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ABSTRACT

Orofacial movements arise from the interaction of neural
control signals with mechanical and geometrical properties
of vocal tract structures. We have previously shown that in
the case of jaw movement, patterns of coarticulation may
arise as a consequence of muscle properties and dynamics
rather than characteristics of the neural code. This finding
suggests that at the level of individual articulators the ner-
vous system may take limited account of orofacial dynam-
ics in planning movements. In the case of multi-articulator
motion the mechanical interaction of articulators may ne-
cessitate a more complex pattern of control. In order to as-
sess the characteristics of control signals that underlie inter-
articulator patterning, we describe the kinematic patterns of
coarticulation of tongue and jaw movements in speech. The
empirically observed kinematic patterns are compared with
the results of simulation studies that use a simplified model
of tongue and jaw motion.

1. INTRODUCTION

Coarticulation in speech production is a phenomenon in
which the articulator movement for a given consonant or
vowel varies systematically with the surrounding move-
ments. Coarticulation has been reported in a number
of speech articulators and various experimental contexts.
While a range of accounts of speech coarticulation have
been proposed, two views have dominated the debate:
context-invariant (superposition) models which involve the
blending of the influences of invariant central commands
and context-sensitive (look-ahead) models which suggest
anticipatory adjustments in the central commands.

The major difference in these two competing views is
the extent to which the kinematic variations due to context
sensitivity are directly coded in neural signals. In the con-
text invariant models, coarticulation effects “fall out” of the
interaction between adjacent segments while in the context-
sensitive approach the nervous system explicitly plans the
different trajectories taking context into account. A fun-
damental difficulty in addressing these two competing ex-
planations is that in order to infer control strategies from

kinematic data alone one must know what aspects of the
kinematic variation result from non-neural factors such as
muscle mechanical properties and dynamics. Without ex-
plicit models of the speech articulators, the kinematic pat-
terns which are attributable to central control cannot be dis-
tinguished from those which arise due to dynamics and are
not represented in the underlying control signals.

We have recently shown, using a physiological model
of jaw and hyoid motion [3], that some of the systematic
variations associated with anticipatory and carryover coar-
ticulation may result from the biomechanical properties of
the vocal tract and not from the control input [4]. A more re-
cent version of the model includes the tongue and associated
inter-articulator mechanical interactions [6].

2. MODELS

Our models are based on the equilibrium point (EP) hy-
pothesis of motor control [1]. The models include simu-
lated neural signals and reflexes, muscle mechanics, real-
istic musculo-skeletal geometry, and articulator dynamics.
The muscle model is variant of the Zajac [7] formulation
and includes the dependence of force on muscle length and
velocity, reflex damping and graded force development due
to calcium kinetics (Figure 1).

The EP hypothesis proposes that movements result
from shifts in the equilibrium state of the motor system. Ac-
cording to the model, force develops in proportion to the
difference between the actual muscle length and a centrally
specified threshold length for motoneurone recruitment,�.
Thus, by shifting muscle�s the system may move to a new
equilibrium position.

In simulations with the model, we have shown that the
smooth empirical patterns of jaw motion in speech can be
achieved using constant rate shifts in the underlying equi-
librium position of the jaw. We have also shown that the ob-
served kinematic patterns of coarticulation can be simulated
using constant rate equilibrium shifts. In order to assess the
extent to which muscle properties and dynamics contribute
to the observed coarticulatory patterns, we held the modeled
central control signals fixed so that they take no account of
context. Thus at a control level there is no planned coartic-
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Figure 1: Top: Schematic of the modeled muscle groups
and their attachments to the jaw and hyoid bone. Bottom:
Muscle mechanical model.

ulation. We then examined the simulated kinematic patterns
and found that they matched the empirically observed pat-
terns of coarticulation. A summary of the obtained empiri-
cal and modeling results is given in Figure 2.

In the present experiment we extend our earlier exper-
imental work to examine tongue and jaw motion in speech.
We address the origins of coarticulatory variations by com-
paring the results of empirical and modeling studies. Initial
results based on a simplified model of the tongue-jaw sys-
tem are consistent with our previous findings suggesting that
even when no account is taken of context at the level of cen-
tral control, kinematic patterns of the tongue and jaw vary
in amplitude, duration and timing in a manner similar to that
observed empirically.

3. METHODS

Sagittal-plane movements of the lips, tongue and jaw were
obtained using an electromagnetic transduction device. The
prototype of this system has been described by Perkell et al.
[5]. Receivers were placed in the mid-sagittal plane on the
nose, the maxilla, the upper and lower lips, the mandible and
the tongue. Two mandibular receivers were used, spaced ap-
proximately 1 cm apart, in order to decompose jaw motion
into its rotational and translational components. Three re-
ceivers were placed on the tongue, approximately 1.5-2.0
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Figure 2: Comparison of empirical data and model predic-
tions for anticipatory coarticulation.

cm apart, with the front-most tongue receiver placed ap-
proximately 1.5 cm back from the tongue tip.

Tongue and jaw kinematics were recorded during the
repetitive production ofVCV sequences in which the move-
ment amplitudes for the initial and final vowels were varied.
The focus of the study was the manner in which the move-
ment amplitude and duration of the tongue and jaw raising
movement associated with the transition between the initial
vowel and consonant were varied as a function of the final
vowel (anticipatory coarticulation).

The utterances were composed of the vowelsa, o andi
and consonantsk, t ands. The vowels were chosen to pro-
duce differences in tongue and jaw movement amplitude.
The different consonsants varied the position and possible
precision requirements of consonant articulation. The ut-
terances were embedded between flanking consonantsp to
produce speech-like sequences such aspakap. All combi-
nations of three initial vowels, three consonants and three
final vowels were tested. Subjects were instructed to stress
the first vowel and to produce the sequences repetitively at a
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Figure 3: Top two panels: Predicted patterns of tongue and
jaw vertical position (smooth curves) and underlying con-
trol signals (dots). Bottom panel: Predicted difference be-
tween tongue and jaw position. The figure shows that as
movement amplitude for the final vowel decreases, there is
an associated increase in the predicted spatial and temporal
asynchrony of tongue and jaw motion.

normal sound level and rate. Fifteen samples of each utter-
ance type were recorded. To date, three speakers have been
tested.

4. RESULTS

A computer model of the tongue-jaw system with simplified
geometry and dynamics was used to explore the patterns of
coarticulation that might arise from a system of mechan-
ically coupled masses under neuromuscular control. We
used the same muscle model and simulated neural control
as reported in Gribble et al. [2]. The geometrical configura-
tion was highly simplifed. The jaw was connected to a fixed
upper skull and fixed sternum. The tongue was connected
to the upper skull and the jaw. As in our previous work,
it was assumed that the movements of the tongue and jaw
were produced by changes to neurally specified tongue and
jaw equilibrium positions.

Figure 3 shows the simulated tongue and jaw motion
kinematics (curved lines) and underlying control signals
(dotted lines). In the two top panels, we show a simulated
VCV sequence in which synchronized control signals to the
tongue and the jaw produce closing then opening move-
ments. Simulated vertical positions are shown.

In order to simulate anticipatory coarticulation, we have
varied the rate and duration of the equilibrium shifts associ-
ated with the tongue and jaw opening movementsCV tran-
sition) while holding constant the rate and duration of the
equilibrium shifts for the initial closing movement. This is
equivalent to varying the identity of the final vowel while
holding the initial vowel constant. By examining the sim-
ulated kinematics under these conditions we can assess the
extent to which kinematic patterns characteristic of anticipa-
tory coarticulation may arise, when at the level of the central
control signals there is no account taken of upcoming con-
text.

In the top two panels of Figure 3, if one were to mea-
sure the simulated kinematic amplitude and duration of the
initial closing phase (from zero velocity during the initial
vowel to zero velocity during consonant closure), it would
be seen that the amplitude and duration of the initial closing
movement increases as the amplitude of the final opening
movement decreases. Moreover, even when the control sig-
nals to the tongue and jaw are synchronized, the simulated
tongue movements reach maximum elevation later than the
jaw.

A sample of the empirical results for tongue and jaw
movements is given in Figure 4. The figure shows data for
one subject under conditions in which the initial vowel and
consonant are fixed while the final vowel in varied (mean�

one standard error are shown).
The empirical patterns of coarticulation observed here

are similar to the patterns predicted in the simulations. As in
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Figure 4: Empirical patterns of tongue and jaw movement
match predictions of the model when there is no adjustment
for context at the level of modeled control signals.

the simulations (in which the tongue and jaw closing control
signals take no account of upcoming phonetic context), both
the average amplitude and duration of the initial tongue and
jaw closing movements vary inversely with the movement
amplitude for the final vowel. Initial amplitudes and dura-
tions are greatest for the voweli and least for the lower vow-
els. The timing of tongue and jaw movements also follows
the pattern predicted in the simulations. The tongue reaches
its maximum elevation later than the jaw, and the magnitude
of the time difference is greatest when the following vowel
is i.

5. DISCUSSION

This has been a preliminary examination of “anticipatory”
coarticulation in tongue and jaw movement. We have shown
in simulations that when no adjustment for changes in con-
text occurs at the level of control signals, the predicted
tongue and jaw motion kinematics differ as a function of
context in a manner comparable to that observed empirically
in anticipatory inter-articulator coarticulation.

In the modeling studies, these unplanned kinematic ef-
fects arise due to muscle properties and dynamics. How-
ever, our conclusion is not that coarticulation is unplanned.
Rather care must be taken in drawing conclusions about the

central planning processes underlying coarticulation with-
out explicitly accounting for muscle properties and dynam-
ics which may give rise some of these effects.
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