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Abstract Volume images of tongue, jaw, velum, nasopharynged| etc., were acquired by MRI on one French stthjgtering a corpus
of sustained articulations. Supplementary imaggawfhard palate, and nasal cavities were acqliye@T. The three-dimensional outlines
of these organs are represented by the verticésaofyular surface meshes. Using linear componaatyais, the tongue was found to
possess five degrees of freedom, including ongafermovement, and the velum and nasopharyngealtwordegrees of freedom. These
parameters can be interpreted in phonetic / bioar@chl terms control a linear articulatory modespéech production.
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1. Introduction

For a very long time, articulatory modeling of vbtact and speech production organs has been tedbefimited to the midsagittal
plane. But progress and refinements brought intodbimain led to a point where three-dimensional) (8Ddeling has become unavoidable.
The first motivation for such an approach is ttat area function needed for calculating the sopnoduced by an articulation specified in
the midsagittal plane has to be inferred from tile associated midsagittal contours, problem wtgabviously impossible to solve as long
as no other information is available on the trarsyeshape and size of the vocal tract. In partictii@re are articulatory situations that can
lead to occlusions in the midsagittal plane, wttike vocal tract is not actually occluded on eade sif this plane: (i) lateral consonants that
are characterized by the presence of a complet®-apieolar closure in the midsagittal plane whaleeral channels are maintained open;
(ii) nasal vowels, for which the uvula — an appenafi the velum in the midsagittal region — is offiencontact with both the back of the
tongue and the nasopharyngeal wall, creating atusion in the midsagittal plane, while lateral chals remain open. The detailed 3D
knowledge of the vocal tract shape is importandeal in a more realistic way with the aerodynamameis needed for speech production
studies. Finally, a 3D display of articulators ¢enuseful in the domain of speech rehabilitation.

We had conducted a first 3D modeling study (Badinil\BaRevéret, Baciu, Segebarth & Savariaux (200%)ng a set of three
complementary stacks of MRI images (one axial siacthe laryngo-pharyngeal region, one oblique stickhe velar region, and one
coronal stack in the front region including lipgye experienced difficulties in determining tongife tips or velar region with satisfactory
accuracy. It was thus decided to develop similad@®with much better defined tongue tip, sublingizvity, lateral cheek cavities, velum
and lips, based on sets of 25 sagittal MRI imagasahow a better accuracy in a number of situatiand a more reliable reconstruction of
transverse images.

The present article reports our attempts to recocisBD jaw, tongue, velum and nasopharyngeal p@gitions and shapes from MRI and
CT data for a single subject uttering a more comgmsive corpus of sustained articulations in Fre@actd, to develop corresponding 3D
linear articulatory models.

2. A subject-oriented linear modeling approach

Our modeling approach is described in details iniBadal. (2002). In the framework aeech robotics, the speech apparatus is viewed
as aplant (an articulatory model) driven by @ntroller so as to recruit articulators and coordinate thewvements in order to generate
audio-visual speech. This concept implies the motiba relatively small number degrees of freedom (henceforth DoF) for the articulatory
plant,i.e. the specification, for each articulator, of thmited set of movements that it can execute indegrthdof the other articulators.
The 3D geometry of the various non-rigid organthiss modeled as the weighted sum of a small nhumbBnear components or DoFs.
These components are extracted by linear analysim & set of vocal and nasal tract shapes repasentof the speech production
capabilities of the subject. The analysis is basetothPrincipal Component Analysis (PCA) andlinear regression. The weights of the sum
constitute therticulatory control parameters associated with the components: a given set ofegatif these parameters produces a given
shape of the organs.

The corpus consisted of a set of artificially simgtd articulations designed as to cover the maxmanragje of French articulations: the oral
and nasal vowels [ae iy uogoc dég & 3], the consonants [p t k ffsm n¥ 1] in three symmetrical contexts [a i u], and teecific
articulations, aest and aprephonatory position. Though limited to 46 French phonemess, tlorpus proved to be sufficient for developing
midsagittal articulatory models with nearly the saaccuracy as corpora 40 times larger (Beautempdn BaBailly (2001)).
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Note that our approach ®ibject-oriented, i.e. that the model is based on a single subjduis avoids merging the physiological
characteristics and the coarticulatory or compemgatrategies that can vary fairly much betweemows subjects.

In the framework of our linear approach, oddeF may be defined for a given speech articulator as ariable that can control
completely a specific variation of shape and positf this articulator, and that lisiearly uncorrelated with the other DoFs over the set of
tasks considered. We aim to exploit the correlationthe articulatory data to reduce the numbddafs of the articulators. However, this
approach must be carefully balanced by anotheermit, thebiomechanical likelihood, i.e. making sure that the DoFs are not related to
control strategies actually used by the subjednduhe task but are really associated with movemtrat are plausible from the viewpoint
of biomechanics.

Each linear DoF isteratively determinecby a mixture of PCA applied to part or whole of thrgan region and of multiple regression of
the data against control parameters either arlhjtianposed such as jaw height or determined bypiteeeding PCA. Note that the solution
of this type of linear decomposition is not uniqoegeneral: while PCA delivers optimal factors expilag the maximum of data variance
with a minimum number of components, our approdldwa some freedom to decide the nature and digidh of the variance explained
by the components (for instance to make them nraeggretable in terms of control), at the cost slih-optimal variance explanation and
of weak correlation between components.

3. Determination of the organ shapesfrom MR and CT images

3.1. Preliminary remarks on speech organs anatomy

The final result of an articulatory model is theagh of the complete vocal and nasal tracts, nefmtesimulating the aerodynamic /
acoustic stage of the speech production processs&bmingly most straightforward way to deal witis problem was to develdpact or
duct models (cf. e.g. Badin, Bailly, Raybaudi & Segebd®B98)). However, this approach is not well suifed taking precisely into
account the complex geometry of the various speegan / cavities, e.g. tongue tip, sublingual gawielopharyngeal port or epiglottis. An
organ-based modeling approach, where each organ and cavitynadeled separately, seems more appropriate aisvits to reconstruct the
oral and nasal tracts subsequently in more details to obtain more reliable area functions.

As the purpose of the study was not to develop b@ranical muscle models, but models of organs itiesxboundaries as a whole,
attention was directed towards organ outlines bienaw regions where they define the vocal trachefefore, compromises were
established: (1) different groups of muscle fib@rsluding sometime connective tissues, were grdupgether; (2) boundaries that do not
always correspond to actual organ boundaries wensrdin order to allow manipulating organs as alogelume objects. For example, the
external part of tongue extrinsic muscles suchaatpglossus, styloglossus, or stylohyoid, musebeduded; as well, only a part of the
levator veli palatini muscle was included in the velum contours. Notd Hpecial care was devoted to distinguish tonguédm mouth
floor (see below). Similarly, the epiglottis waswmatically excluded from the tongue contoursMilitbe modeled independently.

The following sections describe the methods usealitaining the 3D surface representations of tnéous speech organs and cavities
from MR and CT images.

Figure 1. Grid for

Figure 2. Example Figure 3: Figure 4: Example of Figure 5: Example of Figure 6: Example of 3D
transverseredlicing | of edited contours Idemina sagittal tongue 3D tongue mesh for velum surface
superimposed ona | inthe midsagittal transverse contours for phoneme phoneme [ 17]

midsagittal image plane plane (17

3.2. Acquisition and pre-processing of the CT and MR images

A Computer Tomography (CT) scan of the head of thgest was made, to serve as a reference. A statkQaxial images (5X512
pixels, 0.05 cm / pixel resolution, 0.13 cm intéces space), was recorded for the subject at fldstse CT images, that provide a good
contrast between bones, soft tissues and airbeillsed to locate bony structures and to deteragoarately their shapes for further use.
Stacks of sagittal MR images were recorded for thgest sustaining artificially each of the 46 antations of the corpus during about 35
sec. A set of 25 sagittal images (2266 pixels, 0.1 cm / pixel resolution, 0.4 cm intéce space) was obtained for each articulatitrese
images provide a good contrast between soft tissn@sir, and also within soft tissues, but doimatge clearly the bones.

Due to the complexity of the contours of the vasiaugans, to the relatively low resolution of theages, and to the need of an accurate
reconstruction of the organs, the extraction ofteors has been performed manually, plane by plahe.first step is thus to edit semi-
manually the organ outline in each of the sagittedge where it can be seen. This is relativelyigiitforward for images close to the
midsagittal plane, but much less so for imageséarout from this midsagittal plane where the orgarface may be in tight contact with
other structures or may just extend much furthechsas the palatoglossus for instance. In ord@npsove the determination of the organ
outline in these regions distant from the midsagjitane, we created new images by reslicing thimlirstack of images in planes having a
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more useful orientation, i.e. being more perpendicto the organ surface. As a routine for the ts@lgMRI stacks, we have used 27
transverse planes, i.e. the planes orthogonaldcs#igittal ones, aligned on a semipolar grid (ufe 1). The CT axial stack has been
resliced into coronal and sagittal stacks.

3.3. Determination of the surface outline of therigid bony structures

A number of structures that makes up the vocalk tan be considered as rigid: jaw, hard palatealngassages, nostrils and various
paranasal sinuses. The contours of these strudtaresbeen manually edited from CT images in plavits appropriate orientations (e.g.
the nasal passages were edited from coronal aatlimdges). The set of all points forming the 2Br@r contours was then expanded into
the common reference 3D coordinate system. Theseo8ids were finally processed through a 3D meskiftivare (Geometrica Research
Group at INRIA, http://cgal.inria.fr/Reconstructiotm) form a 3D surface meshing based on trianglegirEi8 that shows tongue nomogram
for jaw height illustrates also the jaw surface.

3.4. Alignment of the images on a common reference

Considering that the subject may have slightly cledngpsition between two MR imagsscks recording, it is important first to aligh al
MRI stacks with a common reference. We use an arlgitommon 3D reference coordinate system attaihttee skull of the subject. Each
stack is aligned using an appropriate 3D transftonaThis transformation, that corresponds todixedegrees of freedom of a solid object,
3 rotations and 3 translations, will be referrecdasoa(3D) rototrandlation. It is obtained by aligning the rigid structuredracted from CT
images (hard palate, nasal passages, paranassgsjimith the corresponding ones in the MR imagesksusing a semi-automatic process:
(1) anchor points of the rigid structures are mipuaarked with care on some of the MR images of stexk, (2) the appropriate 3D
rototranslation is obtained by minimizing the cuatal distance between these points recast in 3Dh&ncorresponding nearest points on
the 3D rigid structures. A similar approach waspased by Takemoto, Kitamura, Nishimoto & Honda @0&@he main differences being
that their minimization error was the value of fdume overlap between the reference to align badarget data.

The previous procedure is also applied to the jawvefch articulation, to determine its relativeipos in relation to the fixed rigid
structures: by combining this relative 3D rototfatien and the absolute one corresponding to thengstack, the jaw position is known in
the common reference coordinate system.

3.5. Determination of the surface outline of the soft structures

The determination of the soft structures (tonguslum, nasopharyngeal wall) is achieved in much same way as for the rigid
structures, but from the MR images of each artigha Planar contours were edited in both sagétal transverse images. The contours
resulting from the intersection of the rigid orgasface with the plane containing the image beitdited were superposed on the image in
order to provide bony anchor points not visible MRI and thus very useful for the interpretation bé timage. Figure 2 and Figure 3
illustrate the edition of the velum in both MRI dtacIn addition to bony structures, previously edisoft structures are superimposed on
the image to help interpretation and maintain cehee. The contour (solid lines on Figure 2 and féid) is established as a 2D b-spline
curve controlled by a limited number of points. Tée&t of all 2D plane contours expanded into thec8Drdinate system forms a 3D
description of the given soft organ (cf. Figure 4).

3.6. Tonguetip and sublingual boundaries

The sublingual cavity plays an important role inuanber of articulations such as post-alveolar fries, laterals, back vowels and some
consonants coarticulated with back vowels. As kstilation, note that the tongue tip is elevatedugh to uncover the mouth floor — and
thus to create a sublingual cavity — in 19 artitates of our corpus: [u oce a3 m" {2 p p' K2 k" II' |" ¥ "]. In these articulations, tongue
tip and mouth floor contours can be easily be seehtraced (e.g. see Figure 1). For the othensations for which the tongue tip rests on
the mouth floor (see Figure 2), these contoursldfieult to determine and have to be inferred nedily.

In most of the central sagittal planes, three djgegoints can be identified on the tongue conto(tsthe extremity of the tip (referred to
asTip), (2) the rearmost point of the sublingual caviythe junction of the mouth floor outline and théerior surface of the tongue tip
(referred to aloor), and (3) the point in the midsagittal plane whitve mouth floor reaches the jaw internal surfaoenewhere behind
the lower incisors (referred to daw).TheTip andJaw points are easy to identify for all articulatiois. simplify a little, we assume that all
Jaw points in the sagittal planes are located in #maesnearly axial plane orthogonal to the midsdgitene, containing the midsagittidw
point and parallel to the plane tangent to the umpeface of the inferior teeth: the correspondiaefgrencejaw arch is finally further
simplified into a fourth order polynomial planarree. TheFloor point cannot be seen in articulations where timgue tip rests on the
mouth floor: it was thus decided to infer it fooie cases, assuming its position being unchangiagvely to the jaw. We determined the
referencamouth floor arch as the fourth order polynomial planar curve thmgraximates best tHéoor points of the 7] articulation. The two
reference arches defined as described above apeseg attached to the jaw, and can thus be positiancordingly for each articulation,
using the jaw rototranslation.

The strategy for editing the tongue contours initeglgplanes is finally the following: (1) positioreference arches in 3D, find their
intersection with the sagittal image plane andldisphese intersection points that are supposedflect the position of thgaw point and
thefloor point, (2) edit the contours as usual whenevebleisbut interpolate using thjaw point and thdloor point as anchor points when
the tongue tip is touching the mouth floor. In aidadi, the three pointsTip, Floor, Jaw) were manually identified on each sagittal contour
allow an interpolation of the three sub-contour®yth floor, tongue tip inferior surface, tongue stpr surface) with a fixed number of
pointsthat will be used in the mesh matching process lfgémn). Similarly, the lower edge of the velum veletermined and
each sagittal contour interpolated with a fixed bemof point for both upper and lower faces.
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3.7. Fit of generic meshes to each articulation

The plane contours defined above do not have ataumnsumber of points and therefore cannot be usedPCA type of analysis. In
order to ensure a suitable geometric representafiali the articulations for a given soft organyrdique generic 3D surface mesh, made of
triangles, was defined for each organ and fittecelagtic deformation to each of the 46 3D shapebefcorpus. This procedure provides
thus a 3D sampling of each organ surface with #mes3D vertices, which is appropriate for the depelent of the models. The elastic
deformation of the generic mesh to fit each 3D shagomputed through a matching software develbyesizeliski & Lavallée (1996).

The lateral consonanflwas chosen as reference articulation for thedenas the tongue tip is sufficiently raised tocletarly appear
the sub-lingual cavity, i.e. the lower surface afigue tip and the mouth floor, in this articulati@imilarly, the nasal phonem@] [was
chosen as a reference for the velum and nasoplealymell, as the contact between velum and suriogndalls is minimum in this
articulation. The meshing software was used to igaedhe generic meshes from the points sampliagvéttious planar contours of the
reference. As the reference and target shapes magry different, it was judged more reliable totchathe reference mesh progressively,
using a series of ten intermediary sets of sagitiatours, where each point is linearly interpaldietween its reference and target positions.

This matching process has finally resulted in aofetrgan surfaces described in terms of triangmashes having the same number of
vertices, in a common reference coordinate sys&289 vertices for the velum (RMS reconstruction erdc06 cm), 2110 vertices of the
nasopharyngeal wall (RMS, 0.04 cm), and 1640 vestioe the tongue, for each of the 46 articulatiohthe corpus (RMS, 0.06 cm). This
forms the basis for the articulatory modeling,lssirated in the next section.

4. Articulatory models of velum, nasopharyngeal wall, jaw and tongue

4.1. Head tilt

Head movements of the subject during the recors@sgion could introduce a variation of the voaattshape as suggested by Kitamura,
Takemoto, Honda, Shimada, Fujimoto, Syakudo, Masé&kioda, Oku-uchi & Senda (2005). Head tilt chagethe sagittal orientation are
the most important. They may increase the varighili the data without being related to a preciegrde of freedom of the articulators and
are therefore considered as a global articulategree of freedom of the head that is not specificalated to speech production. Therefore,
it appears necessary, before modeling speech latticsi independently, to remove the variabilityatet! to this degree of freedom from the
data. Preliminary analysis has shown s strong lative between spinal chord and nasopharyngeal wh& horizontal coordinate of the
back pharyngeal wall in the midsagittal plane athkight of uvula was used as tilt predictor, afdrred to aslead Tilt parameter (HT).

The contribution of this HT parameter to the explion of the total variance of the data has beempted by means of linear
regression: it explains 17% of the cumulated vaganf the central part of the velum, 31% of thearase of the nasopharyngeal wall, and 7
% of the tongue surface. In the following, the medee built from the 46 velum and nasopharyngesl meshes cleared of the head tilt
influence, i.e. once the linear contribution of thibuence of HT parameter has been removed framdkv data. The influence of HT on the
tongue was not deemed high enough to take it ictount.

4.2. Articulatory model of velum of the velum and of the nasopharyngeal wall

In order to determine the number and nature ofttieulatory degrees of freedom of the velum, PCA wpplied to the 28K3 vertex
coordinates that represent the surface of the aepért of the velum over the 46 articulations eoted for tilt variations The first PCA
parameter VL explains 83% of the cumulated variamicall the central velum points, while the asswdaRMS reconstruction error is
0.08 cm. This parameter can then be used to prédictntire velum surface based on a linear reigress the whole set of velum points on
this parameter; in other words, the external regiohthe velum can be predicted from the centrglore by means of this first PCA
parameter. The effect of this parameter on the svkielum is illustrated on Figure 7 by the shapeaated with the two extreme values of
VL found in the data. The main movement associagd VL is a movement in an oblique direction. Calesing its orientation and its
prime importance for speech (Bell-Berti (1993)), tbator veli palatini can be thought to be much involved in this movetntis control
parameter is thus referred to\dgsum Levator (VL).

The second velum PCA parameter, VS, explains 6%eftotal variance of the central points of the weldhe cumulated variance
explained by the two parameters VL and VS atta®f &vhile the cumulated RMS reconstructions errevels to 0.06 cm. This second
parameter is much related to a horizontal displargntoupled with a vertical elongation of the veluwhich complements the
velopharyngeal port closure by a front to back nmoset and may significantly modify the velopharyrgpart constriction. Despite a
relatively small gain in variance explanation, $paars as a coherent complementary degree of freefithe velum: (1) it reduces the
RMS reconstruction error by 25%, (2) it may modHg velopharyngeal constriction in a meaning fulywa

The velopharyngeal port closure is known to be rabled by the combined contribution of velum puffirand superior constrictor
sphincter action (cf. e.g. Bell-Berti (1993)). Expedly, we found that the VL parameter explains 4@Pthe total nasopharyngeal wall
variance, with a reconstruction with an RMS errof4f7 cm. The effect of VL in the midsagittal plasezurs in the upper region, along the
main direction of velum deformation, but in an gutaist way. This movement corresponds to a varnatibthickness of the Passavant’s
Pad, related to the contraction of tpalatopharyngeus muscle and of theterygopharyngeal portion of the superior constrictor, and
participates to a global sphincter behavior ofwepharyngeal port. The parameter VS, that explaimy 5% of the nasopharyngeal wall
variance, was thus not retained in the nasophaawgal model.
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Figure 7: Velum shape for two extreme values of VL, and regular nomograms between these two values for the velum and the naso-
pharyngeal wall in the midsagittal plane (c left) and in the transverse plane (c right) indicated by the transverse solid line on the left graph.

In another study (Rossato, Badin & Bouaouni (2003)§ of the coils of an Electro Magnetic Articulognapas attached to the velum of
the same subject uttering an extensive corpus of ¥&yuences. We have determined the vertex of thenvmesh that was the closest to
the velum coil position for all phoneme targetsd éound a rather strong similarity between the doaccupied by the coil and the vertex
in the midsagittal plane. This is an additionaldevice of the validity of our data acquisition anadeling approach.

4.3. Jaw displacement model

A strong correlation (R= 0.93) was found between the lower incisor’s heind the angle of rotation around a transverss and
smaller correlation with the incisor’s horizontalgition. The jaw height parametéawHei has been used as a control parameter of the main
jaw movement.

4.4. Tongue model

The first parametejaw height JH, is defined as the variablawHei centered on its mean and normalized by its stanhdaviation. Its
main effect is a tongue rotation around a poirthinback of the tongue (see Figure 9). The nextdmrameterspngue body TB, andtongue
dorsumTD, are extracted by PCA from the coordinates oftiidsagittal tongue contour, excluding the tongpeigion, from which the JH
contribution has been removed. They control respagtthe front-back andflattening-arching movements of the tongue (see Figure 9). The
next two parameterdpngue tip height TT, andtongue tip advance TA, are extracted by PCA from the midsagittal tongpecbntour
coordinates, from which thEB andTD contribution have been removed (see Figure 9).

Table | gives the variance, relative to the totiance of the full 3D coordinates, that is exptgify each component, for both raw PCA
and the controlled analysis described above. leappthat a amount of 82.6 % is explained by outrotbed analysis, which is only 8%
below the optimal result from a raw PCA with the samumber of components.

Finally, the 3D tongue model is controlled by thesfarticulatory parameted, TB, TD, TT1, andTT2. The effects of these commands
are demonstrated in Figure 8 which displays torghames for two extreme values (-3 and +3) of onmanpeter, all other parameters being
set to zero., and in Figure 9 which displays thesagittal intersection of the 3D nomograms withusaidal variations of the control
parameters.

Raw ACP Controlled ACP
Parametenn varex| varexcumParameterl varex| varexcum RMS(cm)
P1 0.5920| 0.5920 JH 0.2221 0.2221 0.3457
P2 0.1727] 0.7647 B 0.4139 0.6359 0.2361]
P3 0.0749| 0.8396 D 0.1172 0.7532 0.1944
P4 0.0378| 0.8774 TT1 0.0303 0.7835 0.1821
P5 0.0275| 0.9049 TT2 0.0425| 0.8260 0.1633

Table |: Evaluation of the tongue analysis: varex is the relative explained tongue data variance, varexcum its cumulated value, and RMSthe
RMS reconstruction error between the modeled mesh and the original planar contours.

JH=-2

Figure 8 : Jaw and tongue positions for extreme values of JH and TD
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JH B TD TT TA

Figure 9 : Projection in the midsagittal plane of the 3D nomograms

5. Discussion and per spectives

The present work produced a number of valuableltsesHirst, a database of 3D geometrical descmgtiof tongue, velum and
nasopharyngeal wall was established for a spealgtaining a set of 46 French allophones coveriegsfifeech possibilities of the subject.
Linear component analysis of these data revealatfile components could account for about 82 %heftotal variance of the tongue
shape, while 89 % of the velum variance is takeo account by two parameters, as well as 47 % efndsopharyngeal wall (this is a
smaller amount, but it should be noted that thelals variance of the nasopharyngeal wall in ai@utimes smaller than that of the velum
itself).

Concerning the tongue, the five components corrasgpralitatively to those found previously by Badinal. (2002), on a more
restricted corpus of 25 articulations only. Thesprag study constitutes thus an extension of thigdystit is also important to note that the
variance explained here is about 10 % higher thaBadinet al. (2002), and that the tongue tip and sublinguaitiesvare much better
defined. This will be useful for dealing with adlations such as post-alveolar fricatives, laterbick vowels and some consonants
coarticulated with back vowels. This is also on¢haf motivations for dealing with a 3D model. Anatlinterest of this 3D model lies in the
direct possibility to deal with tongue groove: Fig illustrate well the strong groove variatiofated to the tongue dorsum parameter.

The velum / nasopharyngeal wall model constitutesxdension of the first model developed by Seerugi Badin (2005, in press) on a
restricted corpus of only 22 articulations.

The next modeling step will be the determinationhef area functions for both oral and nasal trasta function of the shapes of tongue,
velum and nasopharyngeal wall, and thus the detetion of the acoustical characteristics of the jplete tract. A longer-term objective is
finally to extend all this process to the compl&ievocal and nasal tracts in order to build a catgBD articulatory model of speech.
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