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Abstract

A new paradigmfor prosodyresearchs presentedinspiredby

the speechproductionmodel recently proposedby Guenther
Perlell, and colleagues.This researctparadigmaims at gen-
eralizingthe productionmodelby extendingit from a predom-
inantly segmentalperspectie to a new theory of the produc-
tion of prosody Speechmovementsin the prosodicdomain
areinterpretedasintonationalgestureshatareplannedo reach
andtraverseperceptuatargetregions. Evidencefrom Fy align-

mentstudiessuggestshatthe perceptuatargetscanbeapprox-
imately representetby regionsin a multidimensionalcoustic-
temporalspace. Thesestudiesalso indicate that segmental,
spectral,temporal,and prosodicstructureare co-producedn

sucha way asto mutually supportand enhanceand not im-

pair, the perceptuatargets. Furthermoreexamplesof multi-

level mappingshetweerinvariantandvariabletargetsin thedo-

main of prosodyare provided, and a dichotomyof phonemic
andposturalprosodicsettingsis discussed.

1. Introduction

Prosodyhasanintegratingfunctionin the organizatiorandpro-
ductionof speechby embeddingsemantidgnformation(intona-
tional meaning),syntacticstructure(phrasing),morphological
structurgmetricalspellout) andsegmentakequencesegmen-
tal spellout)into a consistensetof addresframes(syllables,
metricalfeet, phonologicalwords,intonationalphrases]1, 2].
However, thisimportantrole of prosodyis notusuallyreflected
in speectproductionmodels.

In this papera novel avenueof researctinto the produc-
tion of prosodyis proposed.This new researctparadigmuses
Guenthers andPerlell’s speechproductionmodel[3, 4, 5] asa
point of departuremoving from the predominantlyseggmental
perspectie to a new theory of the productionof prosody The
modelunderlyingthe proposedipproactpositsthatspeecipro-

ductionis constrainedy auditoryandperceptuatequirements.

The only invarianttargetsof the speechproductionprocessare
auditoryperceptuatargets.

In our extensionand generalizatiorof the model, speech
movementsin the prosodicdomainare interpretedas intona-
tional gestureghat are plannedto reachand traversepercep-
tual target regions. The targets are characterizedas multidi-
mensionalregions in the perceptualspace. Gestureghat are
successfullyexecutedby the spealer produceacousticrealiza-
tionsof perceptuallyelevantprosodicevents suchasthosepre-
dicted by intonationalphonology Examplesof mappingrela-
tions betweerreferencdrames(the tamgetregions)andintona-
tional gesturesrediscussedn section2.

Theprosodicinterpretatiorof the speectproductionmodel
is structuredarounda hierarchyof prosodicdomains the core
of whichis alsoa corventionalfoundationfor thelinguistically

basectlassificatiorof intonationalevents. Thetop level of this
hierachyis discousestructue, phonologicallyrepresentednd
phoneticallyrealizedby pitch rangeand register Discourse
segmentshave an internal information structue, represented
by topic and focus, which signal given/nev relations. Utter-
ancesandphrasesareassumedo have anaccentualstructue,
phonologicallyrepresentedstonesandphoneticallyrealizedas
pitch accentsaandboundaryor phrasetones. The phonological
elementgthe tones)are systematicalljcombinableinto tunes,
which may carry meaningandcanthusbe attributeda morpho-
logical status.

Orthogonato this hierarchyandpenadingit, we againfol-
low Guenthef4] by positinga dichotomyof phonemicsettings
andpostual settings(section3). In maturespeectproduction
auditory feedbackhastwo functions. First, it helpsmaintain
phonemicsettings,i.e. parameterof phonemicdistinctions;
secondjt assuresntelligibility by monitoringthe acousticen-
vironmentandaccommodatinghe baselingposturalsettingsof
the respiratory laryngeal, and supraglottalsystemsappropri-
ately

We further advocatethe implementationof computational
prosodymodelsthathave their motivationbothin the theoryof
speectproductionandin linguistictheory Thesecomputational
modelsareintendedo sene two mainpurposesFirst, they will
allow usto empirically testthe assumptionsnadeby the pro-
ductionmodel,for instanceheeffect of speakingateandother
factorsrelatedto speechtiming on the acousticrealizationof
intonationalgestures.Secondthe linguistically basedclassifi-
cationof intonationalevents,e.g. thoserelatedto (a) discourse
structure(register, pitch range)(b) informationstructure(topic,
focus),and(c) accentuapatterng(pitch accentsfones,tunes),
canbe experimentallytestedby trainableintonationeventclas-
sifiers.

2. Mappingrelations

In his blueprintof the speakr, Levelt [6] hasframedaresearch
programwhoseagendaallsfor thedesignandimplementation
of empiricallyviableworking modelsof the processingompo-
nentsinvolvedin the blueprint. We suggesthatcomputational
models(e.g.,neuralnets)canlearnthe mappingsbetweerref-
erenceframes(the perceptuakarget regions) and intonational
gesturesn speech4, 7], i.e.,they canlearntheoptimalsettings
of phoneticdetailsandarticulatorygestureghat arerelatedto
specificintonationalevents.

We expectsuchlearnedcomputationamappingsbasedn
adaptve weights,to tendtowardsconsistentealizationconfig-
urations,either underthe influenceof temporalconstraintsor
aspartof a tune (a coherentsequencef intonationalevents),
aslong asthe perceptuatargetregion is traversed. The pos-
tural relaxationhypothesig4] positsthatin orderto achiere a
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Figurel: Aninvariantacoustic-pereptualgoal (here: maintainingvoicing)maybeachievedby multi-level variablearticulatory goals.

perceptuaboal, the speakr is consistentlybiasedtoward cer
tain articulatorygestures.The computationakimulationplays
acrucialrole in providing evidencefor the postulatednternal
modelsinvolvedin speechproduction.

To illustrateour methodologicabpproachn thedomainof
prosodylet usconsidetwo examples:modelingtheproduction
and maintenancef voicing (section2.1), and modelingpitch
accentgsection2.2).

2.1. Voicing

Onebasicprerequisitefor intonationalgesturesds the produc-
tion of Fy contourshy the voice source. The invariantacous-
tic andperceptuatamgetis thusthe presencef voicing, which
canbecharacterizedh the acousticdomainasa quasi-periodic
structurecontaininga considerableamountof low-frequeng
enepgy. In the articulatorydomainvoicing is producedby an
approximatelyperiodicvibrationof thevocalchords.

Vocal chordvibrationis a fragile and complex processit
tendsto breakdown unlessspecificconditionsaresatisfied Fig-
ure 1 illustrateshow the invariantacoustic-prosoditarget can
be mappedontoa numberof variablearticulatorygoals,which
maybecharacterizethy thefollowing gesturesall of whichare
known to supportvoicing: (a) adducingthe vocal chords;(b)
slacleningthe vocal chords;(c) generatingsuficient subglot-
tal pressured) producinga sufiicient degreeof mouth open-
ing; (e) enlaging the vocal cavity. Eachof thesearticulatory
goalscontritutesto the maintenancef voicing, but in practice
voicing is maintainedby a combinationof mostor all of these
gesturesand thereexist several trading relationsbetweenthe
individual gesture48].

The articulatorygoal of enlaging the vocal cavity canin
turn be achieved by a numberof second-leel variablearticula-
tory goals,which may be describedasfollows: (el)raisingthe
velum; (e2)loweringthevelum;(e3)adwancingthetongueroot;
(ed)loweringthe jaw; (e5)loweringthelarynx. Again, trading
relationsexist betweerseveral of thesegoals,andsomeof them
arein factmutuallyexclusive, e.g.(el)and(e2).

We suggesthatacomputersimulationin theform of aneu-
ral network architecturemay learnthe optimal mappingsfrom
theinvariantacousticandperceptuatargetsto thelevel-oneand
level-two variablearticulatorytamgets.

2.2. Accents

Anotherexamplefor a multi-level mappingbetweeninvariant
andvariabletargetsis illustratedin Figure2. On the acous-

tic level, eightdistinct Fy contoursare shawvn that a statistical
classifierextractedfrom alargetrainingdatabasandenteredas
prototypesnto acodebool9].

The optimal mappingof theseacousticprototypesonto a
small numberof phonologically and thus perceptually moti-
vatedintonationalcateyories(pitch accentsr tones here:L*H
oderH*L) may be acquiredby meansof a supervisedearning
procedure.Furthermore gachcodebookentry is characterized
by a setof parametershat determineits concreteshapein the
time andfrequeng dimensions.Theseparameterganin turn
be mappedonto a numberof articulatorygestures.Fy canbe
raisedby increasingthe subglottalair pressureby raisingthe
back of the tongue,by increasingvocal chord tension,or by
activating certainintrinsic laryngealmuscles;lowering Fy is
achieved by oppositegesturesThe spealkr may usethesendi-
vidual gesturesaswell ascombination®f gesturesto produce
rising or falling Fo movements.

Again,we aredealingwith amulti-level mappingof invari-
antperceptuatargetson variablegoals. This time the variable
goalsarelocatedpartly ontheacousticandpartly on thearticu-
latory level of manifestation.

2.3. Mutual enhancement

In the prosodicdomainthe intendedperceptuaimpressionis
producedby the preciselyorchestratednutualenhancementf
several acousticparameterssuchas durationand spectralen-
ey andits distribution within the pertinentprosodicallyrele-
vantcateyory (e.g.,syllableor accentgroup). Recentstudiesof
thetemporaklignmenbf F; contourshave shavn thatspealkrs
carefully controlthe synchronizatiorof Fy with the sggmental
structuretakinginto accounthe sggmentalcompositiorof syl-
lablesandaccengroupsaswell asthedurationsof thepertinent
segmentsandsyllableg[10].

It hasalsobeendemonstratethattheoptimalperceptiorof
prosodiccontrastdakes placeat thoselocationsin the speech
signal where other acousticparameterssuch as formant fre-
guenciespandwidthsand amplitudesremainrelatively stable
[11]. Moreover, afalling Fo mavementis perceved aseithera
low, falling, or high tone,dependingn its temporalalignment
with the sggmentalstructureof the syllablethatit is associated
with andthe amountof new spectralinformationthatthis seg-
mentalstructureintroducesat a givenpointin time [12].

An Fy movementthat characterizes particularaccentis
thusproperlypercevedonly if, firstly, the durationof the cate-
gory carryingtheaccentis optimally adjustecand,secondlyno
new spectralinformationis introducedby the segmentalstruc-
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(F, prototypesandtheir parameterizationsandarticulatory goals.

ture at the crucial location. In orderto convey the prosodi-
cally relevantcontraststhe segmentalacoustiqgparameterseed
to be distributed in the temporaldomainin sucha way asto
supportand enhanceand not impair, the perceptuatargetsof
prosody for instanceaccent-lendingfy, movementsand spec-
tral tilt changes.

3. Phonemic and postural settings

Phonemicsettings oncelearned,tend to be stableand resis-
tantto change. Evidencecomesfrom the investigationof in-
tonationalforeign accent,which hasbeenshavn to be partly
rootedin the stablephonologicalrepresentatioof prosodyof
the first languagg13], aswell asfrom studiesthat shov that
a spealkr’'s vowel spaceremainsstableafter adult hearingloss
[5]. Certainprosodicgesturesirealsomoreresistanafterhear
ing lossthanothers,andwe hypothesizehattheresistanones
arethosewhosefunctionis to make phonologicaldistinctions.
For instance speakrswith adult hearingloss continueto use
stresdinguistically: thelearnedinternalmodelof stressalong
with the articulatorygesturesandresultingacousticcorrelates
of stressremainsstable.

Postural settingsin contrastarelost muchearlier In gen-
eral, problemsrelatedto suprasgmentalpropertiesof speech,
suchas intensity (soundpressurdevel) and Fy control, and
speakingate,areusuallyobseredsoonafterhearingloss[14].
Experimentswith manipulatedFy feedbackpoint in the same
direction[14]. Fo controlpartly relieson closed-loofeedback
to achieve a pitch target[15].

It thusappearghatthesefindingspartially contradicteach
other: for instance,Fy is obsened to be both stable,asman-
ifestedby intonationalforeign accent,andunstable e.g. after
hearingloss.We suggesthatthis apparentontradictioncanbe
resoled by analytically separatingwo propertiesof prosodic
parameters.The first property pertainsto phonemicsettings:
it involves the linguistically relevant and phonologicallydis-
tinctive functionsof prosodicfeatures,e.g. accentasa focus
marler. The secondpropertypertainsto posturalsettings,i.e.
to therole thatthe prosodicparameterplay in the continuous
adjustmenbf overtspeechbasedn closed-loopauditoryfeed-
back.Theposturaparametersanbechangedapidly by speak-

erswith normalhearingto adapto varyingacousticconditions;
this adaptationcapability is lost soonafter hearingloss. The
learnedinternal model of phonemicsettingsdoesnot rely on
continuousauditoryfeedbackandparameteupdateandis thus
farmorerobust.

Theintendedanalyticalseparatioris expectedo bedifficult
becauseof interactionsbetweenposturalchangesand phone-
mic settings. For instance,Fy is generallycontrolledthrough
moment-to-momenrfeedbackandwith referenceo aninternal
pitch representatioifil4]. Text coherencédiscourseandutter
anceintonation)is known to belost early but intra-syllabicset-
tings (tones, pitch accentskendto be stable,even thoughthe
parametery is involvedin bothdomains.

We suggestthat quantaleffects are involved in achieving
the relative stability of phonemicsettings.Thereis aregionin
whichagivenparameteof overt speecthis stableevenif speech
productiongestureandmovementsareexectuedwith somein-
accuray, anobsenationthatis consistentvith thetheoryof the
guantalnatureof speect16, 17].

Stability characterizesnostspeechsounds,and phonemic
instability is the exception.Moreover, it hasbeenhypothesized
thatinvariantphoneticshapesareprotectedby soundlaws and
lesslikely to undego soundchange[18]. We posit that this
propertyof speechpertainsnot only to the sggmentaldomain
but to the prosodicdomainaswell.

For instancethe stability of the Fy outputthatis correlated
with therealizationof tonesis enhancedby aligningthe Fy tar-
getwith anareaof minimal spectraichangg11]. Thisrequire-
mentneeddo bebalancedvith aconflictingconstraintyiz. that
tonesbealignedin relative vicinity to “pivots”. Thepivot is an
areaat which the maximumof new spectralinformationcoin-
cideswith rapidly rising intensity[19], e.g.in consonant-owel
transitions. The new information causesan onsetof auditory
firing, andgesturesealizedin thevicinity of this onsetareper
ceptuallymoresalientthanin otherareas.

4. Conclusion

A new paradignfor prosodyresearchasbeenpresentedhatis
inspiredby the speectproductionmodelrecentlyproposecoy
GuenthemandPerlell [3, 4, 5]. Thisresearctparadigmaimsat



generalizingthe productionmodel by extendingit from a pre-
dominantlysegmentalperspectie to a new theory of the pro-
ductionof prosody

In the prosodicdomainwe interpretspeechmovementsas
intonationalgestureshatareplannedo reachandtraverseper
ceptualtargetregions. Thetargetsmaybecharacterizedsmul-
tidimensionakegionsin the perceptuaspace Gestureshatare
successfullyexecutedby the spealer produceacousticrealiza-
tionsof perceptuallyrelevant prosodicevents.While we do not
intend to identify perceptualwith acousticgoals, we assume
that perceptualtargets can be approximatelyrepresentedy
tamget regionsin a multidimensionalacoustic-temporaspace.
However, the relationbetweeninvariantperceptuatargetsand
acousticpropertiesof the speechsignal remainsan important
researchopic.

Mappingrelationsbetweerreferencdrames(thetamgetre-
gions) and intonational gesturesand the methodologicalap-
proachwereillustratedby the two casef, first, modelingthe
productionand maintenancef voicing and, secondmodeling
pitch accents.Both examplesinvolved a multi-level mapping
betweerinvariantandvariabletargetsin thedomainof prosody

It was further arguedthat two typesof prosodicparame-
tersneedto bedistinguishedthefirst type pertainingto phone-
mic settings,which involve internalmodelsof phonologically
distinctive functionsof prosodicfeatures andthe secondtype
pertainingto posturalsettings,.e., to therole thatthe prosodic
parameterplay in the continuousadjustmenbf overt speech,
basedn closed-looauditoryfeedback Giventheevidencefor
sucha dichotomyon the segmentallevel, we suggesthat the
mechanismévolvedin the acquisitionandcontrol of prosody
may not differ cateyorically from thosethat control sgmental
speectproduction.

Theimportantintegratingrole of prosodyis notadequately
reflectedin most speechproductionmodels,and the new re-
searchparadigmis intendedto overcomethis shortcoming We
alsobelieve thatthe proposednodelhasthe potentialto bridge
the gapbetweenthe currently prevailing phonologicallymoti-
vatedintonationtheories,j.e. autosgmental-metrica(or tone-
sequentialmodelsof intonation, and the productionoriented
modelof intonationadwcatedby Fujisaki[20, 21].
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