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Electromagnetic articulography (EMA) data collected with 
the Movetrack measurement system has been used to set the 
parameter values in a three-dimensional tongue model 
dynamically. The outputs from four of the receiver coils are 
used in the parameter control; the data from the coil on the 
lower incisor for the jaw height parameter and the three coils 
on the tongue, T1-T3, for the parameters of different parts of 
the tongue. The measurements of T1 control the raising and 
advancing of the tongue tip, those of T2 the tongue body and 
those of T3 the tongue dorsum movement. Rules to replicate 
the measured control sequences synthetically have been 
developed and the synthetic control sequences have been used 
to synthesize new fricative-vowel sequences. 
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A new 3D tongue model [1] was recently developed within 
the KTH 3D Vocal Tract project [2]. The model was based on 
Magnetic Resonance Imaging (MRI) of a reference subject 
producing 43 artificially sustained articulations of Swedish. 
The static MRI data needs to be complemented with 
dynamical data, in order to generate a model representative of 
dynamic speech [3], which has been done using 
electromagnetic articulography (EMA). The result is a 
dynamic 3D tongue model developped with similar goals and 
strategies as those of the projects at PSL, University of 
Californa – Santa Cruz [4] and ICP, Grenoble [5]. 
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The subject, the present author, was the same, 28 year-old 
male native speaker of Swedish, that was used as reference 
subject for the tongue model [1].  

The corpus consisted of a subset of the MRI corpus [6], 
such that it included the fricatives /s, _a`cb�`cd / in symmetric 
VCV context with V = /egfihjfik /. The EMA measurements were 
collected with the Movetrack [7] electromagnetic 
measurement system developed at the Department of 
Linguistics, University of Stockholm. Six receiver coils were 
used in the acquisition, of which four are of importance here, 
as illustrated by Fig. 1. The coil on the lower incisor, J, 
measures the jaw height and the three coils T1-T3 the 
movement of the tongue. T1 monitors the tongue tip and T2-
T3 the movement along the two main articulatory axes of the 
tongue. The tongue coils were placed 11, 36 and 55 mm from 
the tip of the tongue in the midsagittal plane. The remaining 
two coils were used to measure the protrusion and to serve as 
reference to adjust for head movements. 

The EMA data for the fricatives was acquired 
simultaneously with EPG data, used to tune the parameters of 
the tongue model to replicate natural contact patterns. Details 
on the combined EMA-EPG measurements can be found 
in [8]. 
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This section describes the generation of parameter files to 
control the tongue, by selecting appropriate measurements, 
then scaling and adjusting to adequate sequences.   
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The data from the coil on the lower incisor controls the jaw 
height parameter (JH) and the three coils on the tongue, T1-
T3, the movement of different parts of the tongue. The 
measurements of T1 control the raising (Tongue Tip, TT) and 
advancing (Tongue Advance, TA) of the tongue tip, those of 
T2 the tongue body (TB) and those of T3 the tongue dorsum 
movement (TD). 

The measurements for each coil consist of its movement 
in the x-, and y-directions in the midsagittal plane, considered 
separately, as functions of time, x=f1(t) and y=f2(t). The jaw 
movement is almost exclusively vertical and the dynamics of 
the jaw height parameter JH is thus controlled by y=f2(t). 
Measurements in both x- and y-directions of T1 were used, to 
control the advancing-retraction of the tongue tip (TA) and 
the raising-lowering (TT), respectively. The movements in the 
x- and y-directions of coil T2 are quite synchronized: 
following the tongue body movement T2 is moved forward 
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(increasing x) and raised (increasing y) at the same time and 
vice versa. Either of the two sources could hence be used to 
control TB, but as the tongue body movement (TB) is mostly 
vertical, the y-measurements are used in the parametric 
control. The case is similar for T3, where the arching of the 
tongue body, by styloglossus activation, makes the retraction-
raising and advancing-lowering movements synchronized. 
The T3 y-measurements were chosen to control TD. The 
widening and narrowing of the tongue blade, controlled by 
the tongue width parameter TY, is not directly measured by 
any of the EMA coils. TY is however highly correlated with 
the tongue dorsum movement, since the tongue blade is 
narrowed as the tongue volume grows in the velar region and 
widened as the tongue dorsum is lowered. The sixth tongue 
parameter TY is thus also controlled by the T3 y-
measurements, to promote volume conservation. An empirical 
relation between the two parameters TD and TY was 
determined from the component analysis of the MRI data [1], 
such that TY is linearly proportional to the level of TD 
(TY=TY0+k*TD, k<0).  
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The EMA measures of the coil movements are given as the 
deviation in cm from the reference position, which is a neutral 
tongue position with upper and lower incisors touching. The 
parameters in the tongue model are however defined using the 
activation Ú (-1<Û <1) of a prototype vertex movement 
towards a target vertex and a weight vector Ü�Ý , stating the 
influence of the parameter on all vertices Þ  of the mesh. The 
EMA measures need hence to be transformed from distance 
measures to activation level of the corresponding parameter. 

The parameters for the Tongue Body, TB, Tongue 
Dorsum, TD, and Tongue Tip, TT, control the portion of the 
motion of the respective parts of the tongue that is not due to 
the jaw movement. The contribution of the jaw opening to the 
tongue coil deviation from the reference position (coil J) was 
hence removed from the total deviation before the parameters 
TB, TD and TT were calculated from the measurements of the 
respective coils, as 

Ti,y 
relative = Ti,y – JHinfluence

Ti*TJ,y, 

where Ti,y and TJ,y are the measured deviation of coils ß  and à  
in the y-direction and JHinfluence

Ti is the influence of the jaw 

height at the position of coil Ti according to the MRI based 
tongue model [1]. 

The maximal deviations from the neutral tongue shape for 
the MRI and EMA measurements were compared, and the 
Euclidean distance was normalized to an activation á  in the 
range -1<â <1, setting the maximal measured deviation to ã�ä�å

. The EMA data was moreover downsampled from 
2000 Hz to 100 samples per second, corresponding to the 
frame rate of the KTH visual speech synthesis [9], giving an 
activation function æ�çéè ê  of the form shown in Fig. 2, when the 
subject was reading a number of VCV sequences. 

The six parameter functions thus generated can be used as 
input to the tongue model, synchronized with the original 
audio recording to replicate the measured VCV sequences. 
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The dynamic control sequences generated directly from the 
EMA measurements as outlined above provided an overall 
subjectively adequate parameter control of the dynamics for 
the model. These control sequences did however generate 
some extraneous movements between the VCV sequences, 
when the subject swallowed, wetted his lips etc. There were 
moreover some rapid fluctuations in the VCV sequences, that 
may be due either to measurement errors, caused by coil tilt, 
or are part of the actual movement, but that were too abrupt to 
model adequately. 

Idealized control sequences were hence generated from 
the EMA measurements, where the movements between the 
VCV sequences were faded out to a threshold value with 
sinus functions and where the transitions in the VCV 
sequences were smoothed with a recursive binomial 
smoothing, avoiding too abrupt changes. The threshold value 
was set to the minimal absolute activation measured, i.e. the 
value closest to the reference position that was observed 
between the VCV sequences (in reality this was the value at 
the reference position, except for JH, as the upper and lower 
teeth never touched in relaxed position). The speed of the 
parameter fade out before and after the VCV sequences 
depends on the articulatory speed of the respective tongue 
coils measured in the VCV sequences. Silent phases without 
any parameter change were further removed from the 
parameter and sound signals. A part of the idealized version þ�ÿ ��� �

 of the activation function ����� �  in Fig. 2 is shown in 
Fig. 3, together with two other parameter functions. 
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Purely synthetical parameter control sequences U$V W�X Y  that 
approximately replicate the measured control sequences 
above can be generated by rules based on the articulatory 
measures 
1. considering one prototypical parameter activation 

value for each vowel before (1a) and after the 
fricative (1b) and for each fricative in the appropriate 
vowel context (1c) as the targets in the control 
sequence. 

2. considering the entire rise-fall sequence of the 
parameter control as six sinusoidal functions (two for 
each of the vowel parts and two for the fricative) with 
smooth transitions and requiring that the functions 
match the mean measured duration times for the VCV 
sequence (2a) and the fricative (2b). 

3. applying the rules on the relation between onset and 
offset position for the articulators, e.g. that the tongue 
tip is lower and the jaw higher at offset than onset. 

4. applying the rules on the relation between timing of 
different parameters, e.g. that the tongue tip motion 
precedes that of the jaw both at fricative onset and 
offset. 

The application of each of the above points and the result 
for one jaw height control sequence is shown in Fig. 4. The 
synthetical parameter activation functions were used to 
synthesize all VCV sequence combinations of the five 
fricatives and the three vowels. A time-aligned version of a 
prerecorded (natural) reading of the same VCV sequences 
was synchronized with the parameter activation to provide 
sequences with matched articulation and acoustics.  

In order to informally test the full audiovisual speech 
synthesis using the above rules, the Swedish some-sense 
tongue twisting sentence “Fiffig Orsa-farsas vassa chassi.”  
(“The ingenious Orsa daddy’s sharp chassis.”  [Orsa is a 
Swedish town]) with the transcription /Z8[ Z8\ [�] ^�\ _`Z8_ ^�\ _ a2b _ a�\ _c _ a�\ [ / was generated with animation control from the 
articulation parameter rules above and audio and timing from 
the KTH text-to-speech synthesis [10]. As the speaking rate 
was significantly raised compared to that of the VCV 
sequences, some additional coarticulatory blending on the 

transitions and some reduction of large parameter activation 
had to be applied to the above rules, but the visual synthesis 
was otherwise successful in generating a plausible articulatory 
movement. 

Ongoing work focuses on incorporating the tongue model 
and its parameters into the KTH visual speech synthesis 
system [9] and the results of the current study is taken into 
account as far as possible in the framework, including timing 
between articulator movement and parameter activation of the 
fricatives. Other details, such as e.g. the difference between 
the parameter values in an initial and a final vowel in a VCV 
sequence is however not modeled.   
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The result of this and an earlier study [1] is an articulatory 
three-dimensional tongue model, whose shape and parameters 
are determined through statistical analysis of MRI data, 
whose parameter activation is based on the combination of 
MRI, EMA and EPG data and whose dynamics are 
determined from EMA measurements. Several different 
measurement sources have thus been successfully combined 
into a working model. 

Short movies of the talking tongue, controlled by both the 
idealized control sequence Þ�ß à�á â  and the rulebased parameter 
synthesis ã$ä å�æ ç , will be presented at the conference. The 
movies will also be available at the project page 
http://www.speech.kth.se/multimodal/vocaltract.html. A few 
frames, sampled every 100 ms, of the sequence /è éÏè / 
controlled by the idealized control sequence are displayed in 
Fig. 6, indicating the articulatory change over 1.0 s in the 
transition from the end of the first vowel over the fricative to 
the second vowel. 

êëÉì�íîµï#ð¼ñµò�ó¼íî
The presented, dynamical 3D tongue model is based on 
statistical analysis of different measurement sources for one 
reference subject and the model should hence represent a 
realistic replica of natural speech production. Dynamical and 
continuous data, such as from X-ray, of the reference subject 
would be needed to evaluate formally how accurate the model 
is. It should be noted both that the set of rules includes only 
fricative-vowel sequences and that the rules are by no means a 
full text-to-visual speech system. The results do suggest, 
however, that such a rule system based on a larger EMA 
measurement corpora and with the articulatory parameter 
rules incorporated in the text-to-visual speech synthesis 
package [9] has potentials for generating accurate intraoral 
visual speech. The knowledge on tongue dynamics acquired 
in this study will be used in future work to edit the rules for 
the tongue movement in the KTH text-to-visual speech 
synthesis.
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