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Abstract. Subjects made fast goal-directed arm move-
ments towards moving targets. In some cases, the per-
ceived direction of target motion was manipulated by
moving the background. By comparing the trajectories
towards moving targets with those towards static targets,
we determined the position towards which subjects were
aiming at movement onset. We showed that this position
was an extrapolation in the target’s perceived direction
from its position at that moment using its perceived
direction of motion. If subjects were to continue to ex-
trapolate in the perceived direction of target motion from
the position at which they perceive the target at each
instant, the error would decrease during the movements.
By analysing the differences between subjects” arm move-
ments towards targets moving in different (apparent)
directions with a linear second-order model, we show
that the reduction in the error that this predicts is not
enough to explain how subjects compensate for their
initial misjudgements.

1 Introduction

Due to delays in the nervous system, and to the inertial
and viscous properties of our bodies, a neural command
to move our hand somewhere does not lead to an instan-
taneous displacement of the hand to that position. If the
hand is to hit or grasp a moving object, it is therefore
a good strategy to aim at a future position of the object.
This paper studies whether visual information about the
direction of motion is used to predict this future position,
and how this position is updated during the movement.

For making movements in general, both the ‘when’
and the ‘where’ of an action are important. In this study,
we focus on the visual information that is used to deter-
mine the ‘where’ of the action. For a time-constrained
action towards a moving object, the position of the
contact has to be determined from visnal information.
This could be done by extrapolating the trajectory using
the speed of the object. We recently showed (Brenner and
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Smeets 1994a; Smeets and Brenner 1995) that subjects do
not use the perceived speed to predict a future position of
an object. Instead, subjects constantly extrapolate from
the perceived position using a default speed. As they
continuously update their prediction, the systematic er-
ror in extrapolating the future position of the target
decreases with time to contact. Subjects compensate for
the remaining error by gearing the speed of their action
to the perceived speed of the object (Brenner and Smeets
1994b). Subjects thus gear their action to two different
perceptual variables: the perceived position of an object
determines the hand’s trajectory, whereas the perceived
speed determines the timing of the movement. This find-
ing contrasts with the hypothesis that subjects extract
one single invariant (for instance 7) from the sensory
information, and gear all aspects of their action to that
invariant (Lee and Young 1986; Peper et al. 1994).

For predicting an object’s future position, both its
speed and the direction of its motion have to be known.
The first question addressed in this study is whether
subjects ignore the perceived direction of motion in the
same way they ignore the target’s speed. If not, how is the
perceived direction of motion used when making goal-
directed movements towards moving targets?

To investigate the use of visual information in motor
control, several aspects of movements can be analysed.
The beginning of the movement can show how the in-
formation is used in planning the movement. The final
result can reveal whether the information is required for
fulfilling the task. A comparison between the start and
the final result can reveal whether information is used
during the movement. Our approach is to investigate
how the information is used by analysing the shape of the
trajectories.

The shape of the trajectories is determined by an
interaction between information about target position
(translated into a ‘motor program’) and the biomechanics
of the arm. As the equations leading from muscle acti-
vation to movement of the arm are highly non-linear,
modelling the biomechanics is a difficult approach. Van
Sonderen and Denier van der Gon (1990) have shown
that such a model is feasible for describing responses to
large target displacements. However, due to the uncer-
tainty of many parameters and assumptions in their
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model, it is not suitable for studying the effects of small
changes in visual information. We will therefore not
attempt to model the complete arm movements.

As we are mainly interested in the use of visual
information for the fine-tuning of movements, we adopt
a different approach. Our approach is based on the fact
that any non-linear system without discontinuities can be
approximated by a linear system as long as it is only used
for describing the effect of small changes in some of the
relevant variables (Taylor’s Theorem). In our experiment,
we are dealing with small (about 5 cm) variations in arm
movements (total amplitude is more than 35 cm). The
differences between these slightly different movements
are considered to be governed by a linear system. Differ-
ences of the same magnitude were successfully modelled
in this manner in a previous study (Smeets and Brenner
1995). The main advantage of using such a model is that
it enables us to estimate the position that a subject is
aiming at, at each moment during the movement.

The present paper has two goals. The first, more
specific goal is to investigate whether the direction of
a target’s motion is used in predicting its future position
and, if so, whether the direction used in motor control is
the direction subjects perceive. The second, more general
goal is to provide a first step towards a description of
how continuous visual information is used in guiding
arm movements.

2 Methods

2.1 Experimental approach

We performed three experiments to evaluate the use of
visual information in guiding arm movements. To distin-
guish between information on position and direction of
motion of the target, motion of the background was used.
Background motion is known to influence the perceived
direction of motion. In all three experiments the back-
ground moved in about 40% of the trials. Subjects could
not predict whether the background would move in indi-
vidual trials. In the first two experiments, subjects were
asked to reproduce some aspects of the visual informa-
tion: the perceived direction of target motion and the
target’s final perceived position. In the third experiment,
subjects had to move their arm as quickly as possible to
hit similar moving targets.

2.2 Subjects

Ten right-handed volunteers from our department par-
ticipated in the experiment (including the authors). The
subjects were all familiar with the experimental protocol,
but were (except for the authors) naive with respect to the
exact purpose of the experiment. All subjects completed
the set of experiments within 1 h.

2.3 Experimental setup

The setup was designed to leave the subjects totally
unrestrained in their movements, while maintaining total
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Fig. 1. Overview of the experimental setup. Subjects were free to
choose their position relative to the screen, as long as they kept the rod
within 5 cm of a position 40 cm in front of the screen. The subjects
mainly moved their hands within a horizontal plane

control of the visual information. The equipment had to
perform two tasks simultaneously: to generate images
and to record the subject’s movements. Each task was
performed by a dedicated machine. A control PC regu-
lated the course of the experiment and the exchange of
essential information between the other machines. An
overview of the experimental setup is given in Fig. 1.
Subjects sat in an adjustable chair in front of a computer
screen in a dark room. They were allowed to position the
chair so that they could comfortably view the screen and
move their arm. They could not see their hand, nor had
they any visual points of reference other than those
presented on the workstation.

Images were generated on a Unix-based graphical
workstation (Silicon Graphics). The monitor of the sys-
tem was protected by a transparent screen, oriented at
30° to the vertical. The images that were presented were
made to appear to lie on this screen with the aid of LCD
shutter spectacles (Silicon Graphics) and by accounting

for motion parallax (see below). Each image consisted

of a simulated background of about 40 yellow lines
(simulated line length 4 ¢m, random orientation between
—60° and 60° around the vertical; within an area of
18 x15cm) and a red disk (1 cm radius) that floated
across this background. The background could move
horizontally at 9 cm/s in either direction, or remain
static. To mask the appearance and disappearance of
lines at the borders of the background (when it moved),
the intensity of the lines faded in the leftmost and right-
most 4cm. The disk always moved downwards at
12 cmy/s. In addition, it could move horizontally at 4.5 or
9 cm/s in either direction. This resulted in motion in five
directions between —37° and 37° from vertical.
Movements of the subjects’ hand and head were re-
corded by a motion analysis system based on active
infrared markers (Optotrak 3010, Northern Digital). The
markers for measuring movements of the hand were
attached to a Perspex rod (22 ¢cm long, 1 cm radius) held
by the subject; those for measuring head movements were
attached to the LCD spectacles. The resolution of the
position measurement was better than 0.1 mm in all three



dimensions. Position data were collected by a PC (collec-
tion PC) at a frame rate of 300 Hz for 1.5s per trial
(software from Northern Digital).

The control PC controlled the generation of the im-
ages and the collection of the data by the collection PC. It
calculated the positions of the subject’s eyes from the
markers’ positions, and sent these ddta to the graphical
workstation so that motion parallax could be accounted
for in the images. It also calculated the position of the tip
of the rod (in the text, we will sometimes use ‘position of
the hand’ to indicate this position) from the markers’
positions, and sent messages to the graphical worksta-
tion indicating what was to be presented. The software in
the graphical workstation and in the control PC was
home-built.

2.4 Protocol of the two perception experiments

Each subject participated in two perception experi-
ments: one examining the perceived direction of target
motion, the other examining the perceived position of the
target.

Disks appeared approximately 1 cm above the centre
of the screen (the exact position varied at random within
1cm in both horizontal and vertical directions) and
moved downwards in one of the five directions. After
367 ms, the disk was removed from the screen. Only the
background was visible during the next 500 ms. Then, the
background was replaced and a stationary disk appeared
within 1 ¢cm (in a random direction) of the position at
which the disk had disappeared. In the position experi-
ment, subjects were asked to move the stationary disk
(the position of which was coupled to that of the com-
puter mouse) to the position at which the moving disk
had disappeared. In the direction experiment, a green line
was drawn on the stationary disk. Subjects were asked to
orient this line (the orientation of which was coupled to
the computer mouse) so that it aligned with the perceived
direction of motion.

All five directions of target motion were presented on
a static background. To examine the influence of back-
ground motion, four conditions were included in which
the background moved for as long as the disk was pre-
sented and during the 500 ms thereafter. The conditions
were chosen to provide a good comparison between trials
with and without background motion for effects up to
100%. Each condition was repeated five times, yielding
a total of 45 trials for each experiment.

2.5 Protocol of the motor experiment

Subjects held the Perspex rod with their right hand and
looked at the background on the screen. The background
disappeared from view only when it was replaced by
messages about the experiment. These messages guided
the subject’s hand to within 5 cm of a point 40 cm from
the centre of the screen. Subjects had no visual references
other than the stimulus on the screen.

Subjects positioned the chair so that they were com-
fortable. This usually meant that they started the move-
ments with an almost fully flexed elbow and both upper
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and lower arm more or less parallel to their trunk. They
could not see their hand, although they could deduce its
approximate position from the occlusion of the back-
ground once the hand was near the screen. Disks could
appear at the top of the screen moving downwards in one
of five directions, or at rest in positions near the lower
edge of the screen. The position at which the disks ap-
peared was defined with respect to the actual position of
the hand; it therefore varied relative to the background
on the screen. Data collection started at the moment the
disk appeared.

Subjects were instructed to hit the disk with the
Perspex rod as quickly as possible. If the centre of the rod
was within 1.8 cm of the centre of the disk when the
screen was hit, the disk stopped moving and was dis-
played as broken into four unequal pieces. If the subject
hit a position the disk had passed, the disk kept moving
in the same direction; if he or she hit ahead of the disk, it
bounced back in the opposite direction. Subjects were
instructed to move both accurately (to hit the disk) and
quickly: the sum of the reaction time (RT) and move-
ment time (M T ) was to be minimized.

In addition to the same nine combinations of disk
and background motion used in the perception experi-
ments, subjects were also presented with stationary disks
on a stationary background. These disks were presented
approximately at the positions at which moving disks (of
three different conditions) were hit. These positions de-
pend on the RT and MT of the subject, and were there-
fore determined during the experiment. The stationary
disks enabled us to evaluate the influence of target posi-
tion on the movement of the hand. Combinations of disk
direction and background velocity were presented in
random order, so that subjects could never predict the
following stimulus. Subjects could rest as often as they
liked by simply not moving the rod back to the starting
area. The experiment consisted of 15 trials for each of the
12 conditions.

2.6 Analysis of movement data

The velocity component perpendicular to the screen was
calculated by numerical differentiation of the position
data, without any filtering or smoothing. The beginning
and end of the movement were determined by a threshold
of 0.1 m/s for this velocity. Trials were excluded from
further analysis if the movement did not end on the
screen, if infrared markers were hidden from view for
more than 30 ms, or if either the RT or the M T was more
than 700 ms. At least 85% of the trials fulfilled these
criteria for all subjects.

The position data were filtered with a second-order
digital Butterworth filter (Ackroyd 1973). The filter was
applied in both forward and reverse directions to prevent
phase shift. The effective cut-off frequency was 25 Hz.
Hereafter, we calculated (by linear interpolation) the dis-
placement in the lateral and vertical directions as a func-
tion of the distance to the screen for each trial. These
lateral and vertical displacements were averaged as a
function of the distance to the screen to obtain average
trajectories.
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Fig. 2. Model for extrapolating a moving target’s motion when the
direction of motion is misperceived. The dashed lines show the per-
ceived direction of motion. The extrapolation is given for three mo-
ments during the movement:¢ =0 is the time the hand starts to move;
x§ is the extrapolated position at that instant. Continuous extrapola-
tion moves the extrapolated position with velocity v, =dX}/dt. The
extrapolated position at movement time (X¥7) is of course the final
position of the target

Motion of the background can influence the direction
in which the hand moves according to the following
reasoning. The vertical position of the target when hit
will be the same for all conditions, because the vertical
velocity is identical for all moving targets, and static
targets appear at the vertical position at which the mov-
ing ones are hit. The actual lateral target position X, at
the time of the hit depends on the horizontal velocity v, of
the target: x, = xo + (MT + RT)v,. When anticipating
the final lateral target position, the (horizontal) velocity
of the background v, can influence only the estimation of
the part of the target motion that is yet to come (Fig. 2). If
t is the time after the reaction time RT, then we can
describe the influence of the background on the esti-
mated final target position as G(MT — t) v,,. G 1s the gain
of the influence of the background: it is equal to 1 if
a subject uses the direction of target motion relative to
the background; it is equal to 0 if a subject ignores the
background motion altogether. At a time ¢ after the
reaction time RT, one can therefore expect the hand to be
moving towards a position x, on the screen:

Xp=Xo+(MT + RT)v, + G(t ~ MT)v, (N

By comparing movements with and without background
motion, we can estimate G from the differences between
the positions x4 towards which these movements are
directed at movement onset. Due to biomechanical fac-
tors and the subject’s strategy, the hand will not move in
a straight line to the target. Therefore, the positions x, at
which the hand is directed will be different from the
predicted target position x,. As x4 is small with respect to
the distance to the screen, we can write:

xa=A + B[(MT + RT)v, + G(t — MT)v,] 2)

where 4 and B are factors which account for the system-
atic differences between the predicted target position (xp)
and the direction in which the hand starts to move (x,).
As already mentioned, these systematic differences (the
curvatures in the trajectories) are caused by the subject’s
strategy and by biomechanical factors.

To quantify the effect of background motion, we
examined how a moving background influences the di-
rection in which the hand starts to move. Note that (2)
can only be used near movement onset, i.e. for small
values of t, because during a movement the direction of
movement is determined not only by x,,, but also by the
history of the movement (position, velocity). To deter-
mine the position on the screen towards which the tra-
jectory was directed {xy), we had to determine the tangent
of the trajectory. The shortest time ¢ at which this could
be determined accurately enough was about 70 ms after
movement onset. At this time the hand was less than 1 cm
from its starting position. The value of G (and A and B)
was determined for each subject by a linear regression of
the data of all trials to (2).

The disadvantage of this approach is that (2) only
holds at movement onset. At that moment, however, the
direction of motion is not easy to measure. To determine
the position x, towards which the movement is directed
at other moments during the movement, we have to be
more explicit about the biomechanical parameters A and
B. To do this, we need a model of the arm movement.

2.7 Modelling approach

The aim of our model is very modest: it is to describe
differences between hand movements towards different
(moving) targets in relation to the underlying differences
in visual information. All movements in our experiment
have more or less the same shape and velocity profile:
they are all directed forwards with about the same verti-
cal component of the movement; the only (relatively
small) variations between conditions are in the lateral
component of the movement. In our model we ignore the
other components of the motion, and concentrate on the
small lateral differences between the conditions. This
allows us to approximate the highly non-linear motor
system by a linear model. For this approximation, we
must define a point in the variable space around which
the system is assumed to be linear. We take the average of
all movements as a reference and regard all movements
as (lateral) deviations from this reference movement.
Thus, only these lateral deviations are modelled by the
simple (linear) system.

A simple linear system which can describe move-
ments of a limb is a mass-spring model, as introduced in
the field of motor control by Feldman (1966). Although
one can question its use in describing the (non-linear) fast
goal-directed movements themselves (Smeets 1992), it is
very well suited to describe small variations between
movement conditions. In the mass-spring model one can
distinguish between the mechanical parameters, and vari-
ables describing the target position.

In our implementation of the model, we assume that
changes in visual information about the target’s current



position cause changes in the predicted position x,, of the
target, leaving the mechanical parameters unchanged. The
values of the mechanical parameters were therefore deter-
mined from experiments in which there is no doubt about
the value of x,: movements towards stationary targets.

We can now evaluate the influence of visual informa-
tion by estimating the changes in the predicted target
position x,(t} as a function of time. For this estimation,
we assume that the changes in the predicted target posi-
tion x,(t) are caused by extrapolation errors. As an error
in the perceived direction leads to a linear change in the
expected target position (Fig.2), we assume that the
predicted target position moves at a fixed velocity v,
starting at a position xJ. Using three parameters (mass m,
viscosity b and stiffness k) to describe the mechanics, the
differential equation for the lateral position of the hand
x (relative to the reference movement) is therefore:

mx + bx + kx = k(xJ + vpt) (3)

The way to solve this kind of equation can be found in
many textbooks on mathematics, and is reproduced in
Smeets and Brenner (1995). Choosing one parameter
equal to 1 simplifies the calculations, without changing
the resulting solution; we chose m = 1 kg. After applying
the boundary conditions (x(0) = x(0) =0) and substitu-
ting xJ = x9 —bv,/k and w =./(k — b*/4), the solution
to (3) becomes:

x(t) =vpt + x3 — xYe” b2

[cos(a)t) + (% + ng’ﬂ))sin(wt)] 4)

To obtain estimates for the parameters, we fitted this
equation to the experimental data (Levenberg-Marquardt
method: Press et al. 1987). We did so in two steps. The
mechanical parameters k and b (and thus the eigen-
frequency w of the system) were determined by fitting (4) to
the movements towards the stationary targets (for each
subject separately, substituting v, =0 and x3 =actual tar-
get position). Using these values for k and b, (4) was fitted
in the second step to the experimental data for all target
conditions, yielding for each subject and each target condi-
tion an estimate for v, and xp. If all the deviations in
trajectories were caused by extrapolating with the (wrong)
perceived direction, then xJ and v, should be predictable
from the perception experiments (Fig. 2). Besides present-
ing values of the initial predicted position x9, we will also
present values of the prediction error ES. This is the
difference between the initial and the final predicted target
position: ES =x% —xM”. A zero prediction error does not
indicate that the hand initially moves in the direction of
the target’s position at the time of the hit, but it indicates
that the hand initially moves in the same direction as it
would move towards a stationary target at that position.

3 Results

3.1 Perception experiments

All subjects showed similar responses in the perception
experiments. The average settings are shown in Fig. 3.
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Fig. 3. The results of the perception experiments, averaged over all ten
subjects. Symbols indicate the background motion; error bars indicate
the inter-subject standard error of the mean. When the background
moved, its speed was equal to the horizontal component of the motion
of a target moving 37° from vertical. A The results for matching the
perceived direction. Motion of the background had a highly significant
effect on the perceived direction of motion (P <0.001). B, C The results
for matching the perceived position. Motion of background had no
significant (P >0.05) effect on the perceived positions

Subjects made systematic errors in indicating the direc-
tion of target motion. With a static background, the
angle of motion was slightly (15%) over estimated. The
motion of the background had a clear effect on the
perceived direction. The perceived direction was about
midrange between the actual direction and the direction
relative to the background: the background motion in-
fluenced the perceived angle of motion with a gain of
0.5 + 0.1. An ANOVA revealed that for all directions of
target motion in which the background could move, the
background had a highly significant (P <0.01) effect on
the perceived direction of motion.

The position at which the target disappeared was
perceived quite accurately. The 4.4 cm vertical motion
was (on average) perceived as 4.7 cm, an overshoot of
about 10%. There was no systematic effect of target
direction or background motion on this overshoot. As
might be expected on the basis of the vertical overshoot,
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the horizontal movements were also (on average) over
estimated by about 10%. In no case did background
motion have a significant effect on the perceived position
(ANOVA, P >0.05). A possible small (0.1-0.3 mm; not
significant) influence of background motion could be
attributed to extrapolation on the basis of the perceived
direction during the overshoot.

On the basis of these results, one can make a predic-
tion for the motor experiments. Assuming that the per-
ceived direction of motion is used to predict the target
position at the time of the hit, we would expect consider-
able errors in starting direction. We expect such errors,
and adjustments during the movements—as the amount
of required extrapolation decreases—to be visible in the
arm movements towards moving targets.

3.2 Goal-directed movements

The reaction time (300 450 ms; mean of all subjects +
standard deviation between subjects) and movement time
(280 +55 ms) differed considerably between subjects, but
showed no systematic relationship with the motion of
either the target or the background. The arm accelerated
continuously until reaching the screen, reaching a max-
imum velocity of 2.7 +0.8 m/s. The direction of move-
ment of the hand just after movement onset depended
systematically on the motion of the background: if the
background moved leftward, the hand aimed further to
the right, and vice versa. To quantify this effect, we
estimated the gain of the effect of the background motion

effect on direction of movement at onset

0 0.2 04 06 0.8 1

effect on perceived direction

Fig. 4. The effect of background motion on the perceived direction of
motion and on the direction in which the hand starts moving. Each
data point is the average for one subject; the horizontal and vertical bars
give the standard error. The open symbols represent the two subjects
whose data were discarded from further analysis on the basis of the
criteria mentioned in the text. Abscissa:the (dimensionless) gain G ob-
tained from the direction of hand movement near movement onset (2).
Ordinate:the effect of horizontal background motion on the perceived
direction as a fraction of the effect that an identical horizontal motion
of the target would have on the perceived direction. The dashed line is
the relation one would expect if the perceived direction of motion is
used to direct the hand. For the subjects indicated by filled symbols, the
effect on the direction of movement never differed significantly from the
perceptual effect (i-test, P > 0.05)

(see Sect. 2.6). In Fig. 4 we compare the effect of back-
ground motion on the direction of arm movement [G
according to (2)] with the effect on the perceived direc-
tion. Apart from two subjects, all subjects showed similar
clear effects in both experiments. We can conclude that
most subjects use the perceived direction in estimating
the target position when hitting a moving object.

An overview of one subject’s trajectories (corrected
for the average curvature) is given in Fig. SA. The global
difference in shape between the trajectories in different
target conditions was the same for all subjects. On
average, subjects missed the centre of the target by
1.3 +0.8 cm. There were some systematic biases: on aver-
age, subjects hit the screen slightly (1 mm) below the
target. Targets on the right were hit slightly to the right of
their actual position, whereas targets on the left were hit
slightly to the left. This position-dependent bias did not
differ systematically between the stationary and moving
targets. On average, the moving targets were hit 2 mm
further to the right than the stationary targets. Motion of
the background had no systematic effect on the hit error.
As even the trajectories to static targets are curved, the
direction of the hand movement cannot directly tell us
how the visual information is used. To answer this ques-
tion, we need a model which can deal with the curvature

distance to screen (cm)

distance to screen (cm)

-2 0 2 4 6
lateral position (cm)

Fig. 5. Top view of the differences between trajectories of one subject’s
hand. Each trace is the average of 12—15 trials for one target condition.
The subject’s average lateral movement (averaged over all 171 trials) is
subtracted from each trajectory (see Sect. 2.7). A The experimental data.
B The best fit of the model, obtained as described in Sect. 2.7



of the trajectories. The next section will describe the
results obtained by analysing the experimental data with
the model presented in Sect. 2.7.

3.3 Model calculations

One of the assumptions of the model is that movements
to stationary targets and to moving targets are made
with the same mechanical parameters. Before analysing
the experiments with our model, we checked whether all
subjects satisfied this requirement. To do so, we looked at
the vertical component of the movement. As the station-
ary disks were presented at the positions at which mov-
ing disks were hit, the vertical component of the move-
ments should be equal for all conditions. Therefore, dif-
ferent vertical trajectories towards stationary and mov-
ing targets indicate that different strategies are used. For
each subject, we tested whether the vertical position at
20 cm from screen differed significantly (P <0.05) be-
tween trajectories towards static and moving targets. For
two subjects (open symbols in Fig. 4), the movements
towards stationary targets started systematically towards
lower positions than movements towards moving targets.
These two subjects (who also had longer reaction times
and higher maximum velocities than the other eight)
were excluded from further analysis. These two were the
only subjects for whom background motion did not
influence the direction of movement at onset by more
than 1 standard error (Fig. 4).

For the other eight subjects, the mechanical para-
meters k and b were determined from a fit of the model to
the movements towards stationary targets. In accordance
with the variations in the maximum velocities of the
hand, these mechanical parameters differed substantially
between subjects. The average values (k =120 +50 N/m
and b =14 45 Ns/m) seem reasonable for the stiffness
and viscosity of a human arm (Flash 1987). Subjects with
high stiffness also had high viscosity, resulting in con-
siderably smaller differences between subjects in the
eigenfrequency than in k or b. The eigenfrequency was
w =8.2 +1.7 rad/s. This value corresponds to a period of
0.77 s for oscillations of the arm.

We used (4) to obtain estimates of the predicted target
position for each condition and subject. For each subject,
we substituted in (4) the mechanical parameters which we
obtained from that subject’s trajectories towards station-
ary targets. The predicted target position at the begin-
ning of the movement (the initial predicted position xJ)
and the velocity with which the predicted position chang-
es during the hit (v,) were obtained by subsequently
fitting the equation to the data for each target condition.
The fitted trajectories are shown for one subject in
Fig. 5B. The trajectories towards the static targets are fits
of (4) with v, =0 and x3 =the actual target position. The
curved shapes of these trajectories are caused by the
mass-spring behaviour of the system. The model trajecto-
ries match the measured trajectories very well.

The trajectories towards moving targets on a static
background have approximately the same curvature as
those towards the static targets. This indicates that v, is
small: i.e. the estimated target position x,, did not change

525

much during the movements. Motion of the background
changes the curvatures in comparison with the condition
without background motion. This change corresponds
with an initial predicted target position xJ that is shifted
in the direction opposite to that in which the background
is moving, followed by ‘motion’ of the predicted target
position (with a velocity v,) in the same direction as the
motion of the background.

The resulting values for the fit parameters of all
subjects are plotted in Fig. 6. In Fig. 6A we can see that

initial predicted position (cm)

prediction error {cm)

vp(cm/s)

37 20 0 20 37
target direction (degrees)

Fig. 6. Parameters describing the prediction of the target’s final posi-
tion [obtained by fitting the model (4) to the measured trajectories].
The parameters were obtained separately for each subject and target
condition, and subsequently averaged. Error bars indicate the inter-
subject standard error (eight subjects). Symbols are as in Fig. 3, with the
squares representing the stationary targets on a static background (not
used in the perception experiments). For all three model parameters,
motion of the background had a highly significant (P < 0.01) effect for
targets moving in the directions 0° and 37°. For targets moving in the
—37° direction, the effect was not significant (P > 0.05). A The initial
predicted position (x3). B The prediction etror (ES): the difference
between the target’s initial predicted position and its actual position
when the screen is hit. The symbols are the values obtained by fitting the
model to the trajectories. The lines show the error one would predict if
subjects aim towards a position that is extrapolated on the basis of the
perceived target direction. Continuous line, background static; dashed
lines, background moving. The slope is caused by a systematic over-
estimation of the angle of motion (relative to the vertical). The shift
between the lines is caused by the systematic influence of background
motion. C The velocity with which the predicted target position chang-
es (vp)
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the initial predicted position varies with the direction of
target motion. Moreover, motion of the background has
a systematic influence on the initial prediction: it is about
1 cm further to the right when the background is moving
to the left, and about 1 c¢cm further to the left when the
background is moving to the right (triangles in Fig. 6A).
The effect of background motion is about 25% of the
effect of real target motion with the same horizontal
velocity. According to (1), with RT~MT and t =0, it
follows that the gain of the effect of background motion
is G=0.5. The model thus replicated the finding of Fig. 4:
the perceptual effect of motion of the background is the
same as the effect on the hand movements.

The model reveals more about how the hand is di-
rected towards the target. To see this more clearly, we
show the prediction error as a function of the direction of
target motion in Fig. 6B. Apart from the effect of back-
ground motion, we now also see a small but systematic
effect of the direction of target motion when the back-
ground is static. The hand is initially aimed to the right of
targets moving rightward and to the left of targets mov-
ing leftward. This effect is consistent with the systematic
over estimation of direction in the experiment on the
perceived direction of motion (Fig. 3A). The continuous
line in Fig. 6B is the effect predicted from the perceived
direction of motion. It is determined by extrapolating
during the movement time with the perceived direction of
motion from the target’s position at reaction time. Sim-
ilarly, with a gain for the effect of background motion on
the perceived direction of motion of 0.5, we expect an
additional error in the prediction of EJ =0.5v,M T (pre-
dictions shift to the dashed lines in Fig. 6B). The data are
consistent with the assumption that initial error is deter-
mined by errors in the perceived direction of motion. We
conclude that the fit parameter xJ in our model is a good
representation of the position towards which the hand is
directed at movement onset.

In Fig. 6C we present the velocity with which the
prediction of the position of the target changes during the
movement, for the different directions of target motion.
Motion of the background influences this parameter sys-
tematically. As one would expect, the velocity at which
the predicted final position changes is inversely propor-
tional to the error in the initial prediction. The correla-
tion between prediction error and velocity can be com-
pared with what one would expect on the basis of the
simple model shown in Fig. 2. If we assume that the
prediction of the target position is adjusted continuously,
the error in predicting the target position will decrease to
zero during the movement. We therefore expect the velo-
city with which the predicted target position changes (v,)
to be equal to the quotient of the prediction error (EQ)
and movement time (MT).

We expect the same relation between v, and ES/MT
for all subjects and all conditions of background motion.
In Fig. 7 we show v, as a function of Ey/MT for each
subject and each moving target condition. The velocity of
the predicted target position is indeed correlated with the
prediction error per movement time (r* =0.7). This cor-
relation does not only hold when we introduced an initial
error by moving the background (triangles), but also for

vp(cm/s)

initial prediction error / movement time (cm/s)

Fig. 7. The relationship between the ratio of prediction error and
movement time (ES/MT) and the velocity with which the predicted
target position changes (v,). Each point represents the parameters for
one subject and target condition. The continuous line is a linear regres-
sion of the data; the dashed line represents the expected motion of the
predicted target position as a result of continuously updating the
predicted target position (see Fig. 2)

the other target conditions (circles). However, the slope of
the relation is 2.1, significantly (P <0.01) different from
the slope of 1.0 predicted by our model. The relevance of
this finding is discussed in the next section.

4 Discussion

We have shown that a visual illusion which influences the
direction in which an object is perceived to move changes
the direction in which one’s hand starts to move towards
that object. The variations in the trajectory of the hand
can be modelled by a spring-like attraction to a (con-
stantly changing) prediction of the final target position.
Neither the idea of a continuously updated internal rep-
resentation of a target’s position (van Sonderen et al.
1988), nor the idea of continuous use of this information
for the control of an ongoing movement (van Sonderen
et al. 1989) is new. What is new is the attempt to deter-
mine the initial prediction error (and the shift in the
expected final target position as this error is'corrected)
from the movement data, and to compare this with errors
in perception.

The modelling approach we use is different from most
other models. Most models attempt to test principles of
motor control. Examples of such principles are the use of
internal representations (e.g. van Sonderen and Denier
van der Gon 1990; Gerdes and Happee 1994), equilib-
rium points (e.g. Feldman 1966; Latash 1994) or minimiz-
ation of jerk (Flash 1987; Hoff and Arbib 1992). Our
model is not an attempt to show how motor control
works. We do not model the movements themselves, but
only compare the differences between movements.
Nevertheless, the results can be compared with para-
meters of some other models. The parameter x, in our
model corresponds to the internal representation of tar-
get position (‘trace’) in the model of van Sonderen and
Denier van der Gon (1990), and to the equilibrium point



in studies based on the equilibrium point hypothesis
(Flash 1987, Latash and Gottlieb 1992). In order to
describe the movements themselves (or if the differences
between movements become larger), the linear approxi-
mation that our model is based on will not hold. At that
moment, assumptions on the principles of motor control
have to be made: non-linearities are introduced into the
model (van Sonderen and Denier van der Gon 1990) or
a non-linear movement of the equilibrium point is as-
sumed (Latash and Gottlieb 1992). We restrict ourselves
to small differences for which the linear approximation
does hold.

The main result of this study is that we show that we
can predict the initial errors in directing the hand to-
wards the target on the basis of errors in the perceived
direction of target motion. The initial part of the trajec-
tories of the hand was not only in accordance with the
influence that background motion has on the perceived
direction of motion, but also with ‘spontaneous’ system-
atic errors in the perceived direction of motion of the
target (Fig. 6B). We observed systematic errors for tar-
gets on static backgrounds: an overestimation of angles
relative to the vertical by up to 7°. These errors are
comparable to those reported by de Graaf et al. (1991).

The influence of background motion on the direction
in which the hand started to move was evident from the
straightforward analysis of the data [(2), Fig. 4]. The
analysis with the linear second-order model confirmed
this finding [(4), Fig. 6B]. This model revealed the influ-
ence of the above-mentioned over estimation of the direc-
tion (relative to the vertical) of target motion on the
direction in which the hand started to move. Despite
initial systematic errors in the prediction of the target
position of more than ! cm, subjects hit (on average)
within a few millimetres of the targets. How are these
initial errors corrected for during the movement?

Our suggestion is that the predicted position of the
target gradually moved as real changes in target position
replaced the anticipated change. Only the latter was
misled by background motion (Fig. 2). According to this
suggestion, information obtained before the start of the
movement can change the trajectory just after movement
onset. This suggestion cannot explain the data (Fig. 7).
The position at which subject anticipated to hit the target
moved twice as fast as expected. Reversing the argument:
if the predicted target position were obtained in the
suggested manner (Fig. 2), the linear second-order model
would predict that subjects should hit about 0.8 cm be-
hind the target. In fact, they hit slightly ahead of the
target. Small changes in the model, such as introducing
a delay, cannot remove this discrepancy between the
model predictions and the experiment.

This discrepancy can be interpreted in two ways. The
first is that subjects interpret the change in the extra-
polated target position as a change in its direction. Thus,
the estimated direction of motion changes during the
trial. A second possibility is that one of the assumptions
of the model is not valid. For instance, the variations in
the mechanical parameters during the movement could
be too large to justify the linear approximation in (3). If
this is the case, we can expect that the value obtained for

527

v, has no direct relation to changes in the predicted
position of the target. To discuss this second possibility,
we will take a closer look at the assumptions we made in
our model.

We made two assumptions when determining the
mechanical parameters k and b. The first is that subjects
used the same movement strategy (and thus k and b were
the same) in movements towards stationary and moving
targets. The second is that the mechanical parameters
and the perceived position of the static targets do not
change during the movement. The way we were able
to evaluate the first assumption has been described in
Sect. 3.3. This resulted in the rejection of the data of two
(of the ten) subjects. The second assumption is evaluated
by examining the consistency within the model. We
examined whether the model yields a zero prediction
error EJ and zero velocity v, for the stationary targets if
the predicted target position was not fixed (as we did to
determine k and b) but was allowed to move. The results
of this analysis (a fit of the trajectories with v, and x9 as
free parameters) are shown by the open squares in Fig. 6.
The squares in Fig. 6B are the calculated prediction er-
rors for the movements towards stationary targets. These
prediction errors are indeed close to zero. The velocity of
the predicted target position v, (Fig. 6C) does seem to
depend on the position of the stationary target, although
this was not significant (P > 0.05). This behaviour could
be caused by a dependency of k and b on the posture of
the arm, which is quite likely (Flash 1987; Flash and
Mussa-Ivaldi 1990). We must, therefore, be cautious in
interpreting values of v, and cannot conclude conclusively
that the direction of motion our subjects used to extrapolate
the target’s motion changed during their arm movement.

The most important conclusion from this study is
that an arm movement to a moving target starts towards
a position that is obtained by extrapolating from the
actual position of the target using the perceived direction
of target motion. We succeeded partially in attaining the
second goal of this paper: to model the continuous use of
visual information in guiding arm movements. The initial
part of the movement was consistent with a linear model
of the mechanics of the arm, which makes continuous use
of visual information on the target’s position. The model
could not explain all the corrections that were made
during the rest of the trajectory in order to compensate
for the initial errors. Further research is required to
reveal whether our simple hypothesis on motion of pre-
dicted position (Fig. 2) is wrong or whether the mechan-
ical parameters of the arm change too much during the
movements to neglect such changes.
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