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Abstract

Using the double-step target displacement paradigm the mechanisms un-
derlying arm trajectory modification were investigated. Using short (10-
110 msec) inter-stimulus intervals the resulting hand motions were initially
directed in between the first and second target locations. The kinematic
features of the modified motions were accounted for by the superposition
scheme, which involves the vectorial addition of two independent point-to-
point motion units: one for moving the hand toward an internally specified
location and a second one for moving between that location and the final
target location. The similarity between the inferred internally specified lo-
cations and previously reported measured end-points of the first saccades
in double-step eye-movement studies may suggest similarities between per-
ceived target locations in eye and hand motor control.

1 INTRODUCTION

The generation of reaching movements toward unexpectedly displaced targets in-
volves more complicated planning and control problems than in reaching toward
stationary ones, since the planning of the trajectory modification must be per-
formed before the initial plan is entirely completed. One possible scheme to modify
a trajectory plan is to abort the rest of the original motion plan, and replace it with
a new one for moving toward the new target location. Another possible modifica-
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tion scheme is to superimpose a second plan with the initial one, without aborting
it. Both schemes are discussed below.

Earlier studies of reaching movements toward static targets have shown that point-
to-point reaching hand motions follow a roughly straight path, having a typical bell-
shaped velocity profile. The kinematic features of these movements were successfully
accounted for (Figure 1, left) by the minimum-jerk model (Flash & Hogan, 1985). In
that model the X-components of hand motions (and analogously the Y-components)
were represented by:

X(t) = Xa+ (X — Xa)(10T2 —15T* +-6T%), T = e (1)

Figure 1: The Minimum-jerk Model and The Non-averaged Superposition Scheme
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Figure 2: The Experimental Setup and The Initial Movement Direction Vs. D
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where ¢ is the movement duration, and X p — X 4 is the X-component of movement
amplitude. In a previous study (Henis & Flash, 1989; Flash & Henis, 1991) we have
used the double-step target displacement paradigm (see below) with inter-stimulus
intervals (ISIs) of 50-400 msec. Many of the resulting motions were found to be
initially directed toward the first target location (non-averaged) (for larger ISIs a
larger percentage of the motions were non-averaged). The kinematic features of
these modified motions were successfully accounted for (Figure 1 right) by a super-
position modification scheme that involves the vectorial addition of two time-shifted
independent point-to-point motion units (Equation (1)) that have amplitudes that
correspond to the two target displacements.

In the present study shorter ISIs of 10-110 msec were used, hence, all target displace-
ments occurred before movement initiation. Most of the resulting hand motions
were found to be initially directed in between the first and second target locations
(averaged motions). For increasing values of D, where D = RT} — ISI (RT; is the
reaction time), the initial motion direction gradually shifted from the direction of
the first toward the direction of the second stimulus (Figure 2 right). The averaging
phenomenon has been previously reported for hand (Van Sonderen et al., 1988) and
eye (Aslin & Shea, 1987, Van Gisbergen et al., 1987) motions. In this work we
wished to account for the kinematic features of averaged trajectories as well as for
the dependence of their initial direction on D.

It was observed (Van Sonderen et al., 1988) that when the first target displacement
was toward the left and the second one was obliquely downwards and to the right
most of the resulting motions were averaged. Averaged motions were also induced
when the first target displacement was downwards and the second one was obliquely
upwards and to the left. In this study we have used similar target displacements.
Four naive subjects participated in the experiments. The motions were performed
in the absence of visual feedback from the moving limb. In a typical trial, initially
the hand was at rest at a starting position A (Figure 2 left). At¢ = 0 a visual target
was presented at one of two equally probable positions B. It either remained lit
(control condition, probability 0.4) or was shifted again, following an ISI, to one of
two equally probable positions C' (double-step condition, probability 0.3 each). In a
block of trials one target configuration was used. Each block consisted of five groups
of 56 trials, and within each group one ISI pair was used. The five ISI pairs were:
10 and 80, 20 and 110, 30 and 150, 40 and 200, and 50 and 300 msec. The target
presentation sequence was randomized, and included appropriate control trials.

2 MODELING RATIONALE AND ANALYSIS

2.1 THE SUPERPOSITION SCHEME

The superposition scheme for averaged modified motions is based on the vectorial
addition of two time-shifted independent elemental point-to-point hand motions
that obey Equation (1). The first elemental trajectory plan is for moving between
the initial hand location and an intermediate location B;, internally specified. This
plan continues unmodified until its intended completion. The second elemental
trajectory plan is for moving between B; and the final location of the target. The
durations of the elemental motions may vary among trials, and are therefore a
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priori unknown. With short ISIs the elemental motion plans may be added (to give
the modified plan) preceding movement initiation. Several possibilities for B; were
examined: a) the first location of the stimulus, b) an a priori unknown position, ¢)
same as (b) with B; constrained to lie on the line connecting the first and second
locations of the stimulus, and d) same as (b) with B; constrained to lie on the
line of initial movement direction. Version (a) is equivalent to the superposition
scheme that successfully accounted for non-averaged modified trajectories (Flash &
Henis, 1991). In versions (b), (¢) and (d) it was assumed that due to the quick
displacement of the target, the specification of the end-point for the first motion
plan may differ from the actual first location of the target. The first motion unit
was represented by:

X1(t) = Xa + (X, — Xa)(10T® — 15T* 4+ 6T°), where T = E“t" . (©®
1

In (2), (XB; — X 4) is the X-component of the first unit amplitude. The duration of
this unit is denoted by T3, a priori unknown. The expression for Yi(t) was analogous
to Equation (2). The X-component of the second motion unit was taken to be:

t_ts _t_ta

Xo(t) = (X¢ — Xp,)(10T3 — 15T* + 6T°), where T = = s (8)
ty —t, Ty

In (3), (X¢ — Xp,) is the X-component of the amplitude of the second trajectory
unit. The start and end times of the second unit are denoted by ¢, and t;, respec-
tively. The duration of the second motion unit 75 = t; —1, is a priori unknown. The
X-component of the entire modified motion (and similarly for the Y-component)
was represented by:

X(t) = Xy (t) + Xa(2). (4)
The unknown parameters 77,75, B;x and B;y that can best describe the entire
measured trajectory were determined by using least-squares best-fit methods (Mar-
quardt, 1963). This procedure minimized the sum of the position errors between
the simulated and measured data points, taking into account (in versions (a), (c)
and (d)) the assumed constraints on the location B;.

2.2 THE ABORT-REPLAN SCHEME

In the abort-replan scheme it was assumed that initially a point-to-point trajectory
plan is generated for moving toward an initial target (Equation (2)). The same four
different possibilities for the end-point of the initial motion plan were examined. It
was assumed that at some time-instant ¢, the initial plan is aborted and replaced
by a new plan for moving between the expected hand position at ¢ = ¢, and the
final target location. The new motion plan was assumed to be represented by:

5
Xnew(t) =) ai(t). (5)

i=0

The coefficients as,as and as were derived by using the the measured values of
position, velocity and acceleration at ¢t = t;. For versions (b), (c) and (d) the
analysis was performed simultaneously for the X and Y components of the tra-
Jectory. Choosing a trial B; and T; the initial motion plan (Equation (2)) was















