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Introduction

•Adaptation to shifted visual feedback consists of sensory and motor
components [4]

–Sensory adaptation: compensation for miscalibrations of vision and
proprioception
–Motor adaptation: compensation for errors in movement execution

•Does the motor system solve these problems independently, or in a
unified manner?

Sensory adaptation
• Shifts in vision and proprioception induced by
persistent discrepancy between modalities

– e.g. while wearing prism goggles

•Compensation for miscalibrations of vision and
proprioception

v = y + rv + ǫv (rv = visual shift)
p = y + rp + ǫp (rp = Proprioceptive shift)

•Can bemeasured through sensory alignment tests

–Use left hand as unadapted probe

•Affects movements planning

Previous models of sensory adaptation

• Sensory miscalibrations rv, rp estimated via EM-
based procedure [2]

• E-step:

–Max. likelihood estimation of hand position
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•M-step:

–Adapt both senses towards max. likelihood es-
timate of hand position
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Sensory alignment tests:
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Motor adaptation

•Compensation for errors in movement execution
e.g. caused by a change in arm dynamics ry

• Sensory adaptation only accounts for 50% of adaptation to shifted visual feedback

• Remaining adaptation ismotor

Previous models of motor adaptation

• Estimate ry by gradient descent on
squared error (State-space model [1]) r̂u

t+1 = r̂u
t + β(ut + r̂u

t − ŷt)

•Can use MLE of hand position, ŷMLE
t when dealing with multiple modalities

Previous models can be combined to form a model of both sensory
and motor adaptation (MLE model)

• Implicit assumption that sensory and motor adaptation are indepen-
dent

• i.e. They are driven by distinct error signals and can occur indepen-
dently of one another

A Unified Model

Consider full generative model of sensory feedback:

Trial t Trial t + 1

rv
t

r
p

t

ru
t

ut

yt

vt pt

rv
t+1

r
p

t+1

ru
t+1

ut+1

yt+1

vt+1 pt+1

disturbances

motor command

hand position

proprioceptive
observation

visual observation

}

• Three potential sources of error:

–Dynamics disturbance
–Visual miscalibration
– Proprioceptive miscalibration
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•More compactly:
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 or zt = H(rt + ǫt)

•Assumed disturbance dynamics:

rt+1 = Art + ηt ηt ∼ N(0, Q) (1)

Bayesian model: Adaptation = Inference of disturbances

• Linear/Gaussian→ Kalman filter

• 2 observation modalities, 3 unknown disturbances

–Adaptation depends strongly on assumed disturbance dynamics (1)

Fits to visuomotor adaptation data

•Adaptation to a 30o rotation of visual feedback (data from [3])
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•Compare model fits via Akaike informa-
tion criterion (lower = better)

MLE-based model: AIC = 159.6
Bayesian model: AIC = 126.0

• Bayesian model provides a better fit

•However, a stronger test is possible to dis-
tinguish decisively between these models:

Sensory and motor adaptation are no longer independent in the
Bayesian model

•Prediction: Force field adaptationwill also lead to sensory adaptation,
even though there is no discrepancy between senses

•Not predicted by MLE model

Experiment
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Test whether force field adaptation also
leads to sensory adaptation

Experimental setup

• 11 right-handed subjects

•Mirror/projection setup provided veridical
feedback of right hand position

• 3 phases to each trial:

– Reaching movements to a visual target
(with visual feedback)
–Visual alignment test
– Proprioceptive alignemnt test

• 25 pre-adaptation baseline trials

•Velocity-dependent force field gradually in-
troduced over next 50 reach trials

Fx = αẏ (2)

• 25 post-adaptation trials with maximum
force field strength

Results

•Comparison of average alignment test errors pre- vs post-adaptation

• Results represent average across subjects. Error bars = SEM
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∗ p < .05
(1-tailed t-test)

Shifts only found
in direction of
perturbation

Model fits to data

• Parameters estimated by minimizing squared prediction over both reaching and
alignment test performance
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Conclusions

• Sensory and motor adaptation are not independent

–Cannot induce one without the other

• Strongly supports the Bayesian adaptation model

• The brain solves adaptation problems in a statistically principled and unified manner

References
[1] S. Cheng and P. Sabes. Calibration of visually guided reaching is driven by error-corrective learning and internal dynamics.
J Neurophysiol, 97:3057–3069, Apr 2007.

[2] Z. Ghahramani, D. Wolpert, and M. Jordan. Computational models for sensorimotor integration. In P. Morasso and
V. Sanguineti, editors, Self-Organization, ComputationalMaps andMotor Control, pages 117–147. North-Holland, Amsterdam,
1997.

[3] J. W. Krakauer, P. Mazzoni, A. Ghazizadeh, R. Ravindran, and R. Shadmehr. Generalization of motor learning depends on
the history of prior action. PLoS Biol, 4(10):e316, Sep 2006.

[4] M. Simani, L. McGuire, and P. Sabes. Visual-shift adaptation is composed of separable sensory and task-dependent effects.
J Neurophysiol, 98:2827–2841, Nov 2007.

Acknowledegments: This research is supported partially by a EPSRC/MRC DTC studentship grant to AH, Royal Society Grant R37647 to SV and Wellcome grant GR069439 to CM. Contact Author: Adrian Haith (adrian.haith@ed.ac.uk)


