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ABSTRA CT

A conmon appr oak t owor dspt ti ngst oaugnent t he
keywor d no del smi t h\ fll | erfto del st o accouh f ornon-
keywor di t er&l sAn al t er nateiappr oak i s ouseal ar ge
vocabul argort i nousspeet r ecogni ti spst eni LV CSR)

t oprauceawordstri ngndt henseartt f ort hekeywor ds
i nthatstringWil ethel atteapproak typi cal lyi el ds
hi ghemper f or mancetr equi r eéost | gonput at i oand ex-
t ensievt rai ni ndat a. | nthi sst udy we dewel opseer al
segnen - basedor dspt t er snan efior tt oadhi ee per f or -
nmance conpar abl eot hatoft heLVCSR spott erhut with
onlya fracti @f t hevocabul aryWe i vest i gatsewer al
net hodst ono delt hebadkgr oundr angi nfir ona f ewgen-
eralno del ¢ or eflnedphoner epreséat i onsThe taski s
t odet ecsi xg- onekeywor dsf r oncort i nousspeet i nt he
ATl Sdomai n. The bestper f or mancee achi ee i s91. 4%
Fi gur eof MeritfortheLVCSR spotterand 86. 7%f ora
spot t eusi ngb7 phone- basettl | eno del s.

1. INTR ODUCTI ON

The t askof wor dsptti ngyst ens st odet ec{ asnal Iset)
of keywor dsf r oma speed st r eamThe r eseahcchal | enge
forwor dsptti ngsone of achi evi ngghe hi ghespossi bl e
keywor ddet ect i ot evhi | en ni mi zi nighenumber ofkey-
wor di nserti ofsher ef or €ti snot su—ci ent ono delonl y
t hekeywor dsver yexpl i ci t hg del ©f t hebadkgr oundar e
al sa equi redMost of t hewor dsptterdewl opdinre-
cen year sver evar i ansof HVM based, cort i nousspeet
recognitispsteng 12, 3, 4] .1 nt hesesyst enst henon-
keywor di 1t er &l swer er epreséedby a vari stof \ fll | er™
no del sy angi nd roma f ewphoneti or syl | abifld | ertso
whol ewor ds.l twasshawn t hatnor e expl i chbdel i ngf

t henon- leywor dspeet st r eamnpr weswor dspt ti nger -
f or manceThe beneflt ©f i ncorgr ati ng | anguageo del
fort hetransi ti diedweent hekeywor dsandt hefll | emo d-
el swer eal sceval uat ed orsone of t hesysteng 1 2, 4],
and wer ef oundt obe subst ani al As a gener at esul t he

| ar gevocabul aryort i nous speed r ecogni t ofllVCSR)
systensi t hal anguageo delconponert si gni flcehyut -
per f or mecny ot herconflgur ati orHowewer ,t heLVCSR
appr oak t owor dsptti ngvent houghpr ovi di nghebest

Thi s reseaihc i ssupportedby Bell Southl rtellémtures,
and by DARP A under cort ractN66001- 94- C- 6040yoni t or ed
t hroughNaval Command, Control ,and Ccean Sur\wil |l ance
Center.

per f or mancehas two i nport an di sadant ages,(1)itis
conput at i onal Ver yexpensi &, and (2)i tt endst obe do-

mai ndependen ,r equi ri kRgoM edgeoft hef ul Vocabul ary
andal argéody of t rai ni riat a.

I nt hi paper we descrieouri vesti gatiiomot heuse
of di fier @nbadgr oundro del s nan efior tt oachi ee com
put at i onad—ci encyand mai rt ai ndorai ni ndepndence,
whi | @st abl i shiacgept abmer dsptti nger f or manceom
paredt ot heLVCSR wordspttersDue tospacelinita-
tionsreaderarereferred[dforfurthedetails.

2. EXPERI MENT AL FRAMEW  ORK

2.1. System Descri ption
The wor dspt t erdescr igldi nt hi paperar esegmert - based;
t heyarederiedfront hesumm t corti nousspeet r ecog-

ni tiosysterh§.Therecogni timewor kf ort hewor dspt -
terssshawn i nFi gur & f orN keywor dsandM fll | emo del s.
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Fi gurel: Recogniti ametwor kfort hewordsptti ngys-
t ens.

Any transi tibatweenkeywor dsand fll | erissal lwed,
aswel lassel fransi ti dresbot hkeywor dsandfll | er §hi s
conflgur ati @i Ivis mul t i plkeywor dst oexi st nany one
utterancaswel lasmul ti pliest anceda keywor dwi t hi n
t hesane utt er ancefor t heexperi nethsdescried i nt he
next secti owe usedl, 12, 18, 57 and 2462fll | enrb del s
combi nedm t h61 keywor dsi nt hi £onflgurati on.



2. 2. Si gnal Represent ati onand Feat ur es

The i nputsi gnal st ransf or neidt o a sequencef 5 s
framesandead f r ame s<har act eri zgdl4Mel - Fequency
CepstralCoe—ci ehs (MFCCs). The signal st henseg-
nment edi n oacoust i calnoyogeneoud i er &l susi na hi -
erarlti cahl gori t hoy eati ragsegnern networ k. A f eat ure
vect ofi st henconput edf oreah segnern i nt henetwor k.
The vect oconsi sofa segnen dur at i omeasur enen and
35 MF CC aver agesonput edwi t hi rand acr ossegnert
boundari es.

2.3. Keyw ord M del s

The keywor dswer er epr es¢éredby concat enat i omfspho-
net i anit sThey wer eexpanded 1 oa promnci ati aret -
wor kbasedon a setof phonol ogi calil esTwo set ®f pho-
neti wnit sver eusedi nt hedescri pti oht hekeywor ds,
con ext -i ndepdenn phonesand wor d- depnden phones,
i ndi stina&xperimenhs. The nodel sf ort heseuni t £on-
si st edf mi xt ur e®f up t 025 di agonalGaussi ans nt he
36-di mensi ongpacedeflnedby t hemeasur enens.

2.4. Fill eivb del s

We exani nedt het r adeofbetweenper f or mancand com
put at i ohi mef orflve set of fll | enp del s.I nt heLVCSR
appr oab we expl i ci noydel edl 2462non- leywor dwor ds
asfll | er $nt heCl - fll erappr oale wer epr es¢rdt hebad-
groundnai t h57 cort ext - i ndepdent phone- | @elwor ds.The
remai ni nghr edll | eset sconsi st exf 18,12 and 1 no d-
el st hat wer ederied t hr oughcl ust eri of t he cort ext -
i ndepnden phones.

2. 5. Language M deling

We promsea new approak totheconstructi ofithe
| anguagero del conponert. | nprevi ouseseah¢ when
corn ext - i ndepdent phonesor nor e gener ahcoust ino d-
el saver eusedf orbadkgr oundr epr esént i ort,heywer eal |
groupdi n oasi nglfd | emd del .Thus,onl yasi nglgram
mar t ransi t ipmobabi lyiitn oandout oft hefll | ewascom
put ed.l nour appr oal, ever yacoust irm del cor r egmds
toa uni quefll | emo del . Usi ngt heLVCSR syst emand
t heor t hogr apht canscri pti aves | ablfe ont het r ai ni ng
dat a,we per f or med or cedl i gnnemnst hatpr aucedt r an-
scri pti onensi sti afjphonesf ort henon- keywor dwor ds,

and whol ewor dsf ort hekeywor ds. Theset ranscri pti ons

wer eusedt ot r ai mhebi gr anh anguagewo del f ort hekey-
wor dsand t heacoustifil | empodel s. The LVCSR al so
useda bi gram anguagemw del . Tr ai ni ngas per f or med
on 10, 00wt t er ancéwral lwor dsptti ngyst ens.

2.6. Search

The Vi t er bal gori t hinsusedt oflnd t hebestpat ht hr ough
t hel alel edsegnen networ k,wi t ht hepr orunci at i amet -
wor kand t hel anguageo del servi ngsconstr ai s. The
out puti sa cort i nousst r eanof fll | erand keywor ds.The
scor d oreat hypot hesi zekdeywordi scal cul at ed t he
sum over al Isegmen sconposi ng hekeywor d,of (1)t he
segnen’ sphoneti erat ch score(2)t hescor ebasedon
t hepr obabi lyi of t heparti cul segnen ati or(,3)al exi cal

wei ghassai at edi t ht hel i &l i had of t hepr orunci at i on,
(4)adurati oscor dasedont hephonedurati ost ati stics,
and (5)a bi grantransi tisoore.

3. EXPERI MENTS

3.1. Task

Al lexperi methswer eper f or nednt heAi r Tr avel | nf or ma-
tionServicer ATI S, domai n[ 7. The t askwast hede-

tecti oof 61 keywor dsi nunconst r ai negeed. The key-

wor dsconsi st edf ciy nanes, ai rl i nefgys of t heweek,
f ar dypes,et c. They wer echosenout of t heATI Svocab-

ul arybasedon t hei hi ghf r equencgf occurrencandt he
obserati ont hatt heynmay constituteesu—ci eh setfor
a hypot het i calpoken | anguagesyst ent hatwi | lenabl ea

clientofll lout an el ectronf ar musi ngspeed, wi t hi n-
formati osud asdesiredri gianddesti natipai n,fare
basi sand day of depart ur elhe set $ ortrai ni randt est -
i ng(seeTabl el) wer ederied f romal lavai | abldat af or
t heATI St ask.They wer especi flcal bgsi gnetiocort ai n
al Ikeywor dsi nbal ancegr oprti ons.

# keywords| # utterances# spealers
Trai ni nget 15076 10000 584
Testset 2222 1397 36

Tabl €l: Tr ai ni ngndt estset $ nt heATI Sdonai n.

3. 2. Perfornmance Measur es

The per f or mancaft hepr opsedwor dspt ti ngyst ensvas
measur edusi ngcorvent i onaRecei & Op er at i nGhar ac-
terist{ROC) curwesandFi guref Merit(FOM cal cul a-
tions.A keywor dwas consi der exliccessf uldet ect edf
t hemi dpoi n of t hehypot hesi zewbr df el t hi mher ef er -
encet i mei t eral .The hypot hesi zéa&ywor dswer esor t ed
wi threspcttothei scoresand t hepr obabi lyi of det ec-
ti orat ead f al s&l ar nm at avasconput ed.The FOM was
cal cul at edt heaver agepr obabi lyi of det ect i dyetween
0 and 10f al sal ar mgper keywor dper hour . The aver age
conput ati oni neper utteranceas al sareasur ed. We
usedt heact uatonput at i oni rewhen conpar i ngpetween
t hesyst ensi ncétdenonstr at eldessuct uat i om hant he
el apsedi me. Al | ti m ngexperi mehswer eper f or mean
a Sun SPARCst ati on-20t htwo 50MHz pr cessorand
128MB of RAM

3.3. LVCSR and CI-FilleWordspotters

The LVCSR wor dsptt erwas dewel opd flr sti norderto
serg asa bendmar k agai nswhi ¢ t heper f or mancef al |
ot herspot t erwoul dbe eval uat edThe badkgr oundr epr e-
sen at i ooonsi st efi2462wor ds.Bot hkeywor dsandbadk-
gr oundwor dswer eno del edas concat enat i oofscort ext -

i ndepnden phones,and wer eexpandedi i oa promnci -
at i ometwor k. The LVCSR syst enachi eed 89. 8%40OM
on t hi setof keywor ds.The tradeoff ort hi ut st andi ng



wor dspt ti nger f or mancwast her at het ongconmput ati on
ti merequi reduet ot hesi zeft hevocabul ary

The vocabul ar fort heCl - fll | slyst enconsi st edit he
61 keywor dsand t he57 cort ext - i ndepden phone-wr ds.
The out putof t hi scorti nous speed recogni ti egst em
i sa sequencef phone-| ékwvor dsand keywor ds. There
ar et hr ed act orshat con r olt hedeci si oof hypot hesi z-
i nga keywor dver sufiypot hesi zi ngeunder | yi reg r i ngf
phones.The flr stonei & hecomnbi nedefiectoftwot r ai nabl e
par anet er ¢ hewor dand segmen t r ansi tiwei ghs(w w
andstw. The wt wcorr esmdst oa penaly f ort het r ansi -
tion noanewword,whil @hestw sabonusforertering
anewsegnern . Thesepar anet eracqui rappr opri awval -
uesduringa correcta vrai ni ny cesst hatattenptdo
equal i zehenumber of wor dsi nt her ef erensd ri ngnd
t hehypot hesi zext ri ngThe second act of st hebi gram
transitisoor ephi & consi stoml yoft hetransi ti soore
i nothekeywordint heflrstcase,ver sug hesum of t he
bi gramransi tisoor ebort heunder | yi rgg ri ngf phones
i nt hesecondaseFi nal | yhearcs epresénngransitions
betweenphonesw t hi hhekeywor dscar r wei ghst hatar e
addedt ot hekeywor dscor e.Si nce hesear c- @i ghscan
be ei t heposi t ewor negat iey dependi ngpn t hel i &l i hod
of t hepr orunci ati guat ht owhi d t heybel ongt heycan
i nuencet hekeywor dhypot hesiai t heway.

The Cl - fll | sayst erachi eed81. 8% OM apprai mately
8%/ everi nabsol ut\al ud hant hatoft heLVCSR syst em
Howewer ,t he conput ati omi nerequi retlort heViter bi
st ageof t hi ssyst enwas appr ai nmat el yseen ti nesl ess
t hant hat of t heLVCSR. Theser esul tencour agedsto
searlt f oran even snal | eset of fll | emo del sf or badk-
groundr epr esént i onThe advant age®fa smal | esetar e
| essonput at i oni meand nor e exi bi ly,ti nt hesensé hat
wor dspt ti ngna new domai nwoul dr equi rlkeessr ai ni ng
dat af orl anguagand acoust irm del i ng.

3.4. Ceneral Fillei dels

We desi gnedhr eesset <of gener afll | ersonsi sti o§ 18,
12 and 1 acoust imo del s.The gener afll | ernser eder i &d
by (sugrvised)l usteri ngthe57 cort ext-i ndepden
phonesbasednt hei acoust ifeat urnect or sThesecl asses
nost | ycorresmd t o br oadphoneti ¢l asses . enasal s,
cl osur est opset c. )t,lus agr eei ngi t hour acoust igho-
neticruitions.

A bi gr anhanguageo delwasconput edf oreah oneof
t hesyst enaisi ng hegener afll | enro del sltwastrai ned
by repl aci n§preat setencet hecort ext-i ndepden
phonesusedt or epr esén henon- leywor di i eral sM t ht he
corresmdi ngcl ust dralel whi | &eepi ng hekeywor dsi n-
tact The wordspttemit h18fll | emo del sachi eed 79. 2%
FOM per f or manceonpar edt 076. 5% ort hel2-fll | sys-
temand 61. 4% ort hel-fll | esystem The ROC cures
fort hesesyst ensas wel lasfort heLVCSR and Cl -fll | er
spot t er @r eshawn i nFi gur €.

3.5. Word- Dependent Mo del sf or Keyw ords

I naflnal setof experi nehs,we st udi etdheefiect fi iro-
duci ngwor d- depndent phonesf ort hekeywor dson FOM
per f or mancand conput ati ohi me. The wor d- depnden
phoneswer et r ai nefdr onkeywor di nst ancesl ywhi | & he
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Fi gur€: ROC- cur\esfort hewordsptterwsithdifieren
number sof fll | eno del s.

cort ext - i ndepdent phonesf ort henon- keywor dwor dsor
fll | ero del swer et r ai neflr omnon- leywor dspeet onl y
The flnal scor é oread wor d- depndent phoneno del was
linearliyterpl atedv t ht hescor eof t hecorresmdi ng
cort ext - i ndepdent phone.Thei i er pl ati omei ghswer e
conput edas a functi oof t hefrequencyf eathh word-
dependert nodel i nthetraini nget. The FOM perfor-
mance f ort heLVCSR syst eni ncreasdd/ 1. 6% nabso-
| ut eval uet 091. 4% An i ncreasd 4. 9%t 086. 7%i nt he
FOM wasadi eedf ort heCl - fll | espot t emd t ht heuseof
wor d- depnden o del $ ort hekeywor ds.The RCC cur es
f ort hesesyst enmr eshawn i nFi gur 6.
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Figure3: ROC-cures for the LVCSR and Cl-fll ler
wor dspt t ergi t hand wi t houtwor d- depnden no del s.

Wi | et heViterbtonputati oni ner enai nedal nost
unchangedf orbot hsyst enst, hecl assi flcati iomei ncr eased
subst ani al lasa resul of t heal gori t hthhat we usedf or
t heseexper i mens. Thi scl assi flcat abgori t haonmput es
thescor g oral lacoustiwpdel sforal Isegnen shefore
theViterbsearfti s nitiateth al gorithnmatconmput es
acoust iscor egpondenmand dur i ng hesearltwoul csave a



| otof conput at i organd woul drrek e wor d- depnden no d-
el sroreat tractd.v

4. DI SCUSSI ON

Ther ei scl ear laycor r el at ilmetweent hedegr eef expl i c-
i tnesénbadkgroundno del i n@nd wor dsptti ngerfor-
mance as measur ecby t heFOM The LVCSR util i zebe
nost det ai | dd | enp del si . ewhol ewor dsand adi ees
t hehi ghesperf ormancef al IspottersAs fll | enrodel s
beconef ever and nor e gener alt,heFOM decr easemno-
tonical I(g. f .Tabl e2 and Fi gure4). The LVCSR sys-
t emout per f or mt hespot t ert hat usesonl ya si ngl 81 | er
no del by al nostt hi nt perceni nabsol ut EOM val ue.
The | ar gesporti omf t hi sper f or mancgai ncan be at -
tri but eidot heuseof nor er eflnedacoust iro del § ort he
badkgr ound.An i ncr eas® 20. 4% nt heFOM i sadi eed
when t he number of fll | emo del si si ncr easefdr omone
gener abcoustimp del t o flf f/- seen con ext - i ndepden
phones. Thi sresul suggestshatt heuseof nor e r eflned
phoner epreséati onsuth ascort ext - demden phones,
coul d urt hernpr wet heFOM The r emai ni n8%gai n n
per f or mancesadi eed by i ncorgr ati ndomai nspeci flc
knoM edge| . e.usi ngmw del f al Inon- leywor dwor dsas
fll | ersThi sfurthei npraoenent canbe attributdda
nor e const r ai neearlt spaceand a nor e efiect iewbi gr am
conponert . For i nst ancéhepr obabi lyi thatt hecurr en
wor di saciy nane, gi ent hatt hepr evi oushypot hesi zed
wor dwas\ f r om 'l smuch hi ghet hani ft hepr evi ousor d
wast hesi nglf#l | enp del .

[ Wordspotter[ Cl no dels| WO np del s]|

LV CSR 89. 8% 91. 4%
cl flllers 81. 8% 86. 7%
18 fll lers 79. 2% -
12 flllers 76. 5% -
1flller 61. 4% -

Tabl €: Summary of FOM perfor nanceesul ts.

The aver ageconput ati ohi neper utt er ancreequi r ed
by ead syst em sshown i nFi gurel. As we expect edt he
conput ati onequi r efdort heVi t er bst agalecr easedi t h
t henumber of fll | eno del sConpar edt ot heLVCSR, t he
Cl -fll | styst endecr easetcheVi t er bconput at i ohi meby
appr ai mat el g f act oofseen,t hel8and12-fll | syst ens
by a f act oof twel @, andt hel-fll | etyst enby a f act oof
23. The cl assi flcati omevar i edd t ht henumber of acous-
ti e del sduet ot hespeci flal gori t hinhatwasused.As
we al readgi scussezhr| i erheconput ati onequi r edor
t hi sst agecan be si gni flcehyr educedn t ht heuseof a
nor e sophi sti cataédjori t hm

5. CONCLUSI ONS

Ther ei sacl eat r adeofbetweenwor dspt ti nger f or mance
as measuredby theFOM and theViterbiconputation
ti merequi reflorspotti ngMore explicinbdelingfthe

[ Viterbi

[0 Classification H FOM

100 90

I-70

| 60
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F 40

FOM (%)

I-30
I-20
I 10

I
Actual Computation Time (seconds)

Lto
Cl+WD LVCSR LVCSR
+WD

1 12 18 Cl

Fi gurd: FOM andconput at i oni nenmeasur enen sf oral |
dewel opdwor dsptters.

badgr ound esul tisihi gheper f or mancédut al se equi res
nor e conput ati on.An accept abl @onpr onm sebetween
FOM performancand conput ati ohi neseenst obet he
Cl -fll | @ystemltaci eesover 80% FOM and pr ovi des
si gni flceeari ngs nconput at i ooonpar edt ot heLVCSR
spotter.
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