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Abstract

Automatic speechunderstandin@gnd speechsynthesisiwo of
themajorspeectprocessingpplicationsimposestrikingly dif-
ferent constraintsand requirementn prosodicmodels. The
prevalentmodelsof prosodyandintonationfail to offer a uni-
fied solutionto theseconflicting constraintsAs aconsequence,
prosodicmodelshave beenappliedonly occasionallyin end-to-
endautomaticspeechunderstandingystemsjn contrastthey
have beenappliedextensvely in speechsynthesisystems.In
this papemwe wantto discusghereasondor this stateof affairs
aswell aspossiblestratgjiesto overcomethe shortcomingsof
theuseof prosodicmodellingin automaticspeectprocessing.

1. Introduction

Theapplicationof prosodicmodelsin automaticspeechunder
standing(ASU) andspeectsynthesigs strikingly different: in
the latter, they have beenextensvely applied,but thereis still
no generallyagreeduponapproachto prosodicmodelling. In
theformer, they have beenappliedonly occasionallyratherin
basicresearchput almostnever within an existing end-to-end
system. In this paper we want to discussthe reasondor this
stateof affairs and possiblestratgjies to overcomethe short-
comingsof the useof prosodicmodelling. The paperconsists
of two parts:in thefirst partwe dealwith the role of prosodic
modellingin ASU, in the secondpartwe dealwith therole of
prosodicmodellingin speechsynthesis. Due to spacelimita-
tions, thiscannotecarriedoutasanin-depthtreatisebut rather
asa setof postulatesntendedio provoke discussion.

2. Automatic speech understanding

In the lasttwo decadesa growing body of work on intonation
andprosodyresearchin generalandon intonationalmodelling
in particularhasbeenconducted(Notethatwe useprosodyfor
all phenomenabore the sggmentallevel, whereasintonation
only dealswith pitch/F0.) Researchersn thesetopics agree
thatASU would benefitfrom theintegrationof thiswork. How-
ever, only in the last few yearshasprosodyreally begun to
find its way into ASU, mostof the time within offling, i.e., in
vitro, researchThe only existing end-to-endsystemthatreally
usesprosodyis, to our knowledge,the Verbmobil system[1].
This stateof affairs might be tracedbackto the generaldiffi-
culty of carryingover theoreticalwork into practiceaswell as
to thewell-known differencedetweerthetwo cultures:onthe
one hand, humanities,on the other hand, engineering. In the
following, we wantto have a closerlook at someof the most
importantfactorsthat are responsiblefor this stateof affairs,
andby that, we wantto male this generalkstatemenmorecon-

crete. First we wantto shav the shortcomingsof intonation
models,seenfrom an ASU perspectie. Then,we will shav
what canbe doneto overcometheseshortcomingdy sketch-
ing our own functionalprosodicmodel,andwe will outlinethe
commongroundof prosodicmodelson the onehandand ASU
ontheotherhand.

2.1. Thereasonswhy (Occamsrazor still matters)

For prosodictheory subtlechangedn meaningthat probably
aretriggeredby prosodyareinteresting. Theseare, however,
no goodcandidateso startwith in ASU: they will be classified
ratherpoorly becausef the mary interveningfactors,because
of sparsalata,because¢hey canonly be obseredin laboratory
Therefore,we shouldstartwith a clear prosodicmarking; the
markingof boundariess probablythe mostimportantfunction
of prosodyandthusmostusefulfor ASU. Informationretrieval
dialogueshave beenthe standardapplicationwithin ASU for
mary years. Recently lessrestricteddialogues,for instance
within the Verbmobilsystem hadto be processedvhereturns
are on the averagethreetimeslongerthanin the information
retrieval application[5]. Segmentationis thusmoreimportant
in therelatively new field of automatigprocessingf ratherfree
dialogues—ahanceto prove theimpactof prosody! The con-
tribution of prosodyis not asevidentin the otherapplications.

If onespeakof suprasgmentalmodelsthat meetthe stan-
dardsof atheory onevery oftenspeak®only of intonationmod-
els which almostalways are productionmodels (Transcrip-
tion, labelling,andannotatioraremoredown to earthandtheir
topic is thus broader) Productionmodelsmight be good for
synthesisbut not for recognition. Too much emphasiss put
onintonationin particular i.e., too muchemphasion pitch in
comparisonto other prosodicfeatures,andtoo much empha-
sison prosodyin comparisorto otherlinguistic features.This
is of courseconditionedby the generalapproacho construct-
ing intonationmodelsas stand-alonemodels and by the—in
our opinion—unhapyp notion of pitch accent which prevents
a more realistic view whereall relevant features—bat into-
national,other prosodicor other linguistic features—areson-
sideredin the analysison the samelevel. Thereis too much
emphasion theoetical conceptsandon the discussionwhich
onecanbetterbe usedfor the descriptionof a speciallanguage
or of languagesn general. Considerthe old debatewhether
levels or movementswhetherocal eventsor globaltrends,are
the‘correct’ unitsof descriptionsa speectrecognizedoesnot
carewhetherit is trainedwith levelsor with movementsaslong
asthe training databases large enoughandthe labelsare an-
notatedcorrectly After all, whatgoesup mustcomedown: it
doesnot matterwhetherit is an H* at 200 Hz anda following



L* at 100Hz or whetherthereis a movementbetweer200 Hz
and100Hz.

Wefully agreewith theview thatphonologicabndprosodic
knowledg shouldbe usedwithin ASU, but we fully disagreef
it is aboutthedirectuseof intonationmodelsn ASU. All these
modelsintroducea phonologicalevel of descriptionthatis in-
termediatebetweenabstract) functionand(concete)phonetic
form: tone sequencedolistic contours,etc. It is our experi-
encethat one always getsbetterresultsif one cando without
suchanintermediatdevel, i.e.,if onecanestablishadirectlink
betweer(syntactic/semantidunctionandphoneticform. After
all, if sucha mappingcanbe doneautomatically we canmap
level A (phoneticform) ontolevel C (linguistic function)with-
out an intermediate(phonolgical) level B; with sucha level,
we have to map A onto B, andB onto C. If this canbe done
automaticallywe do not needB ary longer Sometimest will
do no harm,but oftenresultswill getworse.Phonologicabkys-
temslik e the ToBIl-approacH8] only introducea quantisation
error: the whole variety of FO valuesavailablein acousticds
reducedo amerebinaryoppositionLowvs. High, andto some
few additional,diacritic distinctions. This fact aloneprevents
tonelevels (or ary otherprosodicphonolgical conceptssuch
as,e.g.,theonedevelopedwithin theIPO approachjrom being
ameaningfulstepthatautomaticprocessingouldbe basecn;
it seemdetterto leave it up to alargefeaturevectorandto sta-
tistical classifierdo find theform to thefunction. To ourknowl-
edge,no approachexists that actually usessuchphonological
unitsfor therecognitionof prosodicevents.Of coursethereare
mary studiegthatdescribeoffline classification®f suchphono-
logical prosodicconceptsthis hasto bedistinguishedrom the
successfuintegration in an existing end-to-end-systengswe
have shavn within the Verbmobilproject[1, 5].

Theclassicaphonologicatoncepbf thePragueschoolhas
beenabandonedn thesemodels,viz. that phonemes—bdt
segmentalor suprasgmental—shoulanly beassumedf these
units male a differencein meaning. Sucha functional point
of view gave way to moreformal criteriasuchas,for instance,
economyof description.Thus, it wasnot differencesn mean-
ing thatdecideduponthe descriptve units but formal criteria,
andonly afterwardswerefunctionaldifferencesoughtthatcan
be describedwith theseformal units. In [3] for instance the
meaningof a tune, which is definedas a structurecomprised
of accentsaandtones,canbe interpretedcompositionallyfrom
the meaningsof the individual accentsandtonesthatthe tune
consistsof. If phonologicalconceptsould be motivatedfrom
theoreticakeasonsit wassupposedhatASU shouldusethem,
cf. [10], p. 182—irrespectie of whetherthey really make sense
asunits of ASU or not: this canonly be decideduponempiri-
cally, notby theoreticalkconsiderations.

In conclusionOccamgazor (law of economy)shouldthus
be followed hereaswell: nonsuntmultiplicandaentiapraeter
necessitaterfentitiesare notto bemultipliedbeyondnecessity)
for ‘entities’ read:levels of descriptionor processing.

2.2. A functional prosodic model

In this section we sketchanalternatve modelthatputsempha-
sisonfunction noton phonologicaform— actually every other
working approachtowardsusingprosodicinformationin ASU
we know of is alongtheselines, cf. [7, 5] and the references
givenin thesepapers. The prosodicfunctionsthat are gener
ally consideredo be the mostimportantoneson the linguis-
tic level arethe marking of boundariesaccentsand sentence
mood; boundariesandelimit syntactic,semanticor dialogue

units. For thesephenomenathe first stepis the annotationof
a large databaseAnnotationshouldbe asdetailedaspossible,
but more detailedclassesshould—if necessary—be mapped
onto higher classes.We still do not knov how mary classes
aremostappropriatefor the pertinentlinguistic phenomenait
is, hawever, our experiencethat quite often, the higherlinguis-
tic modulescanwork fairly well with only two binary classes:
presents. not present.The phoneticform is modelleddirectly
with alarge featurevectorwhich usesall availableinformation
on (appropiatelynormalized)FO0, enegy, and duration; other
linguistic informationon, for instancepartof speecttlassesis
usedaswell. It is notatheoreticaljuestionbut oneof practical
reasoningavailability, implementationandrecognitionperfor
mancewhetherall thisinformationis processedequentiallyor
in an integratedprocedure. The model, classificationresults,
andtheuseof prosodicknowledgein higherlinguistic modules
aredescribedn [1, 5].

2.3. The common ground

MainstreamASU nowvadaysmeansstatisticalprocessing.For
this approachJarge databasesnda standardizatiorof differ-
ent annotationconceptsare needed. ToBl hasbeena stepin
theright directionbut is still too muchbasedon (one specific)
phonology;it is not an acrossmodels but a within modelap-
proach.Only basedon a successfustandardizatiomanthe la-
belsof different(intonation)modelsbeusediogethetin orderto
overcomethe sparsedataproblem. The primacyof phonol@y
hasto give way to morepracticalconsiderationanodelsshould
take into accountherequirements—aniimitations—ofspeech
processingmodules. For instance,even if word recognition
computesphoneseggmentboundaries theseare normally not
availableafterwards:theoutputis aword hypothesegraphwith
wordboundarie®nly. An additionalcomputatiorof phoneseg-
mentboundariesvould meana considerableverhead Thusin-
tonationmodelswherean exactalignmentwith phoness nec-
essarycannotbeused.Thereforewe only useword boundaries
in the new versionof our prosodymodulein Verbmobil [1]—
without a decreasén performance!

Thetwo cultures,viz. the humanitiesandengineeringap-
proachesare still ratherremotefrom eachother As in poli-
tics, oneshouldbegin with smallsteps,andwith stepsthatpay
off immediately This meansthat subtletheoreticalconcepts
arenot well suited,but prosodicmarkersare,which arevisible
and stableenoughto be classifiedreliably even in a realistic,
real life setting. Thusit canbe guaranteedhat prosodyreally
findsits way into ASU becausapeectengineerganmoreeas-
ily becorvincedthattheintegrationof prosodyindeedpaysoff.
Later, it will besimply amatterof conqueor not: if moresubtle
differencescanbe modelledwith prosodicmeansand classifi-
cation performancds good enough,it will be no problemto
incorporateheminto ASU.

3. Speech synthesis

Prosodicmodelshave beenextensvely appliedin speechsyn-
thesis simply becausehereis anobviousneedfor every speech
synthesisystento generatgrosodicpropertieof speechif the
synthesisutputis to soundeven remotelylike humanspeech.
However, the necessityof synthesizingprosodyhasasyet not
resultedin a generallyagreeduponapproacho prosodicmod-
elling. This statementoldsfor the assignmendf segmental
durationsaswell asfor the generatiorof FO curves,theacous-
tic correlateof intonationcontours. This sectionconcentrates



on the useandusability of intonationmodelsin speectsynthe-
sis. Intonationresearclis extremelydiversein termsof theories
andmodels.On the phonologicalside, thereis little consensus
on what the basicelementsare: tones,tunes, uni-directional
motions,multi-directionalgesturesetc. Modelling the phonet-
ics of intonationis equallydiverse,including interpolationbe-
tweentonaltargets[6], superpositiorof underlyingphraseand
accentcurves[2], andconcatenationf line segmentg10].
Intonationsynthesicanbe viewed asa two-stageprocess,
thefirstaimingatrepresentingrammaticastructuresandrefer
entialrelationson a symboliclevel andthe secondat rendering
acousticsignalsthatcorvey the structuralandintentionalprop-
ertiesof the messagelntonationmodelsdiffer in termsof the
interfacethat they provide betweenthe higherlinguistic com-
ponentsandthe acousticprosodicmodules. At the sametime,
differentapplicationscenariogor speectsynthesisnayrequire
differentinterfacedesignsWe will review thecommonground
betweenntonationmodelsandthe constraintsmposedby dif-
ferentspeectsynthesistrataies.

3.1. Symboalic representation

In mary text-to-speech(TTS) systemssophisticatednethods,
suchas syntacticparsingand part-of-speechagging, are ap-
plied in the serviceof providing sufficientinformationto drive
the acousticprosodiccomponentf the system,in particular
the intonationmodel. The intonationallyrelevant information
comprisessentencenood aswell asthe locationand strength
of phraseboundariesndthelocationandtypeof accents.
Establishingthe relation betweenthe syntactic structure
and intonationalfeaturesis amongthe most challengingsub-
tasksof TTS conversion, and its imperfectioncontritutes to
the perceved lack of naturalnes®f synthesizedspeech. This
shortcomings unavoidable,becausd TS systemshave to rely
on the computationof linguistic structuresfrom orthographic
text, a level of representationthat is notoriously poor at cod-
ing prosodicinformationin mary languages.Other synthesis
strat@jies offer more immediateinterfacesbetweensymbolic
andacousticrepresentationsf intonation. Concept-to-speech
(CTS)systemsin particular provide a directlink betweerlan-
guagegenerationand acoustic-prosodicomponents.A CTS
systemhasaccessto the completelinguistic structureof the
sentencehatis beinggeneratedthe systemknows whatto say
andhow torendeiit. Yet,it is still necessaryo specifythemap-
ping from semantic¢o symbolicfeaturesandfrom symbolicto
acoustideatures Theissueof how much,andwhatkind of, in-
formationthelanguagegeneratiorcomponenshoulddeliver to
optimizethe two mappingsteps(in otherwords: the definition
of asemantics-syntax-prosodhterface)is ahotresearchopic.

3.2. FOgeneration from symbolic input

The task of the acoustic-phoneticomponenf an intonation
modelin speeclsynthesiss to computecontinuousacoustiga-

rametergFO/timepairs)from thesymbolicrepresentationf in-

tonation.A largevariety of modelshave beenappliedin speech
synthesissystemgo performthis task, including implementa-
tions of the major frameworks of intonationtheory: phonolog-
ical modelsthatrepresenthe prosodyof an utteranceasa se-
guenceof abstractunits (e.g.,tones),viz. tone-sequencmod-

els;andacoustic-phonetimmodelsthatinterpretF0 contoursas
compl patternsresulting from the superpositionof several

componentsyiz. superpositiormodels. Besidesthesepreva-

lentmodelsatleastthreeotherapproachebave beentaken,viz.

perception-basediinctional,andacousticstylizationmodels.

All of theseapproachesely on a combinationof data-
drivenandrule-basednethods:they all systematicallyexplore
naturalspeechdatabasedyut they vary in termsof whatis de-
rived from the analysisto drive intonationsynthesis. For in-
stance acousticstylizationmodelsrepresenintonationevents
eitherby continuousacousticparameter$ll] or aseventsthat
arerelatedto phonologicakntitiessuchastonesor register[4].
The abstractonal representatioprovided by phonola@ical in-
tonationmodelds corvertedinto FO contoursby meansf pho-
neticrealizationrules. The phoneticrulesdeterminghe FOval-
uesof the(H andL) tamgets,basedn the metric prominenceof
the syllablesthat they are associatedvith, and on the FO val-
uesof the precedingtones. The phoneticrules also compute
the temporalalignmentof toneswith accentedsyllables. Fu-
jisaki’s classicalsuperpositionamodel computesthe FO con-
tour by additively superimposinghraseandaccentcurvesand
aspeakrspecificF0referencevalue. Phraseandaccenturves
are generatedrom discretecommandsthe parametewvalues
of which are usually derived by generalizatiorof valuesthat
werestatisticallyestimatedrom speectdatabasesWhile this
model can be characterizedhs primarily acousticallyoriented
(andphysiologicallymotivated),it is possibleto find phonolog-
ical interpretation®f its commandsndparameters.

In section2 we have amguedthatthe mostappropriateype
of intonation model for ASU would be one that provides a
functionalrepresentationf the positionsof accentsandphrase
boundaries;ary intermediatephonologicallevel only intro-
ducesaquantisatiorerror. In the ToBI notation[8] suchafunc-
tional representatiomvould consistonly of the location of ac-
cents(the stars)andphraseboundariegthe percents).In prac-
tice, the situationin intonationsynthesisappeardo be similar.
In mary TTS systemghe only symbolic prosodicinformation
used(apartfrom sentencenood)is the locationof accentsand
boundaries. It hasbeendemonstratedhowever, that models
which usemoreprecisenputinformation,suchasToBI accent
typelabelsin additionto accentiocation,cangenerateé=0 con-
toursthatare perceptuallymoreacceptabléghanmodelswhich
useaccentlocationalone[9]. Phrasingandaccentingare sur
facereflectionsof the underlyingsemanticand syntacticstruc-
ture of the sentence Computingdetailedintonationalfeatures
suchasaccenttype from text is difficult andunreliable. Thus,
relying only on accentlocationis not a judicious designdeci-
sion but one bowing to necessity The potentialimprovement
to synthesizegrosodycanbeillustratedby manuallymarking
up the text, or by providing accesgo semanticand discourse
representationdt is obviousthatmuchmoreinformationthan
just the starsandthe percentds neededo achieve this kind of
improvementto intonationsynthesis.

3.3. Intonation synthesis and phonetic detail

FOcontoursasacoustiaealizationsf accentwvary significantly
dependingon the structure,i.e. the sgmentsand their dura-
tions,of thesyllablesthey areassociatedvith. For example,FO
peaklocationis systematicallylaterin syllableswith sonorant
codasthanin thosewith obstruencodas(pin vs. pit), andalso
laterin syllableswith voiced obstruentonsetsthanwith sono-
rantonsetgbetvs. yef). Moreover, the FO peakoccurssignifi-
cantly laterin polysyllabicaccentgroupsthanin monosyllabic
ones[12]. Intonationmodelsneedto generateas muchof this
phoneticdetailaspossible The quantitatve modelof FO align-
ment proposedby van Santenand Mobius[12], for instance,
explainsthediversity of surfaceshape®f FO contoursby posit-
ing thataccentsbelongingto the samephonological(and per



ceptual)classcan be generatedrom a commontemplateby
applyingacommonsetof alignmentparametersThetemplates
arerepresentatesof phonologicaintonationeventsof thetype
predictedby intonationtheories,i.e. accentsand boundaries.
Acoustic stylization models(e.g., [4, 11]) also synthesize-0
contoursfrom a small numberof prototypicalpatterns. They
learn, and predict, phoneticdetails of FO movementsfrom a
setof featurescomprisingsegmental,prosodicand positional
information. While the FO prototypesaredefinedasbeingpho-
netically distinct,they arealsointendecdto berelatedto phono-
logicalintonationevents.

3.4. The common ground

Recentadwancesin speechsynthesismay be partly attributed
to the useof statisticalmethodsfor detectingrelevant features
in large databases|earning them, and modelling them. A

standardize@nnotationrconceptwould be anadditionaladwan-

tage.However, the prevalentannotationcorvention,viz. ToBl,

misseshe requiredgranularity:it is too muchconfinedwithin

onetype of intonationmodel;it is too elaborateandspecificin

termsof its descriptve inventoryto lenditself asa genericin-

terfaceto highetlevel linguistic-prosodicanalysis;at the same
time it is far too abstracto facilitate a computationof therich

phoneticdetail and precisealignmentthat FO contoursarere-

quiredto have in orderto soundnatural. Data-driven intona-
tion models,on the otherhand, canlearnto synthesizehese
details. For the integration in a speechsynthesissystem,a

completeintonationmodel needsto provide a mappingfrom

categyorical phonologicalelementsto continuousacousticpa-

rameters Quantitatve modelssuchasthosepresentedecently
[4, 11, 12] offer feasiblesolutionsto the FO generatiortask,but

their phonologicafoundationseedto be furtherworked out.

4. Conclusion

We have illustratedthat the basicproblemsconnectedvith the
use of prosodicmodelsin speechprocessingare similar for
ASU andspeectsynthesisOneof theseproblemss thelack of
anappropriateannotatiorconcept We have aguedthat ToBl—
while representinga stepin the right direction—istoo much
basedn onespecificintonationalphonologyanddoesnot gen-
eralizeacrossnodels.We have further aguedthatin the ASU
contet, ToBI providesa speciallayer of representatiothatis
both too abstract,i.e. too far from the signalto be useful as
input to classifiers,and not abstractenough,with someof its
notationalunits lacking a linguistic counterpart.A mirror im-
ageof thissituationis evidentin thecontet of speectsynthesis,
whereToBI lackstherequiredgranularity

In our view, the mostappropriatetype of intonationmodel
for ASU would be onethatprovidesa functionalrepresentation
of the positionsof accentsand phraseboundarieswithout ary
intermediatephonologicallevel—preciselythe type of model
thatis widely usedin intonationsynthesis.This apparensimi-
larity betweenASU andTTS requirementss broughtaboutby
very differentmotivations.In ASU, afiner-grainedlevel of de-
scriptionhasnotyetbeenshavn to modelreliably thelinguistic
functionthatit presumablcorrespondso. In speectsynthesis,
in contrastmoredetailednputinformationis requirecto gener
ateF0Ocontourghatareperceptuallymoreacceptabl¢hanthose
basedon accentand phraseboundarylocation alone. While
computingsuchfeatureds extremelyhardin aTTS framework,
it maybeaccessiblén differentspeectsynthesistratgiessuch
asconcept-to-speech.

We believe thatnointonationmodelequallyappropriatdor
both tasks,ASU and speechsynthesis,is currently available.
The requirementsre, for the time beingandfor sometime to
come,too different. They might converge in the future, giving
rise to a unified solutionto prosodicmodelling, but we simply
donotknow whenandwhetherthiswill bethecase.
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