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Abstract

A new paradigmfor prosodyresearchis presented,inspiredby
the speechproductionmodel recentlyproposedby Guenther,
Perkell, andcolleagues.This researchparadigmaimsat gen-
eralizingtheproductionmodelby extendingit from a predom-
inantly segmentalperspective to a new theory of the produc-
tion of prosody. Speechmovementsin the prosodicdomain
areinterpretedasintonationalgesturesthatareplannedto reach
andtraverseperceptualtargetregions.Evidencefrom ��� align-
mentstudiessuggeststhattheperceptualtargetscanbeapprox-
imatelyrepresentedby regionsin a multidimensionalacoustic-
temporalspace. Thesestudiesalso indicate that segmental,
spectral,temporal,and prosodicstructureare co-producedin
sucha way as to mutually supportand enhance,and not im-
pair, the perceptualtargets. Furthermore,examplesof multi-
level mappingsbetweeninvariantandvariabletargetsin thedo-
main of prosodyare provided, anda dichotomyof phonemic
andposturalprosodicsettingsis discussed.

1. Introduction
Prosodyhasanintegratingfunctionin theorganizationandpro-
ductionof speech,by embeddingsemanticinformation(intona-
tional meaning),syntacticstructure(phrasing),morphological
structure(metricalspellout),andsegmentalsequences(segmen-
tal spellout)into a consistentsetof addressframes(syllables,
metricalfeet,phonologicalwords,intonationalphrases)[1, 2].
However, this importantrole of prosodyis notusuallyreflected
in speechproductionmodels.

In this papera novel avenueof researchinto the produc-
tion of prosodyis proposed.This new researchparadigmuses
Guenther’s andPerkell’sspeechproductionmodel[3, 4, 5] asa
point of departure,moving from the predominantlysegmental
perspective to a new theoryof theproductionof prosody. The
modelunderlyingtheproposedapproachpositsthatspeechpro-
ductionis constrainedby auditoryandperceptualrequirements.
Theonly invarianttargetsof thespeechproductionprocessare
auditoryperceptualtargets.

In our extensionand generalizationof the model, speech
movementsin the prosodicdomainare interpretedas intona-
tional gesturesthat are plannedto reachand traversepercep-
tual target regions. The targetsare characterizedas multidi-
mensionalregions in the perceptualspace. Gesturesthat are
successfullyexecutedby thespeaker produceacousticrealiza-
tionsof perceptuallyrelevantprosodicevents,suchasthosepre-
dictedby intonationalphonology. Examplesof mappingrela-
tionsbetweenreferenceframes(thetargetregions)andintona-
tionalgesturesarediscussedin section2.

Theprosodicinterpretationof thespeechproductionmodel
is structuredarounda hierarchyof prosodicdomains,thecore
of which is alsoa conventionalfoundationfor thelinguistically

basedclassificationof intonationalevents.Thetop level of this
hierachyis discoursestructure, phonologicallyrepresentedand
phoneticallyrealizedby pitch rangeand register. Discourse
segmentshave an internal information structure, represented
by topic and focus, which signal given/new relations. Utter-
ancesandphrasesareassumedto have anaccentualstructure,
phonologicallyrepresentedastonesandphoneticallyrealizedas
pitch accentsandboundaryor phrasetones.Thephonological
elements(the tones)aresystematicallycombinableinto tunes,
whichmaycarrymeaningandcanthusbeattributedamorpho-
logical status.

Orthogonalto thishierarchy, andpervadingit, weagainfol-
low Guenther[4] by positingadichotomyof phonemicsettings
andpostural settings(section3). In maturespeechproduction
auditory feedbackhastwo functions. First, it helpsmaintain
phonemicsettings,i.e. parametersof phonemicdistinctions;
second,it assuresintelligibility by monitoringtheacousticen-
vironmentandaccommodatingthebaselineposturalsettingsof
the respiratory, laryngeal,and supraglottalsystemsappropri-
ately.

We further advocatethe implementationof computational
prosodymodelsthathave their motivationbothin thetheoryof
speechproductionandin linguistictheory. Thesecomputational
modelsareintendedto servetwo mainpurposes.First,they will
allow us to empirically test the assumptionsmadeby the pro-
ductionmodel,for instancetheeffectof speakingrateandother
factorsrelatedto speechtiming on the acousticrealizationof
intonationalgestures.Second,the linguistically basedclassifi-
cationof intonationalevents,e.g. thoserelatedto (a) discourse
structure(register, pitchrange),(b) informationstructure(topic,
focus),and(c) accentualpatterns(pitch accents,tones,tunes),
canbeexperimentallytestedby trainableintonationeventclas-
sifiers.

2. Mapping relations
In hisblueprintof thespeaker, Levelt [6] hasframedaresearch
programwhoseagendacallsfor thedesignandimplementation
of empiricallyviableworkingmodelsof theprocessingcompo-
nentsinvolved in theblueprint. We suggestthatcomputational
models(e.g.,neuralnets)canlearnthemappingsbetweenref-
erenceframes(the perceptualtarget regions)and intonational
gesturesin speech[4, 7], i.e.,they canlearntheoptimalsettings
of phoneticdetailsandarticulatorygesturesthat arerelatedto
specificintonationalevents.

We expectsuchlearnedcomputationalmappings,basedon
adaptive weights,to tendtowardsconsistentrealizationconfig-
urations,eitherunderthe influenceof temporalconstraintsor
aspart of a tune(a coherentsequenceof intonationalevents),
as long as the perceptualtarget region is traversed. The pos-
tural relaxationhypothesis[4] positsthat in orderto achieve a
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Figure1: Aninvariantacoustic-perceptualgoal(here: maintainingvoicing)maybeachievedbymulti-levelvariablearticulatorygoals.

perceptualgoal, the speaker is consistentlybiasedtoward cer-
tain articulatorygestures.The computationalsimulationplays
a crucial role in providing evidencefor the postulatedinternal
modelsinvolvedin speechproduction.

To illustrateour methodologicalapproachin thedomainof
prosody, let usconsidertwo examples:modelingtheproduction
andmaintenanceof voicing (section2.1), andmodelingpitch
accents(section2.2).

2.1. Voicing

Onebasicprerequisitefor intonationalgesturesis the produc-
tion of � � contoursby the voice source.The invariantacous-
tic andperceptualtarget is thusthepresenceof voicing, which
canbecharacterizedin theacousticdomainasa quasi-periodic
structurecontaininga considerableamountof low-frequency
energy. In the articulatorydomainvoicing is producedby an
approximatelyperiodicvibrationof thevocalchords.

Vocal chordvibration is a fragile andcomplex process;it
tendsto breakdown unlessspecificconditionsaresatisfied.Fig-
ure 1 illustrateshow the invariantacoustic-prosodictarget can
bemappedontoa numberof variablearticulatorygoals,which
maybecharacterizedby thefollowing gestures,all of whichare
known to supportvoicing: (a) adducingthe vocal chords;(b)
slackening the vocal chords;(c) generatingsufficient subglot-
tal pressure;(d) producinga sufficient degreeof mouthopen-
ing; (e) enlarging the vocal cavity. Eachof thesearticulatory
goalscontributesto themaintenanceof voicing,but in practice
voicing is maintainedby a combinationof mostor all of these
gestures,and thereexist several trading relationsbetweenthe
individual gestures[8].

The articulatorygoal of enlarging the vocal cavity can in
turn beachievedby a numberof second-level variablearticula-
tory goals,which maybedescribedasfollows: (e1)raisingthe
velum;(e2)loweringthevelum;(e3)advancingthetongueroot;
(e4)loweringthejaw; (e5)loweringthelarynx. Again, trading
relationsexist betweenseveralof thesegoals,andsomeof them
arein factmutuallyexclusive,e.g.(e1)and(e2).

Wesuggestthatacomputersimulationin theform of aneu-
ral network architecturemay learntheoptimalmappingsfrom
theinvariantacousticandperceptualtargetsto thelevel-oneand
level-two variablearticulatorytargets.

2.2. Accents

Anotherexamplefor a multi-level mappingbetweeninvariant
and variable targetsis illustratedin Figure 2. On the acous-

tic level, eightdistinct � � contoursareshown thata statistical
classifierextractedfrom alargetrainingdatabaseandenteredas
prototypesinto a codebook[9].

The optimal mappingof theseacousticprototypesonto a
small numberof phonologically, and thus perceptually, moti-
vatedintonationalcategories(pitchaccentsor tones,here:L*H
oderH*L) maybeacquiredby meansof a supervisedlearning
procedure.Furthermore,eachcodebookentry is characterized
by a setof parametersthatdetermineits concreteshapein the
time andfrequency dimensions.Theseparameterscanin turn
be mappedonto a numberof articulatorygestures.� � canbe
raisedby increasingthe subglottalair pressure,by raisingthe
back of the tongue,by increasingvocal chord tension,or by
activating certain intrinsic laryngealmuscles;lowering � � is
achievedby oppositegestures.Thespeaker mayusetheseindi-
vidualgestures,aswell ascombinationsof gestures,to produce
rising or falling � � movements.

Again,wearedealingwith amulti-level mappingof invari-
antperceptualtargetson variablegoals.This time thevariable
goalsarelocatedpartlyontheacousticandpartlyon thearticu-
latory level of manifestation.

2.3. Mutual enhancement

In the prosodicdomainthe intendedperceptualimpressionis
producedby thepreciselyorchestratedmutualenhancementof
several acousticparameters,suchasdurationandspectralen-
ergy andits distribution within thepertinentprosodicallyrele-
vantcategory (e.g.,syllableor accentgroup).Recentstudiesof
thetemporalalignmentof � � contourshaveshown thatspeakers
carefullycontrol thesynchronizationof ��� with thesegmental
structure,takinginto accountthesegmentalcompositionof syl-
lablesandaccentgroupsaswell asthedurationsof thepertinent
segmentsandsyllables[10].

It hasalsobeendemonstratedthattheoptimalperceptionof
prosodiccontraststakesplaceat thoselocationsin the speech
signal whereother acousticparameters,suchas formant fre-
quencies,bandwidthsandamplitudes,remainrelatively stable
[11]. Moreover, a falling � � movementis perceivedaseithera
low, falling, or high tone,dependingon its temporalalignment
with thesegmentalstructureof thesyllablethat it is associated
with andtheamountof new spectralinformationthat this seg-
mentalstructureintroducesat a givenpoint in time [12].

An ��� movementthat characterizesa particularaccentis
thusproperlyperceivedonly if, firstly, thedurationof thecate-
gorycarryingtheaccentis optimallyadjustedand,secondly, no
new spectralinformationis introducedby thesegmentalstruc-
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Figure2: Multi-level mappingbetweeninvariant perceptualtargets(pitch accentsor tones,here: L*H or H*L) andvariableacoustic
( � � prototypesandtheir parameterizations)andarticulatorygoals.

ture at the crucial location. In order to convey the prosodi-
cally relevantcontrasts,thesegmentalacousticparametersneed
to be distributed in the temporaldomainin sucha way as to
supportandenhance,andnot impair, the perceptualtargetsof
prosody, for instanceaccent-lending� � movementsandspec-
tral tilt changes.

3. Phonemic and postural settings

Phonemicsettings, oncelearned,tend to be stableand resis-
tant to change.Evidencecomesfrom the investigationof in-
tonationalforeign accent,which hasbeenshown to be partly
rootedin the stablephonologicalrepresentationof prosodyof
the first language[13], aswell as from studiesthat show that
a speaker’s vowel spaceremainsstableafteradult hearingloss
[5]. Certainprosodicgesturesarealsomoreresistantafterhear-
ing lossthanothers,andwe hypothesizethat theresistantones
arethosewhosefunction is to make phonologicaldistinctions.
For instance,speakerswith adult hearinglosscontinueto use
stresslinguistically: the learnedinternalmodelof stress,along
with the articulatorygesturesandresultingacousticcorrelates
of stress,remainsstable.

Postural settings, in contrast,arelost muchearlier. In gen-
eral, problemsrelatedto suprasegmentalpropertiesof speech,
suchas intensity (soundpressurelevel) and ��� control, and
speakingrate,areusuallyobservedsoonafterhearingloss[14].
Experimentswith manipulated��� feedbackpoint in the same
direction[14]. ��� controlpartly relieson closed-loopfeedback
to achieve a pitch target[15].

It thusappearsthat thesefindingspartially contradicteach
other: for instance,� � is observed to be both stable,asman-
ifestedby intonationalforeign accent,andunstable,e.g. after
hearingloss.Wesuggestthatthisapparentcontradictioncanbe
resolved by analyticallyseparatingtwo propertiesof prosodic
parameters.The first propertypertainsto phonemicsettings:
it involves the linguistically relevant and phonologicallydis-
tinctive functionsof prosodicfeatures,e.g. accentasa focus
marker. The secondpropertypertainsto posturalsettings,i.e.
to the role that theprosodicparametersplay in thecontinuous
adjustmentof overtspeech,basedonclosed-loopauditoryfeed-
back.Theposturalparameterscanbechangedrapidlyby speak-

erswith normalhearingto adaptto varyingacousticconditions;
this adaptationcapability is lost soonafter hearingloss. The
learnedinternal model of phonemicsettingsdoesnot rely on
continuousauditoryfeedbackandparameterupdateandis thus
far morerobust.

Theintendedanalyticalseparationisexpectedto bedifficult
becauseof interactionsbetweenposturalchangesandphone-
mic settings. For instance,� � is generallycontrolledthrough
moment-to-momentfeedbackandwith referenceto aninternal
pitch representation[14]. Text coherence(discourseandutter-
anceintonation)is known to belost earlybut intra-syllabicset-
tings (tones,pitch accents)tendto be stable,even thoughthe
parameter� � is involvedin bothdomains.

We suggestthat quantaleffectsare involved in achieving
therelative stability of phonemicsettings.Thereis a region in
whichagivenparameterof overt speechis stableevenif speech
productiongesturesandmovementsareexectuedwith somein-
accuracy, anobservationthatis consistentwith thetheoryof the
quantalnatureof speech[16, 17].

Stability characterizesmostspeechsounds,andphonemic
instability is theexception.Moreover, it hasbeenhypothesized
that invariantphoneticshapesareprotectedby soundlaws and
less likely to undergo soundchange[18]. We posit that this
propertyof speechpertainsnot only to the segmentaldomain
but to theprosodicdomainaswell.

For instance,thestabilityof the ��� outputthatis correlated
with therealizationof tonesis enhancedby aligningthe � � tar-
getwith anareaof minimal spectralchange[11]. This require-
mentneedsto bebalancedwith aconflictingconstraint,viz. that
tonesbealignedin relative vicinity to “pivots”. Thepivot is an
areaat which the maximumof new spectralinformationcoin-
cideswith rapidly rising intensity[19], e.g.in consonant-vowel
transitions. The new informationcausesan onsetof auditory
firing, andgesturesrealizedin thevicinity of this onsetareper-
ceptuallymoresalientthanin otherareas.

4. Conclusion

A new paradigmfor prosodyresearchhasbeenpresentedthatis
inspiredby thespeechproductionmodelrecentlyproposedby
GuentherandPerkell [3, 4, 5]. This researchparadigmaimsat



generalizingtheproductionmodelby extendingit from a pre-
dominantlysegmentalperspective to a new theoryof the pro-
ductionof prosody.

In theprosodicdomainwe interpretspeechmovementsas
intonationalgesturesthatareplannedto reachandtraverseper-
ceptualtargetregions.Thetargetsmaybecharacterizedasmul-
tidimensionalregionsin theperceptualspace.Gesturesthatare
successfullyexecutedby thespeaker produceacousticrealiza-
tionsof perceptuallyrelevantprosodicevents.While we donot
intend to identify perceptualwith acousticgoals,we assume
that perceptualtargets can be approximatelyrepresentedby
target regions in a multidimensionalacoustic-temporalspace.
However, the relationbetweeninvariantperceptualtargetsand
acousticpropertiesof the speechsignal remainsan important
researchtopic.

Mappingrelationsbetweenreferenceframes(thetargetre-
gions) and intonationalgesturesand the methodologicalap-
proachwereillustratedby the two casesof, first, modelingthe
productionandmaintenanceof voicing and,second,modeling
pitch accents.Both examplesinvolved a multi-level mapping
betweeninvariantandvariabletargetsin thedomainof prosody.

It was further arguedthat two typesof prosodicparame-
tersneedto bedistinguished,thefirst typepertainingto phone-
mic settings,which involve internalmodelsof phonologically
distinctive functionsof prosodicfeatures,andthe secondtype
pertainingto posturalsettings,i.e., to therole that theprosodic
parametersplay in the continuousadjustmentof overt speech,
basedonclosed-loopauditoryfeedback.Giventheevidencefor
sucha dichotomyon the segmentallevel, we suggestthat the
mechanismsinvolvedin theacquisitionandcontrolof prosody
may not differ categorically from thosethat control segmental
speechproduction.

Theimportantintegratingrole of prosodyis notadequately
reflectedin most speechproductionmodels,and the new re-
searchparadigmis intendedto overcomethis shortcoming.We
alsobelieve thattheproposedmodelhasthepotentialto bridge
the gapbetweenthe currentlyprevailing phonologicallymoti-
vatedintonationtheories,i.e. autosegmental-metrical(or tone-
sequential)modelsof intonation,and the productionoriented
modelof intonationadvocatedby Fujisaki[20, 21].
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