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• For a given external tongue contour, a fixed jaw position, and a fixed lip aperture, we deduce the shape of the complete vocal tract using anatomical reference data (MRI, [START_REF] Badin | An audiovisual talking head for augmented speech generation: models and animations based on a real speaker's articulatory data[END_REF]) • We then compute the resonances of the vocal tract with an harmonic model following [START_REF] Badin | Notes on vocal tract computation[END_REF] after discretization of the tract in 44 tubes of identical length, and keep the first three formants. 
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•

  Finite element (FE) model of tongue deformation (sagittal 2D model) • Seven muscles modelled: anterior genioglossus, posterior genioglossus, hyoglossus, styloglossus, verticalis, inferior longitudinalis, superior longitudinalis [1] • Hill-type muscle model • Activity-dependent tissue elasticity, small deformation approximation • Fixed tongue floor • Contacts with palate, velum and pharyngeal wall modeled as elastic interaction (wall: high stiffness) • System continuous-time ODE solved with robust Runge-Kutta integration

••

  Continuous time dynamics over fixed time T • Proprioceptive feedback p modeled as 4D projection on principal axes of position and velocity, 3D acoustic feedback a (formant values) • Acoustic F1-F2 goal • Variability study: -linear reduced plant model identified over ~ 50,000 FEM simulations -only motor noise: additive (SD σ A ) and multiplicative (SD σ M ) Gaussian white noise on motor command -Internal state estimate via extended Kalman filtering Optimization: • Unconstrained optimization: cost function includes neuromotor effort and precision penalty: • Indirect optimal control (Pontryagin based), gradient descent and/or Newton-Raphson method [4] • Some checks of sensitivity to initial parameters One degree of freedom corresponding to principal component • Tube model with auditory, proprioceptive and tactile feedback • Muscular redundancy, inertia, elasticity towards neutral • Intuition for more complex models, while convergence easier • Coarticulation emerges from effort optimization • Delayed effects of earlier constraints • (and large difference in optimization algorithms) / extended after first /i/ extended before From /ǝ/ to /i/ From /ǝ/ to /e/ From /ǝ/ to /a/ Control of contacts (VCV): Vowel sequences (not center-out): Acoustic variability (linear reduced model): Trajectory Muscle activation (A.U.) i → ɐ → ɔ → e ə → i → ɐ → ɔ → e u s t i c l o o p