 129 words (in [3]) have shown that the recognition 

(\(,(,lIl'a('~' \\'(I~ " l'II Il ct iOIl of t \1(' 111\11\1 parameters: increasing the number of states in 

t hl' lIl()(h'l ,lIId/or 111(' ~iz(' of t !t(, VQ codebook improved performances ,,)f the HMM 

l't'coglllzt'r. 
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1.2 Linear Predictive Hidden Markov Models and Hidden 

Filter Models 

Fol' the' «lpplicat iOlls in spcC'ch Pl'O('('SSllIg, ('sl}('cially ill Sp('('ch 1'('eo~lIil iOIl, il 

would 1)(' adnllllagcotl<.; to Wi(' IIMI\18 with continuons ohsC'l'\'atioll d('lIsiti('s l}(,ciI\lst' 

the o \):-'C'l'\'a1 jOli.., ill(' cOIII inllolls signais. A very inlf'l'f'stinp; class of cont illllOtlS 1I1'\'1~ls 

that is part i( 1I1i1i1~' clpplicahlp to speech recognition is th(' class of lilH'ar pn'dict i\'(· 

(01' autol'f'gn·:-.:-.i\'(·) 1Ii\1i\ls. 

III thi:-. 1l1U<!('1, a Sp('('ch \\'a\'efonll }' = (YI, ",,!l'li) of 1(,l1gt.h 7\ is <I('('OIlIPOS(,<I illlo 

a ~eqll(,II(,(' of 'f' Oh"i('I,\,éllioll \'('('Iors (or T segl1J('nts) of lf'l1gt.h 1\1 ('/'I == '/' x M), i,(·. 

l' = (f1l ..... .II'II) = P'L. }2 ..... }r) wl){'rc li, 1 = 1,2, ... :r is an obs('l'vat.ioll V('ctOI' 

with comp01J('IIt:-. (IJI.H.lfJ.\I+I, .... !J(I+L)M-l). Earh "l'gnl<'nt. li is s(·I(,ct,('d l'Will il 

set of S'ali-poil' 1'('( 1I1:-.i\·C' filt.f'rs driv(,11 by S corr('sponding Gaushiélll IlOis(' sollt'«·s 

N(O.I7;) .. ~ = I ..... S. The filt('rs are defincd by polynomials 11.\ of SOIl)(' d(',!!,J('(' N, 

I.e. A.~ = (bu, .. · .. Il.\',). with.~ = 1. ... ,8 and N < M. Thus: 

N 

) i = - L bl , }'t-I + Cf, 
i=1 

whel'(, Cf" 1 = I ..... ï' ..... = 1. ... ,8 al'(' Gallssian illd('!>ell(knt. id('III,jeally dist.l'iIJllt(·d 

randolll \11riablC':-. ",it h Z<'I'O II\pall éllld variances a;. Th(' lik('lihood of t.\)(' ObS('I'Vittioll 

sequencc' }' i:-. d('lil1<'d clS: 

1'-1 
L(}') = L Il (lSI_11tIDOÎIAs,(J'b) 

..,; 1=0 

\Vith 
2 -A..,R(}'i)l1: 

00 Il/ts, (J's) = ~ exp ')(J':l 
V2~(J; ~ It 

where A.~ d(,l\ot(·~ tlle lI1atrix transpose of As, R(Yt) is the êtlltO(,oIT(·latioll of }'t, 

aSI_1,o,t is tl\(' t rallsit ion pl'obahility, w = (so, ... , .'i7'- d is any T IOllg SPqlH'IlC'(' of 

stat<,s dlJeI L ... : III<'éllIS t 11(' slIlllmation over ail possible' path~ w. 

Th" fil'~t applirat ion of linpal' pl'C'dictive UMMs was prps('nl,pc! hy Pont;" P>] 

III 1982. III hb \\'01 k, Porit7. proposee! a met/lOci of morl('ling SJ)(,C'c\1 signais by 
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,1 ;j·~t<tI(' l'Ip,lIdi(' lilll'tll' pl<'dictivc state-based HMM. In finding a Markov model 

,\ = {[flij], /1,. rT,}. 1.) = ), ... , S' which maximizes L(Y) by an iterative hill climbing 

II'C'hniqlll'. )lOI il/. rOlllid él VC'l'y close relationship bctween states of the model and 

'l'adil ional c1a~~I'~ of ~I)('('ch ('Vf'lItS. IIis experiment with T = 4000 frames, AI = 100 

of ,10 ~('( olld.., of ) ~-hjl PCl\f spcf'ch sampled at 10kHz and with a modcl having 

,..,' = !) alld .\' -= :J (Ihai i~, :j-ol'der autoregressive filters) showed that the power 

~P('( 1 Iél rot (',1( li ,dl-polf' filu'l' could be associated to strong v01cmg, si/flu'c, nasal 

(/iqulf/) , .~/()jJ fJ(I/.~1 éllid /,.,callOl1. The result of this paper strongly suggested that 

IjtH'at pn'djct j\'I' Il :\11\18 may be used to encapsulate important informations about 

Wltil(, POl'it Z onl.\' cOllsidered a single Gaussian autoregressive density pel' state, 

.JllillIg (1 al [(i] l'ml 1)('1' ('xpallded t.his initial work to the case of multivariate Gaussian 

allloJ'('gJ'('~si\'(' d('II~ili('s (a mi.l'lul'C' alltoregressive hidden Markov model). Denote f{ 

t.he' 11111111)('1'01' IlIixl 1If'(' compollPllts in the model, the observation dcnsity bj(x) now 

has 1 l\(, 1'01111 

J\. 

bJ{x) = L Cjkbjk(X) 
k=1 

wll('l'(' ('j~' is t II<' \\'c'ighl of 1 Il(' I..·th mixture component and bjk(X) is the basic Gaussian 

pdf for 1 II<' 1.'111 Illixl \11'(' cOlllponellt, aIl rclated to state J. The mixture weight Cjk 

satisfic's 1 II<' ~tlJ( 11<1:-.1 j( cOIl'itraillt 

A' 

L cJk = 1, 
~.= 1 

j = 1,2, ... ,N 

ParallH'I('l'~ dl' ,ItI' IlIlHIc>I 10 l)f' f'stimated include À = {[aij],Ai,O'iJ, i,j = 1, ... ,S 

c\llc: [cJ~']' J = 1. ..... \' éllld ". = 1, ... ,1\. Theil' extensive tests of speaker independent, 

isolal('d digil J'('cogllitioll Ihat clllployed highly constrained left-to-right HMMs and 

11\ i'Xt 111'(' cl Il 1 ol'<'gJ'('s~i \'e' d('lIsi tics ha\'{' scorcd average digi t {'l'l'or rates from 1.2% to 

9,~(X, .. \lIltoll)!,h Ih('sc' )'('sltlt.S \Vere good, Juang pointed out that the model was 

1101 él~ good il" Il)(' COllt illllOUS Gaussian density models based upon the cepstral 

1'('1)I'('~('1I1 <lt iOIl of 1 !tc' sigllal. 
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ln thC' {\l'Id of :-.P(,('('I! mhallC{'me\Ü, Yphraim [ï], [8] proposC'd il 1\('\\' approilch for 

which hc\\'C' b('('11 dC'graclC'd hy ~tat ist ically illd('p('IHI<'lIt 

addit.i\'<' lIoi .... l· \\ .... ill!l, I1~Il\b. 'l'hl' pro{'('ss is ha~ically ail ('stilllation prohlc'lIl in 

",hieh il gin'Il 1'111:('1 iOIl of 1 hC' c\(,élll sp('('ch (',g. sp<,<,ch wélvC'fol'lll, ))FT or ~é1J11pl(' 

spcctl'um) i~ (·:-.li\llatC'd [ro\ll a l'amp\<' function of th<, noisy slw('ch so as to Illillillliz(' 

a distorsiolJ Ill<'d:-'Ill'<' ('.g, IIWéUl-squarc crrars) Iwtw<'C'1\ the' c\C'all ancl t.lH' (,~t.illlalt·d 

spc('ch sigllal'i, Solllt ions tn t hat C'sti111ation problC'm rC'()llirc' ail <'stilllc\t.C' of t II<' joillt 

pl'Obélhility di:-.tl'illlltiolls (PDs) of the' sl)('C'ch signal and Ih<' noise' proc('ss. Ypltraitl\ 

acromplis!J('<! llti:-. t élSk hy lllodC'!ing t.he PD of li\(' clean spe>e>ch hy IIMMs wit h Illixt.uJ'(' 

of Gaus:-.iall dlltol(·gl(·s..,i\'(' output, and by ll10ddillg the> noi~(' \>IO(,('SS with sillglc' 

Gaus~iall é-llll0!I·gl(·:-...,i\1' 11Iod<,1. TIl(' ))al'anl('t('I' ~d of the' 1I1\11\Is is ('st.illlélt('d hy a 

rninilllllllllll<'étli "«lIéI!'(' ('1'101' (l\II\ISE) approach in [8], and hy a lllélXillHlII1 a posl('riol'i 

approé\ch (~L\ p) ill [i], III his ('x/wl'illlcnts, the cstimatioll stilgC' was /)('J'folllwd wil.h 

a trainillg "'('«(lI('IICC' IIsillp, 100 selltcllcc~ of clcan cOl1V<'I'Sat.ioll S[w('('1! :,pok('11 hy 10 

spe>ak('J':' u:-.ill!!, il Icle'phOJ)p handsC't, The e>llhancernpnt. te:-.Is W<'J'C' p('rfol'llH'd 011 H 

sentcll(,('S spol-l'lI 1,,\' L ',!wak<'l's (rc(,ol'dcd ill a si1l1i\ar lIIalllH'I'). Typical sip,IIi11 1.0 

noise ratio (S~B) illlpJ'O\'C'IllC'lIts élchicved bya MI\fSE appl'oach WI'\'(' Il.!i !i.!',dB al. 

lOdn input s~n [~]. \\'hile' SNH improv('melltl~ achi('vN\ hy il MAP approacll Wt'J'(' 

·LO-6,OdB al IOdB illpUI SNH [7], 

H('('('lIll~', J\1'III1,\' ffI/l, [9] (\('\'('Io»ed a Ilew type' of Markov modc'I \'0 c\('( 01J1l!. fol' 

the co 1'1'(' 1 el 1 iOIl:-' hl'I \\,('('11 :'1\ ('('('SSi \'(' fl'anH's of t h(' spC'C'c11 sigllill. 'l'hi:, 1II0d(,1 \,J'(',d,s 

the' ,~UIII( Ilf t 0.1 fmI/Ir, .. a:-. a 1I01l-statiollary autol'C'gl'C'ssive> /)J'O('('ss who"i(, pal'éllllC'\'/'J'S 

arc ('0111 1'01I('d I)~ a 1 <'ft -to-\'ight hidd('1\ Markov chain. Eacl! t l'allsit iOIl ilJ 1.11<' Markov 

chain i~ a:-. ... ociHtl,d wil h a spI, of \'C'gl'C'ssion coefficient.s togC'th('" with il 1JJ('dll v('cl.OI' 

and él CO\'ariéll)('(' lIlat l'ix \\'hich spr\'(' to charactcl'i;r,c thC' distrihut.ioll of t!\(' pl'('<!irt.ioll 

cnol', This lill<'êlJ' pl('dictivl' llIodcl ha1': bccn implern('nt('d with ~C'v(,lal VeUiallts ilJ 

a lal'g,<'-\'o(,<lblllétJ'~' :-'P<'rlkN·<!e})C'nde>llt. isolatcd-word r<,cognizer. With a set. of ('ight. 

mel-bas('d «('p:,1 rét! co('fficiC'llts (Co, .. " C7) calculat('d ('very 10 HIS \lsilJg a wi/lclow of 
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I('II}!,III :!.j III". fi 1(',111111' v('(lol' (('I, ... ,C7,ÂGO, ... ,ÂC7) was fOl'med (~Ci was the 

di ffc'J('llc (' 1)('1 \\'('('11 (', O\'C'I' on intC'l'val of length ,10 ms). Performances ranging fl'om 

ïS.!)'Yr 1 () '-';:!.IJ';{. d('j)('"dillg 011 t)](' variant of model, were record cd with a test set of 

:~!)!) W(JI cl" 01 11':-. 1 TIJ('~(' l('s,lIt.s showcd that the mode} performed beUer than the 

st.éllldéll'd rlllIlI i \'" rial C' (;allssian IIM M when it is incorporatcd into a large-vocabulary 

iwlatc-<l-wol'd Il'('0.f.!,lIiz,'I'. 

Th!' Illodl'b j)Jopo~c'd hy Kenlly [9] are formally very similar to the hidden fi/

It,. Ilrod('b dC'fllll't! by Poritz in [10]. However, in [9] the speech signal is han

dlc'd at 1 III' l'nlllll' Il'\,1·1 instC'ad of the sample level as in [10]. In fact, the hid-

d('11 filtc-I' l!lot!I'I ... cOlIsidC'I'('(1 t.he signal waveform Y (Y-N+l, ... , Ya, ... , Yr) as a 

lillH' M'l'il'~ gl'lIl'l'alc·d by a set of .) states, each detcrmined by an ali-pole filter 

A, = (oo(·.,)·lId .. ) ..... IIN(· .. )), S = 1, ... ,S of degrce N and a positive gain factor 

(1.~ sud, 1 1 Jill 
N 

YI = L aj(s)Yt-J + Ut 
j=l 

WIr('I'I' III '" \'(U. n}), TIIf' pair (As, 0';) is referred as a hiddcn filter. 

1.3 Speech Segmentation and Feature Extraction Using 
Hidden Filter Models 

\\'I,ill' IIr,' lilll'dJ'-pn'dicti\'(' Jll\fMs have been proved to perform weIl in the task 

of éllllullrcltic "PI'I'CIr r('('()gllitioll, they also presented soml' weaknesses. One of the 

\\'l'1Ikll('S:-'I'''' oh"'I'1 \'l'd ill ilulornat.ic spcl'ch recognition using vector-valued observations 

is 1111' Il:-'(' of li Il i 1'01111 fi '\1'd-I('llgt.h windows to segment. words iut.o phones. 

(;l'IH'I',dh. dl tif(' frollt ('IHI of a recognizc", the speech samples arc blocked into 

M'q\l('II('(' of li ,\('d II'IIg1 Il sC'glllC'nts (e.g, 10ms window). Thcse segments are pa

l',ll11C'\I'l'i/l'd t'il 111'1' h~ lirwéll' pl'('dictive coefficients or by cepstrum coefficients. The 

l'l'cogll izl'I' \\'i Il Il'''1' 1 If(':-'I' éH'Oll~t ic s('gments to construct the phoneme models and ta 

(,Olllpllll' 1 III' likt'lJlrooci :-,coring of the acoustic data. 
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'l'II<' 1lH'( !l,llIi(" or hlocking and mapping acoust.ic S<'gllH'lIts do Ilot Llkt' illto a('

cOlllI1 1 II(' plIlJlll' lHlIllHlaril's «',g, boulldari('s 1>('1\\'('('n stops and i'iOIlOl'dnts, ct!l'l'iCiltC:-

and :--011 llI'C\ lit ", l't t'). TIlt' changing st.at.ist kal charact<,risl ics of Sp('t'('h i'iigllcll al 1 I\t'~t' 

boulldal'i('~ rail olt ('II illto 011(' S('glll<'llt. This cr('ates difficult iC's and <'!TOII('om ill 1Il.lp

)l,ng iH'O\l..,tic wglll('llb illlo p!JOIlt'IlH' modt'h, bC'calls(, thc' \'('coglliz<,1' I1II1~t 1ll.1\> tIlt' 

segll1C'nl 1 () 011(' or t II<' pholles, 

011 t Ill' ot 11<'1 balld. the Itiddc'II fi 1 1<'1' mod<'ls do not aSSIIIllC' ally fixc'd 1'1',111\1' sizc' 

in thc'il' fOI 1I1111at iOIl (tlH')' wOlk on a sample hasis), Our stratpgy is 10 IlS(' tl\(' hidd('l1 

filte'!' lllode'l" to (·Iilllinate' t.hC' ahovr wC'akness inl1<'r('nt. in 0)(' vC'ct,ol'-vahJ('d 111\11\1:. hy 

windo\\'i IIg t II(' "IH'('ch \\'cl\'pfol'Ill \Vit.h variahlp frallw It'ngt Il ",iudow:;, TI\(' \lI'O(,('S:-- il> 

basical1,\' ,III CtutOlllcd ie :-,('gll)('lItatioll, 1t IlSPS thc' hidd('11 filt.c'r lJIod(,ls 10 al\tolllatintll)' 

segnH'1I1 1 Il<' :'('(1'1<'11< (' of speC'ch sampl('s illto slt<'('('ssi\'(' fl'alIll's of varial,I(, I<'ngt.hs, 

télking illio a('('(jllllt 1 II(' toi al \ikplihood of t.he obsC'rvatioll spc'<'c!J S('qIWII( (', 

Our filtt'I modt'l ... , pal'all\<'t(>rized hy lincar pr('di(,t.ion polynolllials alld ('1'1'01' vari

auccs. halldlt' t II<' ..,p('('ch ~igllal al th(' salllple )c'\'cl. TIJ(' 1\1arho" ehaill IIs('c1 is él 

stat<,-ba~(,d ('\llItiltllOlh 1I~1i\1 with no skip transitions, Wc' do 1101. allow skip trallsi

tions 1)('('(111:.(' (III Ill(' ~tcltc's of Ih(' ~Iarkov model /llll~t bt' visit('d in CI /Ilollol,olliccllly 

incrf'al>illg 1ll.1111ll'1 (t hat lIH'clllS l('ft-to-right orel('r), ancl the' nllll1l)('1' of visil.s 10 Cil< il 

state will 1)(' Il,,('d C\:-- sc'gllH'lIt indication of the seqtU'lIc(, or sp(,e'ch s;lIl1plc'~, 'l'II<' 1111111-

ber of l>tat('~, ill t hi ... flillll('\\'ork, corresponds lo tllC' nllll1l)('1' of frallws for a :-'('«11('11('(' 

of spcc'clt ~éllllpl(,.." 

ln OId('1' 10 ~('gllJ('1I1 t!tp sl)('C'('1I wavcforlll, we 1)I'o('('<,d as follows: filst. CI IIl1irol'lII

windo\\' LPC cllI<t1~'~i., i~ !H'rforIllC'd 011 the input. sampl(ls of sp<'('ch, 'l'II<'S(' LPC 

cocITicÎ('lIts al'<' "",(,cl il:' illil ial vabJ('s for our fi Jt('I'S, 'l'II<' BatUT!- Wc'klt algol'it.hrn i~ 

used \.0 éHlj lI:.t t he' fi 1 t C'I' ('odficieuts 80 as 1.0 i IIcrcase 1.11<' lik('1i hoo<l of the 81)('('('h daté!, 

The )'<,(':,->t iUlat iOIl pl o('('~s tc'rmillatc's whcll the Iik<'lihood convC'rgc's, Thc' S(lglJH'lItat.ioll 

of the delta i.., 10111\<1 lIsill!!, a maximal a posteriori (MAI') nit.c'rioll. III tlH' IH'O('('l>S 

of alltolllcltÎ<' Sq!,lll<'lItêltioll, th(' LPC featurcs of each st'glTJ('nt. arc' (")('lIpratc'd as a hy 
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SilJ((' 0111 .!IIII 1 ... 10 illlpJ'ov(' !-I('gIllCllt bOlllldaries betwC'en phones during recog-

Jlit iOIJ. \r(' 11\ 10 illlpl('flH'1I1 0111' hiddell filt<,r lllodeis at a preproccssing stage of a 

lal'/!,('-\'(J(',tllId,II,\ "'1)(',d';('I'-d('p('mlf'llt isolated-word recognizC'r. Although it is a ('on

v('lli('I" id(·rI. \\'(' r11 ... o n'lllélrk 1 hat the problem of real-time implemel1tation persisted. 

IJI fél( t. (Jill (':-'1)('1 illICIII i1t iOlls in automatic segmentation wit.h an average 20 ms win

do\\' or :-'1>('('( Il t illlli 1 ~-ol(kr LPC on a DEC stat.ion 2100 comput.er showed that an 

rlV('J'ag(' [) \llilJllt(· ... or ('Pt r 1 illH' wa:-. Jl<'cded to providC' acollstic s<'grnents of one word, 

'1'1)(' olgilllizii1 iUIl uf t1H' thC'sis is as follows. In chapter 2, we will develop th(' basic 

rO/'\\'dl'd-1 lél<'k \\'rll d cl III 1 Béllllll- W('kh a!gorith m fol' OUI' h iddC'n fil t<,l' Illodels. In chapter 

:1, \V(' will louk ,II "'OIJ)(' illlpl(,lIlentation issues for the training of the models and 

i 1111:-.1 J'éI 1 (' Ilo\\' 11)(' "'1)('('('11 !-I('glllC'nt.a ( ion is obta illCd as a hy-product of the reestimation 

pJ'()('('dlll(·. \\'(' ",ill "Iso :-.!ro\\' !-Iome sC'gmentatiolls of contimlous speech and isolated 

wonl d,lIr1 il! thi ... ,'hilPI(·r. C'haptpr·1 dcscribes ho\\' the hiddell filter models can be 

U:-;P<! as il r(',IIIIl'('-('xllil( tOI' in spC'('ch rt'cognit.ion, It also [('ports experimental results 

on a \ ('l',\' lill'.!?," \ (J( .1hll laI',\' spcakC'r-dcpelldent isolated-word recognition task. Finally, 

(hapll'l .) di!-l('ll ...... (·., 11«' J'(':-'llits or our work, the drawbacks of our mode! and the ways 

in whirh t 1((' Ilit/d('11 filU'r modc'! prf'processor cou!d he improved. 

Tht' a\l'I',I~I' 111111' kllglh of:W ms is computed by dividillg the totallcllgth of the sequence of 
"'Pt't'( li 101 lit' 1I11111ht'l of Iootatt'~ ils~o('ié\tcd to that sequence This 1S not a fixed window 
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Chapter 2 The Hidden Filter Models 

'l'II(' hidd(,t1 fllh'l' hidd('11 ~Ial'ko\" l1Jod('1s W('I'(' fil'st c!('\'{'lop('d hy POIitz [IOJ to 

III o<! ('1 :-'1)('('( Il \\ d\ ({on Il'''. 1 Ising alltc)r('gl'('s~i\'(' polynomials and ('1"101' Val'iilllcC'S to 

IHll'alll<'l('lizl' 111(' ol\tpul Sp('('ch Si\lllplt,s, POlit% d('riv('d a v('l:--ioll of Balllll-\V(,ldl 

l'{'(,:"t illléli iOIl f(Jrlllldc\~ for Iti~ 1\1 o<! {'I parallletel's. III this chapl('I', wC' will p,iv(' il lIIi1th

('mat kal d(':-,( npl iOIl nI' t II<' Illolkl and c'xplain how its pal'alllC'lc'rs ('ail 1)(' C'stilllatC'd 

l'rom :-,pf'('c11 d.1ld 

2.1 Hidden Filter Markov Models 

1.('1 \1:-, ('oll..,id('l cl t illw :-,i,!;lléll }' = (YI, ... , y'r) which is a S('(I' 11'11("(' of :-'/H'C'('!t 

salllpl(,~. \r(' Il('cIl il cl:-' 1 II<' output of a douhly :-.I,ocllrtst.ic pro("('ss (8,} ) wlt(,I'I' 

S' = ( ... I ..... ·v/) i ... ,\ ~('qll('I)(·(' of IIllob:-,cl'vabl(' statc's (tlw hit/dfT/ Mrtrkov (ltaill). For 

our /Hll'(lO"('''', "'(' will ël-;SlllllC that th('sc' statf's an' ~('I('ct('cl frolll rl ji1 .... ,-o/'(l( rlrfl-Io

l'I.tJhI idal'kO\ 1 Iidill (·lléll'clct.('ri;.wd as follows: 

1- Th"ll' i.., cl fillitl' Il Il III 1)('1', say N, of statC'f'> in tlt(' mod('l { .... } = (I,~, ... ,N). 

'l'II<' :-,1.111' 1 i" ('allc'cl thc' inillal slale and t1H' f'>t.atc' N is ('alle'cl t11<' jùwl ,<,fftlf'. 

'1'1\1' :\Iéll km dlclill IllUf'>t C'lltcr th<, Illodcl by II\(' illitial ~tat(· alld IlllI~t. I('av,' 

111<' 1110<1(,1 h.\ 1 II<' filial st.atc'. Once the Markov chaill li'aV<'f'> a st.at(·, t.hat. stat.C' 

CéIlIIlO! 1)(' 1('\'i"i1<'d al éI lat('1' tinl<'. 
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~- ·\1 ('.111\ (1IlcI-; 1 ill\(, " il IWW :-.1 al<' is ('llt('l'pd based upon a first-ordt'I' Méll'kovian 

1"01'('11\ 

I)('~I ::.: Ih-I = "'~/-'2 = 1, ... ) = P(."ll = jlSI-l = i) = P(jl') = ai) 

If (//1 /> Il. III<' 1>10('(':-':-' lIlay 1'C'IlIé1in in th(' state occupit'd at time f -) (the 

,,('lf-loujJ 1,.\'1",1 iOIl ill III(' ilillst.rat('d figure 2.1). The' t.ransition probabilities 

N 
L (li) = 1 
J:::I 

FlllllwllllOJ'(', "'(' rlSSUIIH' that OUI' left-to-l'ight model does Ilot have any skip 

t l ",I..,il jOli'" ill 1 II<' chain. This assumption is rt'qllilwl to assure that aIl the 

:-.1 ill ( . .., (JI' III<' Illuc!(·1 will 1)(' visitc'd, and the 1111mlwl' of visits will detcrmine the 

Sl'gll 1<'111 cl 1 jUil or 1 Il<' :-'('<j \WIlCC' of speech sampJes as shown Jater in chapte'l' 3. 

:~- III illldil iOIl 10 t Il(' slalC's l, ... , N there is a stat.c N +1 called the si1lk slale. The 

oh:-.(·l'\ cil iUIl :-'('ql1<'II('(' (y l, ... , UT) terminates when tlH' sink state is reached, Le. 

"ï'+ 1 = \' + 1. :-'0 IIIC'r(' is no acollstic distribution or t.ransit.ion probabilities 

a:-.so('iil\(·d \\'il Il 1 he' sink st ate, 

1- :\:-...,o('i.III·d \\'it Il ('MI! sI ai<' .~ of the model (other than the sink state), wc define 

éI hiddPIi lilll't' (11.,,17.;), whel'c Ils is the set of regr('ssion coefficients of an all

pDI(· filin or dq!,l'I'(' p, and 17; is the gain factor of this filt,er. When the Markov 

('!t,lill i ... ill :-.I ... t(· ,'al tilll(' 1, it gcne'rates an output sampJe Yt by applying the 

IillPr to Ill«' Illml re'cc'nt samplC'softhc sequence Y = (YI,Y2, ... Yr) and adding 

tl :-'.lIlIpl(· of <:illJ:-.siélll noise' of zcro mean whose variance Us depends on the 

~I il II' .. (11111 .... Oll\' ~larl\O\' mode! is a statc-hased UMM). 

Fi~I1\(' :!,I illllsll'al('s (1)(' Illode'} topology we are assuming. 

No\\'. :-.I1PI)(N' 1 hal W(' a1'<' al, tillle' t and at state s, the' sample Yt is therefore 

2 
( ft "" -,,(ü.us )) 
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N - 1 :Y s+ 1 

Fig. 2.1 A ~!c\lldard fir~t-ordcr Icft-to-right 1It\1\1. 

otlH'I'). D<'flll<' 

X t ~ (YI-l, .... ,IIt-p) 

Jj.~ ~ (h Il.~ ). IJ;l ( ." ), .... IJ/!( . .; ) ) 

wlw\'(' Ir d('IIOlt'" Ih(' 1l1c\tri\ trall~po~(, of 13. '1'111'11 w(' <'ail writ!': 

lit ~ XtlJ.~ + (t ('2. 1 ) 

1.('. tll(' ('\'('111 tllit! 'II i~ ('lltÏttc'd ct! tillH' 1 = 1 al slal(' ,"1, ct 1 rélllsilio)) 0('( IIIS 1'10111 

.... 1 to "'2 • 'l',! h ('lllitll'd al lillH' 1 = '2 al staIl' "'2, de, g,i\'(')) ail ilIItial obs('1 vatio)) 

Xl = (!lO·II-l· . II-Id. 

Silllil<lIl.\· \\'('11-.(' I)OïS.Xd 10 stand for tl\(' eonditiollctllik('lihood. 

Silll l' (1 1-. ct (;illI ... ~iall Iloi:--(' .N(O. 0';) wc haVt': 

( ') r.) -.. ) 

From 1 Il<' ddillit iOIl 1)1' ( 1 

('2.(i.(/) 

(2,(j.c) 

IkncC'. \\'il Il IIldelll'))e1('1l1 l'<':--idllal:-- (t wC' gpt: 

T 
1)0 'IS. X d = II 1.( X, dit, · ... d (l.7) 

i== 1 
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Tt 1 
I)(SI.\")) = II P(·.,tlSt-d (2.8) 

1=2 

'1 Ill' I(JI,d li!-,'Iill<)()c! of Ill(' obsC'l'vatioll sequence y for the givf'1l statc sequence S 

P(YIS, Xl )P(S'IX 1) (2.9) 

(2.lO,a) 
..,' 

1'+1 T 

I:[rr P(stiSt-d II L(Xt,Yt,·~,)] (2.1O.b) 
. ..,' 1=2 1=1 

\\'h('I" 2:.'1- 111,'dll-' 1 II<' ... lllllllléllioll o\'el' ail possible state sequC'nces, 

Di 1< '('1 (,d( III i11 iOIl or (~,I 0, b) ill\'olves 011 th(' ord('r of 2T NT (p + 4)T calculations 

(1101 (011111 illp. III!' ''''(llJlll'1l1 ial ('\'alnation) [11], This calculation is computationally 

IlIr('a"il,\c' ('\'('11 roI' "Illall \'abw:-. of p. N and T, For examplC', with T = 100, N = 5, p = 
() IIt('J'(' ;111' UII 1 lit' OI'd('1' of 2 x 100 x 5100 x 10100 = 10172 computations. CI('arly, a 

11101(' «'nlci"111 (JlII( ('dl1l'1' i:-. IW(llil'C'd to compute the totallikelihood of the oh~el'vation 

S('qW'lIc c' } , Sil' Il il pl'O('('d Il l'C' ('xisls and is sometinws callC'd thC' forward,hackward 

algOl illlll\. 

TitI' l'III \\ dl c1- h,\('k\\,cIl'd algorit hm uses two probahility variahlC's in a latticc calcu-

1<llioll III (1Illlpllle' Ih,' IOI,t! likplihood of the obscrvation. ThesC' variables are called 

rOI'\\'<lld "lId J'd' !-\\',tlc! (ll'Ohabilili('S. 

2.2 Forward-Backward Probabilities 

SIl i( Il,\ "'p"dkillg. ollly 1 II<' fOl'wal'd }ll'Obabilities arc 11('('d('d to compute the total 

likl'Iiltlloc! or ddt.1 110\\,('\('1', wc' will intl'oduce the backward prohabilities iu this sec-

1 iOIl ~III( (' III<'\' \\ ill J)(' 1I~('d to (ompul<, th<, postcrior pl'Obahilities in the reestimation 

rOl'lllld,,~ (""'1' "'1'( 1 Il'II ~!:!,:n, 
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II. 

1 •..•. \' ,111<1 

for ('\('1'.\ 1 i 1\ \(' 1 = 1. ... ï' <Ii'> 

(~.II ) 

Thcl\ i .... CI,( 1) i~ t III' joillt J>l'Ohahility of 1 he pal tial ohs('J'\'at iOIl :-,('<JIWIII (' (1I1It il 

tilllC 1) é-Illd Iltl' 1'\('1\1 litaI !-Ilatc' 1 is ()('('upicd at tin\(' l, (,ollditiol\('d 011 XI. 

III rI ... illlt!,11 IIldIl1\\'1'. (,OIl~id('1' th(' bilck"'élrd prohahility /-ld/). d('lilll'd 1'01' ('\'(" \' 

!-lIa\(' 1 = 1 .... \' clllIl fOI ('\'('1," lillIC" = I, .... r - 1 as 

(~ 1:1) 

1.(' . .1t( /) i ... 111(' Plu!l,t1,ilily of t h(' part ial Obs('I'"al iOIl S('qU('IU'(' flOlII 1 + 1 tilt 1)(' l'lId. 

gi\('JJ 111(' joilll (,\(,,,1 llli11 !-Ilal(' 1 is occupic<! clt tinl<' 1 alld X, is ()h~('I\'('d. 

\' 

1111/) = [L (ll_dt)/J(''''I =jl· ... ,-1 = t) l'-(.\'/·!I/ .. Il 
1=1 

",II('\'(' " \ 1l11'clll'" tlll' ... \1111 111 al iOIl 0\'('1' ail I)()s!-lihl(' st at('.., in t II<' IIIOII('\. Ik(',t11 l "at L-,=1 

I,(X/.I//.I) i ... 1111' likl'lil\()()(1 of ('lIlittiIlg th(' sall1pl('!J1 olld tl)(' ('V{'1I1, th;11 tl\l' ~lrtt(' 1 

i~ ot'l'upil'd dl 1 ill)(, 1. gi\t'II th(' P ple\'Îolls ohservatiolJ sampl('!-I ((2.().C')) 

'l'IIi ... i~ 11l)\\ (:! I·n i~ (,olll[>IJ\('d: !-lill(,(, ni-di) is th(' pl'ol>flhility of tilt' JOIll! ('\'('lIt 

thal III .. . 11/_1 dl<' uh~('I'\'('d élllt! Ih(' slal(' t is occupiC'c\ élt tin\(' 1 - l, tilt' plodll('\ 

(\,-d/){)~ ~/ = Il'/-1 = 1) i~ tlwlI th!' probability of tht' joillt ('V('1I1 thctl .'11 .... ,,'// ... 1 

producl (}\('I "II Il)(' \' po ... ~ihl(' ..,tat('~ 1 at t.illH' 1 - 1 r<'sldt~ ill tll<' prohal,illty of J 

at till\(, J \\'11 li ,dl t III' él('e'oIllPélllyillg pJ'('"iotIS prlrt ial ohs('J'vat iOIl~,. 011(,(' ! hi~ I~ deilJ{' 

alld j i ... k"U\\'II. il i ... ('cl"'~' 10 ~('(' thal o,()) is ohtélill('d hy IlII1It iplyillg 1 hc' ..,1I11I11)('d 

qualltil,\' \\1111 1 Ill' likc'Iihooc\ {,(X'.lIt,)). 

'l'Ill' lot cd hk('!ill()()([ of t II<' oIN'l'vatioll scq\l{'IICC' }' ({:.u O.h)) i~ tilt' joillt J>IOhallll-

ity of tlll' OIJ"'l'ndliol\ ~('(pJ('lI«' (!lI.Y'2 .... YT) and th(' ('w'nt that ~1<l1<' N i!-l {)('(llpiC'c! 
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,If tillll' /' dllli ..,1,,11' \ + 1 (III<' :'lIIk :-tclle) occlIpied at tinH' T+ 1: 

(2.14) 

(dg,lill. \\'(' Il'III11ld Il,,1f Il)(' fOl'waJ'd probabilitie:, are sufficient t.o caleulatC' the total 

011 1 !I(' 0/111'1 l'illlli. 1 IIC' IHH'k\\'ard probabilities can be calculated recursively from 

,\, 

Jdl) = L :J1+dJ)P('>;I+l =)18 t = i)L(Xt+l'Yi+l,j) (2.15) 
)=1 

Agtlill, 1111' Il''''''011 fOI (~.I!i) is as follows: in order to have been in statc i at time 

" Hlld to d( (011111 Illl 1 II<' 1(':,1 of 1 he observation sequence, \\'C' had to rnake a transition 

10 ('\'('1," (JII(' (,1 Il,(, \' po:,..,iblp statl's at time l + 1, account for thl' obsC'rvation sample 

!/I+ i '" Il,.11 ..,1,,1('. c1lld llre'II aCcollllt for the l'est of t.h(' observation sequence. 

tll '-'1 III (JI 1111' IJdl'k"'éll'd pl'ohabilities, 

P (} Î X d = {jO ( 1 ) (2.16) 

"'(' 1",,(' ('2.111) ill 1111' fOI'\\'ard-hackward algorithrn as a chl'ckpoint: the forward 

(DIlIPIlI ,II i(JII ,1I1d (III' btlck\\'éI1 cl ralculation must arrivt' to the sarne rl'suit which is 

If "'(' ('\d,"i,ll' 1 III' cOlllputat ion involved in the calculation of O'f(i) or f3t(i), 1 ::; 

, S; 'l', 1 S; 1 S \'. \\ (' "'('(' t Irat il. l'('quires on the order of N2T calculation rather than 

'2'/':\" él~ l'I'qllil('" Il,\' tlll' diu'cf ralculation [11]. For N = .1, T = 100 the difference 

'1'0 (olllpl(·( (' 1111' J('(,llI'sioll formulas, wc nl'ed to define the boundary conditions 

fol' Il 1 (1) d"d l, (/). H., ddillit iOIl of the for ward probabilities 

(2.17) 

FOI 0111 ..,Iill,cl",d I({t-to-right 1l1\1~t. sincc wc require the first observation sarnple to 

1)(' g(·II(·I'.,II''' \\ I,ill' (1,(, \Iarko\' chain is in the initial state, we have 

() { 
L(.\'1"l11,1} 

(\( 1 = 0 
if i = 1 (init.ial statc) 
otherwiscj 
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This ~l'I\('''' <1" ,Ill illiti,diz<ltioll for thl' for\\'ard prohabilily calculations. 'l'Ill' inltÎ,d-

izat ion fol' 1 III' bdc b\ drd (>rohclhility calculat iOlls is giv(,11 hy 

if 1 = N (final slalp) 
ot.hc'I'wise; 

(2.1 !l) 

'l'hi:, i~ ho\\' \\'(' (dll \\ 1 il(' (2.1 ~)): fir:,t, hy dc,nuit ion (2.12) of t.hc' hackwald p\'oha"ilit~· 

(:!.:!Il.II ) 

IW('(lIIS('. gi\'('11 llldl 1 Ir(· :,la1c' ; is occupi('d al. t.inw T - 1 dnel t \rat. t.!lC' final St.(It.(· N 

mu:,1 1)(' ()('('III)i(·d (II lilll(' T, III(' probability lo obse'rvp !/'l' is (l,N (w\rldl <lC(,Ollllt.S for 

t.1\C' t.1<1n:,it iOll 1 rOll 1 1 10 .\'). 1 illw:, L(XT, UT, N) (which aCcollllts fOI' th(' Irk('Ii\rood of 

!JT al ..,Idlc· \') lilll('~ (/ \' .. \'+1 (\\'hich accollnts for the ('V('II1. t.hat. Ure' sink sl.,tI,(, /1111~t. 

he rC'acll<'d lu 1<'llIlillct!(· th(' S('«l\(,llce). 

011 t II<' ut /1('1 Ir cl Ile!. hl illgillg (2.19) and (2.15) t.ogdh('1' giws 

i\' 
ir-d') = L (]·r(j)P(.'l'[' = jls'['_1 = i)I,(X'/',lI,/"j) (221.(/) 

)=1 

= ,j'f{ :\')P(8'[' = NI.'l7'-1 = i)I'(.\T,fJ'/', N) (2.21./1) 

which s\ro\\'~ t II<' (OIT!,,,t raluc.;; of /;1'- di). 

The c'\'(dllcll iOIl 01 j)() 'IX 1) cali hc' vÎC'wcd as t!H' score' of (\ givC'Il lillc'I' lIloc\(,1. 'l'II(' 

fille'\' lIlodel i.., "'pC'cifi('d h~' tll(' pmallletel' set ({a r)}, {(lJi,I1~)}). TIJ(' :,('o\'(' illdi('itt.(·~ 

how \\,(,11 1 hat IIlOcl(,llllcltcll<'s 1 IH' ohs('rvatioll SCqllC'lJ('C'. This vÎ('wpoillt. l'élis('s allot.lH'1' 

qucstioll. gi\'l'II 1 h(' ~('qI\C'II('(, }', ho\\' do w<' adjust tl!p modc'I pal'allH't,c'I'S \'0 Iws\. mat.ch 

the Ob~(,I'\'élli(),,~? nI(' é111~\\'('r 10 thi~ question is t.lw f('('stimation algorit.hm. Ag,tin, 

to us(' t hi, al!!,OI'it 11111 ('frc,et iwly, wc' I1<'C<I t.o dcfillt, t.wo !WW prohahilit.y variahll's: t.Iw 
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2.3 The Posterior Probabilities 

\V(, will d<'(/l1(' III<' P()~t('J'i()1' (ll'obabilitics "II(l,j) and ,t(i) that will be used Iater 

ill IIIC' 1 ('('~I illl.11 i(11i .tlgol'it hlll. 

Ld -" (, . .J) IH' III<' l'J'obabiIity of being in state i al, time t - 1 and making a 

tl'all~iti()11 lu ..,1.iI('.J al tillJ(' L for every time 1 = 1, ... ,T, given the observation 

S('q 1)('1 J( (' }'. TIr .. 1 i~ 

!,U,j) = P(S'-l = i,St = jlY,Xd (2.22) 

WI' è11~o d('UII(' 1 Il<' Plolmhility of bc>ing in state z at time t for every t = 1, ... , T, given 

tll<' ()1)~('I'\'at i011 "'(''!IH'II< C' }', a~ 

(2.23) 

III t.(·J'III~ of 1 II<' fOI'\\'élld ,1Ilc! hélckward probabilities: 

(2.24) 

I)('('a II~C' 1 II<' joi III 1 i "<,1 i hooc! of }' and the event that the system is in state i at time 

1-1 allcl ill ~ldl('.J cil tillH' 1 is ni-di) (which accounts for the first t -1 observations 

('lIdill!?, ill ~1.iI(' 1 al tilllC' 1 - 1), times aijL(X"yt,J) (which accounts for the local 

tl'all~itioll 1'10111 ..,téll<' 1 lo statc j), times f3tU) (which accounts for the path being 

in stal<' j .11 1 illJ<' t alld then I)('illg ullconstl'ained until the end o[ the observation 

S('<jlJ('II('(' ). 

011 t II(' ulll<'l Ilall<1. \\'C' Célll l'date ,t(i) to ,t(i,j) by summing ,t(i,j) over j, 

N 
,tU) L ,t(i,j) (2.25) 

j=l 

:\110111<'1' WcI,\ to (Olllputt' (t(i) is 

(2.26) 
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sine(' ni (1) c\{'('Ullllb for lIl, ... , .IJ/ êlnd st att' i at t illlf' t. and J1t( i) aCCOlll\t S fol' !/I+ 1 , ... , !fT 

givC'1l i->tal<' 1 <lt t illl<' 1. The' llol'malizatioll factor P()'ï.\"d Illélk('s ,dl} a COllditional 

probë\hilit~, i->O ,11<1' 
N 
L ;t(i) = l ( ') ')-) _._, 
i=l 

III t Il<' 11I':\t .,('( t iOIl \\'(' will show ho\\' W(' US(' t Il<' poste'dor prohahilities \0 proyi<l(' 

ail algoritltlll 1'01' tll<' l'<'I'stimrltiol\ pl'Ocpdut'c. 

2.4 The Reestilnation Formulas 

Id(·clll.\ ,Ill' Illc!,1<-1l ~latkO\' filiN pal'ametC'l's ({aij}, {(IJ/,17;)}) wOllld !)(' C!JOS('II 

so a~ 10 IIld,illli,,(' t!1<' pl'ohid)ility of the ohs<'l'vat.iol\ S('(JlI<'Il('(' jl(\ïXd p,iV!'II t.lu· 

mode! S'. '1'11<')(' i" \10 r1o~('d fonll solution 1.0 this pl'Ohklll. Ali it<'lclt.ive· SOIUt.IOII, 

which kéldi-> 10 il 11I( ,II IlIilXilll\ltn of t l\(' likdihood fUl1ct.ioll, is obt ailll'd hy \lIclximizillg 

tlH' follo\\'ill/.!, dll\iliéll',r rultct ion: 

q( .\1o, M) = L Po CS') ln PO', S'IX l, AI) 
S' 

IIcrC' JI, .\Jo fll(' 1 \\'0 11Iod(·)S eOlT('sponding 1.0 diffC'l'C'tlt. choic('s fol' tI)(' pal'allH't,('1' 

valuC's, and flo(.">') j" t II(' pl'Ohability of S condit.ioned on t 11<' ohseryat.ion s('ql\('n('(': 

The rollowillg IC'llllllcl i~ él simplC' eonseqllcllcP of t.he> cOIlV(\xit.y of t.h(· logal'itlllllic 

t'unet iOIl [1 :.!J: 

Lfllli/la 1: 

The poillt of t hii-> ill('qllalil)' is that if 1\10 is the mode! COI'f('sp()f)dillg to ail illitia! 

estimat(· or t !J(, pal ,1I1\('\('\'S. the likclihood of the observat.ion l'P(IlIC')\( (' nlll bl' illcrpal'pd 

by choosillg IIJ(' I\c'\\' pal'élllwtNs of the new mod(·J M so as ln maximize (J(Mo, M), 
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Ft {JIll (~. ()) \ \ (' llél \'('. 

1'+1 T 

IJ(LSI·\I·AI) = Il P(StIS,-d II L(X',YhSt} (2.30) 
1=2 t=1 

Thil:'. 
'1'+1 T 

IIII)(L,'"''IXI.M) = L InP(stlst-d+ LlnL(Xt,Yt,st} (2.31) 
1=2 t=1 

alld 

T+l T 
(j(.lIO. li) = L PO{S') [L InP(stisl-d + L InL(XI,Yt,st}] (2.32) 

S 1=2 1=1 

BJ'(·i1kill).!, t 1 If' IJl'il!'k(·j:-, éllld 1l1é1l1iplllat.ing the first. term lof the right-hand-side of 

(~.;l:~) g,iv(·:, t 1", l'ollo\\'illg,: 

'1'+1 T+l 

1 = L IJo(S) L III P{'~/h-}) = L L (L Po(8)t5St.jt5st_t,d lnaij (2.33) 
.... ; 1='1 l.i 1=2 S 

w 1 w\'(· 

[, . ~ {1 if St = i 
St.

1 
- 0 otherwise; (2.34) 

\J:-,illg t!J(' ddillit i011 of -,dl,)) wc can identify the expression between the parentheses 

clS: 

(2.35) 

T+l 
1 = L L Î/{i,j)lnaij (2.36) 

i,) 1=2 

III il :,illlildl' IlliIIIIH'I" malliplilating the second term II of the right-hand-side of 

11('11(,('. 

T 
II = L IJo(S) L 111 L{ Xl, YI, st} 

...... /=1 

T 
= L L Ît(i,j) ln L(Xt, Yt,j) 

i,j /=1 

'1'+1 T 

(;(·\Iu· \1) = L L 1/(i,j) ln a,j + L L Ît(i,j) ln L(Xt,Yt,j) 
1.) 1=2 i,i t=1 

- 20-
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Th<, t WO \('1'111:-. 1 e\llli II céln be maximized in<!t'p<'lld('nt ly of ('<ICh ot llt'I' :-.illl't· t lwy 

depend 011 <li..,joillt :-'lIb:-.<'Is of tll(' mod('1 paranH'tC'rs. 

\V(· slal(' IWIl' il u:-.d'1l1 IPI1lIlIt\ \0 1H'lp sol\'ing t.1H' maxilllizatioll pl'oblt'lII (litt' pronf 

of thi:-. le'llllll" ("Il hl' fOlllld ill [I :3]). 

[,f/lllllll l: 

UC, > 0 /=/ ..... \',1//(11 ">llbjfrllo the cOII ... I/'((i1/1 L:,J', = 1, the flll/cllOlI 

F(.I') = L Ci 11l./'; 

all("I1.~ tI.~ 11/1/(//(( global 1I/(/.I'illllLlIl !L'he/! 

c' • _ l 
,1 / --,"', (" 

~I 1 

t\o\\' ill the 1('llIlllcl 2.1<'1 C, \)(' III(' SIlIll of "I,{/,j), i.e', 

1'+1 
('/ = L "Idi,j) 

1=2 

and le·t ./ i = Il ,J , '1'1)(' fi!'..,t t('l'Ill 1 Îs ll1aximiz<,d jf 

'\"" 1'+ 1 (' '/ ~/, \ _ ~t=2 "II 1,] H 0) 
((ij = N 1'+1 

Lp=1 Lt=2 "It{i,pIAlo) 

whel'(' îdl . .JI.\/()) <1('1101<':-. the' pos\,('t'ior prohahility 'Y1(i,j) of t11(' mode'l Mo, 

1.('t liS \10\\' (oll..,id(·\, t h(' S('('ol1<1 t(,l'I11 

T 

,\f(I) = L L "Idi,jIMo)ln L(X"]/,,/) 
I,j 1=1 

Sillc(' III /,( ,\" !II . .!) is Îlldq){'lHI('nl of i, (~..t 1) redu('('s lo 

1'0 1l1a,illliz(' \/(1) \\'(':-'<'1 iJM/JIJi = 0, which gives 

'1' 

L î/(i)Xt(Yt - Xt 11;) = 0 
1=1 
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l' T 
/J, = [E ,t(i)xtX tl- 1 [2: ,t(i)XtYt] (2.44) 

1=1 t=1 

Lik(·wi:-.(·, -"(" t illg (j.lI /;)(71 = 0 gives 

l' , 2 
~-.. (')[ 1 (Yt - .~tBi)] 0 
L. Ali 1 -- + = ,... ,..3 
1=1 VI Vi 

(2.45) 

1 klw(' 

~ [LT-l/t(i)(Yt - Xt Bi)2] 
(1 = T 

1 Li=1/t(i) 
(2.46) 

Ali illt(·n·~t illp, <Id ail is that the' reestimation formula of the filter coefficients Bi in 

('qll<ltioll (:!.l:l) h,,-.. t II(' f01'1II of t!w LPe solutions by Ieast-sqllare covariance method 

([1-1] page IO:l). III fact, tll(' ('quation of the LPe solutions hy covariance method is: 

p 

2: bk</>(i,k) = </>(i,O) 
k=1 

fol' ('V('ry 1 = I.:! ... " JI. \\' hf'l'(' 

f{ -;-1 
1>( i, ~.) = L YmYm+i-k 

m=-i 

(/\' is Ih(· tilll<' illt('n'éd illside which the signal is considered). Thus 

01' 

JI 1\' -i-l 

L b~. ( 2: YmYm+i-k) 
~.= 1 111=-; 

f{ -i-l 

L YmYm+i 
m=-i 

h'-i-l p 

L Ym (Ym+i - L bkYm+i-k) = 0 
111=-1 k=1 

Ld. 1 = III + 1 <111<1 /\' = JI. then wc can write (2.50) as 

(2.47) 

(2.48) 

(2.49) 

(2.50) 

(2.51) 

Th(, 0111." di ff(·\'('11 ('(. \)('1 \\'een (2.50) and (2.43) is the factor LT=l î'di). This factor 

is a \\'('ighl illg faet or. 1 t. t.akes iuto account the probahility that the state i is occupied 

al, t ill\(·I. Sin('(' t 1)(·1'(' is a similal'ity between (2.43) and (2.50), we will see (in the next 

chapt('r) 1 hat 1 III' "alll<' of t h(' filtel' gain computed hy covariance method is similar 

10 t 1)(· \'altl<' of UUI' filu'l' "arianl'(' (12 given by (2.46). 
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'l'Ill' ('q ua 1 iUIl (:!. 1 ()) gi \'('~ t II<' \'<'t'st i Illat ion formula fol' tilt' transi t ion l'roh" hi 1 i t il's. 

E<tUéllioll~ (2.11) <111<1 (2.16) al'(, the l'('('sl.imation formulas for the' filll'l' ('l)('(Ii('i('llIs 

and the ('1 rOI \ cIl iall(,('~. Toget 11<'1' t1H'Y producC' a st'l of I1PW moc\t'I pa1'anlt'tpr~ M :;:: 

({ai)}. {(lJ/.tT;)}) j,cl~('d lIpOIl th(' pn'\'ious 1I10dcl paranH'tl'l's Mo. '1'11<'1'('1'011', if wc' 

iteral in'Iy Ih(' .\1 in plan' of Mo and 1't'peal 1 lu' al>o\'(' f('<,st.imat.ion calculat Înll, WI' 

CélU ill1plo\'(' II\(' lik('lihood of the <!.üa }' 011 (,élch itl'ration. 'l'hl' \'('Hull. is t II(' ('~t i Illé1t cd 

\llo(kl. Thi~ kat!" 10 1 he following ileralive algol'it.hm (n'fe1Tl'c\ as forwal'll-backwi\1'I1 

or Raum- W('lelt Il aiuillg pro('('<lurt'): 

2. ('olllpl\k ïI;j. !Ji. and (7~ a(,('Ol'ding 1,0 li\(' l'l'('slimat ion form1llas in \<:q,('2.·IO), 

( :?, 1 1) élll d (:? 1 (i ). 

, -/ - 2 2' :3. Sf'\ (f,) ln /l'J' J, 10 /Ji and a, to (7j' 

.1. If ~()1I1<' ('(llI\'('rg<'lIe!' crit<'ria are lIol md, go 1.0 st,<'!> 2. 

St<,p 1 \'('quir<'~ il good initializatioll techniqut' in 01'<1('1' lo sp<'('d IIp 1.11<' COIIV"l'g<'II('(' 

of step:- :?:J cllld 1 éllld to avoid tht' problcm of short fjegnH'lIl.s. 1"111'1.11<'1'11101(', I.h(' 

calculatioll of t 1 If' posteriori pl'Ohahilit.ies ,di,j) and ,t(i) r('qllin's SOli\(' lIIat!wllléltical 

manipulaI iOlls 1 hal \'l'dIlC(lS the' cOlllputation load. Ali th('s(' illlpl('f1\(,lIl.atioll iS~IJ('s of 

t.he algorit llll! \\'i Il hl' di~(,lIss('d in the I)('xt chapt,<,l'. 
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Chapter 3 Speech Segmentation 

S('gll 1<'11 1 i Il).!, a ~('(P 1('11('(' of speech samples cOllsists of finding a sequence of seg-

Il)('lIb (or ~I" "'~) 1 lIat has the highf'st likelihood of generating the observation speech 

salllpl('~. Tlli~ (Ililpt(·, will :-.how how we use the Haum-Wf'lch algorithm in speech 

S('gll)('IILt1 iOIl. Il "bo c1isclIss son1(' problems that arise in implf'menting the Baum-

W(·kh algol it 11111. TI\(' 1(,~lIlts of segnl<'ntation tests on continuous speech and isolated 

wo)'(1 :-,p('('('11 dala will hl' ]>l'<'s('nted. 

3.1 Seglnentation Approaches 

'l'Ill' ~q~lIl<·,)1 rd iOIl pl'obleBl consists of finding the optimal state sequence S asso

cial.<-d ",it Il t III' gin'II ObSf'ITatioll sC'quence y, The most widely used approach is to 

filld the' tll<' ~téll(' ~('qli('II(,(, (path) S' for which the posterior probability P(S'IY,M) 

is lIIé1xillléll. T"i~ i.., (·qllivélJc.nt to maximizing P(S, YIAf) (t.he total likclihood of the 

OhS('I'\'ëÜiOIl ~('q\l("l('(' }' of t Il(' mode'! AI). 

A rOl'lllc,1 1I'('hniqll<' fol' finding this best state sequence exists, based on dynamic 

pl'Ogl'allllllillg Il)('1 hocls. alld is call<.'d the Viterbi algorithm [4J. We will briefly present 

the s1c'ps of t hi~ illgorit hlll hen' (wit hout any proofs). Interested readers are directed 

to [.t] for è\ 11101'1' flllldallwlltal development of the Viterbi procedure. 

D(·fill(· 11\1' <jl\(\llt it~· "'dt) for every i = 1, ... , N and t = 1, ... , Tas 

(3.1 ) 
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1.('. ",(i) i .... 1 III' !-< 01(' OlJ 1 Il<' statt' ~('(itl<:'nn' l'nding in stalt' 1 ni t illH' t wlllch I)('~I 

acco\lnls for 1 II<' Ilr:-.I 1 o!Jst'rvaliolls. An array c/>t{j) (also dt'fiIH'd fol' t'\"('ry i = l, ... ,;\' 

and t = 1. ... , F) i.., 1I~('d 10 k('el> Irack of the argllllH'nt which lllaximiZ<'s /ld/) for ('ach 

1 alld j. 'l'Il<' ('ulJlplc'l<' \'Îl<'l'hi proc<'dlu'e can no", be st,at('d as f()lIow~: 

l-Inil i,di/,It iOIl: 

if 1 = 1 (initial slalt') 
otll<'l'wis('; 

o,(i) = {l if i = " (init.ial statc') 
a othcrwlse; 

2- H('cll NOll roI' ~ ::; 1 :s: 'j'and 1 :s: j :s: N: 

"dj) = ['$}~~hl-l(i)a'JIL(XI']II,j) 

od,JJ = [r\l'g,~l''!:\r li/_t{/)aiJ]qX/,.IJ/.)) 
_L 

:3-Stal<' :-'(''1111'11(,(' I)aekll'élckillg: th(-, optimal st.a(,<:' S<'qllC'lI(,(' is qj, ... , q,j., wll<'l(' 

qy= N 

alld 1'01 1 :s: 1 :s: T - 1 

It should 1)(' Ilotc'cl 1 hal II\(' Vit('J'hi algorithm is similar ('x('('pt for t.!J(' hackl.nH'k

ing st,<,p) in i III pl('IW'llt al iOIl to 1 he fOl'ward- backward trai n ing 1>I'on'cl li 1'(' of chapt.(·" 2. 

lIow<.'\'el'. cl llIaxillllllll 0\'('1' p1'('\'iolls states is lIsed in place of the' sllmmillg pl'o('('dur(' 

lIscd }>l'C'\'iollsl,\', 

Ail alt('l'llalÏ\(' sl'gllH'lllat.ion approach - which wC' IIs<, in this t1l('sis is to Plllploy 

the postc'I'iol' pl'ohahilil,\' ÎI(i) (which is the probahility of J)('ing in stat(· l al. t.inw l): 

\\'C' will c110Ch(' 111<' ..,Iatl' :-'C'«lwn('(' S' lltat maximizC's J[(l) at. ('v('ry lime' t = 1,2, ... , 'f'. 

More prc'cisc'I}, dl c'\'c'ry tilllc' t = 1,2, ... , T wc sele"t the' stak 8t whose pos(,(!riori 

probability " (.",) i~ biglt<-'sl, i.C'. 

'~I == al'g max Jt(i) 
l~i~N 

(:1.2) 
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Si II( (' Ail (1) i" ( (Jill plll ('d al, ('aclt time t for every state i = 1, ,. " N, the l;:~gmentation 

Il ... jll~ A" (1) i:-, d III 011 iii 1 joilly H by-prodllct of OUI' forward-backward training algorithm. 

'1'111'11' i:-, il IJI obl('11I that migltt occur wil h the segmentation by (:3.2): the state 

:-,('qIlI'lI( l' ...... i ... ( 110..,('11 \\'il hOllt regard Lo the ncighboring (in time) states. The result is 

t )11'/1 ...... llligili 1,., il lloll-\'alid )(,rt-to-I'ight Markov chain, because thel'e is no constraint 

011 t111' ('\'('111 Illctt 1 II<'!-ol ale' i Illust apl}('clr in S he fore state J (under the condition i < j, 

of (0111':-'1'). III olill'i \\'01'<1. \Vltil(' il, sC'{'ms appropl'iate to have a result segmentation 

as 

11lat.llC'IIl ctt je,i1" \\'(' Illighl ('lId up Itaving a sequence 

that do(':-, 1101 Iii 10 ()111' 1Il0d('1. 1I0\\'('ver, several of our experiments have shown that 

tlll' I/I/.,"JU l'''INd J'(':-,ult of segnH'ntatioll of the forwal'd-backward algorithrn always 

yi{'ld éI \"t1id I('!'t-Io-light f..lal'kov chain that satisfies all the constl'aints stated earlier 

ill c!JapU'1 2. 

" mOl (' :-'('l'iOIl:-' pl'obl('1lI ('OlJll1lon to both the segmentat.ion lIsing postel'iol' prob

ahiliti('s alld Il)(' \ïll'l'hi sf'gmentation is that al'tificially short segments may be pro

duc('d as éI Il':-'1111 of 111<' Baum-Wckh training procedure. The point is that the 

lik('lil\(lod of Il)(' dcll a IJlH~' 1)(' made very large by using a very small number of sam

plc's to ('!-ol illl<lt<- 1 II<' \'Miélll(,{':-' associated with some of the state (sec [1.5], pp. 198-202 

fol' éI di~('II~~ioll of 1 bis pl'Obl('1Jl in conl1ection with the variances of the components 

of lIIixl Ill'<' disl l'ihllt iOIl:-'). 

011<' of t III' \ al iOlls IrcllIliqucs that can be Ilsed to solve the problem of short 

S('glll<'111 s i~ 10 ... 1 élrt. IIIC' Baum-Wplch training with a good initial estimate for the 

pélrHIIH'tc'l' s('1 ({ (/ I)}' !Ji, (11) ([15] pag\~ 201). In fact, our experiences indicated that 

wlwlI \\'(' illil jflll'd 1 hl' fill<'r paranwter with an ol'dinary LPC analysis perforrned on 

t Il(' inpllt SP('('clt :-'(llllpl('s, the' prohlcm of short segments has not occured. 
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.. 
'1'0 h(' IlW((' "'P('( iltc. t Il(' ~J>(-'(-'ch wan'forlll is first willdowt'd 10 LV Il IIi for III S(,~I1I('lIls 

(N is III<' 1I1111l1)('1' of ~Iéllc's ill th<, model). Li 11<''''' pt't'dictiV<' co('{fiei('lIls and III<' lIois(' 

variélll(,(' of ('rIrl! ... q.!,IlU'lIt arc' th<'11 compllt(-'d. TIt('se' valut's arc' ww<! as iuil ial vahlt's 

for Ihc' ltidd('11 til\(·r~. ,\~slIllliJlg a r('asollal>l(' amount of trainillp, dal" <'xisl. 1 his 

init.ializat iOIl Il\l'I hot! ..,!to",s fairly conclusive' that. it. il' l'ufficie'nt.. 

AIIOII(('I l'ad ill Oltl <'xp('ri('llc('s is that. tlw i\V<'rag(-' rat.io salllpl('s-p('r-slalp (TIN) 

has a <lin'ct ('!!Iot t U1l 1 Il(' probl(,111 of short segnH'nts. The f('WN 1l1l1ll1)('r of st al('s ,,110-

ca 1('(1 for a ~('(f1I('llr(' of spe('ch samples rcsults in longt'r st'gnlf'nts of sp<'l'ch. Ilow('wr, 

fewN :-,1 al ('S III i/!,I! \ I('èlcl 10 long segment.s that overview t.ht' chara('\.('rist.ics of SOIll(' 

short pIIOII<'~ of ... p(·c·ch (('.p, stops, fricat.ives). S('veral of our ('xpc'riIlH'lIts show t.hal 

with the' iI\ <'1 cIl,!,!' 1 al io of :tw sampl<·s/st.atc (at. 16kHz sampling rn·qU('lIcy). 110 short 

st'gllH'lIl.., ct\'(· ul)"('1 \ ('d. 

3.2 Inlpleluentation Issues 

III 1 hi~ "'('d ÎUII. \\(' p\'(':-,('\\t sonw prohlcms that. arist' in t Il.· illlplt·nwllta.tiol\ of tll<' 

Baul11-\\'('klt cllgol il IIII\. Th('y inc1ude initialization nlC'thod, approxifllatiw ('()IIlI>1I-

tation. staitc'é\"'(' ,lppIOi\('h alld s<'gnwnl. duratioll. 

3.2.1 Initialization 

We' haye' 1101 iI<lclr(,,,,~('d in pl'C'\'IOIIS sectioll the' issue' of how tif(' slatistics and 

the filkr pdICllIl<'tC'r" al'(, initializC'd for the forward-backward Irailling. Whil('!Jw 

forward-bad-:\\'<II'd ctlgorithlll guaralltcC's an improvctnC'nt C'VNy ilc'ratiolJ, il, J'('quil'('s 

a good illilietl (· ... tilllclt(' fol' (1)(' parallwlcl' sct ({aij},Bi,O'tl to avoid tlte prohl<'m of 

short 1->('gll1<'llt:-, (t1~() ('ctll('d III<' prohlC'1ll of singular maximllm IikC'lihood) and \'01->[>(·(·<1 

up tl1(' COIl\·(·rg(·I«,(· of t 1](' 1 raining procedurc. 

'l'II<' Irall~ili(}11 probélhiliti('1-> [aij] arc initializcd hy <,qllal dist.Jiblltion su('!t that 

{ 
0.5 

(Ii) = 0 
if j = i or j = i + 1 
othcl'wisc; 
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ï II(' Idl('1 «(J(·IIII j(·I1I.., cllld ('11"01' variancc are illitialized as follow:.: first, thC' speec') 

"'('<jll('/II'('} = (,1/1· .... ltr) is IIJlifol'lllly se'gmenlt'd to N t'quaI segnlPnts (the Humber 

of ),1 al ( . .., .\' j), (IIIJ..,VII a( c'ordillg to t.he length of the sequence' and Hl<' speech sampling 

fn'qlH'II('\' él)' dj..,( Il ...... (·c1 I<lt<'l' in Ihis chapt<'l'), The linear-predict,ive coefficients and 

t1u' \'al'ialu C' of ('d('h ),('glllC'llt are thell computed, This set of pal'ametel's are used as 

illiti<ll \'<dll('), of 1 III' lilll-r pal'all}('te'rs. 

0111 \(>~I), Ild\'(' ..,ho\\'Jl t hat. tllis simple initialization technique was sufficient to 

avoid t II(' 1'101,1('111 of ),hort se'gll1<'uts, It also helped the training algorithm to converge 

aftn:J ;j it(·l.lIioll~ ",il Il a thl'<'shold of the totallikelihood P(YIXI) fixed at 30 dB. 

TI\(' 1 hn·:-.hold b is d .. lillC'd h,\' a differenœ in log domain of tht' total likelihood of the 

OhS(')'\'éll iOIl ~('qll('II(,(' )' l'<'cordt'd in two successive iterations, Le. 

(3.4) 

wll('('(' IJ~,(}ï.\'l) i.., Ih(· lotallikelihood of observation recorded at the kth iteration, 

3.2.2 Log. Compl'essioll and Approxhnative Computing 

'l'II<' ('\,i1II1,lIillll of ndi) and 13I(i) for 1 ~ t ~ T and 1 ~ 1 ~ N in the recursive 

r()l'lllllla~ :-.ho\\'", t hat ,,~ l' ~ 00, ctT(i) ~ 0 and 131 (i) -, 0 in exponential fashion. 

ln prclcl in· 1 III' 111I1III>e'(' of obs('rvations necessary to adequately train a model or 

COlllpllt<> ils »l'Obability will result in underflow of any l'cal computer if ctt(i) and 

/jd i) HI'(' I·\'(dlldtc·d c1in'ct Iy. 'l'I}('rcfore, a scaling procedure is nccessary to avoid this 

Il Il cl('\' /1 o\\' , 

A Il a 11('1'11(11 i \ (' ,lpproé\ch which wC' use is to represent probabilities by their loga

rit hllls to d(',,1 \\'it Il llllderflowillg }>robabilities. If we rcpresent probability P with its 

log, 10gb IJ, \\'(' :'ollid ppt mol'(' »1'C'cision in computing. To multiply two numbers, we 

silll))ly add 1 !\('il' logarit hm:., '1'0 add two numbers, wc proceC'c! as follows: 
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• Ill!-',/,( 1'\ + Il'}.) = log/,[blogb PI + blogb 1'2] 

= logdblogb PI (1 + blogb P2- logb 1'1)] 

= 10gb Pl + 10g,b( 1 + b10gb P2- logb 1'1 ) 

If /)"2 is 111<111\ 01 d('I':' or llIagnitude slllallcl' t han PI, adding t.wo nllllllH'l's will just 

J'l'suit in /1\, 

3.2.3 Stail'case Approaches 

'1'1)(' rOI \\'cli d <111<1 hack\\'éll'd pl'ohahilit.ie's 0,(1), /1,(i) and t IH' !>oslc>l'iol' probabilit il':' 

,di,j). id!} ill(' ('OIlIPllt('d l'or ('\'('J'y time t and (,V(\l'y stat.{\ 1 of tllC' 1110<1('1. Wit.h " 

typical :-'1)('('c!1 "'('111 ('IIC(' or 1 :,(\c and a sampling l'at.e' of 8 kl b:, t Ill' tillH\ '1' i:, :tWOO. 

~Ior('o\·(\1'. ()l'd i II tI 1 \ :-. p('('ch con ta i ns on a vCl'agc' 15 -20 phol1(,s P('I' s('cond, ('ad 1 phone' 

coulcl bC' cH ('lll'cll l'I\' ll1od('lec! hy :3 sq;ments. Thf'I'C'(OIC, for t.IlC' 4 s('c sp(\('ch s(·nt.(\IH (', 

Olle ile'ral i011 or (Jill al,!!,ol'it hlll has to handlc up to :3 x 20 x·l = :WO S(·glllC'Ilt.S (1 :::; 1 ::; 

200) and :twoo IIlIit... or lilll(\ (1 :::; l ::; :32000). Th('s(\ dinH\nsiolls would apply t.o ail 

vedors odi). Jill). idl.j), alld idi). Il clearly oVt'l'flows Ut(' capacit.y of COlllpllt,(·I'. 

I1ow('\,(·r. ill III<' I<'I'I-Io-l'ight J[~1M, at time t close Lo T, thC' initial stat<\ 1 (and 1>('1-

hars slal(':-. 2 .. L ... ) is ('crlainly 1101 visited, so thcl'c is no n('cd t.o ('valllat.{· n,( 1), /J,( 1 ) ... 

at thal 1 illlC', '1'0 opl illlally lIS(~ OUl' reestimation algorit.hm in t.hat. sit.uat.ioll, w(' in

trodu('(' 1 Il<' :-.tail CtlS(' appl'Oélch. 

\-\TC' <\SSlll\l<' t Ilat ('ach statC' 1 of t1w Markov modcl cali ollly ()(,(,\Ipy Cl limit 1111111\)('1' 

of Séllllpl(\:,. :-'cl,\ ~/" This occupat.ion can only starl al SOI11<' tilll<' '/~, 'l'h('I'<'fon', t.h(· 

probabilil il':' llJ (1) illlt! Nd i) of t.he st.atc i are zero out.si<lC' the illlNval ['/'" '/'/ + ~li]· 
Wc will 0111,\' ('\ aillale' t hl':-'(\ pl'obabilities illside that timc iut(\l'val, t.hus l'(·dll('(' th(· 

dimellsion or II\(' \ ('('101':-'. 

TIl(' ('1 wied point i:-. ho\\' wc choose the starting tinw 7~ and tlw I{·ngt.h ~ll' Our 

tests indical<·d \ Il,11 o\'<'l'Iapped time intcrvals are nccdC'd to ass\ll'<' the sanH' n'sult a!. 

the origillal Illod('!. ~Iol'<' pl'C'ciscly, \\'e use thc intcrvals d(·fir1<'d as follows: for ('V<'fy 
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( 

1 = l, .... \, \\(' 11/·1111(' 

,lIld 

T _ 1 X T 
,- N 

T 
.6./j=6.1=

N 

(3.5) 

(3.6) 

<lIld tll/' tilll<' III!.'I\·,II" an' [1.'/'1 + .6./], [TI -.6.1,T2 + llt], ... ,[TN_2 - 6.t,TN_l + 
~/], ['/',\ _1 -- ~/. l'l· 1"i~III<':U illustl'atcs the st.ate occupation we are assuming. 

j 

..... \ 
1 1 1 

• 
• 

1 
J ,', 1 --Il 

Fig. 3.1 The staircase approach 

3.2.4 Segment DUl'ation 

'1'1)(' ~q.!,IIII·111 dllrclt iOIl pl'OhlC'1ll consists of constraining the minimum number of 

~"llIpl/·~ p<'1 "'<',1.',111/'111. 1 l' t 1lC' Hllmber of samples allocélted to a segment is close to the 

oldc'I' /) or 111/' Itidd('11 filu·l', \\'c could have a local maximum because the prediction 

{'\'I()I~ al<' \('1.' "'JlI"II. For f'xamplc, a 10 ms stop burst of speech recorded at 16000 

Ilz i~ J(·pl(· ... (·llkd Il.' 1 (iO ~all1pl(ls. \Vith a minimum required 3 segments (or 3 states) 

IH'I' pllolu' (\111(' "'0111 ('{'. 01\(' statiollal'y and one end), that stop burst has on average 

:')() (iD ~(lIllpl(",/ ... ('p,II\(,lIt. If W{' pick a female speaker with a pitch frequcncy 320 Hz 

(1\('1\('(' 011(' pit (" IH'l'iod lias ]6000/320=50 samples), the 60-sample segment will cover 

éI It'lIgt Il or (iOrlO= 1.2 pitcll, hal'ely cllough to pCl'form an LPC analysis with p = 12. 
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ln ou\' 111'''\ II1Ipl('IlH'lltrltioll of tlte forwan\-backward alg(lrithlll. wc' dit! Ilot 1I~(' 

ally (,olllplt'\ dlll'tllioll cOllsll'aint. llIe'thods. \\'e jU'It simply isolakd a S('qllt'lleC' of 

speech ~élll1pl('''. ,dlo(,éll('d 011 H\'C'ragt' 20 phones P('f s('cond of sp(,t'ch «lId il liXt'd :, 

st atcs/ pl.oll<' (111,11 gi \'('S 011 cl\'el'a~,<' GO stat<,s/s('cond), t!H'1l rail 1 lu' t rélinill!!, pl'O

gram. ,\1 Ill<' (j!ltpllt sq?,IlH'lllalioll, w(' chccked ail the' s('gm('II1. 1('lIgt.hs. If ally 

scgmcllt h,will!!, 1'('\\'('1' t hall ;')0 séunpl('s was obs<,rvcd (\.11<' ,50-Sélll\plc' \<'ve\ \Vas lIS('<l 

in both COllt illll()\I"-SP('('('J. alld isolatcd-wol'd database), wc' l'('du('(,<1 tll(' 1I111l11)('r of 

states (lI"lt.dh' 11\ ( 01' 2 st.al('s) of Ih<' mod,,1 and l't'fan the t.rainillg. 

OUI' :-('gllH'lltatioll t('sts 011 t1l<' isolatcd-wol'd dat.a wit.h an aV<'l'ag<' 201llS ()('(' St'P;

ment. ~It()\\'.., 1 Ital é\1J()llt !)'X, ur t.h<' \\'ords l'cquil'<'s tl1<' l'<'\'\II1S of t!\(' forwarcl-hackwarcl 

algoril hlll. 

ln t II<' IIl'\! "l't t iOIl. wC' ",ill show the test reslllts of sp('('ch sq~IJl('lItatioll IISlllg 

the po~tl'I iOi plOhclhilit ie!">, 

3.3 ExperÎlnental Results 

TlI(, ~('i!,lll<'lIt at jOli applOach tlsing the posterior prohahiliti<'s ,d 1) was ('X.\llIilH'd 

in sCglllt'1I1 illg "(H'('( h \\'(I\'er()l'Il1~ of two categori('s of spe'('ch: cOlitiIlIlOIlS-SP('('('h alld 

isolatf'd- \\'01 d. 

TIH' ~()('('('II IlIcll('. iaillst'd fol' the cOlltillllOllS-SPt'('ch catt'gol'y induclt's tilt' follow

ing se1lt ('IIC(,~: 

L- Oak i~ ~t rOllg ,lIId also giv<'l'> shade. 

2- Acld t hl' ~11111 to the' pl'Oduct of thcse till'ec. 

Tite fi!': .. 1 "'l'nl('IICl' \\'éI~ SPOh.<'1l by a male a.nd the ~;('cond s('nlell('(' hy a f(,lIIale. 

The SéllIlplillg l,JI (' or t II('~(' S<'llt('llces is 8 kIIz. 

The' dill .. 1\"'1('<1 ill t h" i~()lat('d-word catcgory inclucle 127 worcls spoken bya native' 

Engli~1I r('llIéd(, ,,()('ak('1' ",il II a pause of al, lcast. 1.10 ms bC'tw('('n worcls. Tht' worcls 

- .9 J -



( 

( 

('011 l'~Jlolld 1 () pd 1 ;lg"l plt~ s<'l('cled from magazines, books and newspaper articles. 

\V(' "ppl,\ 1111' 1'01 \\'ilrd-hackward training procedure to the speech data with an 

ordc'/' of hidd('11 (ilh'l Il = 12 (i.e' 1~ poles). This chain' of pis based on previous LPC 

allalysi~ ([J 1] PP (19 120): gellC'rally 2 poles p<,r kiloHertz due to the vocal tract 

C'ollt./'ihul iOIl plll .... J 1 pol('s 10 rcpr<,s(,lIt the SOlll'CC excitation and the radiation load. 

Figll/'('~ .J.:.! dll<l :L:J show th(' result of our segmentation approach wh en it is 

applil'd 10 1111' 1\\'() ... ('111 ('II('('S of contilluous speech. The graphies display 

(.1)- 'l'III' :-.igll,d 1 ill/(, \\'H\'(ofol'll1s along with the s('gment. houndaries (vertical bars) 

(h)- '1'111' 1I011I/(/li,;((/ Imrlictioll CITO/' E of each segment. (variable lenght). 

(c)- 'l'Il<' 1101 IIIHlizl'd ))l'('diction error E of the uniform segments. 

W(· pll· ... (·111 1 h(· lIol'lllaliz('d prcdictioll errol' E because it is a very useful parameter 

fOI tllI' dC'l<'lllIlIlHI iOIl of 1 h(' opt.imal lIumber of poles p and for the measure of the 

sp\'('éHI or III(' d,dil [1(1]. The' llorlllaIized prediction error E of an LPC filter is defined 

as HIC' ('l'II illlal<'d ",Uiélll<'(' of 1 11(' filtel' scaled by the average of the square of the 

sc'glllC'1I1 aillplil 11<1('. 

'1'(1)(,11101(' "'P('( ific. h'l (,IIJ .... , Y/If) be M samplf's of a segment having a Gaussian 

1I01S(' ~()II/'('(' \ (().(J',~). th('11 tll(' l10rmalized prediction error E of that segment is 

0'2 
E s 

- 1 AI 2 
AT 2::t=1 YI 

(3.7) 

Si 11('(' t hl' 1111'<111 uf 111<' :-'('gll I<'lIt am pli t.ude of speech is very small (~ 0), this normalized 

('1101' (dso «()III''''IH)lld~ 10 IIJ(' variance of the flltcr output scaled by the variance of 

1 Il<' ~('~III('1I1 "'I)('c·cli sigllal (J'.~: 

(3.8) 

(3.9) 
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Recall t hed t 1\1'1'1' i", fi ~illlila\'ity h('tWl'l'll our filter coeflkit:'lIts and tilt' liltt'I' cot'lIi

dents cOlllput(,d b,\ co\'éll'iat1('(' lll<'t.hod, The cOlllparisons of 0111' filtc'I"s nOrlllaliz('d 

predirt ion ('II \lI '" ilnd t Il(' llormaliz('d prt:'dict.ioll crrors COI11)1I1I('d hy tilt' ('()\'c\rié\ll('t· 

met.hod should gi\'(' ..,illlilar J'{'slIlts. 

III FigllIt' :l.:!,(d) and :3.'2.(b), tllC' speech wav('fol'Ill of Oak 1 ...... wit.h S(·gl1l(·IIt. 

boundari('s éllld lllI'il' COITc'sponding nOllllali",c'd pr('diction c'rrors an' showlI. TIlt' 

speech SC'<!U('I1( (' lias :Hl21 salllpl('s in 2:3 SC·gllH'Ilt.S (avC'ragC' W..tllls/sc·gllH'nt.). TIt(· 

Ik/ burst, lo(',l1c<l ill tlt<' intC'l'val 0.2'2-0.25sec, is characteriz('d hy t.hH'(' SC'glIlt'It!.S of 

100,Î8 alld 1~1 "'''llIpl<':-, (at 8 kHz salllpling freqll('ncy) resp('divc'Iy, wit.h cl !>('ak ('['['01' 

],e'cordC'c! 1'01 ,dWIlI 1011lS. Thc' \'o\\'d 10/, started at 0.0,1s('(' and ('I\dt'd étt. O.2s('(', 

occllpic~ 12 ~('glll('llt~ ",ilh normalized predictioll ('rrors I~' < 0.01. 'l'III' p(,l'io<l of 

silence' al 1 hl' 1J(·).!,illllillg, or the sequellct:' has small <'l'l'or I~ whil(' t.he' silc'Ile(' I)('\'W('('II 

\\'ord~ IléI~ Jillg('1 ('11'01 g \\'ith ail a\'C'l'age 131 sarnplc's/sc'gIllC'Ilt. (J().·IIIlS/SC'p,IIH'IIt.), 

the shor\(·"t "('glll('tl\ (211d l'rom Idt) has 5:3 sampl<,s and t.1H' longc'st. sq!,lIlt'lIt. (h('loll~ 

to the \0\\,('] /0/) hé!'> :!;l!) samples. Figure 3.2.(c) shows t.he Il()rlllali~(·d p[('dict.ioll 

errors of (JI<' 1 (1.111\:-- \IllifOl'tn s('g\l\('lIt.s. It i::; casy t.o S{'(' t.hat. t.h(' \Inifol'Ill window 

prodll(,('~ hight'I 1I01'lIlediZ('d IH'C'dict.iOIl ('1'1'01'8 fol' the st.op Ik/. 

Figurp :L:L(a) and :L:qh) ~ho\V t.he wavcform of A(hllhf ... \Vith S('gllH'llts alld t.Ju· 

correspolldillg lIol'llla]Îz(,d prediction cl'I'ors. Thcrc arC' :1:160 séllllpks ill 28 1'I(·p,IIH'IIt.:; 

(averagc· 2011l1'l/ ... C·gllH'lIt). ~lodC'l'atc amplitllde's of norrnélli~('(l Iw'dictioll <'ITors I~'s 

arc ob:,wl'\'('d cl 1 111(' 1 ra Il:;i t iOIl from siJc.nCC' to vowe! / i\ /. Il igh vahu's of /101'1 Il é!1 iz('c1 

predictioll ('llUI'" (11(' ~C'('II al. Ihc' fricative 101 (in t.he wonl "t.h('~') alld agélill at. t.1t(· 

silence' él t 1 hl' ('11<1 of S('(III('lICP. \ Vc can sec i Il Figure' :cq (') tha l t fIC' Ilol'Illéllizt'd 

pledietioll (·nUI'" or t JI(' ~OIllS lI11ifonn segment.s arc gC'lIC'rally higltCl t.ltall Ut<' ('rrors 

of HH' \'HI i<lbl(' frHIII(' 1('lIg! h 8('gl11('lItS. 

It is ill1<'I'<'",1 illg to 1I0\(' fl'Olll these figures that the norlllélliz(·d pr('dict.ioll ('rrors 

E's for lI11\'OÎ< \·d ~I)('('( Il «'.g. st ops, fricati ves) is signifkantly h iglw(' tha Il for voirecl 

speech (\ 0\\'( ·1 .... ri i pit 1 Itongs). In fart, the norrnaliz('d predict.ioll error cllrVC's show 
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a Y('I)' :'1111111 l'rlll,L!,<' of ('rror E (0.005-0.01) for yoiced speech (such as vowels /0/ in 

"Oak", / 1 1 ill "gin'!->"Ol voiccd fricative Ivl in "of") and a high levcl of error E (0.12-

O.~!)) f(u tllI\'ui('('c1 sl)('('ch ('.g. stop /~'/ in "Oak", fricative ;. .. / in "sum"). Also the 

1('IIp,ths of S('p,IlWIII!-> ai-lsociatcd to voiced speech are generally longer than the lengths 

of i-I('p,IIlC'lIls aS~O(·iël1<·d 10 llllvoiced :'ipecch. 

'J'1t(, lC'élWII fol' t II<' aho\'C' observations IS that voiced speech is usually longer 

(in t.ill)(,) thall llilvoicc'd ~p('cch (e,g. several pitch periods in vowels) and it has 

a pH'dic! ably Wcl\ ('1'01'111 paU('l'Il which helps the linear predictive filters to perform 

1)('tf,(,J'. 011 1 he 01 IJ('J' halld, the silence may have large error E because it has very 

small sigllal ilillplit lId('~ wliich él\'e in the same order of the Gaussian noise source of 

tl\{' fil \('1 . 

A ('OlllpclJ'i~oJI of 1 he'sC' values of normalized el'rors Es with previous studies on 

8/>('c'ch ëllJal.\ ~i~ b.,' lilwal' plcdiction [14], pp. 426-429, shows that our errors are 

within t!H' 01 d('1 of t II<' ordinary prediction errors by covariance method. 

III a sC'('011I1 Il'!->t. WI' apply the segmentation procedure to the isolated word 

databa:,(·. TIJ('~(' \\'ords hav(' bec'n segmented into phones (of a set of 44 phones) byan 

l'XI)('J'illl<'lIt allilJ'gl'- \'ocahlllary-sl)('akcl'-dcpendent isolated-word recognizer (described 

in d(·tail ill [1 i]). TII('lIormalized prediction errors E's of eaeh phone are eomputed for 

:W phollt·s of t h(· ,,<'1 alld ar(' pr('scnted in Table 3-1 (t.he number of occurrences of eaeh 

phoJl(' u:-,('d to tOIllIHI((' the avel'ag<' values is given in parentheses bcside the phone 

ill tl\(' t~lhl(') .. \g<lill. Il.\' comparisoll \Vith data in [14] pp. 426-429, t.he normalized 

1>J'('dict iOIl ('11'01''' I~"s show \'C'I'Y accurate measnrcments of the phone's characteristic. 

'1'1)(' sq!,Il\l'Jlt dt iOIl \Ising hidden filter mode! shows that it performs exceedingly 

w('11 OH t III' dillicult task of loeat.ing short phones of speech. Since our aim is to im

pro\'(' ~q.!,IIH'II( /'o1\l\<lal'i('s het W('en phones during recognition, wc try to implement 

t hc' S('glllC'lI( a (ioll cl t a 1>J'c'IHo('('s:-ing stage of a large-voca bulary speaker-dependent 

isolat('d-\\'old 1 (·('ogniz('r. '!'I\(' lIext chapter will descrihe how the hidden filter models 

('c\ll hl' IIS(·<I iJl t 1)(· \(·(·ogniz('('. It also reports C'xpcrimental results of speech recogni-
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Phone Normaliz('d Enor E 

(x 10-3) 

1 AI (35) 3.03 

III (10-1) 9.09 

lU 1 (6) 3.59 

lEI (48) 8.07 

10/ (14) 0.978 

laj / (2:1) 4.52 

III (70) 4.79 

ILLI (40) 1.44 

1 t 1 (30) 8.07 

loi (l8) 1.51 

Il (68) ,LOI 

1&1 (H) 6.81 

Ifl (:31) 72.81 

It 1 (129) 38.:38 

1 p/ (:3:3) 42..1:1 

/ ,~I (100) 136.69 

Id/ (78) 20.0-1 

1 ~'/ (5:3) 21.93 

I/'I (128) 2.16 

Ig/ (21) 6.47 

Table 3.1 H('sldt s of segmelltation of the isolal,('-word datahas(' 

tion. 
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Chapter 4 

Speech Recognition 

with the 

Hidden Filter Preprocessor 

S(l\'('I,,1 lai g,('-\'oc"blliary rf'cognizcl's have been developed in the past few years 

[18], [17], Sp('élk('r iltd(lpf'ndencf' and continuous speech pose the greatcst chal

l(lHg('S fol' t 11<':-'(' 1 ('coglliz('rs, Sp('aker indcpendence was the most difficult constraint 

! 0 OV('I'COIII(' JH'('élllSe IllOSt. pa l'il me! ric l'('presentations of speech are highly speaker

d<'!)('ltdlllli. éllld é\ :-.1'\ of 1 d(ln'llc(' pa t te1'l1 suitable for one speaker may perform poorly 

fol' alto! 11<'1' ~'I)(',d\('r, Olt t lH' otlwr haud, continuous speech recognition is significantly 

1II0lt' diflintlt Ihelll bolat ('d word l'ecognition, rcsulting from pl'Oblems of word bound

él l'y, n>é\ ri inda t or,\ ('11'1'ct S <\\Id w0rd clI1phm,izing, 

III 0111' lil' ... t l'I'('ogllit ion tl'sts, wc choose to work only with a speaker-dependent 

isolaI ('d-\\'ol d 1 ('(()glliz<'I'. This chapter will show how wc apply the forward-backward 

t.raining alld ~('P,lll('lJt al iOIl 1>1'0('('<1I1I'C to a large vocabulary speaker dependent isolatcd 

wOl'<l \'1'( o).!,lIizl'I', 'l'Il<' sq?,lllc'Iltat.ion is tlsed as a feature-extrador at the preprocessing 

stag<' of t II<' 1 ('('o!!,lliz('I', 

4.1 Overview of the 60000-Word Recognizer 

TI\(' I('('ogni/I'I \r(' art' llsing is a 60000-word vocabulary speaker trained isolated-
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word l'('cognizl'I whirh 1\:-;(':-; a phonemic Mal'kov mod('1 approach 10 ~I)('('ch \'('rognit iOIl. 

The goal of Il)(' n'mJ!,lliz('r is ta transcribc text spokcn as a Sf'qllf'llC<' of isolatet! won!. 

For ('arl! spokpll \\'onl, th(' r('cognizer uses acollstic informatioll and rougI! lik('-

Iihooc\s ill il fa"t "1'(\I'ch algorithm to narrow th(' possiblf' wonl hypot,h('s('s l'rolll t II<' 

60000 \\'ord~ ill Il](' lotal \'ocahulary to a seC/U('I1('(' of If'xically \'éllid, lIIust Iik<'ly 

phom.-I\u' sIl illg~. togl'llwr ",ith their likclihood. 011t' Môrkov 1110<1('1 P('I' phon<, for 

the 4·1 pholJ('s i~ lI~('d ill r('cognition. 

1'11(' ra~1 :'('éll'('It rdgorit hm or t.he r('cognizer is an A* admissihl(' helll'istic (dt'V<'I

op cd Ily }\('III1," [1!ll) for l'ariel l<,xical aceess. Il is capablf', on d('lI\and, of pplH'l'at

ing multiple n'«)gllitioll hypot\J('ses rrom a Icxicoll alld a dictiollal'y of {)OOOO words. 

Phone dllral iOIl C()Il~t rHillb art' also incorpontted in Ill(' r('('oglliz<'1' t.o iIllPIOV(' tif(' 

accurac~' è\lId 111<' ~p(,(,d of t 11(' s('al'ch. 

The ,\('011,,1 ic i Il fOllllél 1 ion (01' acoustic fcatul'es) is cxtl'ôct.('d rroll1 t.ht' SI)('('('h wa V('· 

fOl'111 Ily III<' pH l'cl 111<'1 ('1 l'stilllat ion module of the l'('cogniz('r. TIH'S(' f('éttUJ'('S <tH' sd,s of 

1.1j-dilllclI~iollal f('at 111'<' \ ('dol' cOll1putcd ev!'!'y 10 ms from t)w 81)('('ch waV<'foJ'lIl IIsillp, 

25.6 ms owrlapp('d "'Îlldo\\'. 1'h(' l.5-dimensional v('ct.or consÎst. ... of S('V('11 ll\('l-bas('d 

cepst.l'llIl1 codlwi('lll ~ (('\ .... , Cï) and cight dynamic pal'anH'tel's (~( '0, ... , ~('7)' 

The slali! «'pstl,,1 ('()('rrki('lIts (G'l, ... ,Cï) are rornput('<t hy (jlst dividillg t.!H' 

S]>Cct.l'll Il 1 1)('1 \\,('('11 0 and 8 kHz Îllto 24 chanlld~ spacf'd ac(,ol'dillg 1.0 th(' Ilwl sCélh' 

of freqtH'lIr)·. Th(· n'III('\' freqllcllcics for the first. 1.('11 ehalllH'!s al'(' spa('('d 100 IIz 

apart., ",hil(· Ill<' l<'llltlÎlling Il chal1Iwls are spa('ed logarit.hmically. 'l'Il<' ('/1<'rgy ill 

each Chall/ll'I i" ('Olllplltp(\ hy slllllming a tl'iangularly weighl,<,d SIH'ct.nllll local,('d al, 

the cellU'/' of t II(' cltallll<'l. Takillg the log of the challll('1 ('nf"'gi('s yi<'lds t!J(' log c1lanrl<'l 

cJlcrgl(,~. 'l'h(, CO .... ill(' 1 l'flllsform or the vedor of 24 log cllallJlf'1 ('IJ('l'gips giV<'1I hy 

:H 7r 
('/ = L Ejcos(l(j -O.5):}), 1 = 1,2, ... 7 

l 
_4 

J= 

(1.1 ) 

wherc l~'J b t Il<' log ('hallll<'1 ('IH'l'gi('s of the jth chann('l, givps liS tlJ(~ ('('pstt Il/Il cm'Hi

cÎents. 
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('0 i!'> (OIlI/JllfI'd "" 1 II<' \\'('ighted sum of thc log channel energies 

24 
Co = L WjEj 

j=l 
(4.2) 

wllC'l'<' t1iC' w('iglll!'> \l'j, J = l, ... , 2,1 arc (0.0016,0.0256, 0.1296, 0.4096,1.0, ... ,1.0). 

'l'III' ('ighl d,\'llélillic parall1C'tc'l's (~co, ... , ~C7) are obtaincd by taking signed dif-

[('I('Il(,('!'> l,pt \\'('('11 111(' corr/'sponding static cepstral values 40ms apart. The resulting 

1 !)-dillH'IlSioll<l 1 f('al III (' \'{·ctOI' (CI, ... , C7, ~Co, ... , ~C7) is computed every 10ms. 

4.2 Hidden Filter Preprocessor 

'l'Il<' COII!'>t l'\l<'t iOIl of acollstic segments every lOms does not take into account the 

phOIl(' bOl\lldmi('!'> ('.g. bOlllldarie:, between stops and sonorants, affricates and sono-

mllts l'tc), TI \(' c11c1l1gi IIg st.at istical chal'acteristics of speech signal at these boundaries 

rail ot'tt'Il illt() 011(' S(·gll\(·l\t. This creates difficulties and erroneous in mapping acous

t.ic s<',!!,II\('lIh illto phol\('1I1(' 1II0dels Ilf'cause the recognizer must map the segment to 

01\(' of 1 II(' pltull('!'>, 

0111' !'>I 1 éd cg,\' is t () rC'plac(' the parameter estimation module by a preprocessor 

which ,11,('1\1'1',11 t'!'> !'>('''' of 1 !)-clilll('nsionai feature vectors based lIpon hidden filter mod

(·Is. l\lo('('llI'(·('i,,(·I,'" fOI (·(\('h spokC'1l word in the training and test sets of the recognizer, 

t1H' pl'('pI'O(,(''''!'>OI' 1'<'1'1' 0\'1 liS the fOl'\vard-backward reestimation to provide segments of 

Sp('('ch clléll'(\('\('l'iz('d l,," ,'al'iable time Icngths, 12th order lin('ar predictive coefficients 

(IJ.~) <lIlcI 1l01'lllèllizI'd ('l'I'OI'S H's. 

Th(· lillPél l' P 1'< ,(Ii ct i "e cocfIicients are translated to cepstrum coefficients (Ck, k = 
1, ... , i) lIsing t II(' fOl'mllla (sC'{, [20J pp. 229-231 for a development of this formula): 

00 

ln ..1(.:) = - L CF- k (4.3) 
k=l 

wlu'('(' . \(.:) = 1 - hlZ- 1 - b-F-2 - ... - b12Z-12 is the impulse l'esponse of the segment 

filt(,I'. \\'t' (!too..,t' lu \\'ol'k \\'ith c<'pstrum coefficients as acoustic fcatures because they 
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have hl'<'11 sllo\\'1\ \0 gin' improved recognition performance compart'd t.o a IIl1l1lh<'I' of 

other f(,HI lI1C' p<ll'<lIll<'I('I'~ lIs('<! in speech recognition [21]. 

Oll\y \Il<' lin,1 :--('\'('\1 cC'pstrmn cocmcicnts arc rct.ailwc\ from (-1.:1) t.o fOl'm t,lit' 

stat.ic C('p:--tllllll ('(j('fficic'nts (Cl, ... , C7). Co is d<·finf'd as log magllit.lIdf' of I.hc' filt('r 

variance ([20] pa,!!,\' 2:\0), i.f'. 

l 2 Co = ln (j ( ·1..t ) 

The~c' clH'lIicic'1I1 saI'(' cal\cd LPC-bascd ccpstnllll coC"'ffici<'llt.s si 11('(' t1lf'y an' (,Olll-

putcd frolll 1 Ilc' lillc'ar predictive coC'fficients. 

l'II<' C'ighl c1,\ lIalllic parall1f'tf·l's (~Co, ... , ~(7) are ohtaÎllf'd hy taking sigl)('d dif

ferenc('s 1)('1 \\'C'C'II 1 II(' cOITe'sponding static cf'pstral values. 

TIl(' :-'C'\'('II LI>('-1>(\s(,d cepstl'llm coefficients (Cl, ... , C7) and t.I\C' ('ighl. dynalllic 

paranlC'tc'r:-- (~( 'u .... , ~('7) are put tog,c'ther 1.0 fOl'lll a I.1-dill1(·nsiollal fe'at.m(' vC'ct.or 

(Cl, .... ('7' ~('(J ..... ~('7)' 

AIt ho li,!!, 1 1 Illc'I<' i:-. 110 fixc'cl-time winclow when wc eompllt(' 0111' 1!i-dillu'lIsional 

f('at.ur(' \,('clol'" (·1 .... ,('7,~CO, ... ,.6.Cï), the IltllIl I)('rof sC'glllC'nts allocat.C'd for ('a('h 

word ill Il)(, II'c1illill,!!, éllld tl'st sC'ts of t.he recogni~c!' J'('sttlt. on avc'Iag(' 20llls I)('r S('/!,-

ment.. 'l'II<' 2011)', 1<'lIg1 Il is ChOSPll t.o comprolllise thC' calculatioll t.inH' wwcl by tlH' 

prepro{'(':-.:-.ol' lu C(J1l1pIC'I(' the sC'gment.at.ion, t.he computer load t.O sllst.aill ail alTays 

dec1ared in 1 II<' rOI'\\'êml-hackward t.raining program and t.he minimullI dlll'at.ioll of !i0 

sampJc.s PC'I' "'q.!,III<'lIt clS ~t alc'cl in §:3.2.4. 

'l'Il<' pl'<'l'n)('c':-.:-.OI l'lIIlS \Vith either a maximum of 8 l'<'<,stirnat.ioll it.('rat.iolls 01' 

a scoring Ihl('~h(Jld h of :JOdB, wllich ever comps first. lJnd('r tl)('sc' conditiolls, wC' 

observe tiraI Il)(' ('Pl; tillH' lJ('cdcd to pl'Ovide acoustie seglll('llt.s of one wonl is !i 

minut.('s 011 iI\ C'l'cI~C' 011 a DEC station 2100 computn. 

4.3 Experhnental Results 

TIl<' <':\\H'I i1IH'lItal ~d up COJlsists of different senkncC's n'ad in a quip!, roOIll by a 

female lIali\'c' Ellgli:-.h ~J)('aki·r. The sentences arc 1'C'ad from t<,xt.s with paus('s of al. 
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( I('a:-.I, ).jOIII" 1)('1 \\ ('('/1 Il)(' \\'ords. The texts arc sclected [rom magazines, books and 

1l('WSJHIJH'1 tlll i( It·..,. Pétrt of t!w tC'xts is uscd for training the ppone models while 

the J'('lIlilillillg i.., Il..,(·<1 fol' C'stimating the recognition accuracy of the system. Of 

the' ap)Hoxilllitlt-!.\· :noo wOl'ds involvcd in the experim<>nt, 1299 words arc used for 

t.rainillg tl)(' IlIo(h'!. 

Ta bl(' 1.1 "ho\\':-' t he' recognition results with the 1.5-dimensional variable length 

LP( ~-hrl:-,('d ('('1',,1 l'li III ('(){'fficiC'nt fcature vcctors. With 808 words of the test set, the 

/'('('ogllizcr ('OIW('\ Iy i(kntifies only 441 words (54.6% of accuracy). 

S('\'(' J'il 1 l'o,,,,il)I(' ('cIWWS cOl1ld lC'ael to this pOOl' performance: 

• Thc' é1\'('J'(lg(' :!OIllS p('r sC'gment coulel result in sorne misrepresentationsof phone 

dlill'ilC'1c>1 iZdl i()n~, ('Hpccially if the segment of Ollf> phone covered samples be

IOIl!!, I(J (JI ht'I pholl<'H, 

• TIJ(' 11111111)('1 or :;C'glllC'nts allocatecl fol' each word may, in sorne cases, come to 

fc'\\'('/' "('glll('lItS êlssociated to a phone than the minimum number of states of 

Illai phol:(' ill 1 h(' l'('cognition phone moelcls. 

FlIr ("\(1111(>1<', ill t h(' rccognizcl', the Markov mork, for the phone /k/ had 

fi :-.Idk." ,\ Idt-to-rigltt I\larkov chain with skip transitions for that 6-state 

IllOd('l i ... illl\:-.tl'atC'd ill figul'c 4.1. As one can see, the minimum number of 

:-.1,tlC' ... (01' "'('gllJ('lll:-.) l'('quired to go thl'ough this Markov chain is 4: either a 

pallJ (hl'ollgll ,'" - ,'2 -"'4 -.s6 or 8} - 83 - 84 - 86 or 81 - 82 - 85 - 86. A 

Slll'\'(',\ or 1 IJ(· M'gllH'lIt a l,ion al the preprocessor showed that, over ,53 segmented 

pholl('~ /1:./, ):! phollC's hael only 3 segnlf'uts pel' phone, less than the required 

lIlillÎIlII1I1l 11111111)('1' of stat:>s, Thus the phone model for /k/ was not accurate. 

• TIlt' 1 ('('Uglliz('(" dCWH Ilot takc into account the length of each segment calculated 

"t 1 hl' l'l'\'( >1 O(,(,~SOI'. lt t reats the sequence of 1.5-dimensional fcature vectors 

"" ,\ !'>('(jllt'II('(' or IIl1ifol'lll-t.iJllc v('ctor-valued observations. 
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Fig. 4.1 The r..lal'kov mod<'1 for a 6-st.at.f' phor1<'. 

F('éI 1 \1 1"(' ,·('ct ors Tot. al words A("o\lst.ic 

illpul t.o ff'cognit,ioll 

l'('('og ni zer Training Test acnll'a('y 

\'ili iabl(·-I<'lIg! Il 
L P ( '-IM:-.(·<I ('('ps t rum 1299 808 ,1·11 (!)4 . (l(Xl ) 

Table 4.1 Ikcogllit iOIl results wit.h LPC-basC'd C<'pstl'lllll 

pl'<')>I'o('('SSOI' . 

To COIT('cl 1,\ ill\<'l'prd 1 he r('sults of the recogllizC'r wit.h variabh'-\<'ngt.h LP< ~-has('d 

coefficicllt:-. ill Titille LI, wc pC'rformed another recognit.ioll I.(·st, wh('rp 20ms-lIlliform 

LPC-ba:-,('d Il'1>,,11'\111\ ('l)('mej('IÜS arc llsed to cvaluat.e the recognitioll accuracy. '1'0 ob-

t.ain tll(' 201ll"-lIl1iIOI'l1l LP(,-based cepstrum cocfficif'nts, Wf' window the inpllt. s(>(·(·('11 

wavefOl'1ll to :-'('\'('Ièll S('gllH'lIts of 20ms (uniform) and computc' the'i .. lillc'al' prc'clictiw' 

coefficieJlt s b." ('0\ cil iëll1 ('(' Hwt hod. Wc thcn translate th<,s(' ('()efficic'lIts t.o ('('pst. l'II III 

coefficiC'lIl:-. (llIcl rOI'JlI t II(' 1!)·din1<'nsional vedors as wc dic\ with t.Iu' véU'iabl(··Ic·llgt.h 

LPC-bas('d ('('p:-.lll1ll1 coC'fficieuts. 

Agaill. \\'(' 1'1111 t II(' J'('('ogllizcr with the 20ms-uniforlll LPC-basc'd ('('psl.r'lIlJ1 ('()('ffi-

cÏent.s ,llld «(lill pcl 1 (' 1 II<' l'<'~\IIt.s wi th Table 4.l. Table 4.2 shows t11<' out.put. of t.h is t.(·HL 

Final rc'~lIlt:-. PIO\('" t ha! tl\(' pl'C'proceSSOl' actually increasC's t.11C' ('(·cogllit.ioll ae c'unu'y 

from 12!) 10 III (.):L\(j( 10 !).I.6(;(,). Broken down to pach tt'xt, Hl<' variabll'·If'ngt.h 

model 0111 p<'1 rUl'llh 1 hl' 20lllS-lIlliforlll mode! {in t.crm of ('('cognit.ioll cH'cur'cH'y) by a 

score of ~)::!. i.('. in fi,'c of the' sevell tC'xt files IIs{'d in the tC'st set, tlw variahle-Iengt.h 

modc'I :.(01'('" 1111!.1t1'1 éll e \ll'ë\C,)' latc's thall the 20rns-uniform rnod('1. 
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Acoustic recog accuracy 

'1'("\1 Tot al wOl'ds 

20ms-uniform variable-Iength 

/1 il 111,111 105 50 (47.6%) 58 (55.2%) 

/rcl 102 59 (57.8%) 60 (58.8%) 
:-

Ikpt il(·!'1 110 48 (43.6%) 49 (41.5%) 

Biol ) :J5 74 (5,1.8%) 76 (.56.3%) 

SUdp )·12 81 (57.0%) 84 (59.2%) 

Sp" Il ) 61 (54.9%) 60 (54.1%) 

\ Vu Il 11'11 10:3 56 (54.4 %) 54 (52.4%) 

i\ \ ('1 dg(' XOS 429 (53.1%) Hl (.54.6%) 

Table 4.2 Ikcogllition rcsults with the 20ms-uniform LPC-based 
l/loclc'I and with t.he variable-Iength LPC-based 
('('pst 1'\1111 mode!. 

A dos(' ,lIlctl,"!'Ii!'l of t II<' 1"C':,ttlts in Table 4.2 shows that when the recognizer with 

201llS-1I11iful'lIl «wIll< ie'lIts corr('ctly identifies the word, most of the time, the recog-

lIi~('r wit Il \'arict!)I,,-kllgt Il eodfkients also correctly identifies the word. In particular, 

for t1l<' d,II cl of 1 11(' 1 ('xl s "lIit mali" anel "Ira", Table 4.3 shows some differences between 

t,lH' t.op \\'old (hui( (':, of tll<' l<'eognizer \Vith two set of acoustic features. 

AillOli).!, t II<' \\'ui d!'l coITC'ct.ly identified by the recognizer \Vith variable-Iellgth co

dfici(,lIt~ (tl,,' pll'pnH'c'S!'IOr) and incorreetly ielentified by the recognizer with 20ms-

IIl1ifOl'l1l cudl" i('I1I!'1. "'(' find sOllle long words such as "privilege's", "police", "in-

1'01'111(,1". (lild .,UIl)!' .,illlple \\'or<ls sueh as "sinee", "other", "jail", The erfors made 

h." tll!' l'I'co,!!,lIi:'WI ",itlrol\t »1'<'pI'0(,<'8801' are u8ually stops (confusion with nasals or 

fric(\lin':-.) ,,"c1 fri( clli,'c's (COllfllsion with stops), 

'l'II!' 1 (,!'IlIlh of t his t(':,t slrow fairly conclusivcly that, if placed in the same context 

(i,(', ~Olll'" hwd ",illdo\\' V('I'SU:' aV"i''lge 20ms segment length), the' preprocessor Iightly 

iIIlPlo\'('!'I ,\('011.,1 ic c\('C'I\I'(\C}' of 111<' speaker-depelldent isolatf'd-word recognizer. The 

i JI1 pr()\'('ll 11'111 1'011 \!'!'I g('lIcra lIy frolll stops, nasals and fricatives, i.e, short phones. 

111 !'Iilllllll<ll,\'. III<' lOlllparisoll of t.he results of recognition \Vith and without pre-
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" 
\ \'u«l.; Hccognizer with RC'cognizC'1' wit h 

(\\111111'11(' \'ariablc-Icngth 20ms-unifol'lll 

1 l'él Il''CI'i pt iOlls) LPC-based coC'fr. LPC-basC'd C()('fr. 

11111 rd ('J' murdcr (C) burel<'1' (W) 

IllII'drl Imrdrj Il)('<11'1 

"111('(' sincc (C) sils (W) 

/':-.111,:,>1 /slnsj IsIlsl 
iCI i 1 jail (C) ldl (VV) 

Id'!,('I/ jdzel/ /tC'11 

111 ciel! i n(' machine (C) <'l'cier (W) 

1111' Silll Im*Sinl IErSirj 

Cl 11\\(' crime (C) ('dllC' (W) 

Ik1 c\jll1/ /krajmj jkrajn \< / 

polic(' police (C) [('lin' (W) 

II> 'Ii':'>/ / p*lis/ jOisl 
l>llw\ ot,her (C) undc'r (W) 

( Drl (Dr/ rmlrl 

i Il rom H'\, informer (C) C'nkl' (W) 

/' 111'01\\1'/ j*nfOmr/ jEntl'/ 

pl i \ ilq,!,('s privileges (C) p)('dges (W) 

/prl\'l 'dZ Yz/ jprIvl*dZ*z/ /plEdZ*II/ 

ha" llétllCS (W) has (') 

III (!Zl Ih1îlnsl Ihl(J'z/ 

1 )('('a I\W ak('(ln (W) \)('(' a Ill(' (C) 

/h' k(,lll/ /*kIn/ jl>*k<'lIIj 

""id set (W) said (C) 

/~Edl /sEt/ /sEd/ 

Table 4.3 L'om parisons of 130111(' di f[('rcnees of the' top wonl 
('hoic('s ill the tc'xts "I1itman"and "Ira", 

proce's~or illdic,\k, (héll III<' preprocessor achieves the' ohj(·('tiV<' of il\lprovill~ t.lw 

rccogllit i011 1 dl<., IJlII Ollly al a lIlod('st margiu. TI)('lc is a. dis(,olll'aging findillg <Hl t!w 

accurélcy of ('('( U!!,II i 1 iOIl wi th the LPC-based ccpstrum copf[jci('lIts. Th is poi nb out. 

that the' pholl(' IIICHI('!':-. huilt l'rom the 20ms updating analy~is window (eitll<'r fixed or 
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A" olJ\'iolh "'\JI'll iUII 10 tllis probl('m is to illcrease the number of states allocated 

fOI t h(· "hOlI<'''' \\ I,ilp :-'Pp,rlH'llt illg the' fil)('('ch signal. Since this could lead to the problem 

of :-.11011 :-.q.!,IIIt'1I1.., ... ",\'!Ié1lllie dUl'atioll cOTl!>tl'aillt techniquc should he employecl in the 

S<',!!,IIH'lIt ,111011 ,t1).!,(J( it bill. NOlldl\('I(·ss, more extc'llsivc experimentations with various 

willclow 1 illlC' 1(,!Igt l,.., ..,hould 1)(' J>crfonned to achieve an optimal procedurc which 

,ISSIII'('S t II<' illljll()\'('IIH'lIt of n'cogllition accuracy without too much computation at 

t II(' III ('PI O( (''''..,tJ( , 

A Ilot 1 \('1 dl'! cl Il u\ ('Ilook('d nt the preprocessing stage of the recogruzcr is the 

tbJ('shold 1('\I'llhl'd tll stop the for"'ôrd-ba<'kward recstimation algorithm. Although 

t II(' ('ho~('11 t 1\lI'..,lluld (:IO dB) is ellough to guar,H1tee the' conve'rgpnce of the likelihood 

of da tél (I)(} I.\' 1 ) ). éI fc',,' 11101'(' i I.c'rations shoulcl b(' made' to lower the diffcrence 8 to 

;J !j cl Il 1 )('1"01 l' dd ('l'III i Il Î IIg the spgnH'nt. boundaries and pprforming the recognition 

1)I'OCt·chlll'. \\ h.1l .""'ll 1'('ll\aill~ to he> determined is wheth~r a more complex method 

(ill t.he \l" (),!!,III/('1 ) t hat an'Ol,"ts for the variable time length of each segment could 

giv(' gll'<lt 1.\ ÎlllplU\ pd IH'l'fol'lllnllce. 
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Chapter 5 Conclusions 

III t hi" 111<·..,i ... "'(' 11<1\'(' showll t hat the tC'chnicl'lC' of lilwal' pl'('clict i\'(' l\lod(·lill~ 

and hidd('l1 IlIkl 1\1O<lvl ... (,illl he' co\1\hilled in fi simplc' si l'aip,ht fOl'walcl Illtlllll('l \.0 

implC'IIl<'1I1 ,III dlllOlllell il' ~P(·(·c11 SC'gllH'lltatiOll, WC' hav(' also showlI t 1)(· applicatioll of 

this a \II Olllél 1 je ... q.!,IlU·lI 1 at iOIl t 0 cl l,ugC'-vocabulary isola j('c\-word s\H·akl'l'-d('P(,IIII(·lI\. 

recogniz('r é1" d pl ('jllO«'S..,OI unit. 

III ~P('('f'll "1').!,llll'lll cll iOIl, IIH' Ilol'me\liz('d pn'dict iOIl ('!Tors of t Il(' hicld('l1 filINS ,lII' 

compalC·d \\ II Il 1 II<' l1ul'lllalil'C'<! rn'diction crrol's of th(' covariélll(,(' lilwitr 1>I'('dict.iv(' 

filtcrs. 'l'II(' «()1l1pêll i~()l1~ ~how t.ha\ the hidd('n filt,c'rs pl'ovidC's slIIaJkl' 1I01Illélliz('d 

prcdict iOIl ('11'01" (\\ hi( Il l11<'anS high('l' prC'dictioll gaill), C'SI)('cially wlu'Il t lu'.\' an' 'lP

p1ied 10 ~vglll('111 or ~I()p hlll'si alld a\'('olar fri"üiV<' of sl)('('ch, 

TIJ(' i'>q.!,III<'lIt dl 1011 i'>t cl!!,!' 1H'l'fol'lIlS excc('dillgly wC'1I on thc' diHie"lt I.ask of local ill~ 

short. pbOll('~ ur "llI'('('h, 'l'Il(' fact that SOIl1(' sc'gllH'llts havc' VC'IY fc'w sal1lplc's ap

pear~ 10 IH' IJI illlclril,\ I)('('HIIM' of 110 dYllamic dlll'atioll COllst l'aillt 111<'1,110<1 lIeld 1)('('11 

implelllc'III('d ill III<' ed~(}ritlllll. l\(OI'C'O\'('I" tll(' ti1l1C' intC'l'val 1:11 = 'l'IN IIs('c1 by t.1J(' 

staircé\i'>(' c\pplUclt Il Il\i~ht (,olltrilJlltc' to the prohlclII of short S('glll<'lIt~, pr<'SlIlIIlllg that 

tJw inl<'l "d IH)lllldéll i(· ... do Ilot lIIatch the phom· bOlllldari(·s, 

Th(' 0\ ('\ "II 1)('110\'1 Il il 11('(' of th<, !'C'wgnizt'l' 1'I11111illg \Vil Il LPC-ba:-,pcI c (·»:-,t 1 Il III 

codfid('111 ~ c1l1d 111(' pl ('p['()('('~s()r is sOlllC'what pOOI'<'r t.hall t II<' p('rfol'llIi1I1(,(' of 1 Il<' 

rt'coglliz('1' 1'1111 IIi Il.!!, \\'il Il original 1Il<,I-baspd ('C'pstrllTll ('oC'Hici('1I1~. l'III' fact that 11\(· 

15-dillH'1li'>iulIdl l'(',dlll (' \ ('('lors of Otll modc'I arC' C'olllplltc>d difr('I'PIII Iy wit Il t II<' f('al Ill<' 
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VP( • <II" 01 1 II<' 1111'1-1 )",,(.c1 ('('l'''. J 11111 lI10dcl lIlight contri bute to the overall performance. 

'l'II<' dyllrllllll (odfl<'i('III" in t II<' 1l1('I-ha~e'd ce'p~trum modcl arc computed by 40ms 

illt('l'v,t!" \\'Ilill' \/111 Illod('1 cloe'~ Ilot hav(' any fix('d-time Înt('rvals. Furth('rmore, the 

louelll('"'' ('() ill 1 III' 1I1('I-hi1~('d c<'p~t l'um 1Il0de! i~ computC'd by weighting the sum of 

1 lit' lop, dldlllll·1 (·III·IP,i(·~ whil(' t1lC' variable Co of our model is simply the log filter 

V,lIlclll( (', 

'l'Ill' J(·('(),!.!,lIil iUIi 1)('1 fOJ'JJHtllcc' of our tests also suggests that the chosen 20ms 

(éI\'('lagc' 1 illl<') \\ ill<!o\\' j ... inade'quate to obtain a good Markov model for the phone. 

This su,!.!,p,(·~1 iUIi i" Illadt' plausiblC' hy consideJ'ing the results of the recognition test 

\Vif Il :!()III"-lIllifUIIII LP( '-based cepsl l'um cocfficil'Jlt~. 

A M'l'IlIld ""gg('~. iOIl • hell cali he drawn from the results is tltat a lower IC'vel of 

t.ltre'sllold ~llould 1)(' Il:-.(·d ln inCTe'a~C' t.he· nUll1bcr of itcrations in the preprocessor. This 

I('qllin'~ " ",d,,,I,,,,1 j," iIlC'l('a~(' in (,PU time: an average l minute pel' it('ration pel' 

wonl i~ ('i"( ,d.1f l·tI ,d 1 II<' pl ('pro('('s~ol'. \Vith 2200 words of the expel'iment., iucreasing 

011(' il('I,d jOli III (Uldplllitl iOIl will J"('quire almost 40 holll's of cru. However, since the 

1 l'a ill i Il,!.!, prul (·d '" (' 1I('('ds 10 hC' donc only once, the f'xpense of cru time is wOl'thwhile. 

'\11 illlPIlII""1 1',1<'1 in impl('IllC'lItillg tbe recognizer with preprocessor is that we 

ltavI' Ilot ('\plulft'd tilt' \'al'iabl(' willdow Ic'ngth of eaeh segment. tn our experimen-

tati()II~, II\(· 1"('uglliz('1 olll'y lre'ab the sequence of 15-dinl<'nsional feature vectors 

("al'jalll(' 1('lIgI l,) ,h .J "('«IIC'II("(' of lIniforlll (in tilllf') vC'ctor-valued observations. To 

d<'l('l'Il1jlll' \\,111'1111'1 1()II~id(,l'illg vaJiable lime Icngth leads to irnproving recognition 

a ('(" Il 1',\(',", \\(' IlcI\ (' tu l'C'\\'I il(' cdl the structure of the recognizer. Such a task exceeds 

1 II<' M 01)(' ot 1111" 1 11<·:-.i~: "0\\'('\'('1' wc' could answer this quest.ion hy further experimen-

talioll~, 
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