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Abstract

The KTH 3D Vocal Tract projectaims at multimodal synthe-
sis, producingboth visual and acousticoutput from an artic-
ulatory model. The intra-oral visual synthesishasbeendeve-
lopped over the last couple of yearscombing measurements
from MagneticResonancémaging,Electromagnetiarticulog-
raphy and Electropalatography This paperpresentsthe first
acousticevaluationof the model. Nine staticvowels have been
synthesizedvith fairly goodcorrespondenceetweertherefer
encesubjects target and the models formants. The synthesis
is basedon the areafunction calculateddirectly from the vocal
tractmodel,samplingthe cross-sectionadreaat 23 semi-polar
planes. The generationof the vocal tract walls, modeledon
onereferencesubjectthealgorithmsfor collision handlingand
cross-sectionalontourextractionandtheresultsof theacoustic
synthesisarepresented.

1. Introduction

The main goal of the KTH 3D Vocal Tract project[1] is to
generatanultimodal articulatory synthesiswhereboth visual
feedbackandacousticoutputaregeneratedrom the samefew
linear parametersontrolling the model. The potentialbene-
fits of three-dimensionalocal tract modelingfor articulatory
synthesishave beenolvious for speechresearchergor mary
years. Firstly, humanspeechproductionis three-dimensional
andarticulatorymeasuresf humansubjectscanhencebeused
asdirectinput to the model. Secondly comparedo the two-
dimensionalmodelstraditionally usedfor articulatorysynthe-
sis, it hasthe adwantagethat the entireinformationon the vo-
cal tract scapeis explicitly presentin the model. Midsagittal
models,suchasASY [2], APEX [3] or VTCALCS [4], require
empirical relationsto corvert midsagittal distancesto cross-
sectionalareas.In a 3D model,on the otherhand,the corver-
sionis notneededndtheshapeof thevocaltractwith its asym-
metriescan potentially be taken into account. The amountof
calculationneededs however drasticallyincreasedandthree-
dimensionahrticulatorysynthesisn real-timehasyetto bere-
alized.This papermpresents steptowardsreal-timemultimodal
speechsynthesiswherethe articulatormovementsare visual-
izedin 3D andthe soundoutputis generatedrom the model.

2. Data

MagneticResonancémaging(MRI) dataof 13 Swedishvowels
and 10 consonantsn symmetricVCV contexts was collected
in a three-dimensionatlatabaseof one 27-yearold reference
subject. The corpusconsistecf all Swedishlong vowels ([a:,

er, @&, i, yi, w, ux, oy, ¢, cet]) in isolationandall voiceless
consonantfn [a 1 u] context. The MRI acquisitionis described
in detailin [5].

Due to the acquisitiontime of 43 secondgo scanthe 54
slicesof eacharticulation,all phonemeswvere artificially sus-
tained,andthe VC andCV transitionsweremadeimmediately
prior to andafter the scan,respectiely. The artificial sustain-
ing wasfoundto causeghephonemeso behyperarticulated6],
andElectromagnetiarticulographyEMA) andElectropalatog-
raphy (EPG)measure®f dynamicVCV sequencebave been
collected[7] to be able to tunethe articulatory parametergo
levelsrepresentatie of the subjects runningspeech8]-[9].

3. Thevocal tract model

The KTH vocaltractmodel,shavn in Fig. 1, consistsof wire-
framemeshe®f thetongue palate jaw andthevocaltractwalls
basedon the analysisof the MRI dataof the referencesub-
ject. Thelips, on the otherhand,areidenticalto thoseof the
KTH syntheticfaceq10], to assurecompatibilitywith thetalk-
ing faces.

The tongue model was generated through three-
dimensional reconstruction of the measured articulations
followed by a linear componentanalysisto define six artic-

Figurel: TheKTH 3D vocaltractmodel basedon MRI dataof
onerefeencesubject.



ulatory parametersontrolling the tongueshape. The reader
shouldrefer to [11] for detailson the tonguemodel and the
componentanalysis; in the scopeof this paperit sufices
to know that the tongueis asymmetricand is built up of
longitudinalfibres[12] from the bottomto thetip.

The models of the palate and jaw were based on
reconstruction®f the subjects dentalcastsmeasuredmerged
in waterwith thesameMRI scanneasthesubject. Themethod
usedin the constructionof the palateand jaw modelsis de-
scribedin [8]. In summarythe modelscanbe saidto be sym-
metric regular meshef sagittaland coronallines, with finer
spacingat the teeth, wherea higherlevel of detail is needed.
The palateandjaw weremodeledasbeingsymmetricto allow
for real-timedisplayof the modelandasno large asymmetries
werefound.

3.1. Vocal tract walls

Whenthevocaltractmodelis to be usedfor acousticsynthesis,
vocaltractwalls areneededo delimit thevocaltractcavity. As
thepalatemodelcontainghedelimiting surface(thehardpalate
andupperteeth)in thatregion, thevocaltractwalls startbehind
the hardpalateandendat the larynx. Usingthereconstruction
processdescribedn [5], the vocaltractwall shapewasgener
atedfrom the MR Imagesasthe partof the air-tissueboundary
thatdid not belongto thetongue.The extractionof thewall in
onevelarMR Imageis examplifiedin Fig. 2. Thewall contour
wasdeterminedor minimal contactbetweerthetongueandthe
wall, soasto assurehatthe tonguesurfaceandthe vocaltract
walls alwayscreatea closedtubein themodel. In the oral cav-
ity, on the otherhand,the tubeis delimitedby the palatewith
the upperteeth,thetongueand— whenthetonguebodyis low-
ered— the jaw with the lower teeth. The boundarymadeup by
the inside of the cheeksis henceonly implicitly introducedin
themodelastheimaginedsuriacebetweertheouteredgeof the
upperandlower teeth.

Sincethevocaltractwalls have noimportantasymmetries,
andto reducehenumberof verticesandpolygonsin themodel,
thevocaltractwalls aresymmetric(cf. Fig. 3a),asevery other
partin the model,exceptfor thetongue. As a further simplifi-
cation,thewalls aremodeledasarigid structurewith the only
movementin the walls being that the bottomestslice can be
raisedand loweredto adjustthe larynx height. This is obvi-
ously a grosssimplification,especiallyasthe movementof the
velumis not yet modeled. The velum hasto be madeflexible
to modelnasals but otherwisethe approximationof fixed vo-
caltractwalls is arelevantmodelingapproacho minimizethe
numberof articulatoryparameterseeded. In all, the 8 hori-
zontaland6 polargridplanesshavn in Fig. 3(b) spanthevocal
tractwalls, usingthe ICP semi-polargrid [13]. Thegrid centre
andthe interplanespacingin the lower horizontalpartare de-
fined througharticulatorymeasuredn the MR Images. Using
the semipolargrid to createthe model of the vocal tract walls
is a greatadvantagewhen the tube cross-sectioris to be cal-
culated,asthe samplingof the cross-sectionadreaof the tube
is madeat the gridplanesand one half of the contouris then
alreadydeterminedy thewall verticesin thatgridplane.

3.1.1. Contactshetweerthetongueandthewalls

As pointedout in section3.1, the tongueand wall surfaces
are touchingto createa closedtube, and a methodto pre-
ventthe tonguefrom passingthroughthe wall is thusneeded.
An algorithmto detectandcorrecttongueverticesthatviolate
the boundarycondition hasbeenimplemented. The detection

Figure2: Theshapeofthevocaltractwallsis definedhrougha
3D reconstructiorof thewall contous in eadh MR Image. The
wall contouris definedastheair-tissueboundarythat doesnot
belongto thetongue

andcorrectionis carriedout in onestepagainsta finer regular

boundarymesh(2 mm x 2mm) createdrom interpolationand
samplingof thevocaltractwall polygons.Thealgorithmuseds

identicalto thatusedfor handlingboundarycollisionsbetween
thetongueandthe palateor jaw surfacesanda morethorough
descriptionof thealgorithmcanbefoundin [14].

(a) Backview (b) Sideview

Figure3: The symmetricvocaltractwall wireframemeshcon-
sistsof 14 semi-polargridplanes.



3.2. Articulatory parameters

The three parameterdarynx height, lip protrusion and lip
rounding have beenaddedto the six tongueparametergjaw
height,tonguedorsum tonguebody, tonguetip, tongueadvance
andtonguewidth) alreadydefinedthrougha linear component
analysisof thetongueshapesneasureavith MRI [11]. Instead
of modelingthelip parametersnthereferencesubjecthe pa-
rameterdefinitionshave beeninheritedfrom the KTH synthetic
faces[10], in orderto keepthe vocal tract model compatible
with them. Measureof thelip protrusionof thereferencesub-
jectdo exist in boththe MRI andthe EMA data,however, and
tuning to the referencesubjectis hencepossible. The larynx
heightparameteis definedasa vertical translationof the low-
estvocal tract wall slice, in orderto adjustthe pharynxtract
length. Measurementsf the larynx heightmadein the mid-
sagittalMR Images[5] sene asthe basisfor the definition of
thelarynx parameter

4. Vowel synthesis

Nine Swedishlong static vowels were synthesizedusing the
areafunctionsdeterminedlirectly from the vocal tract model,
by calculationof the cross-sectionareasvhencutting the vo-
caltractwith the semi-polargridplanes.

4.1. Determining the cross-section

As the cross-sectionare taken at the reconstructiorplanesof
the vocal tract walls, one half of the contourin eachcutting
planeis predefinedy theoutlineof thevocaltractwalls, thatdo
notchange Theotherhalf is givenby thetonguesurfacemesh,
asthe intersectionof the meshwith the grid. The searchfor
intersectionswith the gridplaneis madethroughan optimised
algorithm, basedon the definition of the tonguesurfacemesh,
andcanbesummariseas:

For eachgridplane

1. Thetonguesurfaceis scannedor anintersectiorfibre by
fibre, startingat the leftmostfibre.

2. Thevectorsfrom the gridplaneto two consecutie ver
ticesonthefibre arecalculated.

3. Thedotproducthetweereachof thevectorsandthegrid-
planenormalis calculatecandanintersectionis detected
whenthe dot productshave differentsigns. Otherwise
thenext two consecutie verticesarechecled.

4. Onceanintersectioris found,thealgorithmstartschain-
ing on the following intersectionswith the gridplane,
basedon a simplified polygonsearch(referto Fig. 4 for
anillustrationof thesearch):

a) Checkingwhich of the two remainingsidesof the
triangle that intersectsthe gridplane(againusing
the dot product).

b) Settingthe next two trianglesidesto checkbased
onwhich of thesidesthatintersectedheplane.

The polygon searchis simplified as the verticeshave
consecutie indicesfrom left to right and known inter-
val betweerverticeson the samefibre.

5. Thescancontinueswith the next gridplane,but starting
onthevertex wherethelastintersectiorwasdetected.

When the intersectionsbetweenthe gridplaneand the tongue
surfacehasbeenfound,the shortestnpon-selfintersectinglosed

Intersection
at Vovi

—

If intersection at If intersection at
V1V2, then set VOV2, then set
VO=V2, V2=vix_lll V1=V2, V2=vix_llI

vtx_lIl is the index of the third vertex of the triangle containing VO and V1,
and its value is determined from the difference between VO and V1, without
any polygon search (vtx_llI=vtx4, vtx5, vtx6 in the example below).

vitx5 Vix6
vix2 = vtx1+fibre_step
vix3=vix1+1
vitx4=vitx2+1(=vtx3+fibre_step)
. V1=vtx2
vix5=vitx2+fibre_step
Vix6=vix5+1
vtx7=vitx3-fibre_step
VO=vtx1

VX7

Figure4: Outlineof thealgorithmusedto find theintersections
betweerthetonguesurfaceandthegrid plane.

curwe throughthe wall and intersectionverticesis identified.
Thefirst six cross-sectionalountoursarefixedin shapeasthey

are delimetedby the vocal tract walls only, but their distance
from thelarynx varies. The shapeandinterslicespacingof the
23 contoursareexemplifiedin Fig. 5.

4.2. Areafunctionsand formants

For a claim of truethree-dimensionaarticulatoryacousticsyn-
thesisto bejustified, the synthesishouldmodelthe curavature
of thevocaltractandtake the shapeof the cross-sectionaton-
tours with its asymmetiresnto account. The calculationsof
resonances a bentvocaltractarehowever difficult whenthe
cross-sectionarevarying andthe frequeng shifts introduced

[ —

Figure5: Thecross-sectionsfthevocaltracttube Thefirstsix
cross-sectiongunconnectedalwaysremainthe same as they
are belowthetongue



by assuminghetractto have astraightaxisis small(2%-8%ac-
cordingto Sondhi[15]). Takingasymmetriesyall motion,non-
uniform air motion etc. into accountwhenanalysingthe wave
propagatiorrequireeven more comple aerodynamicalcula-
tions[16]. As asimplification,the calculationsof the acoustics
of thepresentwocaltractmodelarehencebasednthestandard
assumptiorthatthe vocaltractcanbe consideredsatubewith
a straightaxis and varying cross-sectionahrea. In doing so,
muchof the three-dimensionahformationin the modelis dis-
garded but the adwantagethatthe cross-sectionadreais given
directly from themodelof courseremains.
Theareasarecalculatedrom theverticesof the delimiting
contourusinga summationformulafor polygons[17] (the ap-
plicationof theformulato thevocaltractareacalculationis de-
scribedin [1]). Themidsagittaldistancebetweerthegridplanes
is then calculatedand the areafunction thus consistsof sec-
tions of varying, but approximatiely equal,length,with vary-
ing area,as shawvn for the three cardinal vowels in
Fig. 6. Thelocal maximumin the areafunctiorat 2-3 cm from
thelarynxis dueto the piriform sinusegoining thevocaltract.
Usingthe areafunctionsabove, the vocal tractresonances
werecalculatedwvith analgorithmbasedon [18]. Startingfrom
the default parametewraluesfor eacharticulation,definedfrom
the linear componentnalysisof the MRI dataandthe EMA-
EPG study the parameteravere adjustedmanually using a
graphicalinterface,to minimize the differencein formantfre-
guenciesbetweenthe model and the referencesubject. The
manuaftuningwasprimarily focusedon the first two formants,
asthey arethe mostimportantfor the acousticoutput. The F1-
F2 vowel planeshawvn in Fig. 7 wasquite well replicated with
well separatedowels, exceptfor anoverlapbetween  and
and small errors, except for , thatis too open. The
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Figure6: Theareafunctionsfor the cardinal vowels
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Figure 7: The F1-F2 vowel plane for the subjects measued
formants(o) andthemodels formants( ).

resultsgivenin Tablel andrelative the targetsin Table2 indi-
catethatthe erroris generallysmallfor thefirst two formants,
with the big exceptionof F1 for , While the differencein
the third andfourth formantsis substantiallyhigher As canbe
notedfrom Table 2, F3 and F4 are slightly or muchlower for
themodelthanfor the subjectfor almostall vowels.

Tablel: Target andreproducedvowelformantfrequencies.

Vowel F1(Hz) | F2(Hz) | F3(Hz) | F4(Hz)

Subject| 280 1800 2920 3580
Model 274 1704 2719 3404

Subject| 360 2240 2880 3460
Model 469 2150 2836 3311

Subject| 680 1460 2440 3420
Model 680 1461 2043 2590

Subject| 600 1000 2520 3340
Model 599 1001 2045 2933

Subject| 400 700 2420 2960
Model 411 784 2176 2987

Subject| 290 680 2320 3150
Model 288 685 2190 3154

Subject| 300 1680 2340 3160
Model 301 1650 2382 3067

Subject| 280 1860 2720 3160
Model 284 1799 2465 3126

Subject| 360 1540 2340 3400
Model 360 1540 2346 2623

4.2.1. Acousticevaluation

Acousticoutputsweregeneratedor the models andthe target
frequencies=1-F4, using GLOVE [19] and they will be pre-
sentedat the workshop. A listeningtestwas carried out with
themodels andthe synthesizedarmgetformants.Twenty native
speakrsof Swedish,of whomten subjectshadlarge prior ex-
perienceof listeningto formantsynthesigmainly personelat
the Departmenbf SpeechMusic and Hearing,KTH) andten
hadnot, participatedn thetest.In all 72 stimuli werepresented
to eachsubject,asboth the models andthe synthesizedarget
vowelswerepresentedour times,in thesamerandomorderfor
all subjects Thetestwasmadeasaforcedchoicetestwithin the
closedsetof the presented/owels sincethe subjectsubmitted



Table 2: Thedifferencebetweerthe subjects natural and the
models output.

Vowel F1 F2 F3 F4
2% | 5% | -7% | -5%
30% | -3% | -1% | -2%
0% | 0% | -16% | -24%
0% | 0% | -18% | -12%
1% 5% | -10% | 3%

1% 1% | -6% 0%

0% | -2% | 2% -3%
1% | -3% | -9% | -1%
0% | 0% 0% | -23%

theresponséo eachstimuli by pushingthe buttonmarkedwith
the perceved vowel in the presentatiorGUI. The stimuli was
presentedn headphoneandthe subjectshadthe possibility to

repeatthe last stimuli, but not to correctary given response.

The confusionmatricesfor the target vowels andthe models
vowels aregiven in Tables3-4. Table3 senesasreferenceo
measureghebestpossibleresult,if themodelreplicateghesub-
ject’sformantsperfectly

Theresultsof the listeningtestarein accordancavith the
judgmentbasedon the F1-F2vowel plane;i.e. thatall vowels

are easily identifiable, except for being confoundedwith
and being too open, leadingto the subjectsidenti-
fying it as , but confusiondid occur between and

aswell. Therewere somedifferenceshetweenthe expe-
riencedandthenaive listeninggroupwith largervariancen the
naie group;the confusionsconceringthe vowels in the target
setcamealmostexclusively from the naive listeners.Thenaive
groupwasalsolessconsistenaindcategoricin theirjudgement;
i.e. theirresponselependedo alargerdegreeon the preceding
vowel thanfor the experiencedisteners. Whereaghe experi-
encedsubjectsalmostunanimouslyclassifiedthe models
as ,thenawe subjectsacceptedhe models in 31% of
the presentationsThe naive grouphadalsosubstatiallyhigher
levels of confusionswithin theroundedvowel pairs  —
(classifying as in 38%vs 20%o0f thecasedor theex-
periencedisteners)and - (classifying as in
12%vs 2% of thecases)andtheclosedtriplet - - .
Thesynthesisesultswerefurthercomparedo threeearlie
studiesionebasedn a 2D articulatorymodel[20], oneon area
functionsfrom MRI data[21] andoneonmidsagittadistanceo
areacorversionfor Swedish22]. The Mermelsteinmidsagittal
vocal tract model [20] was evaluatedagainstmeasured/owel

Table3: Theconfusiormatrix for thesynthesizetarget vowels.
Stimulihorizontallyandresponsevertically.

7% 00|00 O 1 910
o|8|0|0]O0|O0O|JO0O|0]O
ojo|7wy0j0|0|J0O0|0]O
o|jojo|8|j0|0|]0|0]O
o|jo|jo|j0|8|0]|0|0]O
ojojo|jo0|jO0|86O|0|0]O0
ojojo|jo0ojO0|O]|7|0O0]O
410|l0]0|]O0O|O0O|4]71]|0O0
o|o0oj|j2|0j0]0]|] 0| 0|80

formantfrequenciesn areadsentenceBasedon X-ray tracings
the 2D modelwasableto predictthe formantswith anaverage
absoluteerror of 10.3%for F1, 4.9%for F2 and5.5%for F3,
comparedo 4% (0.75%if is excluded)for F1,2.1%for F2,
7.7%for F3 and9.1%for F4 in the 3D modelpresentedere.
The 3D modelis hencebetterfor thefirst two formants but, as
statedabove, its errorsin F3andF4 gethigh.

Apostolet. al. [21] comparedhe formantfrequenciedor

simulatedfrom areafunctionsextractedfrom MRI data
for threesubjectsto the formantsmeasuredust beforethe ac-
quisitionandfoundanabsolutesrrorof 13%in F1,4.3%in F2,
4.0%in F3and5.0%in F4. As Apostol et. al. usedthe same
measuremeryrotocolfor the MRI acquisitionandthesamere-
constructionprocessasfor the MRI measurementhatarethe
basisfor the KTH vocaltractmodel,it is notevorthy firstly that
their synthesizedormantsmatchthe measuredormantsfairly
well andsecondlythatthe present3D vocaltractmodelis able
to matchthe formantsat leastaswell aswhen simulatingdi-
rectly from themeasuredreafunctions.

Using power function expressionsto cornvert midsagittal
distancedo cross-sectionaareasin 13 Swedishvowels, Fant
[22] reportedon anaverageerrorof (-22 Hz, 27Hz)in F1,
(-42Hz, 42 Hz) in F2, somevhattoo low F3in backvow-
elsandsomeavhattoo high in front vowels andF4 beingabout
200Hz too high. The correspondingbsolutevaluesfor the 3D

modelare(14Hz, 36Hz;2Hz, 2Hzif is excluded)
for F1,(30Hz, 31Hz)for F2,(228Hz, 185Hz) for F3
and(309Hz, 323Hz) for F4. The 3D modelis thusagain

generallybetterfor thefirst two formants put wealer for F3and
F4.

5. Synthesizing dynamic sounds

Using the filter featurein Snack[23] (Snackis a free sound
toolkit, downloadablefrom http://www.speech.kth.se/snack/),
a dynamic multimodal articulatory synthesisof vowel-like
soundswas created. The interface consistsof a presentation
window for the vocal tract model and a control panel, from
which the articulatory parametersre set using either buttons
for thevowelsor slidersfor eachof thearticulatoryparameters.
Theformantfrequenciesndbandwidthsarecalculatedlynam-
ically asabove, andtheoutputis fed to a Snackfilter. It consists
of a signalgeneratorsetto producea rectangle triangle, sine,
noise,or sampledwaveform, with an overlayedfilter defined
by the first four formantsand bandwidthscalculatedfrom the
model. The signalsourceis constanin frequeng andampli-
tude, but the parametedefining the shapeof the generatoris
variedin small stepsaroundthe setvalue,to make the output

Table4: Theconfusionmatrix for the models vowels. Stimuli
horizontallyandresponseertically.

6|0 0| 0|00 O 3 1
14122 0|0|0]0| 0| 0|4
O|66|77| 0] 0| O0O)|O0|0]O
0 1107 0|0|0|0]O
0] 0] O 11800} 0|00
0| O0|O0O|O0O0O] 0|81 0|0
6| 0| 0| 0] 0| 0|78 |24]| 6

570} 0| 0|0| 0| 0|50
0 113(0]0]O0 1 0 | 69




a little lessmonotone. The frequeng, amplitude,shapeand
waveformcanbe adjustedn theinterfaceby theuserto thede-
siredsignalgeneratarThesoundromthefilter is farfrom natu-
ral speectsoundingbutit is nonethelespossibleto useit to in-

vestigatehe acoustidnfluenceof the changeof differentartic-
ulatory parameterslynamically To emplg/ themodelfor artic-

ulatory speechsynthesisother sourcewaveformsand possibly
filter typesarecalledfor, but theimplementatiorwith the Snack
toolkit shavs thatdynamicalcontrolof three-dimensionadrtic-

ulatory synthesisn real-timeis nolongermerelyutopia.

6. Discussion and conclusions

Thepresenstudyshavsthatthemodelis ableto reproducesyn-
theticvowelsthatrathercloselyreplicatethoseof thereference
subjectandthat the producedvowels areacceptedy listeners
in mostcases.The front closedvowels and did how-
ever have larger errorsandwere alsopoorly recognizedn the
listeningtest. In a previous study [8], wherethe naturaland
syntheticlinguopalatalcontactpatternsvere comparedjt was
concludedhatarticulationswith large front lateralcontactand
asmallcentralair passagesuchas , werelesswell modeled,
aslateralvariationswerehardto accomplishatthetonguetip. It
is worth to notehowever thatthe overlapbetween  and
appearedvhensynthesizingdirectly from the areafunction as
well ([5]). Ratherthanexplainingthe deficieny asa problem
of modelinglateralvariations,it appearshatthe modelhasin-
sufficient abilities of spreadinghe resonancdrequencies.As
waspointedout abore, F3 andF4 arelow for almostall vowels
andthetwo vowelsthatcameout theworstin thelisteningtest
werethe two with thelargestfrequeny differencebetweerthe
first four formants;both and having low F1 andhigh
F2-F4. Themodelis currentlyunableto mimic this with suffi-
cientaccurag andthe models hencegetstoo low F2-F4
and getsatoo high F1,whenF2 is kepthigh enough.

More importantthanthe ability to replicatethe staticvow-
elsin thetestis thattheimplementatiorwith the Snackgenera-
tor andfilter shavs thatthree-dimensionadrticulatorysynthesis
canbemadein real-time. In orderto consitutea true real-time
articulatorysynthesizerthe model needsto be complemented
with nasaltractwalls andanalgorithmfor connectinghenasal
tractto the synthesisnodule.Furtherthatmorecomple signal
generator@areadded to producenot only more naturalsound-
ing vowels, but alsoconsonanfeaturessuchasfrication noise
for fricativesandburstfor plosies.

7. Acknowledgement

This researchwas carriedout at the Centrefor SpeechTech-
nology supportecby VINNOVA (The SwedishAgengy for In-
novation Systems)KTH andparticipatingSwedishcompanies
andorganizations.

8. References

[1] Engwall, O. "Modeling the vocal tract in three dimen-
sions”,Procof Eurospeech99113-116,1999.

[2] Rubin,P, Baer T., andMermelstein,P. "An articulatory
synthesizerfor perceptuakesearch”,J Acoust Soc Am,
70,321-328,1981.

[3] StarkJ., Linblom, B. and Sundbeg, J. "APEX: an ar-
ticulatory synthesismodel for experimentaland com-
putational studies on speechproduction”, KTH STL-
QPSR2/199645-48,1996.

[4]
[5]

[6]

[7]

(8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

Maeda,S. "Improved articulatorymodels”,J AcoustSoc
Am, 84:S146(abs),1988.

Engwall, O. and Badin, P. "Collecting and analysing
two- andthree-dimensiondVIRI datafor Swedish” KTH
TMH-QPSR3-4,11-38,1999.

Engwall, O. "Are staticalMRI datarepresentate of dy-
namic speech?Resultsfrom a comparatie study using
MRI, EMA andEPG”, Procof ICSLP2000):17-20,2000.

Engwall, O. "Dynamical aspectsof coarticulation in
Swedishfricatives— a combinedEMA & EPGstudy”, In
KTH TMH-QPSR4, 49-73,2000.

Engwall, O. "Using linguopalatalcontactpatterngo tune
a 3D tonguemodel”, submitted.

Engwall, O. "Making the tongue model talk: meging
MRI & EMA measurementsiubmitted.

Lundebeg, M. and Beslow, J. "Developing a 3D-agent
for the Augustdialoguesystem”.Proc of AVSP99,151-
156,1999.

Engwall, O. "A 3D tonguemodel basedon MRI data”.
Procof ICSLP2000,l1l: 901-904,2000.

Badin,P, Ballly, G., RaybaudiM. andSegerbarthC. "A
three-dimensiondineararticulatorymodelbasedn MRI
data”, Procof 3 ESCA/COCOSI Intl Workshopon
SpeectBSynthesis249-254,1998.

BeautempsD., Badin,P. andBailly, G. "Degreesof free-
dom in speechproduction: analysisof cineradio-and
labio-films datafor a referencesubject,andarticulatory-
acousticmodeling”. To appearin J Acoust Soc Am, in
revision.

Engwall, O. "Considerationsn intra-oral visual speech
synthesis:Dataandmodeling”. To appeaiin Procof 4
InternationalSpeechMotor ConferenceNijmegen,2001.

Sondhi,M. "Resonancesf a bentvocaltract”, J Acoust
SocAm 79(4),1113-1116,1986.

Shadle,C. "The aerodynamic®f speech”,In Hardcastle
W.J.,LaverJ. (eds.),TheHandbookof PhoneticSciences,
Blackwell Publisherd.td., Oxford, 1997.

Goldman, R. "Area of planar polygonsand volume of
polyhedra”, In Graphic Gems I, 170-171, Academic
Press1991.

Liljencrants,J. andFant, G. "Computerprogramfor VT-
resonancealculations” KTH STL-QPSR4,15-20,1975.

Carlsson,R., Granstdm, G. and Karlsson, l. "Experi-
mentswith voice modelingin speechsynthesis”,Speech
Communicatioril0,481-489.

Mermelstein, M. "Articulatory model for the study of
speechproduction”,J AcoustSocAm, 53:4,1070-1082,
1973.

Apostol, L., Perrier P, RaybaudiM. andSegerbarth,C.
"3D geometryof thevocaltractandinter-spealer variabil-
ity”, Procof ICPhS98yol. 1,443-446,1998.

Fant,G."A new three-parametanodelof VT areafunc-
tions”, In From speechsignal to vocal tract geometry
SpeectMaps,Yearl Report,vol. lll, 1993.

SjolanderK., Beslow J., GustafsonJ., Lewin E., Carl-
son R. and Granstbm B. "Webbasededucationaltools
for speechtechnology”.Procof ICSLP98,7:3217-3220,
1998.



