


2.1 Data processing

The visual module performs four levels of processing of
the data: 1) transformation of frame of reference, from
extrinsic to intrinsic, 2) filtering of small and noisy mo-
tions, 3) segmentation of the motion, based on changes
in velocity and movement direction, and 4) parameter-
ization of the movements in terms of speed and direc-
tion. In the experiments reported in this paper, see
Section 3, data are recorded in joint angles, and, thus,
step 1 is not performed.

Filtering of small motions

Input data to this module are all recorded joint angu-
lar trajectories of arm movement. We apply a threshold
function (see Equation 1) to the position trajectory of
each degree of freedom (DOF) to eliminate small move-
ments, due to the interaction torques across the body.
These small movements are noise to us, as we wish to
recognize and model only the key features of voluntary
movements.

Let D;(t) be the angular displacements of joint 7 at time
t. DM, D™ and D, are the maximal, minimal and mean
values of D; over the whole trial. The high-pass filter
eliminates from further processing into segmentation
(see below) all joint trajectories D; which are such that:

Dj" — Dj <E (1)

Segmentation

Data are segmented to detect the starts and stops of
voluntary motion and changes in direction of move-
ment, following Equations 2, 3 and 4. The segmen-
tation process depends on a set of 3 parameters per
DOF. These are the minimum displacement 67" (in joint
angle) for detecting a motion, the minimum time win-
dow Ty during which no displacement greater than 0;-”
has been observed. Since different degrees of freedom
have different dynamic properties, due to their different
lengths and muscular composition, we applied different
segmentation parameters to each. These properties are
calculated as follows.
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To = 2- T, with T such that D;(T) = D;  (4)

Parameterization

After segmentation, the speed and direction of move-
ment of each joint is coded in the output of the TC
neurons to the PM neurons There are two neurons per
degree of freedom (DOF) per joint, coding for positive
and negative direction of movement, respectively. Let
yT(t) be the output of TC neuron i at time ¢, and ¢, ,,

the series of time steps at which the segmentation has
occurred, then:

yi ©(t;) = Dy(tr) — Di(tx—1) (5)

and k is such that ¢t; >=1t; and j > 1.

Figure 2 shows segmentation of the trajectory of the
shoulder joints (flexor/extensor, abduction/adduction)
of the left arm during drawing of a figure eight. Figure
2 shows the speed input coded by the neurons after
segmentation.
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Figure 2: Top: Trajectory of shoulder joint
(SFE=flexion/extension) during drawing of a figure eight.
(Bottom):

Output of the TC neurons following segmentation. The output is

Vertical bars show the time steps of segmentation.

proportional to the value of the speed of the motion at the time of

the segmentation.

2.2 Motor control

In our model, motor control is hierarchical and is com-
posed of (from lowest level to highest level) muscle
model, spinal cord, motor cortex (M1), premotor cortex
(PM) and cerebellum modules.

Spinal cord module

The module receives excitatory input from the M1 neu-
rons (defining the amplitude and speed of the move-
ment for each DOF) and outputs to the muscle model
which then computes joint torques sent to the dynamic
simulation. It is composed of fixed neural circuits, one
for each DOF for each joint, which produce an oscilla-
tion of that joint, following [14].

The neurons of the spinal cord module are modeled as
leaky-integrators, which compute the average firing fre-
quency [15]. According to this model, the mean mem-
brane potential m; of a neuron IV;, receiving input from
M1 nodes z; is governed by the equation:

Ti " dm,’/dt = —m; + Zwi,ja:j (6)



