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Abstract

Automaticspeechunderstandingandspeechsynthesis,two of
themajorspeechprocessingapplications,imposestrikingly dif-
ferentconstraintsand requirementson prosodicmodels. The
prevalentmodelsof prosodyandintonationfail to offer a uni-
fiedsolutionto theseconflictingconstraints.As aconsequence,
prosodicmodelshavebeenappliedonly occasionallyin end-to-
endautomaticspeechunderstandingsystems;in contrast,they
have beenappliedextensively in speechsynthesissystems.In
thispaperwewantto discussthereasonsfor thisstateof affairs
aswell aspossiblestrategiesto overcometheshortcomingsof
theuseof prosodicmodellingin automaticspeechprocessing.

1. Introduction
Theapplicationof prosodicmodelsin automaticspeechunder-
standing(ASU) andspeechsynthesisis strikingly different: in
the latter, they have beenextensively applied,but thereis still
no generallyagreeduponapproachto prosodicmodelling. In
the former, they have beenappliedonly occasionally, ratherin
basicresearch,but almostnever within an existing end-to-end
system. In this paper, we want to discussthe reasonsfor this
stateof affairs andpossiblestrategies 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 the role of
prosodicmodelling in speechsynthesis.Due to spacelimita-
tions,thiscannotbecarriedoutasanin-depthtreatisebut rather
asa setof postulatesintendedto provoke discussion.

2. Automatic speech understanding
In the last two decades,a growing bodyof work on intonation
andprosodyresearchin generalandon intonationalmodelling
in particularhasbeenconducted.(Notethatwe useprosodyfor
all phenomenaabove the segmentallevel, whereasintonation
only dealswith pitch/F0.) Researcherson thesetopics agree
thatASU wouldbenefitfrom theintegrationof thiswork. How-
ever, only in the last few yearshasprosodyreally begun to
find its way into ASU, mostof the time within offline, i.e., in
vitro, research.Theonly existing end-to-endsystemthatreally
usesprosodyis, to our knowledge,the Verbmobilsystem[1].
This stateof affairs might be tracedback to the generaldiffi-
culty of carryingover theoreticalwork into practiceaswell as
to thewell-known differencesbetweenthetwo cultures:on the
onehand,humanities,on the otherhand,engineering.In the
following, we want to have a closerlook at someof the most
important factorsthat are responsiblefor this stateof affairs,
andby that,we wantto make this generalstatementmorecon-

crete. First we want to show the shortcomingsof intonation
models,seenfrom an ASU perspective. Then,we will show
what canbe doneto overcometheseshortcomingsby sketch-
ing ourown functionalprosodicmodel,andwe will outlinethe
commongroundof prosodicmodelson theonehandandASU
on theotherhand.

2.1. The reasons why (Occams razor still matters)

For prosodictheory, subtlechangesin meaningthat probably
are triggeredby prosodyare interesting. Theseare,however,
no goodcandidatesto startwith in ASU: they will beclassified
ratherpoorly becauseof themany interveningfactors,because
of sparsedata,becausethey canonly beobservedin laboratory.
Therefore,we shouldstartwith a clearprosodicmarking; the
markingof boundariesis probablythemostimportantfunction
of prosodyandthusmostusefulfor ASU. Informationretrieval
dialogueshave beenthe standardapplicationwithin ASU for
many years. Recently, less restricteddialogues,for instance
within theVerbmobilsystem,hadto beprocessedwhereturns
areon the averagethreetimes longer than in the information
retrieval application[5]. Segmentationis thusmoreimportant
in therelatively new field of automaticprocessingof ratherfree
dialogues—achanceto prove theimpactof prosody!Thecon-
tributionof prosodyis not asevidentin theotherapplications.

If onespeaksof suprasegmentalmodelsthatmeetthestan-
dardsof atheory, oneveryoftenspeaksonly of intonationmod-
els, which almostalways are productionmodels. (Transcrip-
tion, labelling,andannotationaremoredown to earthandtheir
topic is thus broader.) Productionmodelsmight be good for
synthesisbut not for recognition. Too much emphasisis put
on intonationin particular, i.e., too muchemphasison pitch in
comparisonto other prosodicfeatures,and too muchempha-
sison prosodyin comparisonto other linguistic features.This
is of courseconditionedby the generalapproachto construct-
ing intonationmodelsas stand-alonemodels, andby the—in
our opinion—unhappy notion of pitch accent, which prevents
a more realistic view whereall relevant features—beit into-
national,other prosodicor other linguistic features—arecon-
sideredin the analysison the samelevel. Thereis too much
emphasison theoretical conceptsandon thediscussionwhich
onecanbetterbeusedfor thedescriptionof a speciallanguage
or of languagesin general. Considerthe old debatewhether
levelsor movements,whetherlocal eventsor global trends,are
the ‘correct’ unitsof descriptions:aspeechrecognizerdoesnot
carewhetherit is trainedwith levelsor with movementsaslong
asthe training databaseis large enoughandthe labelsarean-
notatedcorrectly. After all, whatgoesup mustcomedown: it
doesnot matterwhetherit is anH* at 200Hz anda following



L* at 100Hz or whetherthereis a movementbetween200Hz
and100Hz.

Wefully agreewith theview thatphonologicalandprosodic
knowledge shouldbeusedwithin ASU, but we fully disagreeif
it is aboutthedirectuseof intonationmodelsin ASU. All these
modelsintroducea phonologicallevel of descriptionthat is in-
termediatebetween(abstract) functionand(concrete)phonetic
form: tonesequences,holistic contours,etc. It is our experi-
encethat onealwaysgetsbetterresultsif onecando without
suchanintermediatelevel, i.e., if onecanestablishadirectlink
between(syntactic/semantic)functionandphoneticform. After
all, if sucha mappingcanbe doneautomatically, we canmap
level A (phoneticform) onto level C (linguistic function)with-
out an intermediate(phonological) level B; with sucha level,
we have to map A onto B, andB onto C. If this canbe done
automatically, we do not needB any longer. Sometimesit will
do no harm,but oftenresultswill getworse.Phonologicalsys-
temslike the ToBI-approach[8] only introducea quantisation
error: the whole variety of F0 valuesavailable in acousticsis
reducedto amerebinaryoppositionLowvs. High, andto some
few additional,diacritic distinctions. This fact aloneprevents
tonelevels (or any otherprosodicphonological conceptssuch
as,e.g.,theonedevelopedwithin theIPOapproach)from being
a meaningfulstepthatautomaticprocessingcouldbebasedon;
it seemsbetterto leave it up to a largefeaturevectorandto sta-
tisticalclassifiersto find theform to thefunction.To ourknowl-
edge,no approachexists that actuallyusessuchphonological
unitsfor therecognitionof prosodicevents.Of course,thereare
many studiesthatdescribeofflineclassificationsof suchphono-
logical prosodicconcepts;this hasto bedistinguishedfrom the
successfulintegration in an existing end-to-end-system,aswe
have shown within theVerbmobilproject[1, 5].

Theclassicalphonologicalconceptof thePragueschoolhas
beenabandonedin thesemodels,viz. that phonemes—beit
segmentalor suprasegmental—shouldonly beassumedif these
units make a differencein meaning. Sucha functional point
of view gave way to moreformal criteriasuchas,for instance,
economyof description.Thus,it wasnot differencesin mean-
ing that decideduponthe descriptive units but formal criteria,
andonly afterwardswerefunctionaldifferencessoughtthatcan
be describedwith theseformal units. In [3] for instance,the
meaningof a tune,which is definedasa structurecomprised
of accentsandtones,canbe interpretedcompositionallyfrom
the meaningsof the individual accentsandtonesthat the tune
consistsof. If phonologicalconceptscouldbe motivatedfrom
theoreticalreasons,it wassupposedthatASU shouldusethem,
cf. [10], p. 182—irrespectiveof whetherthey reallymakesense
asunitsof ASU or not: this canonly bedecideduponempiri-
cally, notby theoreticalconsiderations.

In conclusion,Occamsrazor(law of economy)shouldthus
befollowedhereaswell: nonsuntmultiplicandaentiapraeter
necessitatem(entitiesarenottobemultipliedbeyondnecessity);
for ‘entities’ read:levelsof descriptionor processing.

2.2. A functional prosodic model

In thissection,wesketchanalternative modelthatputsempha-
sison function, notonphonologicalform– actually, everyother
working approachtowardsusingprosodicinformationin ASU
we know of is along theselines, cf. [7, 5] and the references
given in thesepapers. The prosodicfunctionsthat aregener-
ally consideredto be the most importantoneson the linguis-
tic level arethe markingof boundaries,accents,andsentence
mood;boundariescandelimit syntactic,semantic,or dialogue

units. For thesephenomena,the first stepis the annotationof
a largedatabase.Annotationshouldbeasdetailedaspossible,
but more detailedclassesshould—if necessary—be mapped
onto higher classes.We still do not know how many classes
aremostappropriatefor thepertinentlinguistic phenomena;it
is, however, our experiencethatquiteoften,thehigherlinguis-
tic modulescanwork fairly well with only two binaryclasses:
presentvs. not present.Thephoneticform is modelleddirectly
with a largefeaturevectorwhich usesall availableinformation
on (appropiatelynormalized)F0, energy, and duration; other
linguistic informationon,for instance,partof speechclasses,is
usedaswell. It is nota theoreticalquestionbut oneof practical
reasoning,availability, implementation,andrecognitionperfor-
mancewhetherall this informationis processedsequentiallyor
in an integratedprocedure. The model, classificationresults,
andtheuseof prosodicknowledgein higherlinguistic modules
aredescribedin [1, 5].

2.3. The common ground

MainstreamASU nowadaysmeansstatisticalprocessing.For
this approach,large databasesanda standardizationof differ-
ent annotationconceptsare needed.ToBI hasbeena stepin
theright directionbut is still too muchbasedon (onespecific)
phonology;it is not an acrossmodels, but a within modelap-
proach.Only basedon a successfulstandardizationcanthe la-
belsof different(intonation)modelsbeusedtogetherin orderto
overcomethesparsedataproblem. Theprimacyof phonology
hasto givewayto morepracticalconsiderations;modelsshould
takeinto accounttherequirements—andlimitations—ofspeech
processingmodules. For instance,even if word recognition
computesphonesegmentboundaries,theseare normally not
availableafterwards:theoutputisawordhypothesesgraphwith
wordboundariesonly. An additionalcomputationof phoneseg-
mentboundarieswouldmeanaconsiderableoverhead.Thusin-
tonationmodelswhereanexactalignmentwith phonesis nec-
essarycannotbeused.Therefore,weonly usewordboundaries
in the new versionof our prosodymodulein Verbmobil[1]—
withouta decreasein performance!

The two cultures,viz. thehumanitiesandengineeringap-
proaches,arestill ratherremotefrom eachother. As in poli-
tics,oneshouldbegin with smallsteps,andwith stepsthatpay
off immediately. This meansthat subtletheoreticalconcepts
arenot well suited,but prosodicmarkersare,which arevisible
andstableenoughto be classifiedreliably even in a realistic,
real life setting. Thusit canbeguaranteedthatprosodyreally
findsits way into ASU becausespeechengineerscanmoreeas-
ily beconvincedthattheintegrationof prosodyindeedpaysoff.
Later, it will besimplyamatterof conqueror not: if moresubtle
differencescanbe modelledwith prosodicmeansandclassifi-
cation performanceis good enough,it will be no problemto
incorporatetheminto ASU.

3. Speech synthesis

Prosodicmodelshave beenextensively appliedin speechsyn-
thesis,simplybecausethereis anobviousneedfor everyspeech
synthesissystemto generateprosodicpropertiesof speechif the
synthesisoutputis to soundeven remotelylike humanspeech.
However, the necessityof synthesizingprosodyhasasyet not
resultedin a generallyagreeduponapproachto prosodicmod-
elling. This statementholds for the assignmentof segmental
durationsaswell asfor thegenerationof F0 curves,theacous-
tic correlateof intonationcontours. This sectionconcentrates



on theuseandusabilityof intonationmodelsin speechsynthe-
sis. Intonationresearchis extremelydiversein termsof theories
andmodels.On thephonologicalside,thereis little consensus
on what the basicelementsare: tones,tunes,uni-directional
motions,multi-directionalgestures,etc. Modelling thephonet-
ics of intonationis equallydiverse,including interpolationbe-
tweentonal targets[6], superpositionof underlyingphraseand
accentcurves[2], andconcatenationof line segments[10].

Intonationsynthesiscanbeviewedasa two-stageprocess,
thefirstaimingatrepresentinggrammaticalstructuresandrefer-
entialrelationson a symboliclevel andthesecondat rendering
acousticsignalsthatconvey thestructuralandintentionalprop-
ertiesof themessage.Intonationmodelsdiffer in termsof the
interfacethat they provide betweenthe higher linguistic com-
ponentsandtheacousticprosodicmodules.At thesametime,
differentapplicationscenariosfor speechsynthesismayrequire
differentinterfacedesigns.Wewill review thecommonground
betweenintonationmodelsandtheconstraintsimposedby dif-
ferentspeechsynthesisstrategies.

3.1. Symbolic representation

In many text-to-speech(TTS) systemssophisticatedmethods,
suchas syntacticparsingand part-of-speechtagging,are ap-
plied in theserviceof providing sufficient informationto drive
the acousticprosodiccomponentsof the system,in particular
the intonationmodel. The intonationallyrelevant information
comprisessentencemoodaswell asthe locationandstrength
of phraseboundariesandthelocationandtypeof accents.

Establishingthe relation betweenthe syntacticstructure
and intonationalfeaturesis amongthe most challengingsub-
tasksof TTS conversion, and its imperfectioncontributes to
the perceived lack of naturalnessof synthesizedspeech.This
shortcomingis unavoidable,becauseTTS systemshave to rely
on the computationof linguistic structuresfrom orthographic
text, a level of representationthat is notoriouslypoor at cod-
ing prosodicinformation in many languages.Othersynthesis
strategies offer more immediateinterfacesbetweensymbolic
andacousticrepresentationsof intonation. Concept-to-speech
(CTS)systems,in particular, provide a directlink betweenlan-
guagegenerationandacoustic-prosodiccomponents.A CTS
systemhasaccessto the completelinguistic structureof the
sentencethatis beinggenerated;thesystemknows whatto say,
andhow to renderit. Yet,it is still necessaryto specifythemap-
ping from semanticto symbolicfeaturesandfrom symbolicto
acousticfeatures.Theissueof how much,andwhatkind of, in-
formationthelanguagegenerationcomponentshoulddeliver to
optimizethetwo mappingsteps(in otherwords: thedefinition
of asemantics-syntax-prosodyinterface)is ahotresearchtopic.

3.2. F0 generation from symbolic input

The taskof the acoustic-phoneticcomponentof an intonation
modelin speechsynthesisis to computecontinuousacousticpa-
rameters(F0/timepairs)from thesymbolicrepresentationof in-
tonation.A largevarietyof modelshavebeenappliedin speech
synthesissystemsto performthis task, including implementa-
tionsof themajor frameworksof intonationtheory: phonolog-
ical modelsthat representthe prosodyof an utteranceasa se-
quenceof abstractunits (e.g.,tones),viz. tone-sequencemod-
els;andacoustic-phoneticmodelsthat interpretF0 contoursas
complex patternsresulting from the superpositionof several
components,viz. superpositionmodels. Besidesthesepreva-
lentmodelsat leastthreeotherapproacheshavebeentaken,viz.
perception-based,functional,andacousticstylizationmodels.

All of theseapproachesrely on a combinationof data-
drivenandrule-basedmethods:they all systematicallyexplore
naturalspeechdatabases,but they vary in termsof what is de-
rived from the analysisto drive intonationsynthesis. For in-
stance,acousticstylizationmodelsrepresentintonationevents
eitherby continuousacousticparameters[11] or aseventsthat
arerelatedto phonologicalentitiessuchastonesor register[4].
Theabstracttonal representationprovidedby phonological in-
tonationmodelsis convertedinto F0contoursby meansof pho-
neticrealizationrules.ThephoneticrulesdeterminetheF0val-
uesof the(H andL) targets,basedon themetricprominenceof
the syllablesthat they areassociatedwith, andon the F0 val-
uesof the precedingtones. The phoneticrules alsocompute
the temporalalignmentof toneswith accentedsyllables. Fu-
jisaki’s classicalsuperpositionalmodelcomputesthe F0 con-
tour by additively superimposingphraseandaccentcurvesand
aspeaker-specificF0referencevalue.Phraseandaccentcurves
are generatedfrom discretecommands,the parametervalues
of which are usually derived by generalizationof valuesthat
werestatisticallyestimatedfrom speechdatabases.While this
model canbe characterizedasprimarily acousticallyoriented
(andphysiologicallymotivated),it is possibleto find phonolog-
ical interpretationsof its commandsandparameters.

In section2 we have arguedthat themostappropriatetype
of intonation model for ASU would be one that provides a
functionalrepresentationof thepositionsof accentsandphrase
boundaries;any intermediatephonological level only intro-
ducesaquantisationerror. In theToBI notation[8] suchafunc-
tional representationwould consistonly of the locationof ac-
cents(thestars)andphraseboundaries(thepercents).In prac-
tice, thesituationin intonationsynthesisappearsto besimilar.
In many TTS systemstheonly symbolicprosodicinformation
used(apartfrom sentencemood)is thelocationof accentsand
boundaries. It hasbeendemonstrated,however, that models
which usemorepreciseinput information,suchasToBI accent
typelabelsin additionto accentlocation,cangenerateF0 con-
toursthatareperceptuallymoreacceptablethanmodelswhich
useaccentlocationalone[9]. Phrasingandaccentingaresur-
facereflectionsof theunderlyingsemanticandsyntacticstruc-
ture of the sentence.Computingdetailedintonationalfeatures
suchasaccenttype from text is difficult andunreliable.Thus,
relying only on accentlocationis not a judiciousdesigndeci-
sion but onebowing to necessity. The potentialimprovement
to synthesizedprosodycanbeillustratedby manuallymarking
up the text, or by providing accessto semanticanddiscourse
representations.It is obvious thatmuchmoreinformationthan
just thestarsandthepercentsis neededto achieve this kind of
improvementto intonationsynthesis.

3.3. Intonation synthesis and phonetic detail

F0contoursasacousticrealizationsof accentsvarysignificantly
dependingon the structure,i.e. the segmentsand their dura-
tions,of thesyllablesthey areassociatedwith. For example,F0
peaklocationis systematicallylater in syllableswith sonorant
codasthanin thosewith obstruentcodas(pin vs. pit), andalso
later in syllableswith voicedobstruentonsetsthanwith sono-
rantonsets(betvs. yet). Moreover, theF0 peakoccurssignifi-
cantly later in polysyllabicaccentgroupsthanin monosyllabic
ones[12]. Intonationmodelsneedto generateasmuchof this
phoneticdetailaspossible.Thequantitative modelof F0align-
ment proposedby van Santenand Möbius [12], for instance,
explainsthediversityof surfaceshapesof F0contoursby posit-
ing that accentsbelongingto the samephonological(andper-



ceptual)classcan be generatedfrom a commontemplateby
applyingacommonsetof alignmentparameters.Thetemplates
arerepresentativesof phonologicalintonationeventsof thetype
predictedby intonationtheories,i.e. accentsandboundaries.
Acoustic stylization models(e.g., [4, 11]) also synthesizeF0
contoursfrom a small numberof prototypicalpatterns. They
learn, and predict, phoneticdetailsof F0 movementsfrom a
setof featurescomprisingsegmental,prosodicandpositional
information.While theF0 prototypesaredefinedasbeingpho-
neticallydistinct,they arealsointendedto berelatedto phono-
logical intonationevents.

3.4. The common ground

Recentadvancesin speechsynthesismay be partly attributed
to the useof statisticalmethodsfor detectingrelevant features
in large databases,learning them, and modelling them. A
standardizedannotationconceptwould beanadditionaladvan-
tage.However, theprevalentannotationconvention,viz. ToBI,
missestherequiredgranularity: it is too muchconfinedwithin
onetypeof intonationmodel;it is too elaborateandspecificin
termsof its descriptive inventoryto lend itself asa genericin-
terfaceto higher-level linguistic-prosodicanalysis;at thesame
time it is far too abstractto facilitatea computationof therich
phoneticdetail andprecisealignmentthat F0 contoursarere-
quired to have in order to soundnatural. Data-driven intona-
tion models,on the other hand,can learn to synthesizethese
details. For the integration in a speechsynthesissystem,a
completeintonationmodel needsto provide a mappingfrom
categorical phonologicalelementsto continuousacousticpa-
rameters.Quantitative modelssuchasthosepresentedrecently
[4, 11, 12] offer feasiblesolutionsto theF0generationtask,but
their phonologicalfoundationsneedto befurtherworkedout.

4. Conclusion
We have illustratedthat thebasicproblemsconnectedwith the
use of prosodicmodelsin speechprocessingare similar for
ASU andspeechsynthesis.Oneof theseproblemsis thelackof
anappropriateannotationconcept.WehavearguedthatToBI—
while representinga stepin the right direction—istoo much
basedononespecificintonationalphonologyanddoesnotgen-
eralizeacrossmodels.We have furtherarguedthat in theASU
context, ToBI providesa speciallayerof representationthat is
both too abstract,i.e. too far from the signal to be useful as
input to classifiers,andnot abstractenough,with someof its
notationalunits lacking a linguistic counterpart.A mirror im-
ageof thissituationis evidentin thecontext of speechsynthesis,
whereToBI lackstherequiredgranularity.

In our view, themostappropriatetypeof intonationmodel
for ASU wouldbeonethatprovidesa functionalrepresentation
of the positionsof accentsandphraseboundarieswithout any
intermediatephonologicallevel—preciselythe type of model
that is widely usedin intonationsynthesis.This apparentsimi-
larity betweenASU andTTS requirementsis broughtaboutby
very differentmotivations.In ASU, a finer-grainedlevel of de-
scriptionhasnotyetbeenshown to modelreliably thelinguistic
functionthatit presumablycorrespondsto. In speechsynthesis,
in contrast,moredetailedinputinformationis requiredtogener-
ateF0contoursthatareperceptuallymoreacceptablethanthose
basedon accentand phraseboundarylocation alone. While
computingsuchfeaturesis extremelyhardin aTTSframework,
it maybeaccessiblein differentspeechsynthesisstrategiessuch
asconcept-to-speech.

Webelievethatnointonationmodelequallyappropriatefor
both tasks,ASU and speechsynthesis,is currently available.
The requirementsare,for the time beingandfor sometime to
come,too different. They might converge in the future,giving
rise to a unifiedsolutionto prosodicmodelling,but we simply
donot know whenandwhetherthiswill bethecase.
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