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ABSTRACT

An inversion procedure from formant trajectories to central
motor commands is presented here. It first involves the
inference of vocal tract shapes by the inversion of an
articulatory-to-acoustic model of the vocal tract. This many-
to-one problem is solved by minimising the jerk of the
articulatory parameters. Articulatory trajectories in different
parts of the vocal tract are extracted from sagittal contours.
Dynamic properties of speech articulators are then modelled
by a second-order system, and articulatory movements are
controlled by shifting the equilibrium position of the system.
The inversion of this second model thus provides motor
command sequences for a given articulatory trajectory. This
procedure is applied to vowel reduction. The results suggest
that the observed acoustic variability can be explained with an
invariant motor command sequence associated with a specific
dynamic parameterisation of the movement.

Keywords: speech production, speech inversion, vowel
reduction, speech invariance, speech motor control.

1. INTRODUCTION

The quest for invariant features related to phonological
commands underlies all research in the fields of speech
production, perception, recognition or synthesis [17]. Some
researchers suggest that invariance could be found directly in
the physical realisations of speech, i.e. in the acoustic signal
(cf. the invariant cues of Stevens & Blumstein [20] and the
direct-perception theory of Fowler {4]) or in the temporal
articulatory trajectories (cf. the icebergs of Fujimura [5]).
However theories arguing in favour of a perceptual processing
of speech to recover the speaker’'s intentions seem more
convincing to us; in this perspective the hypotheses of
gesture recovering (71 and of motor commands recovering [11]
are especially interesting. Successful attempts were made in
this theoretical framework especially as concems vowel
reduction [8]. The hypothesis underlying these works was that
for a given sound constant articulatory forces are produced and
that temporal constraints are responsible for variations in the
spatial effects of those forces. However, as proposed by
Lindblom and his Hypo- and Hyperspeech theory [10], speech
is essentially adaptative and variability cannot be reduced to a
consequence of variations in the timing of invariant motor
commands.
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A better insight into the most outstanding theories elaborated
in the field of motor control is hence needed to unify two
apparently incompatible issues: the adaptative properties of
speech and the recovering of speaker’s intentions from
peripheral signals. It is proposed for that to exploit the
“Equilibrium Point Hypothesis” presented by Feldman in
1966 (see [3] for further information). According to this
theory, articulatory movements are the consequence of shifts
in central Control Variables which specify the intended
position of the limb in terms of a mechanical equilibrium
between all (agonist, antagonist and external) forces acting on
it; moreover, for given values of the Control Variables
different muscle forces could be generated depending in
particular on the co-activation level of the muscles. This
theory is obviously very powerful in the speech invariance
and variability debate: articulatory positions could actually be
encoded in a unique way in the Control Variables space
whereas the co-activation level would allow to play with the
dynamical behaviour of the articulators. In this paper this
approach is applied to the description of vowel reduction.

2. CORPUS

The corpus consists of the sequence [iai] in the French carrier
sentence “il y a immédiatement” recorded for a native French
male speaker. Three different conditions are studied involving
variations of speech rate and stress. Note that stress in French
merely implies prosodic effects and has no phonemic value. In
the first condition - slow and stressed - the speaker is asked to
speak slowly and to put stress on vowel /a/; in the second
condition - slow and unstressed - the instruction is to speak
slowly without stress on /a/; finally in the third condition -
fast and stressed - the instruction is to speak at a fast rate with
stress on /a/.

This corpus involves variability at two different levels:

— the intended articulatory configuration for each vowel
depends on the phonetic context; for example vowel [a] is
produced in a way that takes into account the symetric front
vocalic environment of vowel [i];

— for a given phonetic context, prosodic effects (timing,
stress) influence, in different ways, the effective articulatory
configurations.

To deal with these two aspects of coarticulation the following
hypotheses are adopted:

— contextual coarticulation is the consequence of a high-level
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programming which tends to minimise certain costs in respect
with some classical biological economy principles [9]; this
programming is based on invariant Control Variables;

— prosodic influence on variability can be accounted for by
temporal and dynamic parameterisation of the movement
specified by the Control Variables.

Our approach consists in assuming, first, that in the slow and
stressed condition - referred to as the “optimal condition™
henceforth - the articulatory configurations (and then the
formant patterns) actually correspond to the intended ones
(they therefore depend only on optimisation principles) and
secondly that in the other two conditions the observed
variability is essentially due to prosodic effects. From there,
inversion techniques are used in order to infer the unique set of
Control Variables and the dynmamic and temporal
parameterisation of the movement, which can explain the
formant variability shown by the formant patterns.

3. FROM THE ACOUSTIC SIGNAL TO
ARTICULATORY CONFIGURATIONS

To give an account of the articulatory-acoustic relationship an
articulatory model of the vocal tract [12] is used; this model
determines the shape of the vocal tract depending on the jaw,
the tongue -apex, -dorsum and -body, larynx height and lip
-height and -protrusion. Coupled with a harmonic acoustic
model of vowel production [2], the model provides formant
values for a given articulatory pattern.
The inversion system is based on minimisation of the
quadratic error over the vocalic sequence, between the desired
formant values and the effective output of the model. A
gradient-descent technique is used with a back propagation
algorithm similar to the one introduced by Rumelhart et al.
[19]. However, this technique implies an analytic description
of the relations between the articulatory parameters and the
formant values. We assume that a polynomial equation can
give an account of these relations:
Fg=3 a‘i‘j Aj Aj
=) )
where Ai,Aj are Maeda articulators

Fy is the kP formant.
An optimising technique [13] is used to obtain the order and
the polynomial coefficients giving the best account of the
model.
A connectionist implementation of this polynomial [6] uses,
seven input cells to represent the different speech articulators,
and four output units for the formants. The back propagation
algorithm is iterated until the quadratic error on the formant
values (called configurational cost) is minimised.
It is well known that many different articulatory patterns can
be associated with a given formant pattern (see e.g. [11]). To
solve this many-to-one problem according to the economy
principle mentioned above, we imposed an additional
constraint on the network: the jerk must also be minimised.
This additional cost was chosen with respect to kinematic
studies on speech movements [14]. When the total cost
(configurational + jerk) reaches its minimum, articulatory
trajectories associated with the desired formant patterns are
stored. In order to provide the network with desired formant
patterns that are actually achievable (the vocalic spaces of the
speaker and of Maeda model differ) a transformation based on
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the notion of formant-cavity affiliation as proposed by Payan
& Perrier [16] is required. Figure 1 gives the formant patterns

after normalisation.
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Figure 1: Formant patterns after normalisation.

After this transformation, the successive shapes of the vocal
tract associated with the desired formant trajectories can be
obtained. Figure 2 shows the sagittal contour of the vocal
tract inferred in the optimal condition for vowel [i]. The
trajectories over time of specific points on the sagittal view
are then computed. Figure 3 gives the derived trajectories for
the pharyngeal point indicated by the arrow on figure 2.

PHARYNGEAL FART OF THE TONGUE
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Figure 2 : Computed vocal tract shape for vowel /i/
in the slow and stressed condition.
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Figure 3: Computed trajectories for the pharyngeal part of the
tongue; slow and stressed (solid lines), slow and unstressed
(dotted lines), fast and stressed (dashed lines).

The amplitude of the movement as well as the duration of
vowel /a/ are reduced in non-optimal conditions.

4. FROM THE ARTICULATORY
TRAJECTORY TO MOTOR COMMANDS

Inversion procedure - In order to give a good account of
the dynamic properties of the speech articulators a distributed
second-order model is used: this approach is based on several
descriptions of the kinematic properties of limb movements
in skilled tasks (e.g. [15]). Our purpose here is not to present
an exact description of the anatomy of the muscles involved
but to propose a global description of their action. Our model
is therefore a functional one, where muscles are divided into
two groups, the agonist and the antagonist, each group being
represented by a linear critical damped spring (for more details
see [18]). The control parameters are a — stiffness ratio - and
K - sum of the stiffnesses. These control parameters do not at
all represent the physiological Control Variables proposed by
Feldman; they only give, in the most simple way, an account
of the notion of equilibrium shift and co-activation level: the
equilibrium position is specified by o and the dynamic
properties of the system are determined by K. A network is
used to implement the relations between the control
parameters and the articulatory trajectories. The inversion is
based on the following procedure:

@ In the stressed and slow condition the intended equilibrium
positions are supposed to be attained; it can be can inferred, in
a simple way, (one-to-one) o values for /i/, /a/ and /i/ from
the corresponding articulatory trajectory; the inversion then
provides K values and timing of the control parameters for the
best fitting of the data (position and velocity).

@ For the other two conditions we assume that the intended
equilibrium positions are the same as in the optimal one; o
values found in phase @ are imposed and the inversion
algorithm provides the right K values and timing.

Results - Figure 4 shows results obtained for the slow and
stressed condition. The simulated trajectory (bottom panel)
fits well the actual data in the region of the equilibrium
(target) positions but in the [i-a] transition some difference
(less than 3.5 mm) can be observed. The acoustic
consequences of this difference should be further checked.
However, since only the transition is concemed and since the
stable parts are most important for vocalic transitions, we
will assume that this difference can be neglected. Thus
production of stress involves an increase of K from [i] to [a].
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Figure 4: Inversion in the slow and stressed condition:
a/ Co-contraction level (K); b/ Equilibrium targets (o);
c/ Target (dashed lines) and computed (solid lines) trajectories
for the pharyngeal part of the tongue.

Results obtained for the optimal condition are shown on
figure 5. The simulated trajectory correctly fits the data
(maximal error less than 2.5-mm in the [a-i] transition ). The
co-contraction level is lower than in the optimal condition and
its profile is very different: the co-contraction level is lower
for {a] than for [i]. The duration of the step command for [a] is
slighty reduced, from 14(0-ms for the optimal condition, to
120-ms for the slow and unstressed condition.
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Figure 5: Inversion in the slow and unstressed condition.
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The control parameters inferred for the fast and stressed
condition are presented on figure 6. The fitting between the
simulation and the data is very good (maximal error less than
1-mm). The mean co-contraction level is lower than for the
optimal condition and it is in the same range as for the slow
and unstressed condition; however, the profile is identical to
the one inferred for the other stressed condition. In comparison
with the slow and stressed condition, the duration of the step
command for [a] is largely reduced, from 140-ms to 95-ms.
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Figure 6: Inversion in the slow and unstressed condition.

5. CONCLUSION

Using an articulatory model of the vocal tract that describes
the relationship between articulatory and acoustic domains and
assuming that articulatory movements are optimised in terms
of jerk minimisation, it was possible to infer articulatory
trajectories from the acoustic signal. Central commands were
then inferred with a fairly simple functional model based on
the “Equilibrium-point hypothesis” for the motor control of
movements. These hypotheses on speech production and its
control, allow us therefore to propose a global inversion from
the acoustic signal to central commands.

Moreover, the control parameters inferred thus for three
different prosodic conditions, show that the acoustic
variability due to stress and speaking rate can be explained by
the same intended gestures, specified by a sequence of
equilibrium positions and parametrised by duration and co-
contraction level. It is therefore possible to observe that :

@ stress is essentially characterized by an increase in the
cocontraction level of the stressed vowel,

@ at a given speaking rate, stressed and unstressed
conditions essentially differ in the mean level of co-
contraction, and to a lesser extent, in the hold of the
central command.

These results are particularly interesting in the light of the
theory of the adaptative variability of speech proposed by
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Lindblom: in a given context, the intended successive targets
are controlled by invariant terms and the degree of variability
of the acoustic product depends on the duration and co-
contraction parametrisation of the movement.
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