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Abstract



Thispaper reportson thearticulatory�acoustic relationships involvedduring vocal tract

growth.Datawere taken froma database of tenFrench vowels uttered by 15 speakers

ranging in age from3 years old to adulthood.Despite the important acoustic variation

encountered,onefeatureisdisplayedbyallthespeakers:theproductionofextremefocal

vowels/i/,/u/,/a/,and/y/,realizedwithastrongconcentrationofspectralenergyrelated

totheproximityof twoformantpeaks.This featurerepresentsanacousticgoalguiding

the speaker’s task. Our simulations using an articulatory model demonstrate that the

realization of the focalization feature may require different articulatory gestures for

youngchildrencomparedtoadults,consistingofadaptivearticulatorystrategiesexploited

tocompensateforthesmallpharynxoftheformer.Perceptualtestsshowthatachieving

focalizationresultsinalowerintelligibilityforthechildrenthanfortheadults.Duetothe

relatively shorterpharyngealcavityof thechildcompared totheadult, focalizationcan

notbeachieved togetherwith theperceptualobjective related to roundedvowels /y/ in

French. Results are discussed in light of the dispersion�focalization theory and the

perceptionforactioncontroltheory(PACT).
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1.Introduction



Non�uniformvocaltractgrowthhasbeenanobjectofstudyfordecades.Itiswellknown

that the speech mechanism undergoes important modifications during development

(Vorperian�
����,2005;Vorperian,2000;FitchandGiedd,1999;Goldstein,1980;Kent,

1976).Atthephysiologicallevel,Vorperian�
����(2005)computedgrowthcurvesforthe

overallvocaltractlengthbasedonMRI(MagneticResonanceImaging)insubjectsfrom

birthto6yearsand9months,andinadults.Basedonthesecurves,anewbornvocaltract

is7.1cmlonganda4�year�oldvocaltractis10.5cmlong.Themeanlengthoftheadult

vocal tract is about 16 cm formale and 14.3 cm for female.The ratio of the pharynx

lengthtotheoralcavitylengthincreasesduringgrowth,correspondingtoapproximately

0.5 for infants and to approximately 1.1 for adult males (Goldstein, 1980). This

phenomenon is referred to as “non�uniform vocal tract growth”. Furthermore, the

sequential emergence ofmotor control gives rise to limited articulatory capabilities for

children(Kent,1976;MacNeilage,1997;MacNeilageandDavis,2000;Lacerda,2003).

Indeed, at the first stage of canonical babbling, the sole control of the jaw allows the

production of bilabial, alveolar, or velar stops (/b d g/)mainly co�occurringwith open

andcentralvowels/aæœ/.Cognitiveandperceptualabilitiesarealsoaffected(Green�
�

���,2000;Kuhl,1992;Nittrouer,1992).Allthesetransformationsshapethevowelsystem

produced by the speaker during vocal tract growth.An analysis of acoustic variability

raises the question of invariance. Is the evolving speech production system guided by

articulatoryoracousticpatterns?A fewstudiesaddressthis issue,directlyor indirectly.

Forinstance, inthesearch fornormalization factors,Fant(1975)andNordström(1975)
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advanced scaling factors that could explain the acoustic variation observed for vowels

producedbymen,women,andchildren.Mostofthetime,eventhoughapreciseacoustic

or geometrical modeling was attempted, cavity length alone could not explain all the

encounteredacousticvariation.Fant(1975)proposeddifferentarticulatorystrategiesused

torealizethe samevowel,duetodifferentvocal tractconfigurations.Thesedifferences

couldbeperceptuallymotivated.



 Withtheuseofarticulatorymodeling, theacousticeffectsofnon�uniformvocal

tract length can be predicted and compared to observed variability. Thus, the general

trendsassociatedwithnon�uniformgrowthofthecavities(frontcavityandpharynx)can

be described and, most importantly, the effects of articulatory gestures examined for

various growth stages.Apreliminary study, based on articulatorymodeling, of similar

articulatory positions from birth to adulthood for the vowels /iyua/ showed that the

relativepositionofthevowelsintheacousticspacewasverydifferentbetweentheyoung

childandtheadultmale,especiallyfor/y/(MénardandBoë,2000).Thequestionarising

is then the necessity of articulatory compensation strategies, to adapt for the shorter

pharynx in infants.Ifweconsider similararticulatorysettings for thetwospeakers,are

theperceptualgoalsreached?Oronthecontrary,arecompensationstrategiesrequiredin

ordertoreachthisgoal?



 These questions are of major importance regarding the issue of production and

perception relationships.According toLocke (1983), from theearly stagesof language

acquisition, production�perception links are encoded by the speaker and specify the
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speech task, so that a given articulatory strategy is associated with specific acoustic

patterns.During childhood, thegradualmastery ofmotorcontrolaswell asanatomical

modificationsconstituteenormoustransformationsthatgreatlyaffecttheserelationships.

Asa result, achievingaperceptual templatemay requirea recalibrationofarticulatory�

acousticlinks.



In this paper, we demonstrate that the production of French oral vowels, from

childhoodtoadulthood, isguidedbyacoustic targets intheF1,F2andF3spacewhich

seemtorequiredifferentarticulatorystrategiesduringthecourseofdevelopment.Weuse

thesimulationsofanarticulatorymodel(VLAM)thatintegratesnon�uniformvocaltract

growth to re�interpret the acoustic variability and stability encountered in data from

natural productions and the organization of vowel space. The acoustic effects of the

growthphenomenon,combinedwithvariationsofarticulatorysettings,provideagridfor

analysis.



2.Theoreticalbackground:Predictedeffectsofvocaltractgrowthonvowelproduction



 The following section provides a brief description of the articulatory

configurations involved intheproductionofFrenchoralvowelsbyadultspeakers.The

descriptionfocusesontheextremevowels/i/(asinFrench“fit”–English“did”),/y/(as

inFrench“fut”–English“was”),/u/(asinFrench“fou”–English“crazy”),and/a/(asin

French “fa”–Englishmusical note“F”), since thesevowelsareproducedwitha small

constriction area.Couplingeffectsare thusminimal and formant�cavity affiliations can
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be considered. Based on previous studies, we then discuss the effects of non�uniform

growthofthecavitiesontheacousticpatternrelatedtothesevowels.Theformant�cavity

affiliations provided below are based on Fant’s (1960) 4�tube model, Stevens’ (1989)

quantal theory, and Boë’s (1999) model of vocal tract vowel space growth. Note that

thesedescriptionsaresimplifiedforthesakeofclarity.



2.1.Aqualitativedescriptionoftheacousticconsequencesofthegesturesinvolvedinthe

vowels/i/,/y/,/u/,/a/foradults



Thearticulatorygesturesunderlyingthe/i/versus/y/contrastinFrenchforadult

speakersarewellknown(AbryandBoë,1986).For/i/,besidesspreadingofthelips,the

tongueisinahighandfrontposition,creatingawidebackcavityincludingthepharynx,

andanarrowfrontcavityformedbytheconstrictionofthetonguetowardsthefrontpart

ofthepalate1.Thefrontandbackcavitiesactassimpletuberesonatorsandtheirresonant

frequenciesareveryclosetotheformants.Theconfigurationcreatedbythewholevocal

tract corresponds to a Helmholtz resonator and is affiliated to F1. F2 is the half

wavelengthresonanceofthebackcavity,andF3 isthehalfwavelengthresonanceofthe

frontcavity(Fant,1960).

 

 Compared to /i/, the basic gesture associated with the vowel /y/ is

rounding/protrusionofthelips,thetonguestillbeinginahighandfrontposition.Sucha

movementof the lips lengthensthe frontcavity, resulting inadecreaseof theaffiliated

formant2(F3for/i/andF2orF3for/y/).Ifthefrontcavityremainsshorterthantheback
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cavity, F2 does not change and stays affiliated to the halfwavelength resonance of the

back cavity while F3, the half wavelength resonance of the front cavity, decreases.

However,ifthefrontcavitybecomeslongerthanthebackcavity,itsresonantfrequency

becomeslowerthanthatofthebackcavity.Insuchacase,bothF2andF3decreasefrom

/i/to/y/,andin/y/,F2isaffiliatedtothefrontcavityandF3,tothebackcavity(Schwartz

�
���.,1993).



 For/u/(asinFrench“fou”–English“mad”),thefirstformant isaffiliatedtothe

Helmholtzresonatorcreatedbythe frontcavityandthe labial tube,whereasthesecond

formantisaffiliatedtothesecondHelmholtzresonatorcreatedbythebackcavityandthe

constriction.F3isrelatedtothequarterwavelengthresonanceofthebackcavity(Ménard

andBoë,2000)3.



 Finally,foranadultmale,thefirstandthirdformantsofthelowvowel/a/(as in

French“fa”–Englishmusicalnote“F”)areaffiliatedtothefirstandsecondresonances

of the back cavity, whereas the second formant is affiliated to the front cavity. A

schematic representation of these formant patterns is depicted in Figure 1. The dotted

linescorrespondtoadultvalueswhereasthesolidlinesrepresentthechildvalues.

[InsertFigure1abouthere]

2.2.Theinfluenceofnon�uniformvocaltractgrowth:aqualitativeanalysis



 Aspreviouslymentioned,theadult’svocaltractisnotauniformscaledupversion

oftheinfant’svocaltract.Atbirth,theinfanthasaveryshortpharynxcomparedtothe
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lengthoftheoralcavity,whereasthepharynxfortheadultmaleiscomparativelymuch

longer, and roughlyof the same sizeas theoral cavity (Goldstein,1980).Fortheadult

female, the pharynx is still shorter than the oral cavity, but the difference is less acute

thanfortheinfant.Thesecavitylengthdifferenceshaveimportanteffectsontheresulting

values of the resonant frequencies, as depicted in Figure 1. Indeed, for a Helmholtz

resonator, this frequency can be calculated by the following formula:

( ) ( )
������

!23.�24/ π= , where � is sound velocity (about 350 m/s), .�� is the

constrictionarea,3��istheconstrictionlength,and!��isthecavityvolume.Asforsingle

tuberesonators,thenthhalf�wavelengthandnthquarter�wavelengthresonantfrequencies

of a tube correspond respectively to/5���243���and/5� 64�718�2,3��,where3�� is the

cavitylength(Stevens,1989).Ascanbepredictedbytheformulaepresentedabove,the

shorter the cavity, the higher the formant. The effects of growth can be observed by

comparingthe solid line(child)andthedottedline(adult) inFigure1.Consideringthe

two vowels /i/ and /y/ described in the previous section, all the articulatory gestures

remaining unchanged, it can be predicted that the difference between formant values

affiliatedtothebackcavityfromthechildtotheadultwillbegreaterthanthedifference

between formant values affiliated to the front cavity. As a result, for /i/, F2 increases

morethanF3 inthechildproductions,hencedecreasingthedifferencebetweenF2and

F3andincreasingthedifferencebetweenF3andF44.



 In the case of /y/, most of the front�cavity lengthening due to lip rounding

involves a decrease of the resonances affiliated to the front cavity, those values being

muchlowerthanthoseofthebackcavity.Asaresult,F3increasesmorethanF2inthe
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childproductions,hencethedifferencebetweenF2andF3in/y/shouldbegreaterforthe

child,comparedtotheadultmale.Figure1schematizesthecasesdiscussedabove.

 

 Figure1alsoshowstheformant�cavityaffiliationsfor/u/and/a/.Itappearsthat,

besidesoverallincreaseofallformantfrequencies,thedistancepatternsbetweenF1,F2,

andF3for/u/remainsimilarforthechild�likevocaltractandtheadult�likevocaltract.

Thus, a small pharyngeal cavity compared to the front cavity, for the child, does not

affect the formant ratios. This pattern can be related to the fact that F1 and F2 are

affiliatedtoHelmholtzresonators,forwhichtheresonantfrequencyisaffectednotonly

by cavity length but also by cavity volume, constriction length, and constriction area.

Finally, for /a/, comparedwith theadultmale, the increaseofF2,affiliated totheback

cavity, fortheyoungchild, ismuchgreaterthanthe increaseofF1andF3,affiliatedto

thefrontcavity.Asaresult,F1andF2arefartherapartforthechildthanfortheadult.



 Altogether,thesepredictionssuggestthatamong thefourvowels /i/, /y/, /u/,and

/a/,thevowels/i/,/y/,and/a/aremorelikelytobeaffectedbynon�uniformmodifications

of the vocal tract cavities. Indeed, compared to the adult male vocal tract, the F3�F4

distancefor/i/,theF2�F3distancefor/y/andtheF1�F2distancefor/a/areincreasedfor

a child�like vocal tract, /. Since these patterns, referred to as focalization (Abry �
� ����

1989),havebeenfoundtobeacriteriaoflocalstabilityinvowelsystemsoftheworld’s

languages(cftheDispersion�focalizationtheoryofvowelsystems,Schwartz�
����,1997,

2005), it isworth studying theirdevelopment in children. Indeed, if thesedistancesare

important,andifthelocalconcentrationsofspectralenergytheyproducearepartofthe



Articulatory�acousticrelationshipsduringgrowth 10

speechtaskforyoungchildren,thisshouldinduceadaptivearticulatorystrategiestocope

withthemorphologicaldifferences.Thisisthequestionaskedinthepresentstudy.



3.Method



Threeexperimentswereconducted.Inthe firstone(section3.1),naturalvowelsuttered

by15speakersfrom3yearsofagetoadulthoodwererecorded,todescribetheacoustic

organizationofthevowelsystemduringgrowth.Inthesecondexperiment(section3.2),

simulations with an articulatory model were compared with the natural vowels and

allowed an interpretation of the articulatory strategies involved in the achievement of

acoustictargets.Finally,inthethirdexperiment(section3.3),theperceptualvalueofthe

acoustictargetswereinvestigatedusingasubsetofthenaturalvowelsasstimuli.



3.1.Experiment1:Productionofnaturalvowels



Tostudytheinternalorganizationofvowelsystemsduringvocaltractgrowth,we

recorded ten isolated occurrences of the French oral vowels /i�y�u�e�ø�o���œ���a/,

producedbyspeakersatvariousages.



3.1.1.Subjectsandmaterial



 Twogroupsofchildrenandonegroupofadultsservedassubjectsforthepresent

study.Eachgroupconsistedoffivesubjects(fivefemalesinthe4�year�oldgroupandthe
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8�year�old group, four females and one male in the adult group). The three groups

averaged3.9(from3.7to4.2),8.1(from7.9to8.3),and24.6(from22.1to29.8)yearsof

age.Thesethreegroupswillbereferredtoasthe4�year�oldgroup,the8�year�oldgroup,

andtheadultgroup.AllsubjectswerenativespeakersofCanadianFrench.Thestudyhas

beenapprovedbyIRBandeachsubjectortheirparentssignedaconsentformbeforethe

experiment. The screening procedure consisted of (1) a brief conversation with the

experimenterandaspeechlanguagepathologist,(2)a20�dBpure�tonescreeningat500,

1000,2000,4000,and8000Hz,and(3)forchildren,abriefdevelopmentaltesttoscreen

for speech production disabilities (“N�EEL: Nouvelles Étude pour l’Examen du

Langage”,(Chevrie�MullerandPlaza,2001)).Foreachspeaker,tenrepetitionsoftheten

Frenchoralvowels/i�y�u�e�ø�o���œ���a/wereelicitedinthefollowingforms:“Vcomme

WORD” (“V as inWORD”),whereV is one of the ten vowelsmentioned above, and

WORDisaFrenchwordwiththisvowelininitialposition.OnlythefirstvowelV,long

and sustained,was analyzed.All speakers repeated the sequence after hearing an adult

speakerutter it.Thespeechsignalswererecorded inasoundboothwithahigh�quality

tabletopmicrophone(Sony)ata15�20cmdistancefromthesubject’slips,anddigitized

at44100Hzbya����
���.����9����%�������(DAT).Signalswerethendownsampled

to22050Hz,afterlow�passfiltering(cut�offfrequencyof10000Hz).



3.1.2.Acousticanalysis



 Thefirstthreeformantfrequencieswerethenextractedforeachvowel,usingthe

LPC algorithm integrated in the Praat speech analysis program5. The number of poles
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variedrespectively from10to14, intherangeofparametersusedbyLee�
���� (1999)

andHillenbrand�
����(1995).Weuseda14�msHammingwindow,withapre�emphasis

factorof 0.98 (pre�emphasis from50Hz for a sampling frequency of 22050Hz). It is

well known that formant measurements are particularly difficult to perform in high�

pitched voices, due to the large distance between adjacent harmonics, leading to

undersampledspectra.This isespecially important forLPCanalyses, inwhich formant

measures are greatly influenced by the closest harmonic (Atal and Schroeder, 1974).

According to Lindblom (1972), the measurement error could correspond to a value of

±F0/4. However, LPC analysis is the procedure used by recent papers in extensive

studies of acoustic characteristics of child speech (Lee�
� ���, 1999;Hillenbrand�
� ���,

1995). Thus, we tried to avoid formant measurement errors by comparing, for each

vowel, theautomaticallyextractedformantvaluesoverlaidonawide�bandspectrogram

with a spectral slice obtained by an FFT analysis with a Hanning window. When

importantdiscrepancieswereobservedeither(i)betweentheoverlaidformantvaluesand

the spectrogram or (ii) between the overlaid formant values and the spectral slice, the

predictionorderoftheautomaticdetectionalgorithmwasreadjustedandtheanalysiswas

performedagain.FollowingLee�
����(1999),inordertoevaluatetheperformanceofthe

LPC analysis on the children's voices, after the automatic analyses were completed, a

secondexperimenterrandomlyselected20tokensandmanuallymeasuredF1,F2,andF3

on the spectrogram. The differences between the automatically detected formant

frequenciesandthemanuallyextractedfrequencieswerethefollowing(inpercentageof

themeanvalues):1.3%(8Hz)forthefirstformant,1.4%(29Hz)forthesecondformant

and 1.5% (59 Hz) for the third formant. These differences are very small and the
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measurementscanbeconsideredaccurate.Theformantfrequencieswerethenconverted

totheBarkscalesincethisscalemodelstheear’sintegrationofHzfrequency,following

theformulafoundinSchroeder�
����(1979):FBark=7*asinh(FHz/650),whereFBarkisthe

frequency,inBark,andFHzisthefrequency,inHertz.



3.2.Experiment2:Modelingvowelproductionduringvocaltractgrowth



 The simulations carried out with the articulatory model aimed at studying the

relationships between the articulatory gestures and their acoustic consequences as

comparedtonaturalvowels.



3.2.1.TheVLAMarticulatorymodel



In this experiment, we used the !�������� 3������ .�
����
��:� ������ (VLAM),

developed by Shinji Maeda, a scaling of an adult version ofMaeda’s model (Maeda,

1979) established from cineradiographic data and derived from a statistical analysis

guided by knowledge of the physiology of the articulators. VLAM is extensively

described elsewhere (Boë, 1999; Ménard �
� ��.� 2004). To summarize, VLAM is

controlledbysevenarticulatoryparameters(protrusionandlabialaperture;movementof

thetonguebody,dorsum,andtip;jawheight;larynxheight)anditsmainfeaturesarethe

following. It generates a two�dimensional mid�sagittal section, as well as the

correspondingarea function(three�dimensionalequivalent),fromwhich it ispossibleto

calculate the harmonic response (transfer function), formant frequencies (resonance
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maxima), and speech signal.Vowels are synthesized by a cascade formant synthesizer

excitedbyaglottalwaveformgeneratedbytheLiljencrants�Fantsourcemodel(Fant�
�

���,1985;Feng,1983).Theresultingsignalisdigitizedat22kHz.Thegrowthprocessis

introducedbymodifyingthe longitudinaldimensionof thevocal tractaccordingtotwo

scalingfactors,onefortheanteriorpartofthevocaltractandtheotherforthepharynx,

interpolating thezone in�between. In themodel, the tonguegrowsproportionally tothe

palate.Vocal tractshapecanbesimulated,monthbymonthandyearbyyear: thiswas

calibratedusingthedataprovidedbyGoldstein(1980).F0valuesarechosenaccordingto

thedatapresentedinBeck(1997).VLAMhasbeencomparedtorealdata(Ménard�
����,

2004), and it generates realistic articulatory and acousticvowel configurations.Overall

vocal tract lengths and cavity lengths are in line withMRI measurements (Fitch and

Giedd,1999;Vorperian,2000),andacousticvaluesobtainedforprototypicalvowelsare

intherangeofthemeanvalues±1standarderrorreportedforvowelsfrom3yearsoldto

adulthood(Lee�
����,1999;Hillenbrand�
����,1995).Thisprocedureisthuswell�suited

formodelingvowelproduction.



 Themodelwassetto3growthstagescorrespondingtothemeanagevaluesofthe

threegroupsof listeners:a4�year�oldchild,an8�year�oldchild,andanadultmale (21

yearsold).Thisage(21yearsold)correspondstothematurestageinthemodel,whenthe

growthprocess is terminated(Goldstein,1980).Fundamental frequencyvalueswereset

to 300Hz, 270Hz, and 110Hz, respectively for the 4�year�old, 8�year�old, and adult

stage.AccordingtoGoldstein’sdataontheratioofbackand frontcavity lengths,adult

mendisplayaratioof1.1,8�year�oldsand4�year�oldsareassociatedwithratiovaluesof
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0.8and0.7respectively.Theoverallvocal tract lengthsobtainedwere17.45cm,12.65

cm, and 10.67 cm, respectively for the adult male, 8�year�old, and 4�year�old growth

stages.�



3.2.2.Voweltargets

 Foreachgrowthstage,2setsoftargets6weregeneratedandcompared,basedon

twocriteria:similararticulatorysettingstoadultorsimilaracousticrelativepositionsto

adult.First,themaximalvowelspace(hereafterMVS),definedastheacousticspace(in

theF1vs.F2andtheF2vs.F3dimensions)generatedwithacompletecoverageofallthe

possiblearticulatoryvalues,wassimulated(Boë�
�����1989;MénardandBoë,2001).A

total of about 7000 vowels for each age were retained. This representation (Figure 2)

servedasaframeofreferenceforthecomparisonofgeneratedvoweltargets.

[InsertFigure2abouthere]

Then,wesituatedthefourcardinalvowels/i/,/y/,/u/,and/a/,whichrepresentthe

articulatory�acoustic limitsofaspeaker,withineachofthe3MVSgeneratedby!3.�.

Optimal formant triplets (F1, F2, and F3) were determined, based on the following

acousticcriteria, inspiredfromthedispersion�focalizationtheory(DFT,Lindblom1996;

Schwartz�
�����1997):

•  [i]:maximalF3(focalizationofF3andF4),maximalF2andminimalF1

•  [y]:F2andF3close,andminimalF1(focalizationofF2andF3)

•  [u]: minimal F1 and F2 (focalization of F1 and F2 at the lowest

position)

•  [a]:maximalF1(focalizationofF1andF2atthehighestposition)
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The remaining six French oral vowelswere locatedwithin that space, based on

descriptive studies (Vallée, 1994). For the adult male (21 years old), the underlying

articulatory parameters related to each prototypical formant tripletwere determined by

inversion.Becauseofthemany�to�onerelationsbetweenarticulatoryconfigurationsand

acoustic targets, many solutions are possible. However, the method exploited here

consistsincalculatingthepseudo�inverseoftheJacobianmatrix(JordanandRumelhart,

1992).Weensuredthatthechosenarticulatoryconfigurationforeachvowelcorresponds

to earlier descriptive articulatory and acoustic studies of French vowels (Vallée, 1994;

Bailly �
� ���, 1995). For the two younger growth stages, the same relative acoustic

locations within the MVS were determined for the ten vowels. Again, articulatory

parameterswereinferredfromthesameformant�to�articulatoryinversionprocess.These

targets,basedonsimilarrelativeacousticpositionswithintheMVSthroughoutgrowth,

willbereferredtoas“acoustictargets”.TheyaredepictedfortheFrenchvowelsinthe4�

year�oldvowelspace,inFigure2.



Then, taking the adult male articulatory�to�acoustic targets as a reference, the

valuesofthesevenarticulatoryparametersrelatedtoeachFrenchvowelweregenerated

in a 4 and 8 year�old vocal tracts, with non�uniform vocal tract growth. The acoustic

values,resulting fromunchangedarticulatorysettingsduringvocal tractgrowth,willbe

referredtoas“articulatorytargets”.



3.3.Experiment3:Perception
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Threeoccurrencesofeachof thetenFrenchoralvowelsutteredbyeachsubject

wereusedasacorpus for theperceptual test.Thechosenoccurrenceswere the4th,5th,

and6thvowelsuttered,inordertoavoidsingularpronunciations(beginningandend�list

effects).Thedurationof the stimuli varied from242ms to307ms.Eachstimuluswas

presented once, and stimuli of a single speaker were grouped together in a block,

followed by a pause. Within each block, stimuli were randomized and blocks were

randomized.Eachlistenerheardthestimulionceviahighqualityheadphones,andhadto

choosetheidentityoftheheardvowel,byclickingonafixediconcorrespondingtothe

orthographicrepresentationofthevowelonthescreenofacomputer.Tenchoiceswere

available, corresponding tothe tenFrenchoral vowels (/i�y�u�e�ø�o���œ���a/).After the

listener had selected the icon, the next stimulus was heard, preceded by a 1�s silence

interval.Thetesttookplaceinasoundbooth,andnotimeconstraintswereimposed.



 20 listeners, aged between19and26, servedas subjects for theperceptual test.

Allwere native French speakers fromQuebec, enrolled in a speech science degree, or

researchers.Theydidnotknow,beforethetest,thegoaloftheexperiment.



4.Results



 Theproductionexperimentallowsadetailedstudyoftheacousticorganizationof

thevowelspaceforthethreegroupsofspeakers.SimulationswithVLAMprovideagrid

of analysis for the corresponding articulatory�acoustic relationships. The perceptual
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experimentallowsadescriptionof the links between the stablepatternsencounteredat

theproductionlevelandtheintelligibilityoftheproductions.



4.1.Experiment1:Producedvowelspaces

4.1.1.Variability

 Typicaldispersionellipses(withradiicorrespondingto±1.5standarderrorofthe

individual data around the mean) are given in Figure 3 for 3 speakers representative

respectivelyofthe4�years,8�yearsandadultgroups,intheF1vs.F2andintheF2vs.F3

spacesusingtheperceptualBarkscaleforfrequencies.

[InsertFigure3abouthere]

First, it can be observed that the acoustic values, for each vowel, differ among the

speakers. This phenomenon reflects non�uniform vocal tract growth (Peterson and

Barney, 1952; Lee �
� ���� 1999; Hillenbrand �
� ���, 1995). Second, the within�speaker

variability,asrevealedbythesizeofthedispersionellipses,decreasesoverage,inspite

of theBark correction.The area of each ellipsis, in the F1 vs. F2 space, in Bark,was

calculated for each speaker7. The vowelswere then grouped according to their height,

front�backness, and roundedness. Four groups of vowels were considered, along the

heightdimension: high (/i/, /y/, /u/),mid�high (/e/, /ø/, /o/),mid�low(/�/, /œ/, /�/), and

lowvowels(/a/).Thefrontvowelswerethevowels/i/,/y/,/e/,/ø/,/�/,/œ/,andtheback

vowelsconsistedof/u/,/o/,and/�/.Inthefrontseries,/i/,/e/,and/�/weretheunrounded

vowelsandtheirroundedcounterpartswere/y/,/ø/,/œ/.Notethatsincethephoneme/a/

is sometimesrealizedasa front lowvowel[a]andaback lowvowel[�] inFrench,we
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didnotspecifythisvowelwithrespecttofront�backnessandroundedness.Forinstance,

themeandispersionofthehighvowelsforthe4�year�oldspeakersconsistsofthemean

area of the vowels /i/, /y/, and /u/, for these speakers.These values are given for each

speaker group in Figure 4. Mixed ANOVAs carried out on the area values, as the

dependantvariable,andthefeatureandagegroupasthefactors,revealadevelopmental

pattern.The effect of age is indeed significant (height: F(2,153)=16.82, p<0.05; front�

backness: F(2,159)=24.57, p<0.05; rounding: F(2,159)=14.67, p<0.05). Planned

comparisons furtherreveal that forall three features,theareasof thedispersionellipses

are larger for the4�year�old speakers,ontheonehand,comparedtothe8�year�oldand

adult speakers, on the other hand (height: F(1,153)=36.29, p<0.05; front�backness:

F(1,159)=47.09,p<0.05;roundedness:F(1,159)=27.52,p<0.05).Theheightfactordoes

nothaveasignificanteffectontheareaofthedispersionellipses,neitherasamaineffect

nor in interactionwith theage factor.Similar resultsare found for the rounding factor.

However,theanalysesrevealthatthefront�backnessfactorhasasignificanteffectonthe

area(F(1,159)=19.605, p<0.05),backvowelsbeingassociatedwith largerellipsesthan

frontvowels.Thispatterncanbeexplainedbythemorecrowdedspaceinthefrontarea,

where the rounding distinction is realized.The interaction between front�backness and

ageisalsosignificant(F(2,159)=3.7662,p<0.05),revealingthatthedifferenceinareais

moreimportantfor4and8�year�oldspeakers,comparedtoadultspeakers.Theseresults

are in line with previous work which demonstrates that increased acoustic variability,

typicalof youngspeakers, reflects immaturemotorcontrolabilities (EguchiandHirsh,

1969;SmithandGoffman,1998).�

[InsertFigure4abouthere]
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Despite this important between�speaker and within�speaker variability, it is

striking toobserve some regularity in the organization of the vowel systems.The next

sectionsfocusontheextremevowels/i/,/u/,/a/,and/y/,whichdefinethelimitsoftheF1

vs.F2andF2vs.F3vowelspace.



4.1.2.Stablepatternsassociatedwiththevowels/i/,/u/,/a/,and/y/



 Even though the internal organization of the vowel systems (in terms of vowel

location and size of the dispersion ellipses) varies across speakers, the four cardinal

vowels/i/,/u/,/a/,and/y/arealwaysproducedattheextremelimitsoftheF1vs.F2vs.

F3 acoustic space. Indeed, /i/ defines the upper left corner of the space (lowest F1,

highestF3),/u/correspondstotheupperrightcorner(lowestF1,lowestF2andlowF3),

/a/isproducedatthelowerlimitofthisspace(highestF1),and/y/islocatedatthelower

leftcornerof theF2vs.F3space(lowestF1).Asaresult,thespectralpatternsof these

vowelsconformtotheacoustic targetsshown inFigure2,basedoncriteriaofmaximal

distance and local stability. The latter is related to a reduced distance between two

formants,whichcreatesastrongconcentrationofspectralenergy,or“focalization”(Abry

�
�����1989).For/i/,thisconcentrationofspectralenergyiscreatedbytheproximityof

F3andF4,whereasitcorrespondstotheproximityofF1andF2for/u/.Asregards/a/,

focalizationisrelatedtotheproximityofF1andF2,whereF1ismaximal.Thevowel/y/

showscloseF2andF3,withminimalF1values.However,accordingtothepredictionsof

section2(Figure1),weshouldobservesomevariationintheseformantdistances,ifthe

three groups of speakerswere using the same articulatory strategies. The next section
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attempts to use the simulations carried out with the articulatory model to determine

whethersimilarordifferentarticulatorystrategiesarerequiredtoreachafocaltarget.



4.2.Experiment2:Simulationswithanarticulatorymodel



 Resultsofexperiment1showedthatthevowels/i/,/y/,/a/,and/u/areproduced

by the 4�year�old, the 8�year�old, and the adult groups using a strong concentration of

spectralenergyrelatedtocloseformants(focalization).Thepresentsectionisdevotedto

aninvestigationofarticulatoryconfigurationsrelatedtofocalvowelsacrossages.



4.2.1.Focalization



 Figure5 represents, for the4�year�oldMVS, theacoustic targets (stars)and the

articulatory targets from the adult maleMVS (circles) inVLAM. Acoustic targets are

presentedforthetenFrenchoralvowels,whereasarticulatorytargetsarepresentedonly

for the four vowels /i/, /y/, /u/, and /a/. Forthe sakeofclarity, thearticulatory and the

acoustictargetsforagivenvowelarelinkedbyasolidline.

[InsertFigure5abouthere]

As described in section 3.2.2, articulatiry targets represent the acoustic results of adult

articulatory strategies for this vowel, generated in a 4�year�old vocal tract, whereas

acoustictargetscorrespondtorelativeacousticlocations,definedbytheDFT(dispersion�

focalization theory i.e. maximal contrast and focalization). Acoustic targets are thus
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related to different articulatory strategies for the child, compared to the adult. The

distancebetweeneachtarget,for/i/,/y/,/u/,and/a/,canbeseenastheacousticdifference

between an articulatory�based target (articulatory targets) and an acoustic�based target

(acoustictargets).Suchadifferenceisverysmallfor/u/and/a/.However,animportant

distancebetweentheacousticandthearticulatorytargetscanbefoundfor/i/(intheF2

vs.F3space)and/y/(intheF1vs.F2andtheF2vs.F3spaces).

 Inorder tocompare theacousticconsequencesofdifferentarticulatorygestures,

wecalculatedtheF1�F2distance,for/u/and/a/,theF3�F4distancefor/i/,andtheF2�F3

distance for /y/, for the synthesized vowels and the natural vowels described in the

previous section. Results are shown in Figure 6. All data are in Bark. Note that the

absolutevaluesofformantdifferencesvaryacrossvowels,foranatomicalreasons(Fant,

1975; Boë, 1999). The dashed line corresponds to the acoustic targets, the dotted line

stands for thearticulatorytargets,andthesolid linecorrespondstothevaluesproduced

by our speakers.The lower the y�value, themore focal the vowel.One�wayANOVAs

were carried out for each of the four vowels, considering the value of distance for the

naturalvowels,inBark,asthedependentvariable,andthespeaker’sageasthefactor.No

significant difference was observed for /i/, /y/, and /a/. As concerns /u/, the ANOVA

revealed a statisticaldifference between the4 year�oldgroupand the twoothergroups

(F(1,12)=12.62,p<0.05).Surprisingly, the youngergroup isproducingevenmore focal

/u/thanthe8�year�oldandtheadultspeakers.Thus,theformantdistancesfor/i/,/u/,/a/,

and/y/,givingrisetofocalvowels, for the4�year�oldsandthe8�year�oldsareglobally

comparabletothoseoftheadultspeakers.Thispatternisimportantconsideringthelarge

differences in the sizeof the cavities between thechildrenand the adults, asdiscussed
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previously.

[InsertFigure6abouthere]



4.2.2.Adaptativearticulatorystrategies



Comparing now the values produced by the speakers to the articulatory and

acoustic targets modeled from VLAM, it can be seen that the distance values in the

vowels/i/,/u/,and/a/synthesizedbytheacousticandthearticulatorytargetsdonotvary

much from4year�oldtotheadultstage(21yearsold, in themodel). Thedifference is

indeedof1Barkorless.However,thedifferenceindistancevaluesbetweenarticulatory

and acoustic targets for the vowel /y/ is greater and decreases with increasing age. A

difference of more than 2Barks can be observed at 4 years of age. In that case, it is

striking to see that the values produced by the speakers closely conform to the values

associated with the acoustic targets. Since focalization was part of the goal related to

these vowels, we suggest that even at 4 years of age, young speakers adapt their

articulatory strategies to produce a focal acoustic target. Basically, this means that the

young speakers, taking the adult male as a reference, should exploit a more anterior

position of the tongue body, thus shortening the front cavity, in order to increase its

affiliatedformant�thatisF2for/y/andF3for/i/.�



 4.3.Experiment3:Perceptualresults
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Theacoustic variabilityencountered in the vowel systemsproducedbychildren

andadultsmaykeepthemfromreachingthecorrectperceptualtargetsassociatedwiththe

Frenchoralvowels.Furthermore,thefocalizationofthespectralpatternsassociatedwith

thevowels/i/,/y/,/u/,and/a/mayrequiredifferentarticulatorygesturesforchildrenand

adults,tocopewithanatomicaldifferences.Thecurrentsectionpresentstheresultsofthe

perceptualtestaimedatdescribingtheintelligibilityoftheproducedvowels.



4.3.1.Globalintelligibility



 TheconfusionmatricesforthethreegroupsofspeakersarepresentedinTable1,

in percentage of the maximal number of responses (300 for a given vowel). The

intelligibilityscores foreachvowelcorrespondtothebold shadedcellsof thematrices.

First, it can be observed that the vowel associatedwith the lowest intelligibility is the

mid�lowandbackvowel/�/ (58.3%for theadults,59%for the8�year�olds,and67.7%

forthe4�year�olds).Thisperceptualconfusioncanhoweverbeascribedtoaphonological

neutralization occurring in Canadian French, by which this phoneme category merges

with the low vowel /a/ (Santerre, 1976). In order to better represent the global

intelligibility, we calculated the mean score for each speaker, without considering the

phoneme /�/.Figure7plots thedata,with the standarderrors.ANOVAsshow that the

age factor has a significant effect on the global intelligibility scores (F(2, 12)=4.2763,

p<0.05).Thescoreassociatedwiththe4�year�oldgroupiswellbelowthescoreofthe8�

year�oldandadultgroups.

[InsertFigure7abouthere]
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[InsertTable1abouthere]

4.3.2.Featureintelligibility



 Intelligibilityscoreswerethencalculatedaccordingtothethreefeaturesofheight,

front�backness, and roundedness. The scores are displayed in Figure 8 for the three

features. Concerning openness (upper left graph in Figure 8), the number of correct

responses increases from the4�year�oldgroupto the8�year�oldgroup forhigh (/i/, /y/,

/u/) and mid�high (/e/, /ø/, /o/) vowels. However, a one�way ANOVA carried out on

feature intelligibility scores with age as the factor shows that the tendency reaches

significance only for the values corresponding to high vowels (F(2,12)=3.86, p<0.05).

Basedontheresultsofplannedcomparisons,nodifferencecanbeobservedbetweenthe

8�year�old and the adult groups�whereas the 4�year�old group is significantly different

fromthe8�year�oldandtheadultspeakerspooledtogether(F(1,12)=7.67,p=0.05).�Note

thatthelowvowel/a/isassociatedwithanearlyperfectidentificationscoreforallthree

groups of speakers. The intelligibility of the mid�low vowels (/�/, /œ/, /�/) does not

increasewiththeageofthespeaker.Thisgroupistheleastintelligibleoneforthe8�year�

oldandtheadultspeakers.Thephonologicalneutralizationofthebackmid�lowvowel/�/

inCanadianFrench,suggestedabove,ispossiblyresponsibleforthislowerintelligibility.

Asforthefront�backnessdimension(upperrightpanelinFigure8),forthethreespeaker

groups,thefrontvowelsaremoreintelligiblethanthebackvowels.Intelligibilityforthe

front vowels increases with speaker age. This tendency is significant (F(2,12)=4.30,

p<0.05),withthe4�year�oldgrouphavinglowerscoresthanthe8�year�oldandtheadult

groups(F(1,12)=8.50,p<0.05).Asconcernstheroundingcontrast,ascanbeseenonthe
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lowergraphofFigure8,the4�year�oldgroupisassociatedwiththelowestpercentageof

correct answers. This tendency is only significant for the unrounded vowels

(F(2,12=4.60,p<0.05),withthe4�year�oldgrouphavinglowerscoresthanthe8�year�old

andadultgroups(F(1,12)=9.19,p<0.05).

[InsertFigure8abouthere]

 Inorder to summarize thedata,Figure9providesa schematic representationof

themainconfusionsidentifiedfromtheperceptualresults,fortheadultsandthe8�year�

olds,ontheonehand,andontheotherhand, for the4�year�olds.Thosearethevowels

associated with a score lower than 85% (/i/, /y/, /u/, /e/, /�/). It can be seen that the

previously discussed neutralization between /�/ and /a/ is present for all groups.More

importantly, lowest intelligibility scores for the 4�year�olds mainly concerned high

vowels: /i/ is perceived /e/, /y/ is perceived /i/ and /u/ is perceived /o/. The confusion

between /e/ and /�/ is surprising, andmay be ascribed to the late development of this

specificphonologicalcontrast.

[InsertFigure9abouthere]

5.Discussion



 Findingsfromthisstudy(experiment1)showthattheinternalorganizationofthe

vowelspacesproducedby4�year�old,8�year�old,andadultspeakerscanbecharacterized

byanimportantvariability.However,speakersfromthethreeagegroupstendtoproduce

focal vowels /i/, /y/, /u/, and /a/, which delimit the F1 vs. F2 vs. F3 vowel space.

Simulationswithanarticulatorymodel leadus toconsidermore specifically the vowel

/y/, for which the production of such patterns likely involves different articulatory



Articulatory�acousticrelationshipsduringgrowth 27

strategiesforthe4�year�oldscomparedtotheadults.Theseresultssuggestarecalibration

of articulatory�to�acoustic relationships during growth, in order to achieve focalization.

Thisgoal is importanteven though itprevents thechild fromachievingwellperceived

/y/. Implications for the “dispersion�focalization” theory of vowel systems, in the

frameworkofaperception foractioncontrol theory(PACT,Schwartz�
����,2002),are

presentedinsection5.3.



5.1.Variabilityandstability:theimportanceoffocalization



Our acoustic analyses of natural vowels revealed that the size of the dispersion

ellipses, in the F1 vs. F2 space (in Bark) decreases with age. Indeed, along all three

features (height, front�backness,and roundedness), ellipsesare significantly broader for

4�year�olds,comparedto8�year�olds,andadults.Thesebroaderellipsesarelikelydueto

increasedvariabilitywhichhasbeen interpretedasreflectiveof immaturemotorcontrol

(EguchiandHirsh,1969;SmithandGoffman,1998;Green�
���.,2000).Inouracoustic

spaces, such immaturity gives rise to larger dispersions around the mean, for a given

voweltarget.



This importantvariabilityisalsoaccompaniedbyaremarkablystablepatternfor

thevowels /i/, /y/, /u/,and/a/,namely focalization,definedasastrongconcentrationof

spectral energy related to close neighboring formants.For /i/, the distance between F3

andF4 issmall,whereas for /y/,F2andF3areclosetogether.Focalization, for /u/and

/a/,isrelatedtoareduceddistancebetweenF1andF2,F1beingatthelowestpositionfor
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/u/, and at the highest position for /a/. This stable pattern is striking considering the

predictedeffectsofnon�uniformvocaltractgrowthontheresultingformantpatterns.As

schematizedinFigure1,sincethepharyngealcavityismuchshorterthantheoralcavity

in the young childwhereas the pharyngeal cavity is longer than the oral cavity for the

adult male, formants affiliated with the back cavity should decrease much more than

formants affiliated to the front cavity during growth. As a result, assuming similar

articulatorypositionsforthe4�year�oldandtheadult,thedistancebetweenF3andF4for

/i/,F2andF3for/y/,andF1andF2for/a/and/u/shouldbelargerinthechildcompared

to the adult. Comparable formant distances suggest the use of adaptive articulatory

strategies.



Inordertocomparetheacousticresultsofsimilaracousticfocaltargets(referred

to as acoustic targets) and similar articulatory strategies (referred to as articulatory

targets), simulations with an articulatory model were conducted. A comparison of

formantdistances corresponding tothese synthesizedvowelsand natural vowels shows

that speakers tend to produce formant distances that conform to the acoustic targets

(Figure 6). This tendency is particularly striking for the vowel /y/, for which the

differencebetweenF2andF3 ismuchreduced fortheacoustic targetscomparedtothe

articulatorytargets.



5.2.Focalizationatthedetrimentofintelligibility



5.2.1.Thecaseof/y/
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Speakersasyoungas4yearsofagetendtoproducethevowel/y/withareduced

distance between F2 and F3. According to the simulations presented in section 4,

producingsuchafocal/y/involvestheexploitationofdifferentarticulatorystrategiesfor

childrenandadultmales,tocopewiththerelativelysmallerpharynxofyoungerspeakers.

Theprimacyofacoustictargetsduringvocaltractgrowth,definedfollowingfocalization

criteria inspired from the DFT (section 3), is in line with Stevens’ quantal theory

(Stevens, 1989), in which formant convergence is related to articulatory�to�acoustic

stability.



 How can this acoustic target and the involved adaptive articulatory gestures be

related toa lower intelligibility for thechild?Considering /y/, anexaminationof vocal

tractmorphology and formant�cavity affiliations can be useful. Because of the overall

shortervocaltract,theresonantfrequenciesofthepharynxandtheoralcavityarehigher

forthechildcomparedtotheadultmale.Wehaveshowninapreviousstudy(Ménard�
�

����2002)thatF2’,correspondingtoaweightedsumofF2,F3,andF4,representsagood

predictor of perceived roundedness.A perceived rounded vowel corresponds to an F2’

valuebelow15Bark,whereasF2’ofaperceivedunroundedvowelisabove15Bark.For

the adult, reaching an F2’ value lower than 15 Bark is possible together with a

focalizationofF2andF3:thelongcavitiesensurelowF2andF3values,andtheF2andF3

complexissufficientlylowtobebelow15Bark.Onthecontrary,fortheyoungchild,F2

andF3arehigh.The“roundingtarget”withF2’ lowerthan15Bark isachievable ifno

fronting or no compensation strategy is used (this case is displayed in Figure 1 and
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correspondstothearticulatorytarget).Inthiscase,F2andF3aretoofaraparttomerge,

andF2’correspondstoF2,henceitissetatavalueof13.96Bark,wellbelowthe15�Bark

limit.However,realizingafocalvowel(acoustictarget)involvescloseF2andF3,which

increases this whole group to a value above (or at the limit of) the 15�Bark category

boundary.Actually,F2’forthefocalacoustictargetissetat16.15Bark.Thesecompeting

constraintswouldleadtoadecreaseofintelligibilityforthe4�year�oldgroup,thevowel

/y/beingoftenperceived/i/.



 Hence,itseemsthatfocalizationplayssuchacrucialpartinshapingthespeaker’s

vowel system during growth that it is achieved at the cost of lower intelligibility for

youngchildren.Withsimilarperceptualconstraints(F2’<15Bark),onecanconsiderthat

vocal tract shapes representativeof very youngspeakers sometimesprevent them from

achieving intelligible /y/ vowels in French, focalization being their major goal. The

importance of focalization in the production domain is also found in the perception

domain. Indeed, Polka and Bohn (2003) report a robust asymmetry effect in

discriminationexperiments,inadultsaswellasinchildren.Theyinterpretthiseffectasa

preferenceforperipheralvowels,providingananchorforcomparison.Intheframework

of theDFT (Schwartz �
� ��., 1997), this pattern can be interpreted as a preference for

focalvowels:thesevowelsarepreferredperceptuallybecauseoftheirperceptualsalience

provided by two close formants (Schwartz �
� ���, 2005). Notice that the

rounded/protrudedshapeofthelipsshouldprovideaclearvisualcorrelateoftherounded

feature,compensatingtoacertainextentthelackofauditoryintelligibility.
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5.2.2.Thevowels/i/and/u/



 Two other focal vowels were associated with a lower intelligibility score with

decreasingage, namely /i/ and /u/, respectivelyperceived /e/and /o/.These vowelsare

thus perceived as being more open, which is similar for the mid vowel /e/, also

misidentified/�/.Theconfusionbetweenheightdegreescanbeunderstoodinthelightof

a non�linear decrease in formants and F0 during vocal tract growth. We have shown

elsewherethatthedifferencebetweenF1andF0,inBark,isagoodacousticpredictorof

perceivedheight inFrench(Ménard�
����,2002).Perceivedhighvowelsareassociated

withF1�F0lowerthan2Bark,perceivedmid�highvowels,toF1�F0greaterthan2Bark

and lower than 4 Bark, and perceived mid�low and low vowels are related to F1�F0

greaterthan4Bark.Asconcernshighvowels,F1 isaffiliatedtoaHelmholtzresonator

and thus remains relatively lowduring growth (Lee�
� ���, 1999;Ménard�
� ���, 2004).

However, the mean F0 value decreases from 436 Hz at birth to 112 Hz at adulthood

(Beck, 1997), a difference of about 3 Bark. Thus, once the appropriate articulatory

strategies for controlling Helmholtz resonators are mastered, low F1 values combined

withhighF0valueswouldbothcontributetoproduceasmallF1�F0difference,relatedto

perceivedhighvowels.However,duringgrowth,decreasingF0combinedwithkeeping

F1 relatively constant increases the value of F1�F0. High vowels would no longer be

perceived as high, but as mid�high, since F1�F0 would be greater than 2 Bark, the

categoryboundarybetweenhighandmid�highvowels.Unlike/y/, focalizationdoesnot

contributetothelowintelligibilityofthesevowelsforyoungspeakers.Rather,non�linear
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transformations of the laryngeal and the supralaryngeal cavities would be related to

perceptionerrors.Theeffectsofsuchnon�linearityarecurrentlyunderstudy.



5.3.Resultsinthelightofdispersion,focalization

andtheperceptionforactioncontroltheory(PACT)



 Schwartz �
� ��� (2002) proposed a theory of speech motor control, called the

perceptionforactioncontroltheory(PACT),basedontheabilityoftheperceptualsystem

to recover phonological goals from an incoming signal, and to guide the speaker’s

production system. The data presented above raise interesting questions that can be

reinterpretedinthelightofdispersion,focalizationandthePACT.



According to Locke (1983), the young speaker builds and uses the perceptual

templatesofhis/herlanguageinordertoguidethespeechtaskduringvocaltractgrowth.

Throughimitation,articulatorysettingsrelatedtoanacousticproductthatconformstothe

perceptual template defining the intended phonological entity are internalized. Our

assumptionisthatthechildneedstorecalibratethisarticulatory�to�acousticmapping,as

theoverallvocal tract length increasesandastheratioof thepharynx lengthversusthe

oral cavity length increases. The remarkable aspect of the present results is that this

overallrecalibrationseemstofollowapatterngloballycompatiblewiththeDispersion�

Focalization Theory, a theory that had been primarily proposed for dealing with

phylogenyratherthanontogeny(Schwartz�
�����1997).Indeed,childrenandadultsseem

to organize their production in terms of sufficient dispersion (Lindblom, 1986) and
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focalizationintheacoustic�perceptualspace.Regardingrounding,a lowF2’(lowerthan

15Bark), F2�F3 focalization and lip protrusion seem to be partof the /y/ target,which

resultsinthetonguebodyhavingtobemorefrontedforthechild,comparedtotheadult.

Thisprovidesa very strong indication that focalization is indeedpartof theperceptual

goalforspeechproduction(Abry�
�����1989).Weproposethatthisgoalisrelatedtothe

factthat,justas/i/,/u/,and/a/definethelimitoftheF1�F2vowelspace,/i/,/y/,and/u/

definetheextremelimitsoftheF2andF3space.



Producing /y/ is in that case defining one limit of this space. The perceptual

system recovers this pattern in adult speech, and uses it to control the speaker’s

production. The guiding template is a spectral prominence pattern, defined by

focalizationofF2andF3,below15Bark.



6.Conclusion



Theaimof thepresentpaperwas todescribe someproduction�perception relationships

observedintherealizationofFrenchoralvowelsystems,duringnon�uniformvocaltract

growth. Recordings of real data showed that focalization (a spectral pattern involving

closeadjacentformants)isproducedbythespeakers,andhenceseemstobepartoftheir

goal.SimulationswiththeVLAMarticulatory�to�acousticmodelrevealedthatforyoung

children, an adaptive articulatory strategy is required in order to reach focalization,

namelyafrontingofthetonguebody.Thispattern,however,resultsintheproductionof

lessintelligiblevowels/y/,forthe4�year�oldspeaker.Thisfeatureisthusrealizedatthe
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costof intelligibility.Theseresultshaveimportantimplicationsintheframeworkofthe

production�perception relationships during growth, and suggest further investigation in

thefieldofspeechmotorcontroldevelopment.
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1Wewillrefertothecavitybetweentheconstrictionlocationandthelipsbytheterm«frontcavity»,
whereas«backcavity»referstothecavitybehindtheconstrictionlocation.Theterms«oral»and
«pharyngeal»areusedtorefertothephysiologicalcavitiesfromthepharyngealwalltothelips,andfrom
thevelumtothelarynx,respectively.
2Thefrontcavityresonancefor/y/canalsobeconsideredasaHelmholtzresonanceconsideringlipclosure
(Badin�
�����1990).Thisdoesnotchangethereasoninginthefollowingsections.
3NotethatinFrench,formantcavityaffiliationsforF1andF2canalsobereversed,F2beingaffiliatedwith
theHelmholtzresonanceofthefrontandlabialcavities,andF1beingaffiliatedtotheHelmholtzresonator
createdbytheconstrictionandthepharyngealcavity.
4TheratioofthecavitylengthsisnottheonlyfactorforexplainingtheF2vs.F3pattern.Besidesthese
resonances,laryngealtuberesonanceaffectsF3inhighvowels(ChibaandKajiyama,1941;Fantand
Båvegård,1997).
5Availableathttp://www.fon.hum.uva.nl/praat/
6Wedefineasa“target”apointofreference(beitacousticorarticulatory)forthearticulatorymodel,
whichremainsunchangedduringvocaltractgrowth.Wedonotconsiderthislandmarkasaperceptual
target.
7IfaandbarerespectivelythelengthsinBarkofthemajorandminoraxesofthedispersionellipsis,
providedbythediagonalisationofthecovariancematrix,theareaisprovidedby:Area=πab.




