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Motor adaptation is usually defined as the process by which our nervous system produces accurate movements while the

properties of our bodies and our environment continuously change. Many experimental and theoretical studies have characterized

this process by assuming that the nervous system uses internal models to compensate for motor errors. Here we extend these

approaches and construct a probabilistic model that not only compensates for motor errors but estimates the sources of these

errors. These estimates dictate how the nervous system should generalize. For example, estimated changes of limb properties

will affect movements across the workspace but not movements with the other limb. We provide evidence that many movement-

generalization phenomena emerge from a strategy by which the nervous system estimates the sources of our motor errors.

Suppose I throw a stone with my right hand and it travels less than I
had expected. This observation can have at least two interpretations:
the stone may be heavier than I thought, or my arm may be weaker
than I thought. If I believe the stone to be heavier, I will adjust
accordingly the next time I throw the same stone, with my right or
my left arm. Movements I make without the stone, clearly, shouldn’t be
influenced by my updated estimate of the stone’s weight. If, on the
other hand, I believe my right arm to be weaker, I will adjust future
movements with this arm, with or without the stone, but not
subsequent movements of my (unaffected) left arm. This example
highlights what our intuition suggests and dynamics demands: the
nervous system needs to estimate not only the necessary corrections
(for example, throw with more effort) but also the sources of errors
(for example, the stone is heavy or my arm is weak) when we adapt
our movements.

Ideally, the nervous system should treat the body and the world as a
coupled dynamical system whose properties constantly change over
time. For instance, the strength of each of our muscles may vary over
time (through fatigue, exercise, injury, aging and so forth). Similarly,
the objects we interact with have variable properties and dynamics. To
adapt and generalize, the nervous system needs to attribute observed
movement errors to either the body or the world and then estimate the
value of those properties.

Many studies have analyzed how human subjects adapt to perturba-
tions and have found that they estimate these disturbances instead of
simply memorizing a motor plan1,2. This idea is captured by the notion
of an internal model, a representation of how our motor system
predicts the outcome of motor commands. Studies that examine
internal models assume that motor errors, regardless of their source,
are estimated with a general model of disturbances. Although some
studies do recognize that multiple sources may be responsible for

motor errors3,4, their internal models do not distinguish between them.
This single model compensates for any changes in the properties of the
world or the body. As a result, these models have no mechanism for
representing that an estimated change in the limb should generalize
across the workspace but not to the other limb, and that an estimated
change in the world should generalize to the other hand.

Here we present a model that formalizes the estimation of the
sources of motor errors by adapting its representation of both the body
and the world. This source-estimation model constantly updates its
parameter estimates and its uncertainty about those estimates through
an application of bayesian inference. To test the model, we compare its
predictions to three classes of published motor adaptation studies:
velocity-dependent force fields, rotating (Coriolis) rooms and inertial
perturbations. Our model predicts many findings of these experiments.
These results support our hypothesis that the nervous system adapts
and generalizes by estimating the sources of motor errors.

RESULTS

Modeling sources of errors: body and world

As in the example of throwing a stone, a continuum of possible
parameter values can explain many motor errors equally. In addition,
owing to noisy perception and commands, the motor system operates
under uncertain conditions. The nervous system therefore needs to
assign credit to the likely parameters and estimate their properties.
Bayesian inference is a systematic method for optimally solving such a
credit-assignment problem. For example, if we knew the stone’s weight
with great certainty and errors in our estimate of its inertia could not
account for the motor errors we observed, then other sources, such as
limb properties, would be considered likely culprits. This would result
in relatively small changes in our estimate of the stone’s weight and
large changes in our estimates of limb properties (for example, mass,
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strength and so forth). Bayesian inference formalizes this update
process by combining our belief in parameter estimates with a like-
lihood that these parameters can account for our observations. This
results in updated parameter estimates that are maximally certain.

Our approach extends the traditional internal model to allow for the
estimation of multiple sources of error. The source estimation model
adapts by estimating the properties of the body and the world and
generalizes by using these estimates for new movements. When adapt-
ing to perturbed movements, the source estimation model may
produce the same compensatory corrections that a traditional internal
model would. However, the two classes of model make different
predictions for generalization to new movements. For example, when
we adapt while throwing a stone and then throw it in a new direction,
or throw it with our left arm, or throw a different stone, the source
estimation model has the necessary information to generalize. Esti-
mates about the world can transfer across limbs; they represent
knowledge that is independent of the motor apparatus. Body estimates
help us to generalize to new motor goals, but do not necessarily transfer
from one limb to another; they represent knowledge of a specific
motor apparatus.

Here we examine a nonlinear musculoskeletal model of the human
limb (body) interacting with various imposed (world) disturbances.
The source estimation model uses this simulated body–world system to
predict adaptation and generalization. To estimate the body (limb) and
world (experimental perturbations) parameters, we used an extended
Kalman filter (see Methods). The source estimation model infers
changes in the nominal values of a large number of parameters. We
assume that the variations driving these changes are proportional to
their nominal values to restrict the model to two free parameters, a
proportionality constant for body parameters and another for world
parameters. We further restrict the model to a single free parameter, a,
the ratio of these values. For all the results shown below, a was set to 0.4;
that is, the model assumes the body is more variable than the world.
Thus, if all parameters are equally likely to account for an observed
motor error, body parameters will receive more credit. We have thus
obtained a model with a single free parameter that can predict motor

adaptation and generalization. Below we pre-
sent the model’s predictions for simulated
experimental studies of human reaching
movements (see Methods for details).

Velocity-dependent force field studies

We first compare the source estimation model
with the results from a study on motor
adaptation and generalization5 that asked
questions highly relevant to the issues we
consider here. In that study, researchers exam-
ined whether the nervous system represents
disturbances in terms of a body-based (intrin-
sic) coordinate frame or a world-based
(extrinsic) coordinate frame. A robot ren-
dered velocity-dependent forces that per-
turbed the hand of subjects while they made
reaching movements. After the subjects
adapted, they were tested for generalization
in a different part of the workspace
(Fig. 1a,b). When the disturbing forces were
defined in terms of the hand’s velocity (an
extrinsic coordinate frame), subjects general-
ized poorly. However, when the forces were
defined in terms of the angular velocities of

the subject’s limb (an intrinsic coordinate frame), subjects generalized
well. Thus, the study concluded that the nervous system represents
disturbances in an intrinsic (joint-based) coordinate system.

That study (and many subsequent ones) examined its hypothesis in
terms of two coordinate frames, assumed to be mutually exclusive.
Here we argue that the nervous system should not simply use one
representation. Such an assumption is equivalent to the belief that the
properties of either the body or the world are constant and known
without error. Yet all of these properties are variable and need to
be estimated.

We used the source estimation model to simulate the same adapta-
tion and generalization experiment with equivalent force fields (see
Methods). Once the model has adapted to the external field, it has
updated estimates of all its parameters, both world and body proper-
ties. To what extent a parameter’s estimate is updated depends on its
ability to explain the motor errors and on the model parameter a. These
inferred estimates are used to compensate for the actual external field.
For any setting of this variable a, we will obtain a different set of
predictions for movement generalization.

For illustrative purposes, we present how our model adapts with two
extreme values of the parameter a. When the system attributes errors
only to the world and the field is hand-based, reaches made in the left
region of the workspace perfectly cancel the force field (Fig. 1c,
bottom). However, if the field is joint-based, there are clear and distinct
patterns of generalization that reveal the internal model’s incorrect
estimation of the velocity-dependent force field (Fig. 1c, top). This type
of inference of sources of error occurs when the model is relatively
certain of the body parameters (a c 1). Similarly, if the system
attributes errors only to the body (a { 1) it will generalize well with
joint-based fields and poorly with hand-based fields (Fig. 1d). These
extreme settings of a correspond to the situation present in traditional
internal model studies where only a single disturbance, or a single
coordinate system, is estimated during adaptation.

The source estimation model predicts the experimental data well
(compare Fig. 1e with Fig. 1f) under the assumption that changes in
the body are more likely than changes in the world (a ¼ 0.4). To
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Figure 1 Simulated intralimb generalization. (a) The subject adapts to a velocity-dependent force field in

the right region of the workspace. (b) The subject then makes reaches in the unexperienced left region of

the workspace to test for generalization. (c) A disturbance is estimated as an entirely extrinsic velocity-

dependent force field and the arm is exposed to an intrinsic field, where the torques, s, are defined in

terms of joint velocity, ḣ (top); and an extrinsic field, where the forces, F, are defined in terms of the

hand’s velocity, Ẋ (bottom). (d) A disturbance is adapted to as misestimates in limb properties and the

arm is exposed to an intrinsic, velocity-dependent force field (top) and an extrinsic field (bottom).

(e) Experimental results for intralimb generalization (reproduced from ref. 5) when subjects are exposed

to an intrinsic and an extrinsic force field; top and bottom, respectively. (f) Simulated intralimb
generalizations showing a mixture of inferred body and world estimates.
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