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INTRODUCTION METHODS [ Vocal tract, from tongue shape to vowel: I : : \
’ - Optimal control model:
_ [ ) - For a given external tongue contour, a fixed jaw position, and a Plant:
Key features of sensorimotor systems: Tongue biomechanics: fixed lip aperture, we deduce the shape of the complete vocal
. Multlse_nsory Integration | tract using anatomical reference data (MR, [2]) « Discrete time dynamics Sg+1 — F(Sk, Ug + 8(%))
* Use of internal models to predict the sensory outcomes of - Six muscles modelled: anterior genioglossus, posterior - We then compute the resonances of the vocal tract following simulated at 500 Hz
actions | | | | o genioglossus (illustrated), hyoglossus, styloglossus, verticalis, the method of [3] after discretization of the tract in 44 tubes of - State vector s, = |Tk, Lk, Th—1, Tk—2, Ak—1, Ak, €F]
* Comparison of the sensory input with the internal prediction to inferior longitudinalis [1] same length, and keep the first three formants. - Cascade of first order differential equation from command u, to
optimally update the internal estimate of the system - Finite element (FE) model of tongue deformation (sagittal 2D . A —— excitation ey to activation ax  (t =10 ms)
_ model) g : Only motor noise: additive (SD o) and multiplicative (SD o,,) Gaussian
Speech production o e white noise on motor command
) Coo.rdmatlon task: lips, jaw, tongue o | | — S " Dswncefomgotisem - Full (4D) proprioceptive feedback, 3D acoustic feedback
- Resistance to external disturbances (inertial forces, objects in ) I T
mouth, distorted audio feedback...) <o
- Can optimal feedback control theory illuminate the control = - O A A |
of tongue movements during speech (tongue kinematics, N £ Frequency (kHz)
Coart|CU|at|On, use Of feedbaCk...)? Tongue reduced model: Contact management: s meel »| Optimal controller commands) Biome()c;cflzr:]i;szodel vozalal';;act’ \;c;c(;z;ls’iriigt
/ ~ . . . ] ) . ] systemﬁtate
RES LTS Dimensionality reduction step: 17 contour points — 4D (SVD) . Tongue contour reconstructed from reduced model R
. . . . . ptimal estimator
U Th i _ _ ot f «  Soft clamping of position and velocity as a function of margin
ird order inear system, obtained by system_ldentl ication o to palate & margin velocity epriocentie fedback
~48,000 FE simulations at 100 Hz corresponding to control N y (tongue position/velocity)
(o to simulati " ) ramps of 33, 45, 65 and 120 ms duration, sampling command - ) Brain conete eedhacc (ormant posiion)
Imuiation resuits u
y space Exploring the control of contacts:
Iinear}r;odel (final posture) Optimization .
T - One degree of freedom corresponding to principal component | T o
o) oo - Tube model with auditory, proprioceptive and tactile feedback + Cost= |ptegrat§d neuromptor effort »_o Uj,
o - Muscular redundancy, inertia, elasticity towards neutral * Constrained:- final acoustic target or tongue posture
(inal posturd — +  Intuition for more complex models, while convergence easier * Unconstrained: mix of effort and goal costs |
- Indirect optimal control (Pontryagin based), gradient descent and/or
3 3 3 - Best linear approximation: Axpi1 = f(Tg, ar_1,ak) N __ X Newton-Raphson method [4]
’ <5 = where T is tongue position, ax the muscle activation at time tg 0 - Some checks of sensitivity to initial parameters
§ o § . § ';_._._ (RMS error = 0.42 mm)
"’ : ' - Nonlinear approx: 3-layer artificial neural network with 24
Styloglossus Verticalis Inferior Longitudinalis \ hidden units from ~55,000 FE simulations 1 muscle A muscle J L )
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~ From /o/ to /i/ . From /o/ to /e/ [ N ( _ o Data, h
Trajectory, sagittal Predicted EMG Trajectory, sagittal Predicted EMG Vowel sequences (not center-out): Acoustic variability: perception [5];
L Z L » o—~i—e—o—e o—i—e—o—e Postural goal Acoustic goal ool [P
i | Caveat: difficulty in numerical : © o
5 5 300 optimization does not allow F1 (Hz) F3 (Hz) F1 (Hz) F3 (Hz) c 0
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- - - ( ) | straight in formant space CONCLUSIONS
§ From /o/ to /a/ L From /5/ to /o/ . Control of contacts (VCV): + Though goals are acoustic
Trajectory, sagittal Predicted EMG Trajectory, sagittal Predicted EMG and starting point varied, final - Minimization of effort produces plausible tongue trajectories
L T L T Trajectory Muscle activation postures (red) seem very similar (kinematics, EMG)
Y ? ffeiniaihinluiy/n N "l = to postures found from /o/ - Part of phonemic variability linked to aspects of sensorimotor control?
| [ 2 o] - Model predictions should be validated with formant tracking, EMA recordings
= //\ ! and intramuscular EMG
o ) A\, e— L ¢ ] Work in progress: optimization from FEM model
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