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ABSTRACT

This work presentsa reliable and efficient method for build-

ing limited domain speechsynthesisvoices. By constructing
databasesloseto the targeteddomainof the speechapplication,
unit selectionsynthesistechniquescan be usedto reliably give

very high quality synthesiswithin domain. In additionto a high

quality resultwe includethetechniquesndprocessesequiredto

build suchvoicesoften allowing new voicesin limited but quite
comple domainssuchasdialog systemgo be createdin under
aweek. Thefull tools,documentatiorexamplesetc areavailable
for freeatht t p: // f est vox. or g.

1. INTRODUCTION

With therecentincreasen demandor speectapplicationsijt has
becomeohviousthatcurrentgenerakpeechsynthesigechnology
is notataquality thatusersacceptMany speectapplicationsstill
usefixed, fully pre-recordecbromptsratherthan standardTTS
(text-to-speechpystemdo generataheir speechoutput,because
the quality of standardlT TS systemds not perceved to be good
enough.

Recenimprovementdn speeclsynthesigechniquesparticularly
in the areaof so-called“unit selectionsynthesis, astypified by
AT&T' s NextGensystem[1], have led to higherquality synthe-
sis,but it remainsanexpertskill to build new voicesfor suchsys-
tems. Thereis a requiremennot simply for high quality speech
synthesishut alsoa reliableandefficient meansof creatingnew,
customizedvoiceswithin the system. It is no longeracceptable
for all speechtechnologysystemso speakwith oneof only afew
voicesor prosodicstyles.

In addressinghis issue,we at CMU are making the processof

building syntheticvoicesmorereliableandfasterwhile requiring
lessarcaneskills. Throughthe Fest\ox project[2] we release
documentationtools, scripts, etc. thatallow new voicesto be
built in both the existing, supportedanguagesas well as new

languages.

In developingboth techniquedor generaldiphonesynthesisand

unit selectionwe noteda particulamichewherealimited domain
could be exploited to greatlyimprove reliability of high quality

synthesis.In mary speechapplicationsmostof the languageto

bespolenis generateavithin the system Despitethis, mary sys-

temssimply passa raw text string, with no more than perhaps
somespecialpunctuationto a general-purpos& TS system.The

resultis almostalwaysdisappointingin thatit soundseitherquite

bored (inappropriateprosodicrealization) or the signal quality

malkesit unattractve. In noting thatthe quality of unit selection
synthesiscanbe very good, andthat the numberof bad synthe-
sis examplesare muchlesswhenthe sentencesre closerto the

domainof therecordingswe decidedo exploit this by designing
corporaspecificallyfor eachapplication.

2. HOWLIMITEDISLIMITED

Marny speechapplicationshave their speectoutputgeneratedy

somecomputedunction. Althoughtherearesometruly opendo-

mains, like readingemail, mary systemsare substantiallylim-

ited. This may be a simple as slot-and-fillertemplates,where
someknown setof namesprices,numbersgtc.,andsomestan-
dardpromptsareused.Mary IVR systemsstill usefully recorded
promptsto keepquality up, at the price of resourceootprintand
flexibility. Our initial investigationsnto limited domainsynthe-
sizerswerein theform or talking clocksandfixedweathereports,
but we have found that we canalsodealwith moregeneraldia-

log systemsgespeciallyif a backupmethodis provided for rare
out-of-domaincases.

A key aspeciof building a limited domainsynthesizeis the de-
sign of a promptlist thatadequatelycoversthe domain. Ideally,

we like to have an explicit representatiomf the utterancegshat
canbegeneratede.g.thegrammarr templateof thegeneration
system)plus informationabouttheir frequeny of use.Fromthis,

a promptlist canbe generatedo ensurefrequent(and mostim-

portant)forms will be well-representedwhile coverageextends
to all casesln anew systemthe frequeng informationis notal-

waysavailable but canbe estimated.In general promptsshould
have at leastone occurrenceof eachword in the vocalulary in

eachprosodiccontext.

3. BUILDING A VOICE

Thetaskof building a voice consistf thefollowing processes

— Designthecorpus

— Synthesizeeachutterance

— Recordthevoicetalent

— Annotate(label)therecordings

— Extractpitchmarks

— Extractpitch-synchronouparameters

— Build aclusterunit selectionsynthesizer
— Testandtune,repeatingasnecessary

Issuesin designingpromptsare discussedbaove. We synthesize
the promptsfor a numberof reasonsfirst, to ensurethatall the
appropriatetokens are expandedproperly For examplein our
Communicatodialogdomainwe mustensurdlight numbersand
dateqbothstringsof numericcharactersaregiventhecorrectex-
pansion.Secondwe usethesynthesizeditteranceo estimatehe
time requiredfor recording. We can,optionally play the prompt
to thehumanvoicetalent,but that often hasthe adwerseeffect of
makingthe humanspeakmorelik e the synthesizersowe gener
ally only presenthetext. Thefinal reasorto synthesizeéheoutput
is thatwe usethe synthesizegoromptin labelingthe humanspo-
kenutterance.

Although recordingwith studio quality equipmentcangive bet-
ter results,we areinterestedn makingthe processasaccessible



as possible. When studiosare usedfor recordingto DAT tape
thetransfermprocessandsplitting of thefilesis laboriousandtime
consuming.For all of the limited domainsystemswe have built,
we have recordeddirectly to computerfiles. Most commonlywe
usea laptop (not connectedo the mainspower) in a quietroom
(i.e. without othercomputersr air-conditioning) to reduceback-
groundnoise. The recordingquality, onceaudiodevicesare set
up appropriatelyis acceptablehoughtaking careat this point is
important.More informationon therecordingprocesss givenin
[?], includingtheuseof aGUI tool for recordingsessiormanage-
ment(pointyclicky).

The promptsarerecordedn the desiredstyle for the synthesizer
A talking clock, consistingof 24 simple utterancess oneof our
standardaselineexamples Building clockswith “funny voices”
is easy but importantlythe resultingsynthesizeretainsthe style
of the spealkr exactly — Scottishaccents falsetto, “laid-back”
speakrs,andevencartoonishvoicesareall capturedwell.

After recordingwe labelthetext usingasimplebut effective tech-

niqguebasedon [6]: we useDTW to align betweerthe mel-scale
cepstralcoeficients (and delta) of the synthesizedand recorded
waveforms. As we know the positionof the labelsin the synthe-
sizedprompt,we canmapthis ontothe collectedrecording.This

techniquewas originally developedfor labeling diphone data,
wherethe phoneticsaremuchmore clearly defined,but we have

foundthis techniqueperfectlyadequatdor thistaskalso. In fact,

therearedistinctadvantage®f this oftenlooselabelingoverhand
craftedlow level phoneticlabelling. For examplewhena spealer

pronounceghe word “Tuesday”,in a Scottishaccent,it might

betterbe phoneticallylabelledas/chy uw z d ey/, while the syn-

thesizerlabels(US English)aregiven as/t uw z d ey/. But the

alignmentwill matchthe label/t/ to the spolen/chy/ andhence
whena/t/ followed by /uw/ is selectedor synthesist will select
the appropriatepieceof speectpreservingthe original spealker’s

idiolect. Thespeakr mustproduceutteranceshatarecloseto the

desiredform, but they do not needto be phoneticallyexact.

Althoughthelabelingis oftengood,it is never perfect.Handcor
rectionwill improve it, with diminishingreturns. After labeling,
we extractmel-scalecepstrakoeficients;we have foundthatour
unit selectiontechniquesvork much betterif this is donepitch
synchronouslyatherthanatafixedframerate. As wedonot(nor-
mally) recordthesedatabasewith an EGG (electro-glottograph)
signal, we extract the pitch marks from the waveform directly,
althoughthisis notasaccurateasextractingfrom anEGGsignal.

Theunit selectiontechniquewe useis an updatedversionof that
morefully describedn [3]. However, therearea numberof sub-
stantive improvementsin thatalgorithmsincewe last published,
aswell assomespecifictuning we have found usefulfor limited

domainsynthesis.

The generalalgorithmtakes all units of the sametype and cal-
culatesan acousticdistancebetweeneach,usinga weightedEu-
clideanmahalanobislistanceof cepstrunparameterplusFO0. Se-
lectedfeaturesincluding phoneticand prosodiccontext areused
to build a decisiontreethat minimizesacousticdistancein each
partition. Although [5] makes similar useof decisiontreesfor
clusteringwedonotuseHMMs tofirstlabelnorusesub-phonetic
acousticstatesnordowe build thetreeto its maximumdepth but
(optionally) stopwith 5 to 10 instancesn eachcluster

At synthesigime, we selectheappropriatelusterusingthe deci-
siontree,andthenfind the bestpaththroughthe candidatestak-

ing accounthe costs(andoptimalposition)of joins usinganother
acoustichasedcost(cf. optimalcoupling[4]).

For limited domainsynthesisye have determinedhatcertainpa-
rametersaaremorelikely to give reliablesynthesisFirst, in addi-

tion to takingcandidate$rom the selectedtlusterwe alsoinclude
ary unitsthatareconsecutie in the databaséo units selectedor

the previous segmentand are of the right type. Thus, selection
is notjustfor candidateunits, but we areeffectively selectingthe
beginningof longerunits.

Normally for generalunit selectionwe have usedphonename
asthe unit “type name”, thoughthe acousticdistancemay also
include X% of the previous phone,so theseare much closerto

diphonesthan phones. In the limited domainsynthesizersye

constructhetypefrom the phoneplusthe word thephonecomes
from. Thusa/d/in theword “limited” is distinctfrom a/d/in the
word “domain”. This apparentlysevererestrictionmay give rise
to a claim that we are doing “merely” word concatenationput

thisis not true. We arestill selectingindividual phonesthough
they comeform someinstanceof the word to be synthesizedln

fact,whathappenss thatawordis oftensynthesizedrom phones
from differentinstancesof the desiredword and the join point

betweemartsis choserdynamicallyatthe bestpoint, typically in

mid-vowel or fricative or silenceof a stop.

This choice of unit type meansthere are nov much fewer in-
stancef eachtype, which hasthe distinct advantageof much
fastersynthesis- the initial motivation for this restriction. How-
ever we have alsofound thatwhenwordsnot in the original vo-
cahularyaresynthesizethey areoftenpoorly synthesizedThere-
fore, at presentwe seethis asa goodcut-off point at which we
can guaranteehigh quality synthesis. Although this restriction
may be disappointingo some,whatwe arepresentings limited
domainsynthesisandfind this restrictionacceptabléor mary ap-
plications;work continueson methodsof backingoff acceptably

We now have the selectionsystemworking in slightly lesstime
that is takes to do standarddiphone synthesis. Although the
unit selectionprocesds computationallynoreexpensve thandi-
phoneselection jn the unit selectioncasewe do not (usually)do
prosodicmodification,thoughwe do pitch-synchronousmooth-
ing for somedatabasesThe unit selectiondatabases substan-
tially larger than a diphonedatabase.We have not yet experi-
mentedwith datacompressioralgorithms,but asthe quality of
unit selectionsynthesisdependson larger variety of units avail-
able, it will always be the casethat all but the smallestlimited
domainsynthesizersequirea larger spacethandiphonesynthe-
sizers.

4. A TALKING CLOCK

Theoriginaldemonstratiomf this techniquevasasimpletalking
clock. The promptsconsistof 24 simpleutterancesf theform

Thetimeis now, alittle afterquartempasttwo in theafternoon.
Thebasictemplateof whichis
Thetime is now, EXACTNESSMINS HOURSDAYPART.

We have successfully built a large number such
clocks, some of which are available on-line at
http://festvox.org/l dom | domtinme. htm .



Not countingrecordingtime, this takesaround3 minutesto build.

Suchclockshave alsobeenbuilt in language®therthanEnglish,
suchas ChineseandNepali. On a recentvisit to Barcelonawe

built a talking clock in Catalan,a languagewe hadno previous
synthesisexperiencan. We designedhe promptlist, basedon a
nativeinformant,andusedanexisting Englishsynthesizeto cross
synthesizethe promptswhich is adequateenoughfor automatic
labeling. The 12 promptswererecordedandin lessthanan hour
we hada high-qualitynaturalsoundingCatalantalking clock.

5. DOESIT REALLY WORK?

Talking clocksaregoodastoy examples,andfor detuggingthe
processhut therearent mary applicationsthat require sucha
closeddomain.Thequestionwe needto addresss how thistech-
nigueperformson largerdomains.As with generalunit selection
synthesizersit is clearthanwhenits works the quality is excel-

lent, but what mustbe more properly investigateds how often
this techniqueails andhow badly As we areproposingasystem
thatdoesnt justoffer high quality synthesisbut alsoamethodfor

building suchvoiceswe alsomusttestthe reliability of building

voices.

We devised a simple weatherreport systemthat dowvnloaded
weathemreportsfor namedUsS citiesfrom weat her . gov. This
is a simpleslotfilling templateproblemwith the templateof the
form

Theweatherat, HOUR,on DAY DATE, outlookOQUT-
LOOK, TEMPERATURE degrees, winds WINDI-
RECTION, WINDSPEED (with gusts to WIND-
SPEED).

We generate@50 utterance®f this type,loopingthroughvalues
for theslotse.g.

Theweatherat1 A.M., on SundayJanuaryl. outlook
cloudy 20 degreeswinds, North 2 milesperhour

The first hundredwere recordedand usedto build a limited do-
main synthesizemasdescribedabore. The secondhundredwere
usedto find problemsthat werethenfixed by correctingthe au-
tomatic labeling. The final 50 utterancesvere usedfor testing
alone.

Oncerecordedjt takeslessthananhourto build the basicvoice
ona500MHz Pentiumlll runningLinux. Then,lessthanaday
was spentby one personon fixing problems;mostof thattime
wasspentdoingavisualcheckover all thephonelabels. Thesec-
ond setof onehundredtestsentencesvere usedasa diagnostic
test. Of the problemsfound, mostwereminor segmentallabeling
errorsthoughthreeerrorswe foundwherethe spealkr saida dif-
ferentword from theprompt,“west” for “east’and“pm” for “am”
(twice). Theautolabellercan(unfortunately)copewith suchmis-
matchesbut of coursethis causesa problemwhensemantically
differentbut phoneticallysimilar utterancesirespolenfrom what
is requestedHowever, aspointedoutabove thisrobustnesss also
sometimewaluable.

The50 held-outtestsentencews/erethenevaluated pothwith the
fully automatic,but uncorrectedabeling,andthenthe corrected
form. Threecatgyorieswereidentified,correct whereno notable
errorsin synthesisvereheard,minor wheresomenotableglitch

in synthesioccurs(but thesentencés still fully understandable),
andwrong wherea semanticerror occurs(wrong word) or the
synthesishasa majorproblemthataffectsunderstandability

Correct| Minor | Wrong
Automatic 60% 32% 8%
Corrected 90% 10% 0%

In thecorrecteccasetherewerethreeactualerrors(two occurred
twice) all of which wereeasilyfixed,andnonewereparticularly
serious.

Thisexperimentimpliesthatwe dohave arelatively robustsystem
for reliably building new voicesin avery shorttime.

6. SCALING UP TO REAL TASKS

A third andmoreserioudimited domainsynthesizewe have built
using thesetechniquess for the CMU DARPA Communicator
system[7]. The Communicatoiis a telephonebased mixed ini-
tiative dialog systemfor planningtrips, flights, andbookingcars
andhotels. At first it appeardhe domainis not closedasit in-
cludesgreetingto registeredusersby name andallows reference
to (atleastin principle)ary airportin theworld.

Sincethe projectbegansometwo yearsago,we have logs of ev-
erythingthe systemhassaid. To develop our recordingcorpus,
we selectedthe latestthreemonthsof logs and found the most
frequentphrasesusedby the system. Around 100 phrasesare
what could be term fixed form, in thatthey containno variable
parts,suchas“Welcometo the CMU Communicataf and“I'm
sorry, | don't understandhat” We thenextractedthe setof basic
templatesusedby the languagegeneratiorsystemand collected
thepossiblevalues cities, airports,airlinesandthe closedclasses
of datestimes,prices,etc.

For the obvious closedclassslots, namelydates flight numbers,
prices,timesetc, we constructedh smallnumberof fillers which

providedword coveragefor eachclasswithouthaving tolist them

exhaustvely.

For cities and airports, which are essentiallyan openclass,we

usedthe frequeng informationin our logs to selectwhich set
to includein our recordings.For the morefrequentlymentioned
cities we includedmorethanone occurrencen our prompts(in

differing prosodicposition)andfor lessfrequentnameswe only

includedthemonce,in anintendedprosodicallyneutralposition.
With around300 cities and airportswe could cover all of cities
in the threemonthlogs. On checkingthroughprevious logs the
percentagef outof domainwordswasvery small.

The templateswere filled out with actualvaluesgiving rise to
around500 more prompts. Thesewererecordedn the style of a
helpful agent labelled,anda unit selectionsynthesizewasbuilt.
To testthe systemwe usedthe phrasesrom our existing logs
andlistenedto mary examples. This pointedat errorsin label-
ing which were corrected.The mostcommonform of errorwas
amisplacemenof silence(pauses)We hadconstructedhe sen-
tencesto usepunctuationwhena pauseis desired thoughsome
of theutterancegeneratedy the languagegeneratiorsystemdo
notalwaysusepunctuatiorconsistentlyAlso, the spealkr did not
alwaysinsertapausevherethesynthesizeexpectedhem. These
problemsare easilyhandcorrected,and we alsousedautomatic
techniquego find pausesvhich hadanunusuallylarge amountof



power which tendedto be mislabelledsections.

Varioustext processingssuesalsowereincludedin this voiceto
properlydealwith flight numbersandhomographsuchas“US
Airways”.

Althoughwe hadbuilt aninitial testvoice for communicatous-
ing this techniqueaswe changednary of the basicpromptsand
stylesfor a later version,we retuilt a new voice oncewe were
confidentthe systemwasstableandthe codewasthoroughlyde-
bugged. Thefinal voice wasbuilt in underone-manveekwith a
breakdown of approximatelyonedayto designthe prompts,one
dayto recordthe promptsandbuild the basicvoice, andtherest
of thetime for tuningandcorrection.

After this versionwasrunning,we madesomechangeso thelan-
guagegenerationsystemand decidedto add someextra airport
namesand somemore (foreign) city names. We constructeda
further50 utterancesindrecordedheseandaddedtheminto the
systemin anothermornings work. This exercisewasimportant
to us, asfor mary domainsalthoughthey may be limited they
may not remainstaticso the ability to addnew contenteasilyis
important.

In anopendomainlike Communicatome alsohave to dealwith
out of vocahulary words. As the unit selectionalgorithmdeliber
ately fails whenan unknavn word is presentwe mustprovide a
backup. We initially intendedto only usea diphonesynthesizer
for the out of vocalulary word alonebut it is very obvious when
listeningto suchexamplesthat the voice quality switch midway
in a sentences extremelydistracting,especiallyasthe unknavn
word is typically an importantcontentword like a placename,
even thoughthe diphonesynthesizeis basedon the samevoice
asour limited domainvoice. Thusif a phrasecontainsan out
of vocalulary word we back-of for the whole phrasewhich al-
thoughis notideal,is muchmoreunderstandable.

We have alsoconsideredackingoff to a moregeneral unit se-

lectionsynthesizefor the unknavn word asthis would, perhaps,
betterpresere voicequality. However althoughthequality of this

is sometimegood, it canalsobe very bad,andhave yet no au-

tomaticway to distinguishingthe quality. It is this wide variation

in quality in unit selectiorthatthelimited domainsynthesiss ad-

dressing henceusing a diphonessynthesizercurrently for usis

thebestsolution.

During recentevaluationsof the whole dialog systemby external
parties,we loggedthe numberof utterancesynthesizeéndalso
how mary containedvordsout of vocalulary, andhencerequired
thebackupdiphonesynthesizerOver athreeweekperiod18,276
phrasesvere synthesized.459 (2.5%) containedout of vocalu-
lary words (71 distinct words). Thesewereall lessfrequent(or
forgotten)placenames.

It is importantto notethat, althoughCommunicatomwasnot de-
signedasa systemthat would have a limited outputvocatulary,
using theselimited domain synthesistechniquesve have more
than adequatelygiven it a more interestingand higher quality
voicethanacorventionalTTS system.

7. CONCLUSIONS

The first importantobsenation to male is that this systemdoes
not solve thegenerakynthesiproblem.We mustmale thatclear
astoo oftenasinglehigh quality exampleis playedgiving theim-

pressionarything canbe synthesizedat that high quality. How-
ever, whatwe do concludehereis thatthesetechniquesllow reli-
ablehigh-qualitysyntheticvoicesto be developedquickly, if they
aretargetedtowardsalimited domain.

The adwantagethat thesetechniquesbring, in that the synthe-
sisimplicitly modelsthe quality in the recordeddatabaseis in
the long run, a disadwantagetoo. As more generalsynthesisis
required,with varying prosody varying emphasisand focus as
well aslarger vocahularies,the amountof datathat needsto be
recordedwill becometoo large. At somepoint we needto prop-
erly modelprosodicandspectraphenomenaxplicitly sothatwe
can get the samequality of synthesiswithout having to record
suchlargedatabases.

We seethis techniqueasoffering a moregeneralsolutionto sys-
tem currentlyusingrecordedprompts. This offers the quality of
recordedpromptsbut alsothe generalityof simple synthesisso
phrasesotherthanthosein the recordingscanbe generated We
do not currentlyrecommendhis systemfor truly generakynthe-
sis,suchasreadingemail or news stories but therestill aremary
speectapplicationsvhich fall within the scopeof this technique.

Full documentationwith scripts, code and explicit walk-
throughs of these techniqueswith examples are available at
http://festwx.og
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