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ABSTRACT

Articulatory prototypes for the ten French vowels have
been obtained via acoustic-to-articulatory inversion. We
show that these prototypes are coherent with
experimental data.

1. INTRODUCTION

Liljencrants & Lindblom [10] have proposed a model of
prediction of vocalic systems. In this model vowels
emerge from a “substance-based” analysis as a result of
speaker-listener interaction: sound units are optimal
solutions of low-level constraints i.e. maximal
perceptive contrasts. Some improvements of this initial
model has been introduced to better predict large vocalic
systems. Boé & al. [6] have proposed the DFT model
which satisfactory predicts vocalic systems up to 9
vowels when confronted to UPSID database [12]. They
use additional constraints such as articulatory sensitivity
and auditory pregnancy.

Thus the only articulatory constraints introduced so far
are the maximal acoustic space where perceptual
constraints are further satisfied and the larger front-back
versus low-high tongue sensitivity. Focalisation has
been introduced mainly to obtain the labialised series
ly,@,n/. An alternative could arise from articulatory
complexity criterion: after 7 syllables, systems have the
possibility to use extra distinctive degrees-of-freedom
such as length or labialisation. Obtaining complete
articulatori-acoustic prototypes is thus necessary to test
these structural hypothesis and make progress towards
syllabic frames.

To be able to predict syllabic structures more precise
constraints have to be gathered on what are “good*
sounds in terms of ease of production and perception.
This paper address the problem of learning and control of
articulatory gestures that would enable a given
articulatory model to attain these “distal” acoustic targets
with coherent “proximal” articulation. This problem is
ill-posed since several static articulatory configurations
of the vocal tract can supply the same acoustic target [5]
(see Fig.2). These equivalent gestures make up a fibre in
which speakers nevertheless select preferable shapes [8].
Such prototypic shapes have already been proposed using
expertise [14]. We propose here an automatic selection
which leads to comparable results and which is in
accordance with experimental data.

2. EXPERIMENTAL DATA AND
ARTICULATORY MODELLING
A new articulatory model has been developed recently
with fresh X-ray data [2] for a reference speaker PB from
whom experimental data have already been gathered. This
result in a coherent articulatory, geometric and acoustic
database on which area functions models can be precisely
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tuned [4] and additional articulatory non-intrusive data
could be collected. This model has ten articulatory
control parameters: lips aperture, protrusion and
position! (these parameters have been estimated from
video imaging in synchrony with X-ray recording), jaw
height, tongue body, dorsum, tip and advance (these two
latter parameters were necessary to predict accurately the
position of the tongue tip), larynx height and velum.
The database contains 30 realisations of /a/,/i/ and /u/,
12 fu/, 6 /y/ and fewer realisations of /E,e,0,@/. An
example of superposition between the original X-ray data
and the contour predicted by the articulatory model is
presented Fig.1.

Fig.1: Superposition of original X-ray data (crosses)
with the mid-sagittal profile predicted by the model. The
lip contour has been synthesised using the ICP 2D
model.

The mid-sagittal-to-area conversion is done using [13]
and poles of the transfer function are then estimated
using [1]. Measured and re-constructed formant spaces
were compared [2]: except for F4, the articulatory-to-
acoustic transform produces an .overall good fit. A
Forward model of the articulatory-to-acoustic transform
was then built using a polynomial interpolation of order
4. This analytic model enables a quick, accurate and
smooth estimation of the Jacobean of this forward

IThe lips position parameter controls the position of
both lower and upper lips relative to upper teeth, This
degree-of-freedom is highly important for aerodynamic
conditions for certain fricatives [9].
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transform.It was trained on a dictionnary of 3200
articulatori-acoustic patterns including the 1250 original
frames of the database.

cm?2

Fig.2: Some mid-sagittal contours of an articulatory
fibre produced by the articulatory model. The acoustic
configuration is (620,1340,2290).

3. ACOUSTIC-TO-ARTICULATORY
INVERSION

Prototypic acoustic targets were.then determined using
the first four formants measured at the centre of
realisations of the vowels in a database of VCVs recorded
by PB. The intervals used as target values for the
acoustic-to-articulatory inversion are given in Table 1.
Articulatory prototypes are then obtained as a by-product
of the dispersion procedure used to predict vocalic
systems: starting from the neutral position, sounds
generate repulsive forces in the acoustic map which
model distinctiveness constraint. They are also attracted
by so-called focalisation planes in order to produce vowel
with grouped spectral masses. Via the inverse Jacobean
of the articulatory-to-acoustic transform, this “acoustic”
force field is converted into an articulatory force field (see
Fig.3). This articulatory force field then generates
optimal articulatory movements i.e. recruits articulators
which can act in synergy to produce the desired acoustic
displacement. Thus although /u/ is not very sensitive to
protrusion once the articulatory target has been reached,
protrusion in course of this gradient descent along this
Sorce field participates actively to the formation of the
lip horn. The /u/ and /y/ targets are thus attained with
the most maximal protrusion for all phonemes (see
Fig.5) and keeps this characteristics.

Tablel: Acoustic targets for the ten French vowels.
phone {F1 F2 F3 F4

fa}  |700-750 ]1300-1350 }2400-2500 |3000-4000
{E} |550-560 [1820-1830 {2300-2600 [3600-3800
{r} ]530-540 [1400-1420 |2310-2340 [3400-3600
{0} [530-540 {900-910 2510-2530 |3400-3600
fe}  |330-340 [2150-2190 |2600-2700 [3600-3800
{@} ]390-400 |1350-1360 |2215-2225 |3400-3600
fo}  ]360-370 |720-730 2370-2380 |3200-3400
/{} 240-260 [2000-2200 |2800-3000 13400-3600
/y/  |240-260 [1880-1980 12400-2500 }3250-3400
/u/__ 1250-260 |660-700 2200-2300 |3100-3400
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4. EVALUATION OF ARTICULATORY
CONFIGURATIONS

The gradient descent converges towards minima which
are supposed to maximise articulatory efficiency. Only
eight articulatory parameters are allowed to move: velum
and lips position are excluded. The geometric solutions
obtained for /a/, /i/ and /u/ are presented Fig.6. Note the
jaw posture for these three vowels: /a/ has the lowest
jaw position since jaw both participate to pull the
tongue back and increase the lip aperture. These jaw
positions and the tongue postures obtained are well in
accordance with X-ray data. It shows that vowels were
mostly hyper-articulated during the X-ray recording
session.

acoustic space

articulatory space

Fig.3: The articulatory space determines the maximal
acoustic space. The force field generated in the acoustic
space (top. full arrow) pushes configurations towards
optimal articulatory prototypes via the inverse Jacobean
of the articulatory-to-acoustic transform.

4.1. Structural static considerations

The structural characteristics of articulatory configura-
tions are given Fig. 5. Jaw is lowest for the open
vowels /E/ and /a/ and highest for closed vowels /y/ and
/i/. The intrinsic lip aperture varies accordingly with /a/
being the most open and /u/ the most closed vowel. The
maximal protrusion is for /y/ whereas /a/ and /E/ are the
most retracted. This is partly due to the fact that
imprecise modelling of area function in the laryngeal
area produces F3 and F4 too wide apart. This is
compensated apparently by diminishing the vocal tract
length. The arched shape of /u/ is realised by raising the
tongue body and lowering maximally the tongue tip.
Finally the two low first formants of /u/ are also
obtained by augmenting the vocal tract length: the
larynx is thus maximally low for /u/.

4.2. Structural dynamic considerations

Davis & MacNeilage [7] hypothesise that much of the
variance in organisation of babbling forms can be
accounted for in terms of “frames” produced by
oscillation of the mandible. Children 14-20 months of
age produce CVs where central vowels are mostly
associated with bilabials whereas front vowels are
mainly coupled with dentals. A plausible explanation is
that first consonants are produced only with a closing
gesture due to a jaw closure with no other movements
specific to single segments.

We simulated a jaw closure for our prototypes. The
typology of resulting consonants is given Fig. 4. It
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shows that only /E/ originated a palatal closure.
Otherwise open front vowels /i/ and /e/ produce dental
closures whereas closed or central vowels produce a
bilabial consonant. The fact that our prototypic [a]
results in a alveolar closure and that only labialised
vowels result in a bilabial closure could suggest that lip
control could be also active quite early. These data are
however mostly in accordance with what was observed in
babbling and enlighten the interest of using
anthropomorphic production models e.g. models of
control with a jaw component.

CONCLUSIONS

Articulatori-acoustic vowel prototypes have been propo-
sed using constrained inversion procedures. We will ex-
tend this “substance-based” methodology to predict more
complex phonetic structures such as CV sequences.
Sounds are here considered as results of a speaker-listener
negotiation. This has some important implications for
articulatory speech synthesis. We have proposed [3] to
consider articulatory control as an on-line optimisation

process: instead of classical parametric synthesis where
control and command spaces are equal, a trajectory for-
mation module converts speech tasks defined either in
the articulatory, geometric or acoustic planes into articu-
latory trajectories. Sounds are thus defined as multi-di-
mensional constraints. These constraints can be strict or
more loose depending on the phonological system and
extra-linguistic conditions of communication [11].
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Fig.4: Typology of consonants produced by a jaw
closure showing the CV preferences.
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Fig.5: The trace of the gradient descent in the acoustic space is displayed at the left: the trajectories (F1,F2) and (F1,F3)
are superimposed. The right caption shows the values of the eight articulatory parameters obtained for the French vowels.
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Fig. 6: Articulatory-acoustic prototypes for /a/, /i/ and /u/ proposed by acoustic-to-articulatory inversion using a gradient
descent and forward modelling. From left to right: (a) natural mid-sagital target contours from [2], (b) proposed
articulatory prototypes, (c) formant patterns as a function of the first formant: the gradient-descent trajectory is shown
with plain lines and formants of natural targets shown in (a) with dots.
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