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As communication becomes

increasingly automated and

transnational, the need for

rapid, computer-aided speech

translation grows. The Janus-ll

system uses paraphrasing and

interactive error correction to

boost performance.

ffr:3 9r6295,95 00 , 1996 rEEE

ot very long ago. the possibiliry oi being able to carr-v t-rn a tele

phone conversation with somecne rvho spoke.a difierent lan'
guage appeared iemote. Speech recognition and r,achine

translation were rudirnentary. and no one e.xpected these rwo technolo'
gies ro deliver acceprable perior;rance.

The past 10 years, however. have seen tremenCcus adi'ances tn speech

recognition performance. The technologX' has p rogressed irorn speake r-

dependent. single utterance, small'vocabulaqr r-ecognizers (for erarnple-

spoken digit strings. as in teleDhone rumbers or ztp coces) to speaker'

independent, continuous-speech, large-vocabulary ciictation sYstems rvith
word error rates of about 10 percent. Simiiar advances in machine trans

iation have resulted in commerciall-v- avaiiable text transiation producls.

Advances in this area will have far-reaching effects. ,{s information ser-

nces extend beyond national bounciales, database vendors'arill have to

provide speech access in multipie languages to serve cuslomers from oif
ferent language groups. Pubiic service operators (for en'rergencies. police.

director;r assistance, and so on) frequentiy receive requests irom immi-
granis or'"'isitors unable to speak the native ianguage. \4ultilingual sc'o

-ken-language 
services are growrng to meet this need. Teiephone

- 
cornpanies in the US, Europe, and Japan now staff human operators rvho

offer language translarion. ,\T&l-s Language Line ts an exarnple. \'lovies
and television broadcasts are rourinelv trar-rslaied and cieiivered either b-'-

dubbing, subrides, or multiiingual rranscripts.
The drive to automate information serrices has rei'ealeC the need for

automated multiling..ral speech processing. Few corr,rnerclal nuirilin;<uai
speech senices exist, but research rn the fieid is intense. The rnajor Eoais

' spoken-language identification.

' multilingual speech recognrtion and understanding ior human-
machrne interaction, and

' speech translation for comirrunicatron betrt'etn humans.

Speech translation is the most ambrtious goal because it requires grcrter
accuracy and detail during analysis than either oi rhe other r'*'o' anC it
must be able to track highly du-lTuenr a,rd colloquiai conversarional speech.

Translation of conversational speech therefore rePresents the ultimate
ftontier for both speech and language processing and offers many other

potential benefits fbr speech and ianguage applicarions.

rHE CHALLEI1IGE OF SPEEC}I TRATIISLtr.TIGfrI
Although speech recognition and rnachine rranslation have both

improved, it has become increasingly clear that merelv combining them
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:a.rnot Droducc'3Lrrl,1 spctch trlnslaiion. Cilntinuous'

speech recognrtton has become possibie wrthout attcnlpt

ing io achieve perfect phuneme recognition iin fact,

phr:r,eme accuracv stiii i-anges belreen 50 anci 70 per-

cent). Obr.'rously. orher iactors enter into the solurlon.

wtrich suqgesrs thei ihe pro'olern nlust oe attacketl rn tts

entiren Cioser rnspeciion ol acrual spoken dialogue';er
ihes rhis rnruttton. Consic':r rhls fragmcnt il-om 3 acnver

sation berween 511'6 -ipanrsh speakers trving to agree 1)n a

time ro meet. A careiril inanuai rransLitetation,lf the ulter-

irrce as acrually spoken is

. ,ii :ii el vre;'nes dl ecinueve pueCo si porque sabes me t'oy de

riotE C hov lo yerdcd csi e-, {luc c5te ,?es cs Inu-\ vidlcro m€

.o-i'el dia sets de ,t.l,te,v .:sloy ha;Ia ei dc-ce csi que el dia

irec:nuere mc rrint lruJ brcn vlncantnre

Running this urterance through a commercial iexi [rans-

lation system (assuming perfect speech recognition) pro-

duces

yes J-es on friday nrneteen can ves because know I go me

of trip D rcdal'rhe truth such is that this month ts vetl
uaveler I go me the day six of trip and I am unril the nvelve

as sccn as the day nineteen comes me very weil outspo

kenlv

What'went rvrong? In the real world, people's spoken

sentences are hardly everwell-formed and seidom obey

ngid syntactic constraints. They contain disfluencies,

including hesitations ("um," "hmm"), repetirions (*. . -so

I. I. I guess. what I was saying"), and false starts (". . - how

aDoutwe meetonTue . . - um. .. on Wednesday. ..")- Yet

r;'l crrnttrt thev ai-e pt,riectlv:lndt'rsianiiablt: to a hunran
lisrener. ,\ successful speech transiation svstem. rhcrerore.
cannot ,=e1_r- on perfect rect,qnltion lr ptr ieci :vnrax.
Rarher. ir mitsr search for a semanttcallt'piausible inrer
Dretanon oi the speaker's intent .'vhrie luc1rc;ouslv i gnornq
lin gu isticailv u nrmpo !-ta n i'uvo rds o r lTa g mcnis.

i.e,:r:rgnitlon errors anci en'JltontnIiiili nt ists ioughs.
iau ghrtr. a telephone rLng, e door ;ian:-:r:acerbiite :n is

proble m. lVithout proper IrPatmctt. ihtse nolses Lna'v'be

mistrken for part oi the vocabularr" and therebv grearlv

degrade the translatton.
The iranratic !-anation in speaking rate ts anotiter chai

lenge- Fasr speech causes conslderabl-r higher errcr rates

because it invoLves more coarllcularion, reCuctron. or elt

sions benveen rvords.

Spoken diaiogue does not ccnsisr of senrences in tht
classicai sense, nor are [here punctuation ntarkers tc

deiimir sentences anci clauses. Instead, each utterance t:

iragmentary and each speaker's rurn often contains awo or

more sentences or concepts (". . . no. Tuesda,v doesn't rvorl

ior me . . how abour . Wednesday morning .

Wecinesday the rwelfth"). Even rf there were punctuatioi

markers, attempts to translate such fragmentirir ri11.,

ances would result in a'arlcvard output.
To provide useful speech ranslation, we must aftemp

more than a sentence-by-sentence translation: lVe mu,'

interpret an urterance or extract its main intent. This oitc

invoives summarizing. Thus, we wrsh to "transiate" ih
Spanish example above as ". . . i'm availabie on Friday tir

nineteenth . . . ." Only through semantic and pragmatr

interpretanon within a rjomain of discourse can we hop'

to produce culrurally appropriate expressions in anorht

iangtrage.

Systems in the late'80s and early'90s were intended
mainly to demonstrate the feasibility of speech transla-tion. :

Alonj rvith domain lonstraihts, t[rey had a {ged $S.3!iiitS:; ,

style, and vocabulary size.ind grixnmaljcal c.o, qragqryer: 
_-j l

l i m ited. Thei r qgem' ar(hitectu ri trsual ly' handled ipeef h j

recognition. language'inatysis and generatiofl, and 3peecfr t:'

rynthesis in the target lairguage sequentia!ly. Developed:t'i
i n d u stri a I a nd eca de m ic i nstitutions, tfi ese' qlsterns igpre-'i
sented a modest yet significant first step toward multilin-
gual communication. Early systems include indeiendent

Gther

and Siemens AG.
Most spe€d trqnslaticin s)Eterns were devetoped tlrrough

international collaboration that provided cross-linguistic
expertise. For example, the Consortium for Speedr Translation

Pro<.Eurospeech93,pp.1295-1,298.'-"
2- D.B. Roe ei al-, 'Efficient Grammar Procesing for a Spoken

Language Tianslation Systtim,' Proc lnt'l Conf. Acoustics'

'Speech and Signal Processing' IEEE Press. Piscataway, NJ',

iesea,ch piotoiy-p€i CeveiopeC by, A.TF.,I A.T&T,z Carnegie References ':'.r' ' ;i - ': '-' . . ' . :' --

lu4ellon University and the University of Karlsruhe,3 NEC,. 1. T.Morimotoetal.,'ATR;sSpeechTranslationSystgrn: ASuS,Av'

Advanced Research' or c-srAR' arose fiom a partnershiprj-i " ':199app;21}.216"'';';;:r'i'.irr":ti;' '
compri;inE ATR lnterpreting Telephony Laborqtorjq_(pow .3. A. Waibel et al., 'Janus: A Speech-to.speech Translation Sy:'

iurt int.rp'ruting Telephony:taboiatories) in Kyoto;lafiah; 
.;r;ii.'':1", gsinfi CEiirecfgist andSymboli: llTfj"g,s":'€...}:

carnegie Mellon Universlry in pittsburgh; Siemens AG [n' ; ' . Proctnflconf.Acoustic+ SpeechandsigiialProcessinglEE(

Mun'r<ir;ardtheUniwr,iqofKarlsnfieinfansrufte,Cetnuny. Pres,Piscataway.NJ;1991' -:i:': .

;;;tub;ri;"iu"* l"i'ri"O ai fartne.s or affiliates:=FrRt,', a. KHatazakietalr:ll1r,!!r,ar-r!R:AnExpeiigen,ulA*:T+.
(Korea), tRsT 0taly),,L1'tvtSt(France). SRI (UlQ, llT$ndia),DFft .i:a -'tnterpritaiiiinsyst6m Uslng toiiceptual'REpreientation.'

iCurrn"ny), and Lincoln Lats, Mfl-, und Ataf in it e Ui. Stitt : | '' 
Pro<. tnfl Con{ Slteeci aid tanQuage Prricessing, 1992'.
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JAff U5- l!-A COr'iVE RsATtOf,[AL'SP EECH
TRANSLATOR

Janusrrvas an earlv speech iranslatiot't svstem devel-
oped ar Carnegie -\lellon Universitv and the Untle rstrt oi
K;rrisruhe ln f he la[e'30s.rnd ear]r,. 90s. in partnr'rshrp
vvrrh ATR rn Japan anci Sierni:ns in (lennanv. (See the srdc

bar "Orher speech rransiatiln efforts ior adclrrjonaiback-
,ground. ) Mv colleagues and i ar Doih site,s iave extende-'d

Janus to handle more aC.;anceri tasks. Resuits irom these

eiforts now conribute to cngoinS ipoken-ianguage'trans'
iauon eifons rn the US (Project Fntnusiast) and Cermanv
iProject Verbmobri). The iirst versrcn oi our spoken-lan
guage translator, Janus i, processed onlv svntacricaliy
rveil-formed speech (speech rhar was read) using a small
(500-word)'uocabularv.

Janus-il operates on spontaneous coaversational
hurnan dialogue in Iimired domains rvith vocabuiaries of
3,000 or more words. Current experimenrs involve
10.000- to 40,000-word vocabularies. lt now accepts
English, German, Japanese, Spanish, and Korean input,
which it translates into any other of these ianguages.

Beyond translaring sr,nracticaily weil-iormed speech or
carefully struclured human-to-machine speech utter-
ances, Janus-ll research has focused on rhe more difficult
task of translating sporrtaneous conversational speech
berween humans. This naturaiiv requires a suitable data
base and task domain.

Task domain and database
To systematically explore spoken - lan gua ge transla tion,

we needed a database for training. testing. anri bench-
marking. To be realistic anci practical. the chosen task
domain had to require translation benveen hurnans rry-
ing to communicate with each other. as ooposed to rasks

that involve human machine information retrievai.
The first step is choosin g a symmetric negoriafton dia-

logue---<onversation containing some give and take. A
task domain with this kind of dialogue is appointment
scheduling, as proposed in the Verbmobil project.2 To eiicit
natural conversations that are nonetheless contained and,
more importantly. comparable across Ianguages, we have

devised sets of calendars with constraints that get pro-
gressively- more compie-x anri generate additional conflicrc
berween speakers. We asked subjects to schedule a meet-
ing at their o\{'n pace and to express themselves however
they wanted.

To build our database. we recorded and transcrrbed
these dialogues. Working in an office environment. par-
ticipants tlpically pushed buttons to activate the record'
ing. The recordings w'ere transcribed carefully ard
ciouble-checked to ensure that a1l acoi,istic events {includ-
ing repetitions, false starts. hesitations, and hurnan and
nonhuman noises) rvere transcribed and listed in the tran-
scripts as they occurred in the signal. Several sites in
Europe, the US, and Asia are now coilecting and tran-
scribing data in this fashion. We have collected more than
2.000 English-language dialogues encompassing about
half a million words. Various sites have collected some-
what smaller databases for German, Spanish, Korean, and
Japanese.

Figure 1 shorvs how vocabularies grow as a iunction of
the number of words spoken. A quarter of a mi[lion nords

I
I I

_!

r

Figure 1. Domain vocabulary size as a function of
detabase size. The rate o{ vocabulary growth
differs by language.

spoken in English produces a domain vocabulary ofabout
3,000 w,orcis. ln spontaneous speech. a system dictionary I

cannot achieve ful) coverage even at that level, because

there will aiways be new words to contend with. The fig i

ure shows rapid growth in vocabularv size for Japanese,

Korean. and even fcr German. These languages geneiate
many more variants irom root forrns than Engiish and
must be broken down into subunits. Thus, a strategy of
using fuil-form'\arord" entries in ihe dictionary is appro-
priate for English and Spanish. possible for German. but
inappropriate ior Japanese and Korean.

System description
The key to speech translatron is rinding a way to deal

with uncenainry and ambiguiw at every Ievel of process-

ing. For example,

. a speaker will produce ill-iormed sentences,

. noise will surround the desired signal,

. the speech recognition engine will make errors,

. the anal-vsis moduie wiil Iack coverage, and

. without dialogue and domain constraints. an Llfter-

ance s meaning rnav be ambigiuous.

Janus-11 rvas designed ro deal rvith these difficuities bv

successivel,v applving all sources of knowledge-iron-t
acoustic to discourse to narrow ihe search for the most
plausible translation. Tr,vo approaches appear possible:

. Provirie feedback (backtracking) from Iater i<norvl-

edge sources to earlier knowledge sources.
. Mainrain a list or a graph of possibilities at each stage

and narrow these possibilities as each subsequent
kno.,vledSe source is applied.

We seiected the second approach, mainly for its effi-
ciency. It does not require backtracking or repeatinS ,

earlier processing stages. In principle, it allows fbr incre- ;

mental speech transiation-that is, continuous recogni-
tion and translation, porentially while the speaker is

speaking.
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Figure 2. Overview of Janus-ll, a large-scale effort
- J =r !-4^--4i,,^.^^t -n-l:h^rrtda translatiOn.Jlmeq i! !!tl=:et-!rF< >yvhL,r

The system uses language-independent modules'

Frg'.rre 2 shows a Janus ll system overvierv' The main

svsrem modules are speech recognition lthe recognizer) '

parsing, discourse processing (contextuai disambigua

iion). and generatton. Each rnociuie is Ianguage-rnriepen'

dent in ihe sense that it consists of a general ptoce-<sor that

can be loaded wirh ianguage specific klo"viedge'

Speech is accepted through a signal processing front

end. rvhich uses signai-enhancertent techniques ro hlter

or norrnalize staoonalv background no jses' Nonstationan'

human and nonhuman noises, such as lip smacking'

coughs. doors slamming, or teiephones ringing, mtlst be

explic,tlv mo<ieled as "garbage" 'words anC then removed '

So that rve do not have to create a model for every con'

ceivable noise, a clustering aigoritnm reciuces these noises

ro seven prototlpical noise-garbage categories'

Given a pronunciation dictionar,v, the recognition mod-

ule then generales acoustic scores ior the most promising

rvord hytotheses. [t uses hidden Markov models (HMMs)

and HMNl-neural net hybrid technologies combined with

statistical ianguage modelsr to try to produce the most

robust recognition Performance.
in lieu of the best recognition hypothesis, the Janus'il

Computer

recclgnlttirn L'llqlnc acr:ui.nS a li.liii'il ;il i:ini" 'lirll'r'(l l1S!

] ,ti n"ar nltsS ili il,lthests lrltqtl'tt,lLt { ' {'tlllTr I r ' 'i :i:'r':t'rt'
i fhs gr:rprh is thtr reduce'i br': lettlir )ioc'ljsoi ihal rrs

I ruvo functtorts

' Eiimtn:rti: iellLlndant r;r '-lnproiiuctiirl 'iir'lt naIL"e-c'

such ,ts.ti!^\ lhst iiiiier rrniv b!' I:iifidrrni 1(-ilsc "\'rJ
it":lothrsas iwe :::utle'.h.lt '-'onir::ltlrl lrcl"r''ll:il :c' ''
n(]tse airel lililies --sa1,', xevt-jlci itrsus ilticroL)hi)ne

ta5'-has no bearing on tl:rnslrtton 'iccu'a'"' )

' Bre.ik a long,,itterance inro usab'ic inIJIltr jtrbjf,ril'e:'

uslng rouglt prosorlic tues such 'ls Dar-1:ies and nesi

IaiiunS.

The shorter. reciuced laftices are then p;rs'sed to the Ian'

guage anaivsis ilorluie (senantic parser in Figure I )' L'nlike

ian,.rs i, "vhrch relied hear'iiy on slrita.tic anal-vsis, Janus-iI

emolovs sernaniic inall'sis aimost erclusivelv This spproil(:n

obtains a robrtst inierpretanon of meaninq in spite of poori'v

formed expres-',lon anri input tecognition errors Janus'il

uses sevcrai parsing apprcaches: A semanic pailer,.l-Das' 1

cirart parser i Phoenr-x). and CLR* (generaiizeci LR-) 
' 

a sto-

chastic. iragntent'based extension of an I-R parser' Both

employ semantic !idlTltrrsrs and derive a ianguage-rncie

pendent representation of n-reaning--an lnrerltngrio'

The lnterlingua approach has three main advatltages'

First, it aims ro reCuce the output sentence's dependencc

on the inpul language's structure. What matters is the

intenr of the rnput, regardless of how it's expressed ' Janus

I[ can ncw map sentences like "l don't have time or

Tuesdav.'' ''Tuesrlal- is shot," or "l am on vacation Tuesdarr

to the same intended meaning-"I am unavailable or

Tuesda-v"-and generate an appropriate sentence ln tht

ourput language. E.''en culruraiiy dependent e-xpression

can be translated in a culturalir.'aPpropriate iashion Thus

''Tuesday's rlo good" could be translated into Japanese a:

"KayoobL r,t.'o chorto tsuso go wa;-ui"-literally, "'A: fo

Tuesciav, the circumstance is a iittle bit bad-"

The second advantage of the lnterlingua approach i

the cornparattr.e ease rvith r'vhich additional Ianguages ca;

be acicled. Thus. onlr'one ourput generator must be '^Til

ten for each new ourput language. as opposeci to aCdirlg:

anall''sts and a .qeneration module for each ianguage pat

'I he lhird rdvanraBe is thai it Is 
'asv 

io 3ererare outpr

in anv lang'-r:ige Betng able to generate an outpul lrmil

ance in the input ianguage lets us par-aphrase the InDr'

Wlth rhrs rerv important ieature, the user can verll

'"', hethet an input unerance lvas properly anall'zed' S5..t'

translatron ihits becomes more practical' because use

probabl.v don t knotv if an output translation in

unKlo\vn lan'quage is ccrrect.

Sem:intic represenrations in natural ianguage proce:

ing have, of course. been studied ertensivelv oler il

years. )c'ading to a number oi lnterlingua-based ten trar

io,,on ,ur,",nr.''' We nnd the use ol an Interirngua'hes'

approach particulariy advantageous for translarrng spo

tan"out spec-ch. bec:ruse spoken language is less w'

formed sFtacticail,v and less rcliable; hoivever' tht senti

tics are t.vplcally more contained'
For each iecognirion hrpothcsis the recognizer geilerat

the semanttc poise, pe,{oruls a semannc zlnaiysis' resuln

in a iattice of meanings. Naturally, not everY recognitr

C

-
!
o
C
q)

t?

Ccntextual disambiguatlon

Gen eratton

lnterlingua lattlce

(Final disambiguation)
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l.!'ix)il^rr:;\.,vi1l rt':irit rn a.liifilelrt .,,,'nlrnnc r,"'TX)thcsis. nOr

rr i il r:! ri-V r rrogn it rrr r r hl'pOt ht: Ls bc srrlanticr ilv pia usLL,ie

i n,:s. -ifte: ;e naniic rnal"'sis;a",3I l-11'p,otht:se-. rviII rcniarn.

>crrr:rr;tic -r,r:llr,srs in ihe Janus-[l s',/stem is prorrded bv one

oisc,.erai larsing schemes. as idtrscnbc late r.

.iiter rar sinq. ihe :;';ste m cln apDlr a ciiscoursc proces-

sor cr a()nie,\-iuar li...a:lnrgualiorr to the rerriarnrng semirn-

lc,\vr,orncses. iirrs nrakes ri possibie ic rncr;rporate
acidrrrr>nai cr.rnsrcier:iti,-.n of the contert or d iscourse ;tate
when Seit', irlttl lne :.1i,)Si .lpDi-, 'lrrl.ttd:ll(JililiEl i:'r'm ihc
lnterlingua latrice. To seiect thrs nreanlng. -lanus Iican'J.se

. Ciscor-rrse pian-Dased interelce mechanrsms.

. srarisiics oi turn-taking patterns (conditronrng lhe
current meaning on Drevlous dialogue states), and.z'or

. a dialogue hnire-state machine.

We can obuiin the prcpenarerghnrg of each disarnbiguanng
strateB)' bv rr3i11nt stanstics ovcr a iarge rainrng database.

After dis.rmhiguau,)n. an appropriate expressron is
generated in the output language, follow'eci by speech

sv'nthesis in tire ourput language. For synthesis, Janus-ll
resorts to commercial syrthesrs cie.;ices or builds on the

speech s).nthesrs research work oipartners rn the project.

R-ECoGNlzER. The baseline Janus- [1 recofnizer uses laro

streams of coelficienrs derived by performrng a linear dis'
criminant anaivsrs over mel'scale specrral features and
power and siience featurLs. It uses a three-pass Viterbi
decoder, continuous-densir y* HMNils, cross-word u.iphones,

anci speaker aCaptation. Channel normalizarion and explicit
noise iaodels reCuce sradonan- backgrounci noise or non-

stational/ hLLmail noises [brearhing, srnacking oilips) and

nonhumalr noises (cioors siamming, phones nngrng).
In rr;iing to enhance cverall system performance. v/e

continue to irnprove rhe underiying speech recognition
and translati<-rn straregies. Especially because we need to
rearrange and redeploy {lur recognizer for different ian-

guages and iasks. we wish io automate manv svstem

design aspects to nrinimize the experimental effort rvhen

iasks or ianguages are changed.
'vVe'',e rccenil,v- aciieved rir'proved results through rhe

ioilolving strate gres'r :

. Dara irryen :odebttoktdaptonon. These are methods
aimed at auromaiically optimrzing the number oi
modellng parameiers.

. Dicnonarv lelrnlng. Because ol the variabiiiry in pro
nuncianon, dialcct variations, and coarticulaoon phe-

nomena found in spontaneor.rs speech, pronuncialron
iliclion:rries must be mociified and line-runed for each

language. We use data-driven methods to save rime
and effort anci to improve performance.

. Morpherne-bosed language models. For languages
characterize d b,v a ncher morphologl'and qreater use

oi inilections and compounding than occur rn

English, more suitable units than the "word" are used

for dictionaries and language mcdels.
. Phrose- andcla..;s-bo-se dlanguagemodeis. Words that

belong to word classes (Mondal;, Tuesday, Friday) or

frequently' occurring phrases (fbr example, "out-o[-
rown," "l'm' gcnna-be." "sometime-in-the-next") are

d iscove-reC ir ut(r mat i ca I I \' 5t ci rt sie r I I i'i iIa : Il i, I1.1(-'!

an.-1 adiltd tc a ,-1i.irr,')ari .i\ .-ipr:ci.ri !\'oi,-is. i)itic5cl,.
or rninigramrnars.

. Speirol su bvocab u lo ri,:.s. 
- 
To :rr. o iC co n iu-. ti-, i. . ;.'a : a I

su cr"oca D u I a r ies i ic r : xa nr p I e. cc, n t t n'r c, u s -r pe i I r n !
ior names and acronrrns j ,rit process.:,1 rn,r -recr,r.l
:Iassrncatron pass rsi n g a.Jn nca'rioii i:!t,llrit'ls

P.IRSER.Y'Ie use i'wo mrin DJrsrr4 \arii.sir', rir tur
work: rhe Fhoenr.x spoken-langriaqe parsei- enci ihe (-lLR -

robust parser.

. Phoenir spol:en-langurrgc svsrenr. i This svsrem ,ras

extendeC to parse spoken ianguage rnpur into sior rn

semantlc fiames and then use those frames ic generaie

cutput rn the target iang,uage. On the basrs oischedul-
lng-dialogue trarxcrprs. w'e h"t" 3e'7si6Dcd a set of idn

damental semantic units that represent drfferent
concep6 cf the domain. T_vtical expressron.s and sen-

tence parterns in a speaker's ufterance are parsed into
sernantic chunks. which are .oncatenated r,1i116,111

grammatical rules. Because it ignor e\ nc,nmalching
fuagmenu and focuses on impxlnani key ph;ases. lhis
approach is parrrcuiariv weLl suited tor parsing spcnta-

neous speech, wl-Lich s ohen r-ngramrradcal and sub.lect

to recogniticn errors. Generatron based on.oncepruai
fiames is terse but delivers rhe Lntended meaning.

, CLR* Parser.! For a more detarled semantrc analysis.

we also pursue GLR*, a robust extension oi the
Generalized LR Parser. This strategl'atternpts to lnd
rnaximal subsets of an input utterance ihat are

parsable, slapping over uniecognrzabie parts. Using

a semantic grammar, GLR* parses input sentences

into an lnteriingua. a language-independent repre-
sentadon of ihe inpur sentence's mearring. Ce-mpared

with Phoeru:t, the lnterlingua generated by CLR* pro
vides a grearer level of detail and more specificiry -
for exampie, different speaker attitude s and levels of
politeness. Thus. translation can be more natural,
overcoming the telegraphic and terse narure ol con-

cept'based translatton. Secar.ise GLR* skips cver
unparsable parts. it must constder a large numbrr oi
ootentially meaningful sentence lragments. To con'
trol the combinatoncs oi ihis search. GLR* uses sto

chastic parsing scores and prebreaking oi lhe
rnccming iarttces to reduce rhe arnt,iguiry. GLR' has

greater computational requrrements but proiiuces
more detarlcd rrrnslation.

Periormance evaluation
We devised several ireasures to evaluate the perfor'

mance and reLauve progress of speech translator cievel'
opment. Thus. we evaluate Janus-il on thre e ieveisl

. Speech recognirion rore. We measure this t-.,v counttng

subsrirution, deietion, and tnsertion errors over a pre-

viously unseen test database.
. Semannc ancl-vsrs based on rronscriprs. For this to be

measured, a "desired" Interlirgua representation (the

reference) must have been established over a new test

set. This approach is subjective and requires consid-

er.lble manual lebor.
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11r,rL'tl!e].s5,,-rr ii I he\ :1 la I L'lccied iis out''Jf ,iorn.il tt

rt,ihtr!vl)rt rilc\ allc aounirld:ts DrLi.

Fi gu re -1;r ihow's iecoqlltt,on iesu i rs':bt:ti r,cd ri Lrr I n g

reccni ,-1e!ai()pit.'!e nt oi.1 spanisn con|eisationiil :r..lrlsia

ior ior inc \chectiitn? ditllain vVc;ee iiiat;iriiiai :r'coi
itlitoir ,icc!-1r.ic\ i!:ls i.lulie lo"r . rhis is oai iiv t.rpi;lli,':d i,'u

ins'rrIlialrnr,-llilii in iic i:lliial \ia{ts 'iad€!eioirlil':tt !-)! -i

n,:,,v ianqr:;r'{c. .\ciciitionaIiv. t he rcsilIis ieilcci Ihe ii i;fr

ciL i tv o f p roccss in g conve:-sat jonai il ialogue 5enr ten pcl.'

ple. Such diaiogue is hiShlr' 'lisii"-rent and ii:-rr rir

coirriicuiateo. ',.irtcs considerabi',' ;n spe:lking i-ate. 'lnC

contains manY more short. pooriv arricuiated rvr-'t'is ' n'rn

h unan machtne spe ech or speech that is read Ot hcr

research teanis have aiso erperience'l this on slmtlar ccn-

versationai tasks. For example, on the SwitchboaiC task

database. highci perplexirv and the aciCitronai rliificuin' rt
telephone candr^rr,lth result in current word accuracres oi

oniy 60 pcrcent. But rvhen sPeakers knorv the'"'are raik-

ing to a computer rather than conversing with each other.

betrer ihan B0 percent accuracl/ can be observed in I he

scheduiing domain.
Figure 3a aiso compares sPeech collected ustng a pili''r 

'o
tolk -sn,rrch versus/iee uzoss falk diaioguu. Yvhiie o.rth rep

resent human conversation, cross-talk appears io resuit in

even less rvell anicliared speech and thus is mr;re difiicrrlt

to reccgnize and translate than push-to'talk speech' For

other larrguages (Engiish. German. -rapanese), -Ianus-li c-l-tr

rently cielivers similar rvord sccuracies of 70-pius Percent'

ln receni evaluations carried out b-v the Verbmobrl project

using hve different recognltion engines' 70 percent accu-

racy was the best achievabie for conversational Germen'

Figure 3b shorvs rhe resuit ofend-to-end speech ransla-

tion performarce over a set-aside test set (daia not used tc

rrain the system). The resuits were obtained by scoring the

translations produced by ttrree different grammars lrom

three diflerent moments in the development cl/cle The

same test set lvas used to test a1l three granrmars (oicourse

it'ithout any development in the intenm). Reassuringlv'

translatiot-t accurac-v lvas found to irnprove with grammars

of greater coverage. Figure 3b shorvs that by using the iwc

parsers, Phoenix and GLR". ranslation acciiraclel

approaching 35 percent can be achteveC for transcriber

spok:en ianSiage and up io r4 percent rvhen using the oul

put hom the recogrizer {.recogrrttton errors inciudetl) '

Table 1 compares cross-talk and push-to-talk cctncirricns

in both cases the test was carrted out using the Phocni'

parser o\,'er several prevrousll'unseen test sets' Hltmai

translators report that translating raprd-hre, turn rr'[rtl5
sponianeous iiaiogue ts unacceptablv dilficult On th

basis cf these reports,'we predicted that cross taik ;pet:'':

would also be much harder to recognize anrl translatc lr

47 9

1 994

10 10 12 3 4 5 8 10

1 995

Calendar month of test

(a)

Figure 3. Performance aesults shown as percentages

for the recognition (a) and translation (b) of
Spanish conversational dia!caues within a domain'

. End-to-end rranslorion icaurdil bo.red cri iron.s,--r lir

ftons ana recognuer inpur. cach clause or conceprual

tragrnent (noteach tul n) r(pre5ents an c\eilt icreval

uation. This avoids undue werghting oi short ccinfir-

maton remarks ("Thar's right," "OK," and so brth) '

Three (human) judges then determine rvherhe r the

output is "good," "acceptable." or "bad." Acceprable

means an utrerance was rranslated a',r'kit ardly but

still transrnits the intended mealling. Utterances

estabiished as "out of'domain":rre counted as accePI

able if thev produce an acceptable translation
machine. Since w'e mus

compare results from dii
ierent test cilalogues (ivrr

considerable variabriiry r

performance) to check th

prediction, we note that
precise comParison unclt

equal conditions is nt

possible. Within our ta:
domain and over multlP

I
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fable l. performal<e csnparison for p,ushto-talk a.-d ross-talk dialcgues betlveen lxrnans.
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acqlracry
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, translltion

Push-to-talk data
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APpLI{AY!9i1,!5
ihe it.:r! irri::1,':l, it l;.1;1:,i.i:i,it-, :ii ir.'i r ,1ii:,::tl,: .ilil

lf irltns. a.lai: .1/.,ira.] 't: :)'"\,i r ll:lli,ta, jI

ilon5 -Dril'3: lll'l'.]:''o ,-;it:i i'f:'i
!'i (l (a-. ai i-r iit 1 a i ; { ..r ir,, I rD I i ita r-i i.
iafiOn. .rnC .. a.1.t.;,:11,js:,jr;iO,:,:,

lnteractive dialogue transiation
F r ;g'-i :t' 4 :, ;t a,r :; . t p r- a tlr ai'Pt-',.i C ir.j L,r n ii rr r cr i E si i i i Ll il

!vlih a irck.r i;r;rgu:,r qe rl ir:lpi r.i,ri r,;l', lrcil:i'.'. i'irc:,:'t re

awo dispia\'s. onil taia:n:{ !hd .r:iti -i!r(i ruli)thci,:ir,bcoJcti in
the-,iesk. ihc use r,:pe:ii(s iie ::t;rIron via ine touch :er;r
rrie ,Jisal:', in ihe ir-'-c\. 1, 'err-,tr-r iuiia!l .lcL!'al.li ;p:.,1:r
acquisitic:r, and c,spl:rvs :rcrir rii.- rtcL,qnitlon !-asuit a.Lt J
par.iphr;ise ili ihr'iaaairire ,ri',Jlvzt,i utiarance. I-l'rls :s

lCCofilpiit.!itt..l irr he'.-,nq jarus-ll ,ariliin a Srlneiailon irom
ihe i'liinguage inoepenr.lent) Inreririrg'.ra back lnto the :ser s

language. l'he user :arr intn ,lei:rrnine *hether ihe ,ara
pnrase refle'-:rs rhe :ntenrie 'j ncarlnq of rie InDUr Lfierrnce.
lf lt Coes. ,i'esiinq r ;Lnii .uI.cr'i -:l,.tt:r: ine palllhi.:se
'^.rI11 the iiar!i:ricn ,nao .:i :al:'c:e,-i r)Ljipiri i;tnqr'r )p ..n'l
iencs it on :c Ihc a,rhei ;-]caoconic:.'rcinq iite . .!vnere :ne

transiaticn .lDpe:1rs rn sub.tles unrie r ihe [ransmt|Ied udeo
image oi rhe user. it ,s llso rirrthesized ir :hr iarget ian

,a,ia{rr ior ;Drelrt a,r.liDUi.'ihrr :r;rnslarir{,1ir di;nlai lalrbe lLsecl

lO : in ,r1,., :,;.. '. :itn -.,: .-t:l't. lt:q \U(i .1. .nl
,.1.niic-brjaids a:.r!rpir.i-rii(-r.,-i l-,i;iir .;:nies iaka i-eie.arrct'

rc l.alrsl;iiioi, aiti fe,.1eIi'i-r:(,.1 ,i', ttritirt:a:11 tine.
lhe'.ri::rlc,;irielt:l.lifl{ -i.:l,ra r r( frlJr'l\,r-'ilsl-l'

'' :, :i.,' : -l ' - ,..;' - ., t :-t., .r-- ', i1- : t.

:ndr'lri:'r--i: :tn,j -1n '.(i'i,. ::re :! !icill : .ruael-ii.r.nLlr' q ll
:i ril(ii:'ir iiiJr..i-l,la iil:.j:,l, cl il-:.-, iill]1.(!arre ){'l-.eill I,,lI-
ir)tl- a.ara::r.i. iall -:ia ti,riir-tliili i-:lsLlrar ,-i-)aiacil-:r.:. I'i

ailso'.rli!':!,iiitrr:t.lir,,t:l'rf),-iis ar)r- -5e: arP:lt;1\,r.ci] .,- l l

af fL\r t,tatJ.t'i\ i1,:rt:,-)lril.-;i':: ,ilcli.,ii lliduti:iln[.:";.iilg.
!r si-rtet h. in ,:asl rli,-': , oi'. .lll':t ili(r I1(lil\( i]-l(-;Jariiiia: a.ln

lc.:pplle,J ii-r 3i'l!-:r.ri.r..l rlc'.\ ;-';iialPil:-:jse:inri ii:lnsl,lira)l-,

Inrhis,,r.tr. ir:i?a:t'.4i'-iiltirrrr1lc,lIrr):rrr'SU]iSijrsjrilarilpal-
ietr tt,:ltt.,ri,,)t,t.!l t:.11r-\i.jilr)n. jit ,itl,:litri,li ilt,,.ii.' r.i
,, ar ioLis .iar,1\ r:1, !lra'ahanr\i-r'.s. tlc ii.titsii:r illi-i >i,riioi ir.
it-. a son-ir,,^, La::rloaa lerri'ia'j'iar !ait:rkin{ st.,.lL-'rir,rn.,JIr-

! e lsa t i (.r r I a I ! pl'e i h I i r1,\ t'.1 r h,r rrl a n s.

TOr:rpiOit ti-::! i)pprrifLtt r., fUi .,rIilr LO|jpail!it .\,J iirt
.i\pkliing s.'r::':i srrlitgi,-'-s ior le-cUr.-ring it ort, h'.intatt

and macitinr ii-rcrs.''f rL'se inclutle rtprair t,1 respe:-,sin'1,

repair'J,.' ip.-liing. and r.:!air'r,r l-ra n,jivritt n:l as .1ll( iit:l
rive red unCrr nt ;nrtilc5 oi rurnln-can-iputer i ntera( ilun.
One or r\\'o r ras rre l',pic:rllv eno'.:gh for i'e covell. i-ne
ianus il -.', steil ,:,iici-s other ::inple irrurs of .t.sist,tnce.
,-iuch t\ itrii in'i i irt r q.r i i-., pL' a,, cr ei : r rreous r ar aqn r i i',f.\

Figure '1. Janus-i! speech tr.:ns!ator in a videoconfer'
encing environment. Tr=nslation, appearing visuaily
as subtitl€s as well as by svnthetic acoustic outpul,
is obiained in about ieal time. The user ccntrols 'the

systern through buttons on a touch-sensitive
disp!ay. Vocabu!;ry size is between 1,000 and 3,000

worCs per lehguage.

i ire rntr:riace ieti : lr
'J\i': iCieai I titrrrtli,,:ut p ui
larrg,,.:aglts',v,th lan.rili,i:::'
:)iI,.,, \ Lrl. iii Li !i l.rt! I

:,:iu:r. fll ..,': . -' i

ll!!':it ;afl:iiia']{a at :i! riell-i

siar:'up. or ir lan he set

.l u ro n alii(rtliV i)1. .1 iain gual-se

icenrihc,iricrn -rod.iia ls
a .lieDrae;is!or. ln :ifecr.
:it: j\ SIi fr :t,:,lt;t_s,_:1, .iSin g

: ecr)qnizars,,ti-,erei-at Lan

{riaiqes.i) pructsS ait incc,m

'13 1' 'h,rl'Ir'lr' .l-t
'gli.r6lp15'. oi rr:!cl iir,::r
ict(t i-iLt Lcs : h: lti-rst prcb.i
ric l.r.rtuage

\1ail\' t)a:)(rr-Ir.;lrlits :r,.

r--r:lir :ar i-ilihi:r ::ril,.'iri:
i L; n..n :acil;l!,;i,,:i,:l,rc:r'" t

,crit F.a-:c'Ai li tt 15 :.1ll IiIl r-rr: !.-)

'. ":-,'L l. :-. : :, I'

-ri j_1, rr.

,ilr.

lll"

Figure 5. lnstead of a

(ainera, this "tourist" is

,-r,:l',,.t-'eit ni.ri-a:,\t:ti ]:l(':r,l .rt-rLi iL r -,: 1-i.-!lle v'vearing a -.peech tranS-

ri;ii'rrirr!r.iir-:r:.i1 l',i;iti,:,'r.ri,tlri,. 1r,'.., :Oi,t.rj lator'*ith : micrcphsne
!',,rth ilrt Ql iitii:.:ril i::'!a!'airri i'i .r: i lt.,rr lO .:nd a heaJ mounted
iir;i,!l.inLi ifiaal:ii!- ric'r. .\,,i,-ls rr,,i.la:;rl:s heacls-up display. See-

thrcugh goggies faciii-
tate an overiaid display
of translation outPut.

Portabie 5peech
tran s lation

Thc ,janciit sr SitrI. ,r .rr.ril \ r'i :r0l oi Alternatively, .rcoustic

-larus il. f irns i)n :r ' l; \'1ilz Pr-':-tr,.l:n ilrp output can be presented

li)D \\'rii-r 32 \lbvits oi crt:Irrr-i. i.ineiit by earpiece. Current
talKes:lbout [l'ice its ir-rn3i io trai,sl]it'.ln speed is still four times

uticral.ice ils,lanus IL As Fi;qtrle 5 sll.rlvs, slower than real'time,
i,tnerle crn be cirrried in a krraL-':itt^ Ur t)a'<. and the system's vccab-
'i-r anslatir-rn is pres,-:nttd;:itht't. lhrough an ulary had to tre reCuced

r'aiDiac,l or (rn 3 ',",t.t::iblt il :spi.rr ile to 500-plus truords per

itt:.tcis Ltp clispla';:;hu,.'., :hc lr.rrrslitii(ln ,n !angu-rge f i'om a lirnited
itt;it ilrrrit r-ln -\r'il iili()rl.-it qt,'1'sl.'5. iil,:i,:5v Com;in.

ffir^_ffi

\

\
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.r i li,n ing i h,' '.tst:r lo sirt iilhi lt lc\ ir lltl'ilr allt iec': ' rt t ilt Dtr

srtn ht: or -sht is tai'n ing ro PrilstntinE irlitlsl:rit'rll ;asttlrs

r h r s wa\ :tl lot', s g r eltter r il ro'.r gh pLl t. .t: i h c I re tl :ri.t t !(l n ca n

bc '''ie,.,,ed withoLit rnterruptillg ihe speakcr. \\'hile
.lcotlsiic oLtlLrut mil\ :ilc',^"' ior ic-'dback rul"it lllt'- s\'steir,

.,: rinrultaneousi-v prcsen,i,:ri visiial transl:tilon inalv Pro'
. lLi( JI'.',ll'r,',nl[]irnl(.ll ror' tp,'-.1 [ \, hrtr:'.ir I r' r"r' I 

"
such ne',r, Llt', rces alvait iurther sl uclv in r.-tct'-llli !iciJ use.

Passive simultaneous dialogue translation
f he 1an;<ua3e interprertng svste ms ilescl itred sr, iar ofter

rhe opponunir,'for tetdback. .''erlitcation. and ('orlt: ci:()n (ri

iransiair()n irenveen rwo lvil[ng anC cr-'og:rlltive pantts Not

every situation aftords thrs possibtiiry. howilvcr. Cor,ferences

among lnan)'users. ft)reign TV or rad io broatir:ast.s' or simul

taneous iranslation oi speeches or conversaiions aie pas-

sive, uncooperarive translation situati,lrrs in r^"hich the

spcaker cannot verify ihe transiation- Nso. with cLrnvetsa-

tional speech. this kind of translation mav be parijcularlY

ciifficr-ilt. as it requirr:s processing ol speech ktween people.
,qr(raler coarliculation. arld potentiaili' more clifficult mrn

iaking orotucols. indeed. t he ra pid suc( e\( lo Il , ,f s, 't t tcl Imes

cverlapping rurns makes the cognitive planning oi a lrans-

lation partrcuiarl-u.- diificult ior humans rrring to lranslare

conversational dialogue.

TiiE Rt-sur-TS REPORTED in Table 1 tor cross-raik and push-

to'taik diaiogues sugSest that the cognirive limitarrons
human translators experience do not hold for machines:

Two separate speech'translation processes can operate
easiiy in separate dialogue channels and produce transla-
tions that kecp up rvith the speakers. Our lab has rnstalled

a ccnversationai translator thilt siices rurn-s at major break-

ing points anC sends the corresponding speech signals to

an arra!'oi iive processors that incrementall,v Senerate
translations during a hunan conversation (again' irt'o sub-

lects neSotiating a meeting). Despite the dist-luent nature

oi such an interactive and rapid conversation, conversa-

tional dialogues w'rthin this donrain can be translated
accuratel.v more than 70 pe11'En1 of the time- I
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