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Speech is a stream of specific sounds performed by gestures of articulators of the vocal tract. The sensory
correlates of speech production are therefore both auditory (concerning sounds) and somatosensory (concerning
the position and configuration of articulators of the vocal tract). Since sounds are a consequence of speech
gestures, these two sensory correlates appear to be redundant in unperturbed conditions. This raises questions
about their functional involvement in the monitoring of speech production: is only one useful, and if so, which
one? Are they instead both useful, and if so, are they equivalent or complementary?

Experimental studies of compensations for auditory and somatosensory perturbations indicate that both
types of sensory information are taken into account during speech production [6, 2]. In addition, individual
sensory preferences in speech production have been observed: subjects who compensate less for somatosensory
perturbations compensate more for auditory perturbations, and vice versa [3]. Our goal is to understand how
sensory preferences can operate during speech production and influence it, by using our recently designed
Bayesian model of speech motor planning. To our knowledge, models of speech motor control have generally
not addressed this issue since they did not systematically evaluate the consequences of variations in the weight
of each modality in the specification of the motor goals.

In this work, we present extensions of our original Bayesian model of speech motor planning [4], in which
speech units (phonemes in our case) are characterized both in auditory and somatosensory terms. Figure 1
presents a graphical representation of the model.Variable ® corresponds to phonemes which are characterized
in terms of auditory and somatosensory variables Ag and Sg. The dependencies relating these variables are
probability distributions P(Ag | ®) and P(Ss | ®) which we identify to multivariate normal distributions
parameterized by means and covariances (,uﬁ7 Zﬁ) and (ug, Eg) respectively. Variables Ay; and Sjs represent
the predicted auditory and somatosensory consequences attributed to motor commands M. Variables C4 and
Cs act as two sensory-matching-constraint indicators, displaying value 1 when values of the corresponding
sensory variables (Ag and Ajp; or Se and Sys) match and 0 otherwise. The planning of motor commands M
for the production of an intended phoneme ¢ is identified to the outcome of the inference question P(M | [ =
@] [Ca = 1] [Cs = 1]), imposing the identity ¢ of the phoneme and that both sensory-matching constraints are
satisfied (in other words [C4 = 1] and [Cs = 1]). This results in a planning process that takes into account
both the auditory and the somatosensory characterization of phonemes.

We show that sensory preferences can be modeled in two ways in our framework. In the first variant,
sensory preferences are attributed to the relative precision of sensory regions characterizing speech motor goals,
P(Ag | ®) and P(Sp | ®). Precision correspond in our framework to the inverse of covariance parameters Eﬁ
and Zg. This approach is inspired from classical models of multisensory fusion for perception [1, 5]. Under this
approach, precision of sensory regions correspond to their tolerance to perturbations: the smaller the region,
the higher the precision and the lower the tolerance to perturbations. In other words, subjects who compensate
more to auditory than somatosensory perturbations would have auditory target regions smaller than their
somatosensory target regions. However, since auditory and somatosensory consequences of speech gestures are
highly correlated, why would these motor goal regions differ so considerably?

In the second variant of our model, sensory preferences are the consequence of the relative precision by which
the predicted sensory consequences of motor commands are compared to the sensory characterizations of motor
goals. This comparison arises in the dependencies relating the sensory-matching-constraint variables C'4 and
Cs and their corresponding sensory variables (Ag and Ay or Se and Sys) which we define as
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Figure 1: Graphical representation of our Bayesian model for speech motor planning; nodes represent variables
and arrows dependency relations. Variable ® corresponds to phonemes which are characterized in terms of
auditory and somatosensory variables Ag and Sg. Variables Ap; and Sy represent the predicted auditory
and somatosensory consequences attributed to motor commands M. Variables C4 and Cg implement two
sensory-matching constraints and act as binary switches activating or not the corresponding sensory pathway.

where operator ||.|| denotes the Euclidean norm. In other words, the probability of variable C4 (respectively
Cs) taking value 1 (indicating sensory-matching) is maximum when values of variables Ag and Aj; (respectively
Se and Sjy) are the same and decreases exponentially as they get separated. Parameters o, and o, modulate
the exponential decrease with respect to the distance between sensory values: the smaller o, (respectively o),
the stronger the decrease in probability for a given distance between values of Ag and Ay (respectively S and
Snr)-

We demonstrate that this second implementation of sensory preferences is formally equivalent to an increase
of parameters of the covariance matrices, Z‘f, and Eg, that specify the sensory characterizations of phonemes,
P(Ag | @) and P(Sp | ®). This relates and reconciles the two approaches and suggests an alternative and
original interpretation of sensory preferences, where target precision are not modulated, but instead, tolerance
to error in auditory or somatosensory spaces are different. We further illustrate our two approaches by exploring
the outcome of adaptation to auditory and somatosensory perturbations in the context of a 2-dimensional bio-
mechanical model of the tongue developed in our lab.
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