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The KTH 3D Vocal Tract project (Engwall, 1999) aims at realistic modeling of the intraoral articulator 
movement in speech, using a rule-based approach to visual speech synthesis (Beskow, 1995). The hope is that a 
realistic 3D model of the tongue, made visible in the frame of a synthetic face (Lundeberg and Beskow, 1999), 
as shown in Fig. 1, can be of use in pronunciation training to provide visual feedback to eg. hearing-impaired 
children. In the current state of the project, the model consists of polygon meshes of the tongue and the hard 
inner structures: the jaw and palate with teeth and gums, but with a possibility to add vocal tract walls, with the 
ultimate aim of generating a full 3D articulatory model, producing acoustic, as well as visual, output. 
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The vocal tract model is based on articulation data collected for one reference subject, using Magnetic 
Resonance Imaging (MRI), Electromagnetic articulography (EMA) and Electropalatography (EPG). The MR 
Image set provides a basis for the three-dimensional modeling as it, in principle, covers the entire articulatory 
space of the subject. It consists of 54 images each of one neutral tongue position and 43 Swedish articulations of 
13 vowels and 10 consonants in the symmetric vowel contexts / �� "!# "$ /. The corpus covers all long Swedish 
vowels, all voiceless consonants and three short vowels, while the remaining short vowels, nasals and retroflexes 
were collected in the midsagittal plane only. The articulations were artificially sustained during the 43 second 
acquisition time and the VC and CV transitions were made immediatly before and after the scan, respectively 
(Engwall and Badin, 1999). The MRI database is hence suitable for modeling of static articulations, but other 
measurement methods must be used to achieve a replica of running speech.  

To measure dynamical aspects of  the articulations, a combined EMA and EPG study was hence carried out 
with a subset of the MRI corpus, consisting of the five fricatives / %'&)(*&)+'&),-&). / in the same VCV contexts as above 
(Engwall, 2000c). In addition, the vowels / /�0 132 0 134�0 13560 / and the consonants / 7 839�83: / were collected in a 
complementary EPG study (Engwall, 2001a), measuring the vowels in isolation and the consonants in VCV 
context, again with / ;�<>=#<>? /. 
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The data and the modeling strategies to assure realism in the visual speech synthesis of the KTH 

3D Vocal Tract project are presented. The model is based on different measurement sources (MRI, EMA and 
EPG) and the decisions made in combining these measurements are presented. A method for detecting and 
handling intersections between the tongue surface and the teeth, gums or palate has been developed to 
prevent the tongue from reaching impossible articulations, where the tongue penetrates the teeth or palate 
boundaries. The text to intraoral visual speech synthesis system and the potential applications are described 
briefly. 
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The data has been combined in a 3D model of the reference subjects tongue, jaw and palate (cf. Fig. 1) with 
dynamical parameter control. The choice of using one reference subject rather than a larger database of several 
subjects was made both on theoretical (that intersubject variability may obscure interphoneme differences in a 
model based on the subjects’  mean articulations) and practical grounds (as the measurements were made at 
several different occations and locations, one important constraint was that the same subject should be available 
for all measurements. Taking the present author as reference subject was hence the simplest solution).  

MRI is now more or less the standard method for three-dimensional articulator measurements as it allows for 
full 3D reconstructions with high enough resolution and no known health hasards for the subject. The shape of 
the tongue was determined for the 44 articulations and based on the differences, six linear articulatory 
parameters were defined using a linear component analysis (Engwall, 2000a). The hard structures, i.e. the teeth 
and hard palate with the attached gums, were determined from MR Images of the subject’s dental casts (details 
are given in Engwall, 2001a). Whereas important asymmetries in the tongue articulations obliged the tongue 
model to be made asymmetric, the jaw and palate are symmetric in the model (cf. Fig. 1c). This choice, made to 
reduce the number of vertices needed, was based on the fact that the hard structures firstly have less differences 
between the left and right halves for the subject and secondly do not change in shape with different articulations. 

The EMA and EPG data were used to tune the parameter activation for each articulation to values 
representative for dynamic speech, as the artificially sustained MRI articulations were found to be 
hyperarticulated (Engwall, 2000b). The control parameters of the tongue were adjusted to generate synthetic 
linguopalatal contact patterns that replicate the natural patterns measured with EPG as closely as possible 
(Engwall, 2001a). The EMA data was employed to control the dynamics of each of the linear parameters, so that 
the different parts of the model move in accordance with the EMA receiver coils measuring the corresponding 
movement (Engwall, 2001b). The data from a coil on the lower incisor controls the jaw height parameter and 
three coils (T1-T3) on the tongue that of different parts of the tongue. T1 controls the raising and advancing of 
the tongue tip, T2 the front-back movement of the tongue body and T3 the velar arching of the tongue dorsum. 
The EMA data was used both directly and to derive rules for synthesising VCV sequences. 
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The combination of a dynamical tongue and inner structures, such as the teeth and palate, makes a method for 
handling contacts between surfaces necessary. A detection and correction algorithm has hence been introduced 
in the model to avoid impossible situations, where the tongue penetrates the teeth, the gums or the palate. 

The algorithm consists of detecting tongue points that have penetrated the teeth or palate boundary and then 
correcting by placing these points on the boundary surface instead, similiar to the method proposed by Cohen et 
al. (1998). The detection part employs the method proposed by Engwall (1999) to find intersections when 
calculating crossectional areas, i.e. taking the dot product between the surface normal and a vector from the 
tested tongue point P to the surface. 
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The testing and correction is carried out against one upper boundary mesh, BP (cf. Fig. 2), consisting of the palate 
and the inner parts of the teeth and gums, and one lower, BJ, consisting of the inner parts of the lower teeth and 
gums. The boundaries are made up of regular quadrilateral meshes of sagittal and coronal (for the palate) or 
sagittal and axial (for the jaw) lines, defined by regular sampling of the original polygon surfaces. A mesh size of 
2x2 mm squares is used, as a good compromise between modeling accuracy and a sufficient computional speed.  

As the palate and jaw do not change shape over time, the boundary meshes are pregenerated and stored as 
separate structures in the model. The palate is kept in fixed position during the speech synthesis and the 
boundary mesh used in the testing is hence defined directly from its orientation in the reference position. For the 
jaw, an additional step is needed, as the jaw is rotated during speech. The jaw boundary mesh is kept in its 
reference position with closed jaw when the check and correction is to be performed and rather than rotating the 
boundary mesh, the tongue points to check are transformed to the coordinate system of the jaw. After detection 
and correction, the corrected points are transformed back to the original coordinate system. This solution was 
chosen instead of rotating the jaw as slightly fewer points have to be transformed in each frame, and, more 
importantly, this allowed the simple detection algorithm used for the palate to be applied to the jaw as well. The 
method is described for the palate, but it applies to the jaw mesh, with the minor change that the search is based 
on axial rather than coronal lines. 
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The algorithm is based on a careful definition of the boundary mesh, allowing the detection and correction to be 
carried out efficiently in one step. Firstly, the palate mesh is ordered with increasing x-coordinate for the coronal 
lines Ci and with increasing y-coordinate for the intersections with the sagittal lines Sj within each coronal line 



  
 

  

(refer to the (Ca,Sa) pairs in Fig. 3 for an illustration). Secondly, the sampling of the mesh is made at integer x- 
and y-coordinates. As a consequence all distance calculations to find the polygon closest to a tongue point can be 
omitted as that polygon is directly identified by the (x,y)-pair of the tongue point P=(xP,yP,zp). The first corner in 
the polygon has coordinates (2*�� � (xP/2),2*�� � (yP/2),z1), with �� �  denoting rounding towards zero (cf. Fig. 3).  

The vectors from P to the four corners are then calculated and the shortest of these approximates the vector 
from the tongue surface to the boundary. The sign of the dot product between this vector and the surface normal 
shows whether P passes the surface or not. Once an intersection is detected for P√, the correction is carried out, 
by mapping P√ upon the closest polygon corner found in the detection process. This strategy speeds up the 
correction step, as it eliminates the search for the polygon closest to P√ and the projection onto it.  

The maximal error in the correction is √2 mm, which is of the same level as the reconstruction error of the 
synthetic tongue shape compared to the natural, and thus of sufficient accuracy for the model. The risk of 
clustering of corrected points is neglible, as the mesh is significantly finer than the tongue polygon mesh. The 
outcome of the correction method is exemplified in Fig. 4. As pointed out in section 3, whereas the tongue is 
asymmetric, the palate and the jaw, and hence the boundary meshes, are symmetric, which means that the right 
half of the tongue is tested for boundary collisions against the mirrored boundary meshes, -BP and -BJ. 

The algorithm is further speeded up by only testing relevant parts, instead of the entire tongue. The upper 
surface and edges of the tongue, back to the velar region, are tested for boundary violation against the palate, 
whereas the tongue tip and edges are tested for boundary violation against the jaw. Instead of checking all 450 
vertices of the tongue against two boundary meshes, only about 230 checks need to be performed. The time for 
detection and correction is less than 10 ms/frame, hence allowing the model to be rendered at 50 frames/second. 

�������������! #"%$&�!'�(� �'�(�)+*-,/.%0&(�)+1&2&����3�451&6�$&�!4&��.%,/.
The tongue and inner structures have been introduced in the KTH rule-based visual speech synthesis system 
(Beskow, 1995) to allow for text to intraoral visual speech synthesis. The visual speech synthesis is based on the 
RULSYS text-to-speech rule synthesis framework (Carlson et al., 1982), where the orthographic text is 
transformed to strings of phonemes (for the audio output) and visemes (for the visual modality). The viseme 
synthesis has now been extended to include intraoral articulations as well, by adding three parameters: tongue 
body, tongue dorsum and tongue width (Engwall, 2000a) to the parameters defined for the synthetic face (cf. 
Beskow, 1995), and replacing jaw rotation by jaw height, apex by tongue tip and tongue length by tongue 
advance to correspond to the articulatory measures of the tongue. A stand-alone application, taking a text string 
provided by the user and generating the corresponding multimodal synthesis, has been developped. 

The tongue parameters have been assigned different time constants using time variable filters in RULSYS to 
get the right dynamic properties. These time constants have partly been based on an EMA study (Engwall, 
2001b) of Swedish to replicate the observed differences in the timing of the articulators.  
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Several clinical applications can be envisaged for a 3D models of the mouth cavity and Cohen et al. (1998) 
suggest feedback in speech training for hearing impaired persons, remedial instruction for language-disabled 
children, speech therapy during the recovery from brain. The applications can stretch even further, however, e.g. 
as a support in the rehabilitation and assessment of patients who have undergone treatment for intra-oral cancers 
(Wrench, 2000), or as a basis for visualising measurements and modeling speech motor control disorders, such 
as stuttering and other speech production disfluencies, on the articulatory level. 

ÌHÍ¾ÎÀÏHÐ�ÑÅÒ�Ó�ÔÖÕ�ÏHÐ
The intraoral visual speech modeling presented in this paper bears several similarities with other projects, such 
as Cohen et al. (1998) and Réveret et al. (2000), but to the author’s knowledge, this project is unique in 
employing three-dimensional EPG patterns in the modeling and where the articulatory parameter dynamics of 
the model has been controlled directly by EMA data. The boundary handling algorithm presented here 
furthermore allows for a real time method to avoid impossible articulations and the integration in the KTH text 
to visual speech system simplifies the visualisation of intraoral articulator movements. 
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