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RESUME

Un modéle du contrble moteur de la parole
est présenté. Il s’appuie sur la théorie du Point
d’Equilibre de Feldman (1966). Une évaluation
de ce modele est proposée, via le contrdle d’un
modéle biomécanique bidimensionnel de la
langue. Les patrons articulatoires et acoustiques
synthétisés avec ce modele pour différentes
transitions vocaliques, sont comparés a des
données mesurées chez un locuteur francais
avec un articulometre électromagnétique.

ABSTRACT

A model of speech motor control is pre-
sented, based on Feldman’s (1966) Equilibrium
Point Hypothesis. An assessment of this model
is proposed, including the control of a 2D
biomechanical model of the tongue. Articulatory
and acoustic patterns synthesized with this
model for various vowel-to-vowel transitions,
are compared to data collected on a French
native speaker, with an electromagnetic
midsagittal articulometer.

INTRODUCTION

So far, studies on speech motor control have
been essentially based on analyses of
articulatory and/or acoustic signals. Even if
many of these studies were and are still giving
very interesting insights into speech control,
they suffer from an important flaw: no
distinction is possible in the physical signals,
between the properties arising from the
dynamics of the speech apparatus, and those
which are the consequences of motor control
strategies. Using dynamical models of speech
articulators, we presented elsewhere (Perrier et
al., 1996a, 1996b) how part of the measured
speech variability can be explained by the
physical properties of the system, without any
change of the underlying motor strategy. For
that, we assumed, in the line of Feldman’s
(1966) Equilibrium Point Hypothesis (EPH)
that speech control is target based.

We propose a more extensive assessment of
this hypothesis: various vowel-to-vowel
transitions generated from a 2D biomechanical
model of the tongue controlled by the EPH are
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compared to data collected on a French native
male speaker, PB.

THE TONGUE MODEL

The 2D biomechanical model consists of a
Finite Element description of the anatomical and
mechanical structure of the tongue, including 48
elements. The shape and the distribution of
these elements in the mid-sagittal plane give an
acceptable account of the muscular structure of
this articulator. However, as tongue is shaped
and moved in the 3D space by the coordinated
actions of 20 muscles or so, a 2D description
obviously implies strong simplifications. In this
perspective, our approach was to only model the
muscles that have the strongest influence on
tongue contours in the midsagittal plane. Hence
following Maeda and Honda (1994)
suggestions, the modeling of external muscles
includes two major agonist/antagonist pairs,
namely the Posterior Genioglossus/Hyoglossus
(GGp/HG) pair and the Anterior
Genioglossus/Styloglossus (GGa/SG) pair (see
Payan et al., 1995 for further details).

The geometrical external shape of the model
has been adapted, from X-ray data, to the
tongue contours of speaker PB. Elastic
properties have also been tuned so that, within
the range of tongue deformations observed in
normal speech, a reasonable amount of force (0
to 10 N) is produced. Maximal tetanic tensions
of tongue muscles were chosen as a function of
muscle cross-section area (Van Lunteren ef al.,
1990).

Since dealing with the issue of inter-ar-
ticulator coordination is not part of this study,
only transitions involving pure tongue
movements have been simulated. Hence the jaw
and the hyoid bone, the two mobile structures to
which tongue is attached, have been considered
as fixed, by keeping motionlesg the corre-
sponding nodes of the model.

CONTROL OF THE MODEL

Because the model is essentially based on
agonist and antagonist muscle pairs (GGp vs.
HG and GGa vs. SG), our approach implicitly
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rests on the assumption that muscles are not
acting as independent units, but in synergy. In
addition, given the discrete structure of the
phonological command, a target based model of
speech motor control is appealing, as it offers a
nice link between the phonological units and the
physical targets, that are underlying the
continuous speech signals. Feldman’s EPH is
even interesting for speech production, because
it is a theoretical framework where both these
basic principles are present.

This theory of motor control, grounded on
basic neurophysiological mechanisms of muscle
force generation, suggests that the Central
Nervous System (CNS) controls movements by
selecting, for each acting muscle, a threshold
muscle length, A, where the recruitment of o
motoneurones (responsible for active forces)
starts. If the muscle length is larger than A,
muscle force increases exponentially with the
difference between the two lengths. In this
theory, As are not controlled individually for
each muscle, but are modified through changes
in global control variables, acting along the dif-
ferent degrees of freedom of the motor system
(Flanagan et al., 1990). These global variables
are a way to account for muscle synergy
(Laboissiere et al., in press). Moreover,
Feldman’s basic suggestion is that movements
are produced from posture to posture, a posture
being a stable mechanical equilibrium state of
the motor system. Hence a discrete sequence of
global control variables, those specifying the
successive postures, would underlying the
continuous trajectory. Feldman’s EPH is thus a
target-based model. For a constant amount of
external forces, each mechanical equilibrium is
associated with a specific spatial position of the
articulator. Consequently, in normal speaking
conditions, a speech control model based on the
EPH, may be regarded as supporting the
existence of spatial targets in speech.

According to the EPH, movements are
produced with constant rate shifts of the global
control variables. This determines a *“virtual”
trajectory, and the differences between virtual
and actual trajectories are depending upon the
dynamical properties of the system.

In summary, the basic principles of the
control of the tongue model are (for further
detaﬂs see Payan et al., 1995) :

* Movements are produced towards spatial

equilibrium configurations.

* Between two targets, command parameters
are shifted with a constant rate.

» Similarity between the actual and the virtual
trajectories is adjusted by tuning the
dynamical parameters of the system and the
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timing (transitions and hold durations) of the
commands.
Extensive tests of this model were carried out by
comparing simulations of V-V transitions with
experimental data.

REFERENCE DATA ACQUISITION

Basically, the corpus was designed to study
V-V transitions, where tongue is the most
relevant articulator. Indeed, this is a
prerequisite, if we want our simulations to be a
real assessment of the control model. Hence the
corpus does not include transitions where lip
movements are acoustically relevant, and a bite-
block was inserted between the teeth of the
subject, to keep constant the jaw position.
Actually the size of the bite-block was chosen
by the subject himself, to make sure that it does
not induce an inconvenient perturbation of
speech production. In these conditions the
subject produced each V-V transition within two
different vowels sets: [i, e, €, a] and [y, g, o, u].
The subject was asked to hold each vowel, to
avoid any target undershoot.

Data were collected with a mid-sagittal
electromagnetic articulometer (AG100 by
Carstens Electronics). Three transducers were
glued on the tongue. They were fairly regularly
located, between 1cm and Scm from the tongue
tip. The remaining transducers were glued on
the superior and inferior incisors. In addition,
front views of the lip were recorded with a
video camera operating at a rate of 50 images
per second. For further extraction of lip con-
tours, the lips of the subject were carefully
painted in blue (Lallouache, 1990). Those video
recordings have essentially been used, to make
sure that lip movements were effectively
negligible within a transition, and to measure the
mean lip area for further speech synthesis
purposes.

Additional information about the geometry of
the vocal tract and target tongue shape was
extracted from X-ray cineradiographies recorded
in Strasbourg on PB subject, for another corpus
(Badin e al., 1995).

SIMULATIONS

For closed vowels as [i, e, y, u], the target
shape of the tongue was determined from X-ray
pictures and articulograph data. This provides a
fairly good approximation, as X-Ray data
depicted a jaw position that is similar to the one
under bite-block condition. As for the more
central vowels however, target shapes were
evaluated from the articulograph data, taking
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into account the information available on the
closed vowels.

Given the muscular structure described in the
tongue model, very simple central commands
are underlying the movements. For transitions
between [i], [e], [¢] and [a], GGp and HG
were the only active muscles. In the same way
only GGp and SG were involved in the [y-u]
transition. For other VV transitions, the four
extrinsic muscles have to be simultaneously
active.

Let us take as an example the procedure
adopted for the simulation of [i-a] transition.
First GGp and HG were manipulated, to re-
produce [i] and [a] target tongue shapes, as
given by the X-Ray data. GGp and HG A values
were then estimated at the targets, by measuring
the muscle lengths. Movement from [i] to [a]
was then generated by linearly shifting GGp
and HG A commands. The onset and offset
times were identical for all As; they were
manually tuned for a correct approximation of
the measured movement duration.

Several transitions were simulated. Most of
them will be presented during the meeting on a
video tape. To describe them is this paper would
be too long. Hence let us focus the analysis on
some nice features of them.

Figure 1 :

simulation of [y-u] transition

In figure 1, the successive tongue shapes
generated for the [y-u] transition are depicted at
a constant time interval. The target shapes,
given by the X-ray data, are superposed to the
initial and final shapes of the transition. We first
observe that the natural shapes are well
approximated by the model, apart from the
apical region, where the apex is too low for [y],
and too high for [u]. This underscores a

weakness of our model, which is only able to
account for global variations of the tongue
shape. In this perspective, including an
additional muscle like the longitudinalis
superior, which shapes the tongue in the apical
region, would be an interesting improvement.
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Figure 2 : [y-u] velocity profiles in mm/s
(a) measured ; (b) simulated

Figure 2 shows the velocity profile of this
transition as measured for the transducer in the
middle of the tongue blade (2.a) and as
generated in the simulation for a node, which is
located close to the transducer location (2.b). In
both cases, a two-peak velocity profile is ob-
served. This result is exciting: with a unique
underlying movement, specified by a constant
rate A shift, the model is able to reproduce the
measured complexity of the velocity profile. It
emphasizes the efficiency of Feldman’s EPH, as
well as the importance of the dynamical
properties of the motor system in the
kinematics. Comparing this result to the [y-o]
transition is interesting: here, with the same
underlying command pattern, simulated velocity
profiles have only one velocity peak, just as ob-
served on the data (Figure 3).
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Figure 3 : [y-0] velocity profiles in mm/s

(a) measured ; (b) simulated

This observation confirms that inference of
motor control strategies from Kkinematic
properties of the movement should be
considered with caution.
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Figure 4

Finally the [y-u] transition is plotted in the
acoustic F1-F2-F3 space (Figure 4). The F1-F2
transition generated by the synthesis is similar to
the data, with a fairly small variation of F1.
However in our simulation F3 slightly
increases, whereas in the data first a decrease
and then an increase is observed. Measured
acoustic data can be explained by a change in the
affiliation of F3 from [y] to [u]: for [y], F3 is
affiliated to the front cavity, and it decreases
when the tongue moves back; then, for [u], F3
gets affiliated to the back cavity, and increases
when the tongue moves back. This is not
observed on the model because of the crude
description of the tongue contour. Indeed, even
for [y], F3 is affiliated to the back cavity:
because of the imperfect description of the apical
region, the length of the constriction in the
model is too short (tongue tip is too low); hence
from an acoustic point of view, the equivalent
position of the constriction is further back than
in the data; this induces the back cavity
affiliation for F3.
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CONCLUSION

Interesting results have been obtained in the
simulation of V-V transitions, with a
biomechanical model of the tongue controlled by
the Equilibrium Point Hypothesis. In particular,
it was possible to give an account for complex
kinematic properties, and the acoustic
simulations in F1-F2 space are good. However,
limitations due to an insufficient modeling of the
apical control were pointed out. This can modify
the speech spectrum in the high frequencies;
therefore, we consider the possibility to improve
the model by including the superior longitu-
dinalis.
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