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Abstract. Tongue movements during speech production
have been investigated by means of a simple yet realistic
biomechanical model, based on a finite elements modeling
of soft tissues, in the framework of the equilibrium point
hypothesis (λ-model) of motor control. In particular, the
model has been applied to the estimation of the “central”
control commands issued to the muscles, for a data set of
mid-sagittal digitized tracings of vocal tract shape, recorded
by means of low-intensity X-ray cineradiographies during
speech. In spite of the highly non-linear mapping between
the shape of the oral cavity and its acoustic consequences,
the organization of control commands preserves the peculiar
spatial organization of vowel phonemes in acoustic space. A
factor analysis of control commands, which have been de-
composed into independent or “orthogonal” muscle groups,
has shown that, in spite of the great mobility of the tongue
and the highly complex arrangement of tongue muscles, its
movements can be explained in terms of the activation of
a small number of independent muscle groups, each corre-
sponding to an elementary or “primitive” movement. These
results are consistent with the hypothesis that the tongue is
controlled by a small number of independent “articulators”,
for which a precise biomechanical substrate is provided.
The influence of the effect of jaw and hyoid movements
on tongue equilibrium has also been evaluated, suggesting
that the bony structures cannot be considered as a moving
frame of reference, but, indeed, there may be a substantial
interaction between them and the tongue, that may only be
accounted for by a “global” model. The reported results also
define a simple control model for the tongue and, in analogy
with similar modelling studies, they suggest that, because of
the peculiar geometrical arrangement of tongue muscles, the
central nervous system (CNS) may not need a detailed rep-
resentation of tongue mechanics but rather may make use
of a relatively small number of muscle synergies, that are
invariant over the whole space of tongue configurations.
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1 Tongue articulators and muscle synergies

This work aimed to investigate the determinants of posi-
tion and shape of the human tongue from the observation of
speech movements, and to characterize them in terms of the
anatomical arrangement of tongue musculature.

The tongue is one of the most important structures in-
volved in speech production. Indeed, it is the main contrib-
utor to the shaping of the oral cavities and consequently to
the acoustic outcome.

As the human tongue is highly mobile and deformable,
with a virtually infinite number of mechanical degrees of
freedom and no clearly identifiable anatomic landmarks, it is
difficult to specify and to characterize its shape and position
in the oral cavity. Empirical observations have suggested
that, in spite of its virtually infinite number of mechanical
degrees of freedom, its contribution to the vocal tract shape
may be determined by a relatively small number of indepen-
dently controlled components, or articulators.

The proposed tongue articulators have typically been as-
sociated with features of the vocal tract profile, which have
been characterized in terms of either a simple geometric de-
scription (Mermelstein 1973) or some form of factor analysis
(Harshman et al. 1977, Maeda 1988). However, the hypoth-
esis that tongue control may be characterized in terms of a
small number of articulators should not be seen just as a
useful descriptive tool; indeed, it may have important con-
sequences in the organization of the control level.

For instance, based on the observation that the move-
ments related to consonants and vowels tend to be indepen-
dent of each other,̈Ohman (1966) argued that there may be at
least three independent tongue articulators, namely body (re-
sponsible for the front/back and up-down motions observed
in vowels), apex (related to tongue tip movement) and dor-
sum (related to arching-flattening); the last two mostly in-
volved in the generation of consonants. Each articulator may
correspond to a different mechanical system, consisting of
different muscle groups, perhaps partly overlapping.

Similarly, Perkell (1969) has suggested that separate sets
of muscles control the position and shape of the tongue, and,
especially, each articulator may be associated with a “small”
number of muscles, two or three at most. In particular, based
on some differences in their physiology, it was suggested that
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extrinsic muscles are mainly responsible for positioning the
tongue in the oral cavity (and, therefore, for vowel gestures)
whereas the intrinsic muscles are responsible for controlling
tongue shape (and, therefore, for consonants).

Recently, Maeda and Honda (1994) have attempted to
relate articulators, defined “a priori” in terms of geomet-
ric features of the mid-sagittal profile of the oral cavity
(Maeda 1988), to different sets of muscles, based on the
electromyographic (EMG) activity measured in selected vo-
cal tract configurations. However, this study does not con-
sider that the specific articulators themselves, i.e. the pos-
sibility for the CNS to independently control, for instance,
tongue position and shape, are likely to result both from the
geometrical arrangement of the muscles and from the orga-
nization of their neural control. Therefore, the identification
of articulators, as well as that of their associated muscle syn-
ergies, has to be carried out by taking into account tongue
biomechanics.

In this paper, the problem of tongue articulators is
investigated by means of a simple biomechanical model
of the tongue, in the framework of the equilibrium point
(EP) hypothesis of motor control (λ-model) (Feldman 1966,
Feldman et al. 1990, Feldman and Levin 1995). In particu-
lar, a model-based analysis of empirical data on tongue
movements during speech has allowed us to identify a num-
ber of muscle groups or “synergies” that are “maximally
independent” from the mechanical point of view, thus iden-
tifying articulators on the basis of the geometric arrangement
of tongue muscles.

2 The model

In general, the observable effect of central commands on
generated movements depends on muscular and neural dy-
namics, as well as on the interaction with the external envi-
ronment (for instance, contact forces). Therefore, their iden-
tification on the basis of empirical data requires the modeling
of tongue mechanics at the muscle level, as well as of its
neural control.

2.1 Previous work

The tongue and similar motor organs, like the trunks of ele-
phants and the tentacles of octopuses, are generally referred
to as muscular hydrostats (Smith and Kier 1989). In these
structures, muscles as well as other soft tissues are used for
both support and movement generation, by exploiting the
fact that, because of their high content of water, they are
virtually incompressible.

A major feature of muscular hydrostats is that expansion
in a given dimension implies a contraction in at least one
other dimension, so that movements in a given direction may
be generated by muscles with an orthogonal direction of ac-
tion. For instance, in the reptilian tongue, the observed large
and fast protrusion movements are generated by the contrac-
tion of the transverse muscles (Chiel et al. 1992) that, be-
cause of volume conservation, indirectly yield an expansion
in the longitudinal direction. In humans, a similar mecha-
nism is believed to be responsible for positioning the tongue

in the front/upper part of the oral cavity, like in /i/. EMG
studies (Miyawaki et al. 1975, Alfonso et al. 1982; Baer et
al. 1988) have suggested that movements for /i/ are achieved
indirectly, by contracting the muscles in the tongue floor,
mainly the posterior section of the genioglossus.

A first attempt to model the structure of the human
tongue at the muscular level, based on anatomical data, was
reported by Perkell (1974). In that work, the geometry of
the mid-sagittal section of the tongue was approximated by
a lattice of mass-bearing points, connected to each other by
viscoelastic elements composed of “active” (i.e. controllable)
and “passive” components, so that segments corresponding
to the same muscle shared the same control command. Vol-
ume conservation was accounted for by assuming that varia-
tions of the transverse tongue section are neglectable and by
hypothesizing that each region of the lattice has an elastic
behaviour, counteracting compression as well as expansion
around a “rest area” (with a high stiffness).

Most recent models of the tongue are based on the prin-
ciples of continuum mechanics: the tongue is modelled as a
viscoelastic body, whose mechanical behaviour is approx-
imated by means of finite element (FE) techniques. The
first 3-dimensional FE model of the tongue, largely based
on the dissection studies of Miyawaki (1974), was pre-
sented by Kiritani et al. (1976). Improved versions of the
same model were reported in Kakita and Fujimura (1977),
Fujimura and Kakita (1978), Kakita et al. (1985). A basic
feature of this and other similar FE models (Hashimoto and
Suga 1986) is that the tongue is treated as an isotropic mate-
rial with a linear elastic behaviour. Volume conservation is
accounted for by an appropriate choice of the Poisson ratio.
Muscles are modelled as sets of external pulling forces, ap-
plied to selected nodes or, as in Hashimoto and Suga (1986),
as continuous, distributed force fields. The above models
demonstrated the ability to predict the muscle forces as-
sociated with selected postures (corresponding to sustained
vowel utterances), which are qualitatively similar to the elec-
tromyographic (EMG) activity observed for these same pos-
tures. In the case of Hashimoto and Suga (1986), muscle
forces were estimated by means of an optimization proce-
dure, aimed at fitting the mid-sagittal shape of the tongue
with that observed in X-ray data samples.

These FE models are based on the hypothesis of small
and quasi-static deformations, whereas Payan et al. (1995)
and Wilhelms-Tricarico (1995) also take into account dy-
namics. The first model is two-dimensional, and the soft
tissue is supposed to obey Hooke’s law of linear elastic-
ity; muscles are modelled as spring-like elements in terms
of theλ-model (Feldman et al. 1990) of motor control, and
dynamics at tissue as well as at muscle level is accounted
for. The second is three-dimensional and accounts for the
non-linearities inherent in biological soft tissues. Muscles
are modelled there as active stress generators, where stress
is dependent on fibre elongation and elongation rate, as well
as on an activation command. However, complex models
must face the lack of available empirical knowledge about
the characterization of tongue soft tissue and the force ca-
pability of the muscles.
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Fig. 1. Finite element (FE) model of the mid-sagittal section of the human
tongue. Some of the vocal tract structures shown here (like the lips and the
vocal folds) are not taken into account in the present work and are only
depicted for reference purposes

2.2 The “hydrostatic skeleton” of the tongue

As the focus of this study is on the organization of cen-
tral commands to muscles, only the very basic aspects of
tongue structure have been modelled. The model has been
restricted to the mid-sagittal plane for two reasons: first, the
changes in the mid-sagittal contour of the tongue have the
greatest effect on the acoustical outcome (at least in the
lower range of acoustical frequencies); second, most of the
available empirical data on tongue position and shape during
speech movements are two-dimensional.

In order to keep the model simple while powerful enough
to describe the observed tongue deformation in our database,
the tongue has been coarsely discretized into 39 elements
and 54 nodes; some of them are fixed with respect to the
mandible or to the hyoid bone, (see Fig. 1).

The geometrical arrangement of the elements is similar
to that of Perkell (1974), reflecting the directions of muscle
fibres, with some geometric adaptation to the anatomy of
the speaker who produced the empirical data that were used
(see Sect. 3). For a preliminary version of the model, see
Sanguineti (1995) and Laboissière et al. (1995).

The “hydrostatic skeleton” of the tongue is modelled as
an isotropic continuous material, whose elastic behaviour,
assumed to be linear, is completely specified by two pa-
rameters, namely Young’s modulus,E, and Poisson’s ratio,
ν.

There are no simple ways to account for volume conser-
vation in a planar model, because this would require precise
assumptions on the amount of transverse deformation. Fol-
lowing Perkell (1974), as a first approximation we indeed
assumed that there is no strain (and therefore deformation)
in the transverse direction, and that theX and Y compo-
nents of strain only depend on position in theXY plane
(namely, the plane strain hypothesis). Moreover, we choose
for ν a value of 0.49 ≈ 1/2 which corresponds, by defi-
nition, to volume conservation at the microscopic level. It
should be noted, however, that the above assumptions only
approximate area conservation for the whole tongue.

No value for Young’s modulus is available in the lit-
erature for tongue tissue. Duck (1990) reports a value of
6.2 kPa for the Young’s modulus of human muscles at rest,
and in the present model a value ofE = 10 kPa was empiri-
cally found necessary to balance the deformations observed
in vowel gestures with the muscles activated at about 20% of
their maximum strength, as suggested in Müller et al. 1984.

The passive elastic behaviour of the tongue is summa-
rized by the stiffness matrixK, computed by means of stan-
dard FE techniques (Schwarz 1984), by assuming a uniform
thickness of 4 cm, which relates a displacement of the nodes
from their rest configuration to the corresponding vector
restoring forces. The effect of gravity was accounted for by
assuming a density of 1040 kg/m3, reported by Duck (1990)
for muscle tissue.

We have focused on how tongue shape and position are
affected by the tongue musculature itself and have made
the following simplifying assumptions: (i) the effect of the
bony parts (i.e. the mandible and the hyoid bone) is only
to establish a moving frame of reference with respect to the
upper skull; (ii) their position is assumed to be unaffected by
the activation of tongue muscles; (iii) the movements of the
jaw and the hyoid bone are described by pure translations
in the horizontal and vertical directions. We did not take
rotation of the jaw and hyoid into account, because they
were difficult to estimate accurately from the X-ray data on
which the model was based.

The interaction of the tongue with the palatal walls has
been also accounted for: contact forces are assumed to be
elastic (depending on the level of “penetration” of each node
into the palate) and directed normally (corresponding to the
hypothesis of zero friction).

2.3 Muscle geometry

The inherently distributed geometrical arrangement of tongue
muscles has been approximated by a discrete number of
polygonal lines, hereafter referred as “macro-fibres”, which
connect different nodes of the FE lattice, as well as points
on the bony structures. Each macro-fibre has its own con-
trol command and therefore can be independently activated.
In other words, it will be treated as a separate muscle, the
length of which is obtained as the sum of the lengths of
its segments. Although this may seem to be in conflict with
empirical evidence, it will be shown that macro-fibres be-
longing to the same muscles are functionally grouped at the
control level.

The geometry of muscles essentially reflects that reported
by Perkell 1974, with some modifications suggested by other
sources (Miyawaki 1974, Dickson and Maue-Dickson 1982).
Three extrinsic and three intrinsic muscles were included in
the model. The extrinsic muscles include: (i) genioglossus.
As EMG measurements (Miyawaki et al. 1975) suggest that
different portions are activated separately, this muscle has
been modelled by seven independent macro-fibres, GG1−7;
see Fig. 2a. (ii) Hyoglossus. Its inherently distributed struc-
ture has been accounted for by three different macro-fibres,
HG1−3; see Fig. 2b. (iii) Styloglossus. As in Perkell (1974),
it has been modelled by two macro-fibres, SG1 and SG2, see
Fig. 2c.
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Unlike models such as Perkell (1974) and Kakita (1985),
we have not included the palatoglossus and the pharyngeal
constrictors because, in spite of the fact that they are at-
tached to the tongue, their contribution is mainly to the
movement of other structures (velum and pharyngeal walls,
respectively) and thus may only marginally affect tongue
positioning and shaping. Moreover, we have not considered
the mylohyoid and the geniohyoid because, strictly speak-
ing, they are not tongue muscles. Although they are attached
only to the hyoid bone and to the jaw, we acknowledge that
they may have an effect on tongue lowering/raising due to
the strengthening of the tongue floor.

The tongue also includes four intrinsic muscles (superior
longitudinalis, inferior longitudinalis, verticalis, and trans-
verse), but only the first three are represented in the present
model (transverse is oriented in a transverse direction and
is not modelled). (i) superior longitudinalis. Its rather short
fibres suggest the possibility for independent contraction of
different parts of the muscle (Dickson and Maue-Dickson
1982). Therefore, it has been modelled by seven separate
macro-fibres,SL1−7, depicted in Fig. 2d. (ii) inferior longi-
tudinalis. As in Perkell (1974) it has been modelled by two
macro-fibres, IL1 and IL2, displayed in Fig. 2e. (iii) verti-
calis. Following Perkell (1974), we have only modelled its
most anterior part by two macro-fibres, V1 and V2, displayed
in Fig. 2f.

In summary, the six muscles in the model are represented
by 23 independently controlled macro-fibres.

2.4 Neural control and force generation

As pointed out by Feldman (1966), the degree of mus-
cle activation is not specified centrally but rather results
from the interaction of a central command with the affer-
ent inputs provided by muscle spindles and other propri-
oceptive afferents. Empirical observations have suggested
that, in intact limb muscles, the relationship between muscle
length and force is described by a family of length-tension
curves – the so-calledinvariant characteristics(ICs) – each
characterized by a different threshold length for motorneu-
ron recruitment, which can be centrally controlled. This
has suggested that muscles and the segmental level, as a
whole, behave as non-linear springs with a centrally con-
trolled rest length, which corresponds to the muscle length,
λ, at which motorneuron recruitment begins: the so-called
λ-model (Feldman 1966, Feldman et al. 1990).

Fundamentally, theλ-model relies on the use of af-
ferent information at the segmental level, typically mus-
cle spindles. In the tongue, spindles are widely distributed
in both extrinsic (Walker and Rajagopal 1959) and intrinsic
(Cooper 1953) muscles. Low-threshold mechanoreceptors in
the tongue may also convey proprioceptive information re-
lated to muscle length (Fitzgerald and Sachithanandan 1979).

Afferent information from tongue muscle spindles is
mainly carried by the lingual nerve, which projects to the
hypoglossal nucleus of the brainstem, with different sensi-
tivities to different stretch directions (Bowman and Combs
1968, Lowe 1978a); hypoglossal motorneurons control the
muscles of the tongue (Bowman and Combs 1968, Lowe
1978a).

Animal studies have shown that lingual nerve stimula-
tion excites retractive (R) motorneurons (i.e. those respon-
sible for innervating the styloglossus and the hyoglossus),
whereas the effect on protrusive (P) motorneurons (i.e. those
basically controlling the genioglossus) is mainly inhibitory
(Lowe 1978a). Excitation of P motorneurons (and therefore
tongue protrusion) was observed to arise as a result of jaw
opening (the jaw-tongue reflex) and was demonstrated to
be mainly evoked by the proprioceptive receptors of the
temporo-mandibular joint (Lowe 1978b). In the rat, Tolu et
al. (1994) found that hypoglossal motorneurons are modu-
lated by the activity of muscle spindles in the masseter, and
by mechanical stimulation of periodontal receptors.

The importance of afferent information (mainly due to
muscle spindles) in the movements of the tongue involved in
speech production has been speculated by Bowman (1971),
but comparable stretch reflex responses in tongue muscles
have not been reported in humans.

For instance, by using rhythmical, slowly varying stretch
stimuli, Neilson et al. 1979 failed to observe a tonic stretch
reflex in genioglossus, styloglossus, mylohyoid, geniohy-
oid, tongue intrinsics, jaw openers and lip muscles; in con-
trast, the same stimuli evoked tonic stretch responses in jaw
closers. It has been suggested (Smith 1992) that the reflex
may not have been observed because of the type of stimu-
lus. Moreover, in contrast to the above results, an unloading
reflex was indeed observed (Ostry et al., in press) in jaw
openers (that have few or no muscle spindles).

In the present model, as in Laboissière et al. (1996), mus-
cle tension is assumed to be a function of both the length
and a centrally controllable threshold length,λ, at which
motorneuron recruitment begins. The form of length-tension
relationship used in the present model is based on empir-
ical observations (Feldman and Orlovsky 1972) that in the
intact muscle a linear relationship arises between stiffness
and force. As noted by Feldman (1966), this amounts to
an exponential length-tension curve. In mathematical terms,
if l is the length of the muscle andA = [l − λ]+, where
[x]+ = max{x, 0}, is a measure of motorneuron activity,
muscle force is given by:

fm = ρ
[
exp(cA) − 1

]
(1)

In terms of the more traditional Hill-type muscle models, the
above equation summarizes the effects of the contractile and
series elastic elements and, in addition, the size principle and
the contribution of reflexes. The linear elastic behaviour of
the hydrostatic skeleton plays the role of the passive, paral-
lel elastic element. As we only consider static postures, the
dynamic effects (dependence of force on shortening speed,
calcium-mediated dynamics of muscle contraction, depen-
dence of stretch reflex on speed, reflex delays) are neglected.

As regards the parameters of the muscle model (c andρ),
it has been suggested (Feldman and Orlovsky 1972) thatc is
constant for each muscle, and in particularc = 112 m−1 (La-
boissìere et al. 1996) – a value estimated from the data re-
ported by Feldman and Orlovsky (1972). The value ofρ can
be assumed to be proportional to the muscle cross-section
area (CSA) and has been taken to be equal to maximum
force.

The values of the CSAs for tongue muscles were es-
timated from anatomic atlases (Gerhardt and Frommhold
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Fig. 2a–f. Muscle macro-fibres (indicated bybold lines superimposed on the tongue skeleton).Top Extrinsic muscles of the tongue:a genioglossus,
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Table 1. Estimated strengths of tongue muscles

Muscle CSA (mm2) fm
max (N)

Genioglossus 309 68.0
Hyoglossus 296 65.1
Styloglossus 110 24.2
Superior longitudinalis 88 19.4
Inferior longitudinalis 65 14.3
Verticalis 66 14.5

1988, Gambarelli et al. 1977) and from the detailed drawings
of tongue sections provided by Miyawaki (1974). For some
intrinsic muscles, namely longitudinalis, it was not possible
to obtain a direct estimate of CSA because their fibres in-
terdigitate with those of other muscles; an “effective” CSA
was thus roughly estimated by dividing the estimated value
by the number of observed intermixed muscles.

Maximum force estimates for each muscle were obtained
by multiplying each CSA by the maximal tetanic tension of
22 N/cm2, reported by Wilhelms-Tricarico (1995) for the
geniohyoid muscle. The maximum force estimates for each
muscle are summarized in Table 1. Finally, the value ofρ for
each macro-fibre was calculated by dividing the above values
by the number of macro-fibres (in other words, these were
assumed to contribute equally to the total muscle strength).

3 From vocal tract shapes to central commands

The model was used to infer the central commands corre-
sponding to a set of experimentally observed tongue shapes.
The available data set is composed of 519 images of the
mid-sagittal section of the oral cavity, acquired by means
of low-intensity X-rays at a sampling rate of 50 Hz. The

subject is a female native French speaker, and the spoken
material is composed of 10 sentences that can be consid-
ered as a significant sample of the phonemic content of the
French language. The X-ray images, acquired at theInstitut
de Phońetique de Strasbourg(IPS), were digitized, and the
contours of the vocal tract and other anatomical structures
were extracted (Bothorel et al. 1986).

Assuming that the dynamic effects (inertia, viscosity, re-
flex delays and graded force development in muscles) can
be neglected (this corresponds to the assumption that the
empirical data correspond to movements that are infinitely
slow), for each frame the tongue configuration satisfies the
static equilibrium condition

Jm(x)T fm + K(x − x0) + fg + fc = 0 (2)

where x and x0 are, respectively, the present and the rest
configuration (i.e. that corresponding to zero passive stress),
expressed as the vector containing both the horizontal and
the vertical coordinates of each node, i.e.:

x = [x1 y1 x2 y2 · · ·x54y54]T (3)

K is the stiffness matrix, describing the passive elastic be-
haviour of the tongue;fg and fc represent, respectively, the
contributions of gravity (distributed throughout the tongue)
and of contact forces against the palate (if any), for each
node; fm = fm(l − λ) is the vector of the forces generated
by the muscles, where the vectorsl andλ represent, respec-
tively, the actual and threshold lengths; andJm(x) = ∂l/∂x
is the Jacobian of the transformationl = l(x).

If, in addition, the equilibrium configuration is required
to fit the observed tongue profile, the nine nodes on the upper
surface are only free to move on the observed contour, i.e.
they only have a single degree of freedom each.
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The problem of finding a vectorλ of muscle commands
and a configurationx satisfying the equilibrium condition
(2) and fitting a given tongue profile has, in general, infinite
solutions, but a single vector of commands can be obtained
by specifying a cost index to be minimized. We will con-
sider, in particular, the square norm of the vector of muscle
forces:

J =
∑
i

fmi
2 = ‖fm‖2 (4)

that can be interpreted as a measure of the level of muscle
co-contraction.

The inversion procedure, consisting of the minimization
of J (4) under the constraints of (i) static equilibrium (2)
and (ii) fitting to the observed tongue profile, was applied to
the whole data set yielding, for each framen = 1, . . . , 519,
an equilibrium configurationxn and a value for the corre-
sponding muscle command,λn.

Moreover, for each framen of the data set, the reference
positions of the jaw,xnj (top of inferior incisor) and the hyoid
bone,xnh (inferior aspect of hyoid body) were extracted from
the X-ray image, thus determining the positions of the nodes
that are assumed to be rigidly connected to them.

Theλn’s estimated by this procedure do not correspond,
in general, to the commands that are issued by the CNS, be-
cause the inversion procedure does not account for dynamics
at the skeletal, muscular and neural level (the above might
only be true if the movements contained in the data set were
infinitely slow). However, they still reflect how muscle com-
mands are varied during tongue movements and, therefore,
the topology and the dimensionality of the command space.

4 Results

4.1 Characterization of muscle commands
for sustained vowels

The data set contains samples of vowels pronounced in con-
texts where they can be considered close to sustained ones:
for example, stressed vowels at the end of sentences. The
corresponding tongue configurations, obtained from the fit-
ting procedure, are depicted in Fig. 3.

In the space of formants (i.e. the acoustic resonant fre-
quencies of the vocal tract), vowel phonemes are approxi-
mately arranged to form a triangle (whose vertices are rep-
resented, respectively, by /i/, /a/, /u/). The acoustic outcome
of the above “canonic” vowels is depicted in Fig. 4 (bot-
tom). The computedλ commands corresponding to these
same phonemes appear to preserve such a geometrical ar-
rangement: the vowel triangle, projected over the first three
principal directions of theλ space (i.e. the first three prin-
cipal components ofλn), is shown in Fig. 4 (top).

For static postures and for each muscle, the value of
A = [l − λ]+ can be associated with the activation of mo-
torneuron pools and therefore with the empirically observed
EMG signal (Feldman et al. 1990). In the case of the sus-
tained vowels in the present data, independent estimations of
the tonic EMG of tongue muscles are reported in Miyawaki
et al. (1975), Alfonso et al. (1982), Baer et al. (1988). The
values ofA obtained from the fitting procedure are shown
in Fig. 5.

/i/ /u/

/e/ /o/

/ε/ / c/

/a/

Fig. 3. Equilibrium tongue configurations resulting from the fitting proce-
dure, corresponding to “sustained” French vowels. /i/: Met tes beaux habits;
/u/: Donne un petit coup; /e/: Chevalier du gré; /o/: Met tes beaux habits;
/ε/: Pr̂ete lui seizeécus; / c/: Une ŕeponse ambig̈ue; /a/: Il fume son tabac

Although the model is pretty simple and, in particu-
lar, cannot account for effects like the changes in shape
along the transverse direction and the action of the mus-
cles that attach to both jaw and hyoid (like the mylohyoid),
that are believed to contribute indirectly to tongue eleva-
tion (Hashimoto and Suga (1986)), some trends are indeed
captured, at least in a qualitative way.

For instance, as argued by Perkell (1969), the model
does predict that vowels are mainly controlled by extrinsic
muscles. However, for postures requiring bunching of the
tongue, the verticalis (V1−2) has to be significantly active;
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Fig. 5. Electromyographic (EMG) activity corresponding
to sustained “canonical” French vowels, as estimated from
the model. The bar graph displays the value ofA for each
muscle (normalized to the maximumA for that phoneme)
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Fig. 4. Vowel triangles: (a) in muscular principal components space (PC1−3)
and (b) in formant space (F1−3). The “canonical” vowels are represented by
dotsin both diagrams. Just for presentation purposes, a spline was computed
connecting the vowels in the sequence /ieεa cou/ and is shown assolid lines
in 3D or asdotted lineswhen projected to PC1/PC2 or F1/F2 planes

that happens, in particular, in /a/ and /c/ and, to some extent,
in /ε/ and /u/.

In accordance with the observations of Miyawaki (1975),
the posterior portion of the genioglossus (GG1−4) is active
for front vowels (i.e. /i/ and /e/), whereas its anterior portion
(GG5−7) is more active in /a/ and /o/; the high level of activ-
ity in the modelled GG1 in /u/ can be interpreted as the need

for a deconstriction of the pharynx. The predicted activity
of the remaining extrinsic muscles also agrees with empiri-
cal observations: styloglossus is most active in /u/ whereas
hyoglossus is more active in /a/ and /o/.

The main discrepancy between empirical and model re-
sults is that SG2 is very active for all vowels. This may be
due to the fact that no passive components in muscle force
were considered, or to an inaccurate modeling of the inter-
face between soft and bony parts. For instance, the forces
exerted on the tongue floor by the surrounding structure may
contribute to tongue elevation; such contributions can be ei-
ther passive (i.e. reaction forces) or active (i.e. generated
by muscles like the mylohyoid and the geniohyoid). This
is also suggested by the excess deformation of the tongue
floor for vowel /a/ (see Fig. 3). More accurate predictions
will probably require including jaw and hyoid muscles, with
an accurate modeling of the interface between the tongue
and the bony structures.

4.2 Control variables of the tongue

As suggested in Sect. 1, the individual components of the
vector of muscle commands,λ, may not be independently
specified by the CNS, butλ may be organized in terms of
a much smaller number of control variables, each of them
independently controlling an individual muscle group or “ar-
ticulator”. Moreover,λ also depends on the positions of the
jaw, xj , and the hyoid bone,xh, which, as stated above,
play the role of a moving frame of reference (Smith 1992).
In mathematical terms, this means that a mapping

λ = λ(t, xj , xh) (5)

is defined with dim(t) � dim(λ), where the components
of t are thecontrol variables that may be independently
specified by the CNS for controlling the different muscle
groups that determine tongue position and shape, given a
particular position of the jaw,xj , and of the hyoid bone,xh.

The problem of identifying the control variables is clearly
ill-posed, in the sense that there are infinite ways to define
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Table 2. Percentages of variance explanation for each principal component
of jaw-hyoid position and its corresponding effect on commands to tongue
muscles. Parentheses indicate cumulative values

Component Effect on jaw-hyoid position Effect on muscle command
1 53.9 (53.9) 72.3 (72.3)
2 26.3 (80.1) 20.1 (92.4)
3 15.6 (95.7) 6.4 (98.8)
4 4.3 (100.0) 1.2 (100.0)

the mapping of (5). However, as a first approximation, it
may be hypothesized that the contributions of each muscle
group toλ are proportional and additive, i.e. the mapping
betweent andλ is linear; the components oft represent the
contribution of each muscle group to the global movement,
and a linear shift oft yields a linear shift of the commands
to the individual muscles.

If, in addition, the dependence ofλ on jaw and hyoid
position is also assumed to be linear (that is, changes of
position of the bony parts yield proportional changes in the
muscle commands), (5) simplifies to:

λ = λ0 + Λtt + Λbv (6)

wherev = [xjT xhT ]
T

andλ0 is the mean value ofλ over
the whole data set, corresponding to the “average” configu-
ration of the tongue.

Each column of the matrixΛt (respectivelyΛb) repre-
sents the contribution of a specific tongue control variable
(respectively, a specific jaw or hyoid control variable) to the
command variables of the individual muscles.

4.2.1 Dependence on jaw and hyoid movements

Let us first examine the dependence of central commands to
individual muscles,λ, on the positions of the bony parts.

During speech movements, the positions of the jaw and
the hyoid bone may not be specified independently by the
CNS but may result from a form of coordination. In other
words, the control level may reduce the dimensionality of the
system, and, therefore, the observed jaw and hyoid move-
ments may not need all four variables (for example, theX
andY components ofxj andxh) to be completely specified.
The amount of correlation between the jaw and hyoid move-
ments can be assessed by performing a principal component
analysis (PCA) over the set of vectorsvn, n = 1, . . . , 519;
the results are reported in Table 2.

From these values, it may be concluded that only three
control variables can account for almost 96% of the variance
of the horizontal and vertical positions of the jaw and the
hyoid bone, which suggests that the four mechanical degrees
of freedom of the jaw-hyoid system are not independently
controlled.

However, some jaw-hyoid movements may have a min-
imal effect onλ. Suppose, for instance, that the jaw and
the hyoid bone are rigidly translated by the same amount:
this should not deform the tongue, unless it comes in con-
tact with the surrounding structures, and the only changes in
the equilibrium condition of (2) would be the contribution
of styloglossus (which originates in the skull) and that of
gravity. Therefore, the value ofλ required for equilibrium
is expected to remain almost the same.

Jaw/Hyoid 1st Jaw/Hyoid 2nd

Jaw/Hyoid 3rd Jaw/Hyoid 4th

Fig. 6. Effect of the jaw-hyoid components. For each component,arrows
indicate the directions of movement of the jaw and the hyoid bone. Each
panel displays a sequence of tongue contours corresponding, for each com-
ponent, to±3 times the standard deviation. Lips and epiglottis do not move
and are only displayed for reference

Since we are interested in the control of tongue muscula-
ture, the above example suggests that the jaw-hyoid system
has to be evaluated in terms of its effect onλ. This may be
obtained by performing a linear regression ofv overλ in the
full data set, which results in the following approximation:
λ ≈ Λvv + λ0. In geometric terms, in the space of muscle
commands the matrixΛv defines a subspace that accounts
for the dependence of the central commands to individual
muscles,λ, on jaw-hyoid movements.

However, in order to investigate the geometric structure
of the dependence ofλ on movements of the jaw-hyoid sys-
tem, the variables defining jaw-hyoid configuration should
be chosen so that their individual contributions toλ are
uncorrelated, i.e. orthogonal. This can be achieved by deter-
mining an orthogonal system of coordinates for the subspace
defined byΛv, thus obtaining an orthogonal matrix,Λ⊥v , and
a new description of jaw-hyoid configuration,v⊥, so that
Λvv = Λ⊥v v⊥. The new variable describing jaw-hyoid con-
figuration,v⊥, is thus related tov by the following equation:
v⊥ = Λ⊥v

−1
Λvv.

The results of this factor analysis (see Table 2) show, in
fact, that the first two components ofv⊥ can explain 92.4%
of the total variance of the subspace defined byΛvv. More-
over, the effect of each component ofv⊥ on tongue shape
has been evaluated by computing the equilibrium tongue
position, i.e. a configurationx that satisfies (2), specified by
the command vectorλ = λ0 + Λ⊥v v⊥. The effect of each
individual component ofv⊥ is depicted in Fig. 6.

The first component yields an elevation of the tongue
and elicits a coordinated jaw lowering and hyoid elevation;
the effect of the second is a horizontal translation of the
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Table 3.Percentages of variance explanation for each jaw/hyoid and tongue
components. The jaw-hyoid values are those already reported in the right
column of Table 2. Parentheses indicate cumulative values

Component Percentage of variance
Jaw/hyoid 1 16.8 (16.8)
Jaw/hyoid 2 4.7 (21.4)
Jaw/hyoid 3 1.6 (23.0)
Jaw/hyoid 4 0.3 (23.3)
Tongue 1 35.0 (58.3)
Tongue 2 15.3 (73.5)
Tongue 3 6.6 (80.1)
Tongue 4 4.2 (84.3)
Tongue 5 3.6 (88.0)
Tongue 6 2.9 (90.8)

tongue, due to the combination of jaw lowering and hyoid
retraction.

As expected, the other two less significant components
have little effect on the control commands of tongue mus-
cles: the third basically corresponds to a vertical translation
of both the jaw and the hyoid bone, and therefore of the
tongue, whereas the fourth corresponds to jaw protrusion and
hyoid depression (and almost no effect on tongue shape).

In conclusion, the first three components ofv⊥ (hereafter
indicated asb1, b2 andb3) are an appropriate description of
the effect of the jaw-hyoid system on tongue configuration.
Their corresponding vectors of commands are the first three
columns ofΛ⊥v , indicated hereafter byλ1

b, λ
2
b andλ3

b.

4.2.2 Control variables of the tongue

As regards the pure “tongue” components,t, the optimal
value ofΛt (in terms of percentage of explained variance)
is provided by the PCA of the residual part of the set ofλn.

The percentage of variance explanation over the whole
data set for each “jaw-hyoid” and “tongue” component, rel-
ative to that of the whole set ofλn’s, is summarized in
Table 3. Notice that the variances in the table are relative to
the total variance ofλ in the data set, in contrast to those
reported in Table 2 that are relative to the variance of the
projection onto the subspace defined byΛv.

In analogy with jaw-hyoid variables, the effect of each
of the above commands on tongue position and shape can be
assessed by looking at the corresponding effects on tongue
posture, depicted in Fig. 7. It can be observed that the
first two components correspond to elementary movements
and have a direct counterpart in the articulators defined by
Maeda (1988) on the basis of a statistical analysis of vocal
tract profiles, using the same database as ours. In particu-
lar, by using the terminology introduced in Sect. 1 to qual-
itatively describe elementary tongue gestures,t1 elicits an
arching/flattening movement of tongue dorsum whereast2
yields a front/back movement of tongue body.

The third component,t3, is mainly responsible for protru-
sion/retraction of tongue tip, whereas the other components,
i.e. t4, t5 and t6, have smaller and more localized effects
(essentially changes in tongue shape) which are not easily
interpretable.

The above procedure also allows us to identify the indi-
vidual muscles associated with each articulator. For instance,
the articulatorti affects the muscles whose corresponding

component in theith column ofλt, i.e. λti, is non-zero.
In particular, “agonist” muscles are defined as those that
increase their activation asti increases (i.e. for whichλ
decreases, and thus the corresponding component ofλti is
negative), and vice versa.

The agonist-antagonist patterns corresponding to the a-
bove components are depicted in Fig. 8. The predicted main
agonist-antagonist pairs for the first two articulators (respec-
tively, SG1−2 and GG5−7 – the anterior portion of genioglos-
sus – for t1; HG1−3 GG1−4 – the posterior portion of ge-
nioglossus – fort2) are in good agreement with the avail-
able EMG data and with previous studies (Maeda and Honda
1994).

As regardst3, it may be observed that the agonist-
antagonist pairs can be identified, respectively, with trans-
verse and longitudinal muscles, in accordance with the
model of protrusion-retraction proposed by Chiel et al.
(1992) for a reptilian tongue.

4.2.3 Control of tongue co-contraction

The values ofλn that result from the fitting procedure, as
well as the above set of control variables, minimize the level
of co-contraction (see Sect. 3). In fact, as there is neuro-
physiological evidence (Humphrey and Reed 1983) suggest-
ing that the CNS may separately control movement and pos-
tural behaviour (i.e. the mechanical impedance), it is appro-
priate to wonder if the geometrical arrangement of tongue
muscles allows for an independent control of the level of
co-contraction.

Co-contraction of tongue muscles may play an important
role in mastication, and it has been suggested (Perrier et al.
1996) that voluntary changes in the level of co-contraction
of tongue muscles may explain the variability observed in
vowel reduction experiments; in particular, Perrier et al.
(1996) propose that co-contraction may be varied in order
to attain different levels of phonetic stress.

A hypothetical, invariant co-contraction command for
the tongue can be defined as a direction in theλ space corre-
sponding to little or no movement of the tongue. Moreover,
along this direction, muscle force should increase monoton-
ically (and so the global stiffness). It can be simply de-
termined by exploring the subspace ofλ defined by the
23 (macro-fibres)− 6 (commands) = 17 principal compo-
nents that were not chosen as tongue commands because they
have almost no effect on tongue posture; let the columns of
the matrixΛn describe these less significant principal di-
rections. The subspace spawned by those 17 components
should correspond to muscle commands that produce few
tongue movements, and we can refer to it as the no-motion
manifold, in accordance with the terminology introduced by
Laboissìere et al. (1996).

Let λC = Λnun, for an arbitrary vectorun, be a vector
of the no-motion manifold. The question now is how to de-
termine appropriately the components of the vectorun. One
of the requirements is that the components ofλC should be
negative, such that when multiplying this vector by a positive
constant, the resulting effect will be to increase the activa-
tion [A, see (1)] of each individual muscle, and therefore to
increase the force exerted by each muscle.
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Tongue 1st Tongue 2nd Tongue 3rd

Tongue 4th Tongue 5th Tongue 6th

Fig. 7. Effect of the first six tongue components. Each panel displays a sequence of tongue contours corresponding, for each component oft, to ±3 times
the standard deviation. Lips and epiglottis do not move and are only displayed for reference
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Fig. 8. Agonist and antagonist muscles for each of the tongue
components. For each componentti, i = 1, . . . , 6, the bar
graph displays the value ofλti, normalized with respect to
the maximum;negative(i.e. left) andpositive(i.e. right) bars
indicate, respectively, agonists and antagonists

With the additional constraint that the norm ofλC
should be equal to 1, and applying an optimization pro-
cedure favouring the principal directions associated with a
smaller variance, it was possible to find an appropriate value
for un, and hence forλC .

Figure 4.2.3 shows the effect of scaling the co-contraction
command computed by the above procedure for the tongue
posture corresponding toλ = λ0 (a similar effect is ob-
served in different postures). As expected, changes in the
co-contraction level have almost no effect on tongue posture,
whereas the norm of the vector of muscle forces increases
monotonically. In conclusion, the geometrical arrangement

of tongue muscles allows, in fact the separate control of
position and stiffness.

5 Discussion

A biomechanical model of the tongue has been used to anal-
yse tongue movements in speech, in terms of their control
at the muscle level. In spite of the observed large variability
of tongue shapes and the highly complicated arrangement
of tongue musculature, it has been shown that tongue move-
ments can be described in terms of a relatively small number
of factors, or control variables.
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Fig. 9. Effect of co-contraction command on tongue
shape (a) and on the square of the total level of muscu-
lar forceb. Arrows indicate the direction of deformation
while increasing the level of co-contraction

Such a factor analysis has a precise biomechanical inter-
pretation. In fact, a PCA in muscle space has the effect of
decomposing the space of muscle commands into a set of
orthogonal components, that correspond to the directions of
maximum variance. This identifies a set of “maximally inde-
pendent” muscle groups and, indirectly, a set of elementary
or “primitive” movements that are specified by the direc-
tions of action of the muscles involved in each group. The
latter also define a set of “functional” degrees of freedom,
which depend on the structure of the system as it can be
inferred from the data set. Moreover, as a particular muscle
may contribute to movements in different directions, it may
be eventually shared by different muscle groups.

As a consequence, provided that the data set is repre-
sentative of the multiplicity of configurations assumed by
the tongue during speech movements, the above procedure
defines a somewhat “optimal” (in the sense of maximal in-
dependence) set of articulators that, different from those de-
fined in terms of the geometry of the vocal tract (Maeda
1988), may be directly related to tongue musculature.

In fact, because of the requirement of minimum co-
contraction in the fitting procedure, the statistics ofλ is
dominated by that of the vector of muscle lengths,l (i.e.
a geometric quantity). Therefore, the resulting set of artic-
ulators should be basically regarded as a consequence of
the geometrical arrangement of muscle fibres in the tongue.
However, the elementary gestures associated with the con-
trol variables are not an artifact of the particular model im-
plementation, as demonstrated by the qualitatively similar
results that have been derived from preliminary versions of
the model (Sanguineti 1995, Laboissière et al. 1995).

Figure 8 suggests that the predicted structure of the
muscle synergies associated with each articulator may be
somehow more complicated than previously argued (Perkell
1969). Although intrinsic muscles only provide a small con-
tribution to tongue positioning (t1 and t2), the inverse is
certainly not true for extrinsic muscles int3−6; therefore,
the dichotomy between extrinsic muscles (affecting tongue
position) and the intrinsic ones (affecting tongue shape)
may be somewhat simplistic. Indeed, in accordance with
Öhman (1967), the present results suggest that individual
muscles may participate in the control of several articulators
– virtually, all; see also Smith (1992).

The whole study is based on the assumption that the
bony parts behave as a moving frame of reference, whose
position is not affected by the activation of tongue muscles.
However, the dependence ofλ on the positions of the jaw

and the hyoid bone (23.3% of total variance) clearly sug-
gests that the tongue and the bony parts are tightly coupled
from the mechanical point of view; moreover, the activa-
tion of tongue muscles may indeed affect the equilibrium at
least of the hyoid bone; see also Honda (1994). Therefore,
from the mechanical point of view, the jaw-hyoid-tongue
system should be treated as a whole, and the identification
of “global” articulators and muscle synergies, also account-
ing for the anatomy and musculature of the jaw and the
hyoid bone, is worth exploring.

From the control point of view, the above results suggest
that the movements of the tongue may be accounted for by a
simple model, in which the muscle commands are obtained
by central commands through a linear relationship:

λ = λ0 + λb1b1 + λb2b2 + λb3b3 + λt1t1

+λt2t2 + λt3t3 + λcc (7)

whereb1, b2 and b3 specify the position of the jaw and the
hyoid bone;t1, t2 and t3 specify a tongue posture; and the
scalarc > 0 accounts for the level of co-contraction.

This is consistent with the suggestion (Lacquaniti 1989)
that the CNS does not need to maintain a detailed inter-
nal representation of body geometry but rather may make
use of simple approximations. For instance, Laboissière et
al. (1996) have found that the movements of the jaw-hyoid
system may be controlled by a few commands or muscle
synergies (corresponding to pure translations or rotations)
that are approximately invariant over the whole workspace.

The present tongue model (plus the above control
scheme) may be considered as a step toward a new gen-
eration of models of the vocal tract for speech production
where, different from geometric or statistical models, the
control variables or articulators are defined at the level of
muscles.
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des voyelles et consonnes du franc¸ais. Technical report, Travaux de
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