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ABSTRACT. In a previous article, we reported an investigation of visuomanual
pursuit tracking of unpredictable two-dimensionai targets. This article extends the
study to the tracking of predictable stimuli. In both investigations, the target trajec-
tory was elliptical. The experimental factors we varied were the orientation of the
major axis of the ellipses (horizontal or vertical), the period of the movement (9.65
to 1.61 s), and the law of motion {natural vs. transformed). In the natural condition
(L), the motion results from the combination of harmonic functions, as would be
the case if the target were generated by a human. In the transformed (T) condition,
the law of motion departs systematically from this natural model. The main results
of the study are as follows: (a) Satisfactory performance is achieved only in the
natural condition. Pursuit movements obey the same constraints observed in
spontaneous movements. (b) Predictability affects significantly the average delay
between target and pursuit. (¢) Each component of the pursuit movements de-
pends on both components of the targets. Thus, two-dimensional tracking gener-
alizes significantly the classical one-dimensional condition. (d) The simpie model
developed previously to describe performance with unpredictable targets can be
generalized to cover the present case as well.

A PREVIOUS ARTICLE (Viviani, Campadelli, & Mounoud, 1987) re-
ported a study of visuomanual pursuit tracking of unpredictable two-
dimensional targets. As argued there, the two-dimensional version of
this task represents a significant generalization of the paradigm used
in almost all investigations of the tracking skill. Indeed, pursuit move-
ments are rather peculiar among all human motor actions, because
they are at the same time under voluntary control and yet constrained
both spatially and temporally by an external driving input. Ideally, per-
fect pursuit requires that the motor control system be used as a
general-purpose processor for replicating faithfully any visual input.
Whatever its internal structure, the processor should be able to pre-
vent its inner working from manifesting itself in the operating charac-
teristics. In actual fact, of course, such an independence of the oper-
ating characteristics from the internal structure is never fully achieved.
Eye movements represent perhaps the most typical case in which the
few possible types of motor patterns all carry a clear imprint of the
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underlying control processes. More generally, however, there is a
growing body of evidence to suggest that voluntary movements pos-
sess certain unique features that sharply distinguish them from mo-
tions that can be produced by mechanical contraptions. These fea-
tures are likely to reflect both the inner working of the motor control
system and the physical properties of the effectors. In particular, in
free hand movements, the law of motion depends on the geometry of
the trajectory in a way that cannot be predicted from biochemical con-
siderations alone (Flash, 1987; Flash & Hogan, 1985; Lacquaniti, Ter-
zuolo, & Viviani, 1983; Soechting & Terzuolo, 1986; Viviani & Terzuolo,
1982; Wann, Nimmo-Smith, & Wing, 1988). With respect to visuoman-
ual pursuit, therefore, the general question can be raised as to the
extent to which the intrinsic properties of the control system interfere
with the perceived kinematical and geometrical properties of the visual
stimulus. Classical one-dimensional targets (sine waves, steps,
ramps, etc.) are intrinsically inadequate to tackle this question, be-
cause the geometry of these movements is far too simple. Curved tra-
jectories in the plane represent, instead, the simplest situation in which
the notion of geometrical form can be brought to bear in the context of
visuomanual coordination.
Several results of the previous study are summarized here:

1. Unpredictable targets whose velocity satisfies the constraints
present in human movements can be pursued with good accuracy
and in a surprisingly consistent manner.

2. The strategy used to pursue these targets can be represented
adequately by a simple velocity feedback scheme that includes a cen-
tral processing delay.

3. Targets whose velocity is constant—a condition that is never ver-
ified in natural movements—can also be tracked in a consistent man-
ner. The feedback scheme can be applied to this case too, but the
results suggest that coping with these “unnatural” targets requires a
change in the operating characteristics of the motor control system.

Several questions were left unanswered by the experiments with un-
predictable targets. The first question that remains open in the two-
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dimensional case is the influence of predictability on motor perform-
ance. It has often been argued (cf. Poulton, 1974; Wickens, 1986) that
the pursuit response to periodic targets is partly controlled by a central
anticipation of their future course. In the one-dimensional case, the law
of motion and its derivatives provide the only basis for such an antici-
patory component of the response. In the case of planar trajectories,
the direction of the movement also changes in an orderly manner and,
therefore, could be anticipated. The extent to which this is actually the
case is not known; nor do we know whether such an anticipation of the
changes in direction can be carried out independently of a concurrent
anticipation about the target kinematics. Finally, we also ignore the
question of whether the correlation that might exist between the law of
motion and the geometry of the trajectory can itself provide guidance
for predicting the future course of the target.

The second issue that deserves further attention is also related to
the fact, mentioned above, that voluntary hand movements obey cer-
tain constraints in the relation between their form and kinematics. Re-
member that the constant velocity condition explored in the previous
study violates these constraints but is still compatible with a reason-
ably good tracking performance. The question then arises, whether a
more drastic departure of the target motion from the regularities pre-
sent in spontaneous movements can ultimately result in a measurable
disruption of the performance.

A third issue concerns the validity of the feedback scheme used to
represent the pursuit performance. The range of average velocities
explored in the experiments with unpredictable targets was rather nar-
row (10.42—16.67 cm/s). It is open to question, therefore, whether the
conclusions reached by applying the scheme within such a narrow
range remain valid when one considers the full spectrum of veiocities
observed in natural movements. In particular, the paramount impor-
tance given to the velocity feedback deserves special attention be-
cause, with a few exceptions (e.g., Jagacinski & Hah, 1988; Miller,
Jagacinski, Navalade, & Johnson, 1982), models of pursuit tracking
tend to emphasize instead the feedback of position information (cf.
Poulton, 1974).

The fourth and final question arises as a result of recent findings on
the generation of hand trajectories. There is, in fact, the following evi-
dence:

1. The useful workspace for movements involving wrist, elbow, and
shoulder joints is not homogeneous from the point of view of the control
strategy (Flash, 1987; Hollerbach & Atkeson, 1986).

2. At least one of the parameters that are relevant to the description
of the movement (the mechanical and reflex stiffness) depends on the
position in the workspace and the direction of the displacement
(Mussa-lvaldi, Hogan, & Bizzi, 1985).

3. When the available degrees of freedom exceed the requirements .
of the desired end-point trajectory, specific constraints are injected by
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the motor control system into the relation between elbow and shoulder
angles (Soechting, Lacquaniti, & Terzuolo, 1986; Soechting & Terzuolo,
1986). These constraints result in equally specific distortions of the
actual trajectory.

Taken together, these findings suggest the possibility that, in the
pursuit-tracking task, the hand-arm system may respond differently to
target motions in different directions and different positions within the
workspace. Complex targets, such as those used in the previous ex-
periments, are not well suited to expose this possible influence, be-
cause local efforts may cancel out. The pursuit-tracking experiment
reported in this article addresses all four issues evoked above. A
closed geometrical form—the ellipse—provided in all cases a pre-
dictable and simple target trajectory (Issue 1). Two factors of the ex-
perimental design were related to the kinematics of the target. The first
factor was the instantaneous modulations of the velocity along the tra-
jectory. It has been shown—both in adults (Lacquaniti et al., 1983) and
children (Viviani & Schneider, 1990)—that a stable relation exists be-
tween the tangential velocity and the radius of curvature of elliptic
movements. A power law provides a satisfactory quantitative descrip-
tion of such a relation. In half of the trials, the velocity of the templates
satisfied this internal constraint of natural movements. In the other half,
the constraint was grossly violated (Issue 2). The second factor was
average velocity of the target over one cycle. The period of one motion
cycle was varied over a 1-7 range (Issue 3). The third experimental
factor was the orientation of the major axis of the ellipse, which defines
both the main direction of the movement and the range of covariation
of the joint angles (Issue 4).

In comparison with the one-dimensional case, the analysis of two-
dimensional pursuit tracking requires the development of specific
methodological tools. Here, these matters will be dealt with briefly and
only insofar as they are necessary to make the presentation self-
contained. The reader is referred to the previous article (Viviani et al.,
1987) for a detailed discussion of these methodological issues.

Method's

Subjects. Ten subjects (7 males and 3 females, age range: 25-42
years) volunteered for the experiment. They were all right-handed and
had normal or corrected-to-normal vision.

Apparatus. The experimental apparatus and the data acquisition
were identical to those described in detail in the previous article (Vivi-
ani et al., 1987). Briefly, the visual target was produced by a computer-
controlled laser beam that was rear-projected on a transparent digitiz-
ing table. Subjects pursued the target with the standard hand-held
cursor of the table. The instantaneous position of both the target and
the cursor were sampled at 60 Hz, with a nominal accuracy of 0.025
mm.
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Targets. In all cases, target trajectories were ellipses with the same
form (labeled G for Geometric, eccentricity, 3, = 0.9; perimeter, P =
58.905 cm). In half of the targets (type H), the major axis of the ellipse
was horizontal; in the other half (type V), it was vertical. Each type of
target could follow two different laws of motion [the law of motion is the
function / = /(t) which describes the increase in time of the curvilinear
coordinate / along the trajectory].

The first law of motion (to be called L for Lissajous) is the one that
obtains when the elliptic trajectory is generated by composing vecto-
rially two sinusoidal functions as follows:

X (t) = A,g " sin(§h),
Yy (t) = B4 - cos(fdt),

where Q is the rhythm of the movement. The eccentricity 2, of G is de-
fined as

S, = VI= (A AR it A, = Ay (iype H)
25 = V1 = (AglA) IF Ay = Ay (type V).

The second law of motion (to be called T for transformed) was de-
fined by the following condition: At any instant, ¢, the tangential velocity
along the trajectory must be equal to the tangential velocity that would
have, at the same instant, a point tracing a Lissajous ellipse (called D
for dynamic) whose major axis was rotated by 90° with respect to that
of the actual target. The time course of the x and y components of the
target in conditions L and T is contrasted in the upper two panels of
Figure 1A. For each speed condition (see below), the cycle period of
L- and T-type targets is the same. Therefore, the average tangential
speed and its time profile are identical in the two cases (see the third
panel in Figure 1A). Whereas in L-type targets, however, the maximum
tangential velocity occurs where the radius of curvature is maximum,
and the minimum tangential velocity occurs where the radius of cur-
vature is minimum, the position of the same minima and maxima along
the trajectory is interchanged in type-T targets. Thus, both the time
course and the polar distribution of the angular velocity (A = V/R) are
different in the two cases (Figure 2). The general mathematical pro-
cedure for generating elliptic trajectories whose law of motion is that
of any Lissajous ellipse is described in Appendix A.

In all cases, pursuit movements were recorded for 19.3 s. The num-
ber of complete movement cycles within this period could be 2, 4, 6,
8, 10, 12, and 14, which correspond to the following average veloci-
ties: 6.10, 12.20, 18.31, 24.42, 30.52, 36.62, and 42.73 cm/s, respec-
tively. One extra cycle was always inserted at the beginning of the trial
to allow subjects to attain a steady performance. This initial cycle was
not recorded. Twenty eight different target types resulted from the
combination of the two orientations, the two laws of movement, and
the seven average velocities.
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Procedure. Each subject followed each target type five times.
Thus, one complete experiment comprised 140 trials. To avoid fatigue,
we administered the trials in two sessions. Half of the subjects were
presented with a random permutation of all targets with 2, 6, and 10
cyclesinthe first session and of all targets with 4, 8, 12, and 14 cycles
in the second session. The session sequence was inverted for the
other half. For both sessions, a different permutation was used for
each session. Two of the subjects (the authors) were aware of the ex-
perimental design. Of the 8 other subjects to whom no information was
provided, some realized in the course of the experiment that the same
target was presented several times. The average interval between rep-
etitions was too large for any motor learning to occur, however. The
assignment was introduced verbally, and we stressed the fact that a
good performance consisted of “keeping the target as close as pos-
sible to the cross-hair of the cursor for as long as possible.” Before
each session, subjects practiced for a few trials at each of the veloci-
ties included in that session. No constraints were imposed on either
the general body posture adopted during the task or the arm seg-
ments involved in the tracking movements. At the beginning of a trial,
subjects placed the cursor cross-hair on the laser spot that indicated
the starting point of the target. This point was always in the 3-o’clock
direction, but the distance from the center of the table provided a clue
to the target type (H or V) about to be presented. Two s after an acous-
tic warning signal, the target spot started moving, and the subject had
to track the spot for as many cycles as were presented in the trial. The
pace of the presentation was controlled by the experimenter, and, on
the average, trials were 10 s apart. Short periods of rest were inserted
at the subject's request. Subjects could also ask to repeat a trial if they
felt that in the course of the recording they had lost the necessary
concentration.

Results

Qualitative analysis. Throughout this section, we will contrast the
tracking performance in the two kinematic conditions, L (Lissajous)
andT (Transformed). Thus, we begin by emphasizing the nature of the
difference between these conditions. As detailed under Methods, the
average speed and time course of the velocity profile for a given
rhythm are identical in both conditions. L-type targets result from the
combination of pure harmonic functions, whereas the horizontal and
vertical components of T-type targets contain higher harmonics (Fig-
ure 1A). Nevertheless, both components remain fairly smooth and,
each one independently, well within the range of commonly observed
spontaneous movements of the hand.

A quantitative difference also exists in the distribution of the angular
velocity (Figure 2). The main qualitative difference, however, concerns
the relation between the geometry and the kinematics of the targets. It
can be shown (Viviani & Cenzato, 1985) that in L-type targets, the tan-
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Figure 2. Angular velocity for the two types of targets. The lower plot compares the time
course of the angular velocity for an L-type (thin line) and a T-type (thick line) target. The
example shown (H-type at the slowest velocity) is the same as that in Figure 1. In the two
upper plots, the angular velocity is displayed in the form of polar diagrams, to emphasize
its relation to the geometry of the trajectory (AO = angular velocity at point P). Notice
that, despite the surface difference between the two plots, the average angular velocities
are identical in both cases. A visual impression of the difference between the profiles of
tangential velocities is provided by plotting only a few points of the trajectory equally

spaced in time.
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gential velocity, V(t), is related to the instantaneous radius of curvature,
R(t), by the formula

2w V(t) = Q- PPF(S,) - RY(t),

where Q = 2x/T is the rhythm of the movement, P is the perimeter of
the ellipse, and F is a mildly varying function of the eccentricity 2.
For any choice of the parameters (), £, and X, V(t) is an increasing
linear function of R'3. For T-type targets, however, the V — R relation
decreases monotonously and is highly nonlinear. Figure 1B contrasts
the two relations for all tested values of the rhythm.

We did not search individual performances for statistical evidence
of motor learning. Qualitative analysis of the performance indices (see
below) failed to show any systematic effect across subjects of the or-
der in which the various condition were administered, however. In most
cases, a stable performance was reached after the very first familiar-
ization trial. Moreover, even the two authors, who had much more prac-
tice with the experimental conditions then the other subjects, did not
fare better in negotiating the difficult T condition (see later). The two
experimental factors that have the largest effect on the tracking per-
formance are the rhythm, 1, and the kinematic condition (L vs. T).
Typical examples are used to illustrate the main qualitative findings in
the space (Figure 3), and time (Figure 4) domains. Each trace in Figure
3 represents the average trajectory for one cycle, computed from all
the data available in the indicated condition (for instance, in the 8-
cycles condition, averages are computed on a 5 x 8 = 40 cycles).
As the rhythm of the target increased, the entire pursuit trace rotated
in the direction of the target movement. A few control trials, recorded
in 3 subjects, showed conclusively that the angle of rotation was in-
verted when the direction of the target movement was inverted. To var-
ious degrees, all subjects presented this peculiar effect in condition T.
In condition L, instead, a systematic rotation was observed only with
targets oriented horizontally, and, on the average, its amplitude was
smaller. It is remarkable that, although the angle of rotation at the high-
est rhythm could be as large as 17°, no subject attempted to compen-
sate for the systematic errors that resulted from such rotation. Indeed,
no one was ever reported to have noticed these errors. In condition L,
the average perimeter and the eccentricity of the pursuit track
matched quite accurately those of the target. In condition T, however,
both these parameters decreased when the rhythm increased. In most
subjects, pursuit traces of Lissajous targets were reasonable approx-
imations of an ellipse, at all rhythms. Departures from the intended
form included occasional distortions and a tendency at the highest
rhythms to flatten out the least curved portions of the trajectory. These
types of distortions occurred also in the transformed condition, but
their amplitude was larger. In addition, within the low—medium range
of rhythms, we also observed another type of distortion that was, in-
stead, quite systematic and manifested itself as an antisymmetric
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bending of the most curved portions of the trajectory (see upper right
panel in Figure 3).

Gross qualitative differences between performance in the two con-
ditions emerged in the time domain. Figure 4 shows the polar repre-
sentation of the instantaneous delay, 3, between the target and the
pursuit for the same set of experimental parameters of Figure 3. The
delay is defined and calculated as in the case of random targets (Vi-
viani et al., 1987). For each radial direction, the indicated quantity, 8,
is proportional to the time that elapses between the moments when the
target and the pursuit pass through homologous points on the trajec-

T
LEFT : RIGHT LEFT i RIGHT

NAME ARIZUO NAME ACIIND
MRJOR SEMIAX]S 12.711 CH, MAJOR SEMIAKIS 12,179 CH.
MINOR SEMIAX1S 5.586 CM. MINOR SEMIRK]S 5.531 CH.
PERIMETER 59.697 CH. PERIMETER 58.562 CH.
ECCENTRICITT 0.898 €CCENTRICITY 0.891
ROTATION ANGLE -1.864 DEG. ROTATION ANGLE -2.582  DEG.
DISTORT 10N 0.077 DISTERTION 0.188
AVERAGE VELDCIT Y 12.372  CH./SEC. AVERAGE VELOCITY 12,137 CM./SEC.

{K AVERAGE DELAT 9.056 _SEC. AVERAGE DELAY 0.053 SEC.
N AR9980 NAME RCI980
MAJOR SEMIAX]S 12.739  CM. MAJOR SEMIAXLS 11,428 CH.
MINOR SEMIAXIS 5.505 CM. MINDA SEMIAXIS 5.542  CM.
PERIMETER 59.441  CM. PERIMETER 55.196  CH.
ECCENTRICITY 0.902 ECCENTRICITY 0.875
ROTATION ANGLE -4.513  DEG. ROTRTION ANGLE -5.995  DEG.
DISTORTION 0.178 DISTORTIBN 0.185
AVERAGE VELOCITT 24.639 (M, /SEC. AVERRGE VELOCITY 22.879 CM./SEC.
AVERAGE DELAY 0.053 SEC. AVEAAGE DELAY 0.078 _SEC. _

i

NAME ARISCO NAME ACI9CO
MAJOA SEMIAX]S 12.985 M. MAJOR SEMIAXIS 11.227  Cw.
MINOR SEMIAXIS 5.767 (M. MINOR SEMIAXIS 5.522  CH.
PERIMETER 61.200 CM. PERIMETER 54.064 CH.
ECCENTRICITY 0.896 ECCENTRICITY 0.87!
ROTATION ANGLE -6.043 DEG. ROTATION ANGLE -7.130  DEG.
DISTORTION 0.147 DISTORTION 0.140
AVERAGE VELOCITY 38.052 CM./SEC. AVERAGE VELOC)TTY 33.615 CM./SEC.
RVERAGE DELRY 0.067.  SEC. _ AVERAGE_DELAY £.019  SEC.

Figure 3. Pursuit trajectories. Data for one representative subject. For the three indicated
rhythms, left and right plots illustrate some of the typical features of the pursuit trajectories
in the two experimental conditions. Also shown inset are the quantitative parameters used
to characterize the performances. As a general rule, pursuit trajectories in the T condition
are more distorted, smaller, and less eccentric than those in condition L. A conspicuous
rotation of the axes of the pursuit ellipse is present in both conditions.
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tory. When the polar plot lies within the elliptic reference, as in two of
the examples on the right, the pursuit is in advance with respect to the
target. Delays were almost constant for all directions and all rhythms
in condition L. Instead, they oscillated considerably and systematically
in condition T, the oscillations being related to the velocity profile but
not to the orientation of the major axis of the target. Obviously, the
peculiar modulation of the tangential velocity prevented the subjects
from maintaining a constant level of accuracy in the execution of the
task.

Lissajous ’7 transformed

LEFT RIGHT LEFT RIGHT

Figure 4. Temporal delays. Data for the same subject as in Figure 3. For the three indi-
cated rhythms, left and right plots illustrate the typical profiles of the instantaneous delay
in the two experimental conditions. The results shown are averages over all the cycles
within a trial and all the trials for the same condition. As indicated in the lower left panel,
the delay at any one point of the trajectory is proportional to the radial distance between
the target trajectory and the polar plot. Portions of the plot laying within the outline of the
target correspond to regions of the trajectory in which the pursuit is ahead of the target
(negative delay). At all rhythms and in all subjects, the delay in condition L is fairly con-
stant across movement cycles. Large modulations of the delay appear instead in condi-
tion T.
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Finally, the effect of the relation between geometry and kinematics
on tracking performance is dramatized by plotting the V — R'3 relation
for the pursuit movement. Because individual plots are qualitatively
similar, this relation has been calculated from the average pursuit tra-
jectory over all subjects and all cycles of movements within a trial. In
condition L (Figure 5) the data points for one complete cycle are al-
most indistinguishable from the superimposed straight lines that rep-
resent the behavior of the target (cf. Figure 1B). The agreement is
equally good whether the major axis is horizontal (panel A) or vertical
(panel B). In condition T, the situation was quite different. Each panel
in Figure 6 displays the V — R'3 plot for the indicated rhythms and for
the two orientations of the major axis of the ellipse (A, horizontal; B,
vertical). These plots demonstrate large, systematic departures of the
pursuit movements from the V. — R'3 covariation that characterizes
the targets. The differences depend on both the rhythm of the move-
ment and the orientation of the axis. The results for the highest rhythms
(10, 12, and 14 cycles) suggest that subjects modulated the velocity
in accordance with the Lissajous model over a large portion of the 1st
and 3rd quadrant, but with a considerable hysteresis. Efforts to comply
with the kinematics of the target were only partially successful over
small segments of the 2nd and 4th quadrants.

To summarize, these qualitative results demonstrate that, when the
relation between the kinematics and the geometry of the target differs
from that which is characteristic of the Lissajous model, the tracking
task becomes unusually difficult. A serious deterioration of perform-
ance results, both in the space and temporal domain, but it is much
more marked in the latter. In the next section we provide a quantitative
analysis of these findings.

Quantitative analysis. The parameters of the pursuit trace to be
considered are the perimeter, P, the angle of rotation, ®, the eccentric-
ity, 2, the distortion with respect to the elliptic form, D, and the average
delay, 8. The perimeter was calculated by integrating numerically the
data points of the average complete cycle. ® and X were estimated
by the corresponding parameters of the least squares best-fitting el-
lipse of the pursuit trace. The distortion was defined as the least mean
quadratic error resulting from the fitting routine. Table 1 summarizes
the results of a 2 x 2 x 7 (Orientation x Kinematic Condition X
Rhythm) analysis of variance (ANOVA) of these quantitative parame-
ters, with 10 replicates (subjects) per cell.

As mentioned in the previous paragraph, the performance parame-
ters and their variations as a function of the rhythm were mostly af-
fected by the kinematic modality. To some extent, however, they were
also subject specific. This is particularly obvious for the average delay,
d (Figure 7). The left panel in this figure compares the results of each
subject in the two Lissajous conditions (O = H targets; @ = V tar-
gets); the right panel shows the corresponding results for the trans-
formed conditions. The bottom lines in each panel show the population
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TABLE 1
Analysis of the Effects of the Experimental Factors on Various Performance Parameters

af d )X P 0 D
A (1,9) 45.09" 21.00" 33.52* 56.20* 24.57*
B (1,9) 20.32" 3.622 2.662 31.87" 3.502
C (6, 54) 7.01" 21.00" 8.85* 10.39" 14.37"
A XxB (1,9) 1.562 0.212 0.012 0.122 2.902
AxC (6, 54) 9.17* 20.68* 21.81* 7.93" 3.27™
BxC (6 54) 0.692 6.75" 1.212 6.06" 1.672
AxBxC {6, 54) 1.692 1.692 2.092 2.072 0.592

Note. ANOVA resuits (F values). Columns, parameters of the performance: 8, average
delay; 2, eccentricity; P, perimeter; 6, rotation; D, distortion. Rows, main effects and
interactions of the experimental factors: A, kinematic condition (Lissajous vs. trans-
formed); B, orientation of the major axis (horizontal vs. vertical); C, rhythm.

*p =.001; " p =.01; 2 = nonsignificant.

averages. As already observed in the case of unpredictable targets
(Viviani et al., 1987), the average delay varied as much as 100% be-
tween subjects. Moreover, the effect of the rhythm was somewhat dif-
ferent among subjects. Those subjects who had long delays also
tended to increase them at the highest rhythms; this was particularly
obvious in condition T. Other subjects maintained the delay fairly con-
stantly throughout the entire range of rhythms. The significance of
these differences is dramatized by the striking similarity between the
individual results for the horizontal and vertical orientation of the major
axis.

Figure 8 summarizes the quantitative results for all the other descrip-
tive parameters of the performance. Each plot compares the averages
across all subjects for the indicated quantity. As in Figure 7, the results
for the two orientations are compared within the same plot. Left and
right panels refer to conditions L and T, respectively. The most dra-
matic difference between the two kinematic conditions is revealed by
the perimeter data, which, in condition T, show a large decrease in the
size of the pursuit movement. The global measure of distortion, D, also
confirms a qualitative difference between L- and T-type targets. It fails,
however, to resolve the different types of distortions documented in
Figure 4. Within both kinematic conditions, a significant difference ex-
isted between the amount of rotation for the two orientations of the
major axis. As a general rule, the effect of the rhythm on all measures
of performance was greater in condition T than in condition L. The
rhythm interacted with the orientation of the axes only for the purely
geometric parameters (eccentricity and rotation). Finally, no significant
interaction emerged between orientation and kinematics.
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Modeling the Tracking Performance

Definition of the Model

In the previous article on pursuit tracking of random targets (Viviani
et al., 1987), we presented a simple formal scheme that accounts with
reasonable accuracy for both the general and the idiosyncratic fea-
tures of the tracking performance. Briefly, the scheme proposed earlier
was based on the following ideas. Let T(t) and P(t) be two vectors,
representing the instantaneous position of the target and of the pursuit,
respectively. Moreover, let AS = T(t) — P(t) and AV = T(t) — P(t) be
the displacement and velocity error vectors. The basic intuition, which
we tested using random targets, is that time changes of P(t) are driven
uniquely by the differences, AS and AV. By analogy with the behavior
of a mass coupled to a displacement generator via a viscoelastic link,
the acceleration of P(t) is supposed to be a linear combination of AS
and AV. We also hypothesized that the processing of the error signals
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Figure 7. Average delays. Data points (O for horizontal, @ for vertical ellipses) represent
the average over all movement cycles of the instantaneous delay between target and
pursuit. Tics on the horizontal axis identify the baseline for the corresponding subject.
Averages and standard deviations across subjects are displayed at the bottom and refer
to the indicated baseline. In condition L, no clear trend emerges in the relation between
the delay and the rhythm. In condition T, the delay increases significantly with the rhythm.
Large differences exist among individual performances, however.
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Figure 8. Descriptive parameters of the performance. Each panel displays the average
and standard deviations, across all subjects, of the indicated parameters for all rhythms
and both kinematic conditions. Empty and filled symbols are relative to H- and V-type
targets, respectively. All parameters are more influenced by the rhythm in condition T
than in condition L.
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is not instantaneous, as it is in a real mechanical system, but takes
instead a time, t_, that may depend on the subject.

To encompass within the same scheme also the case of periodic
targets, we now generalize the model in two directions. First, given the
predictable nature of the stimuli, we must take into account the possi-
bility that subjects anticipate the future course of the target. Specifi-
cally, we assume that the relevant error vectors, AS and AV, are com-
puted between the actual position and velocity of the pursuit (time t)
and the position and velocity of the target at some point in the future
(time t + t;). Second, the experiments have shown that the orientation
of the major axis of elongation of the pursuit trace undergoes a rotation
in the direction of the target movement, the amplitude of which de-
pends on the tempo (see Figure 3). Thus, we must allow for the pos-
sibility of cross-coupling between the Cartesian components of the er-
ror vectors and those of the pursuit movement (Todosiev, 1967): The
error signals AS and AT are linearly combined by matrices with non-
zero off-diagonal terms. Formally, the pursuit movement is then de-
scribed by the differential vector equation as follows:

Pt +t) = ofT(t + t) — P(t)] + B[T(t + t) — P(t)], (1)
where

P(t) = {xp(t).ya(t)},

T(t) = {x7(t).y-(t)},

a o4

XX Xy

OL}’X a}’y

Bxx Bxy
Byx B yy

Within the spirit of the model, the transformation matrices a and B
can be conceptualized as a virtual stiffness and a virtual viscosity ten-
sor, respectively (all the components of a and B are normalized to the
unspecified mass of the system). If the link between the target and the
pursuit behaves as a spring/dashpot system, it follows that the two
tensors must be skew-symmetric (a,, = a,; B,, = B,,) (cf. Hogan,
1985). The components of the stiffness tensor include the contribution
of central and peripheral effects. Although it is known (Mussa-Ivaldi,
Hogan, & Bizzi, 1985) that the latter are dependent on end-point po-
sition within the workspace (at least in isometric conditions), we cannot
evaluate the relative weight of the two contributions. Thus, we will
make the simplifying assumption that the workspace is isotropic,
which implies the further constraints a,, = o, and B,, = B,

By definition, the “look-ahead” parameter, t,, should be independent
of the rhythm of the movement, whereas, of course, the corresponding
spatial look-ahead is proportional to the instantaneous velocity. By
contrast, not only is there no reason, a priori, to assume independence
of the central processing time t_, but, as we shall see later, the results

a =

BE
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even suggest a decrease of t_ with target velocity. Likewise, several
studies have shown that both stiffness and viscosity of actual muscles
scale with speed. Nevertheless, we estimated that allowing for a mod-
ulation of the model parameters by the rhythm of the target would have
increased the degrees of freedom of the model too much. Conse-
quently, we assumed that all parameters depend only on the subject
and on the compatibility condition.

Because the model is linear, its behavior is best analyzed in the
frequency domain. Applying the Laplace transform and rearranging
one obtains

st P = (a + sB) - (esv - T — P),
[s2este - | + (a + sB)]-P =est (e + sB) T,
P=est-[s2e | + (a+ SB)]~" " (a+ Bs) T

The complex matrix

r, T

I = est- [SZGSIC -+ ((! + SB)]—1 . ((! + BS) — xx xy

yx Yy

r,=r,r, ="~

' yx)‘

represents globally the visuomanual transformation tensor. Both the
diagonal and off-diagonal components of I' can be described by the
corresponding amplitude (A) and phase (&) characteristics. Explicit
formulas for A(L,,), &(T,,), A(l',,), and &(T',,) are derived in Appen-
dix B.

Validation of the Model/

The model has six parameters; a,,, a,,, B, B, t., and t, which are
supposed to be independent of the rhythm of the movement. Thus, for
any choice of values for the parameters, the model yields a full set of
predictions about the effects of the rhythm on the motor performances.
For the purpose of validating the model, however, we concentrate only
on four quantitative aspects of the pursuit track: the perimeter, P, the
eccentricity, % ; the rotation of the major axis, ®; and the average delay,
d, between target and pursuit (see Figures 7 and 8). Specifically, we
searched the parameter space for the values that simultaneously min-
imize the mean square error between the predicted and observed val-
ues of P. 3, ¢, and 9 at all tested rhythms. The validity of the model is
then gauged jointly by the size of the residual error and by the dis-
crepancy between model and data for other qualitative aspects of the
performance that were not taken into account in the search process
(see later). It should be stressed that, although the temporal parame-
ters, t, and t, seem to have opposite effects on the pursuit accelera-
tion, in fact, no appreciable trade-off can exist between their least
squares estimates.
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Because of the considerable individual differences, it would be in-
appropriate to fit the model to the average results shown in Figures 7
and 8 To demonstrate the range of applicability of the model, t is
sufficient instead to consider two of the most dissimilar individual per-
formances. Specifically, we singled out the two subjects who demon-
strated the largest and the smallest interactions between the kinematic
condition factor (L vs. T) and the rhythm of the movement, SS and SM,
respectively. Moreover, because the differences between the results
for the two orientations of the templates were not a main point of con-
cern in this context, only the trials with horizontal ellipses were sub-
jected to analysis. For the purpose of testing the validity of the model,
the performances of the two selected subjects were characterized by
a relatively small subset of the available data: namely, the variations
with the rhythm of the gain, the rotation, the eccentricity, and the aver-
age delay (28 data points). For both subjects and both kinematic con-
ditions, a simplex algorithm was used to determine the values of the
six parameters that minimized the sum of the squared relative devia-
tions from these 28 observed values. The results of the fit-to-horizontal
T-type trials for the two subjects are shown in Figures 9 and 10, re-
spectively. In the left (A) panels of the figures, the predictions concern-
ing the quantitative parameters are grouped, together with the actual
data. In the right (B) panels of the figures, the polar representation
already adopted in Figure 4 is used to compare the observed time
course of the instantaneous delay for four selected rhythms with the
predictions of the model corresponding to the best-fitting parameters.
Notice that, although the delay data were not used for the fitting, the
model captures the qualitative changes of the plots as the rhythm in-
creases. Figures 11 and 12 illustrate the results of the fitting for hori-
zontal L-type targets. Because the instantaneous delays for these tar-
gets are almost constant (see Figure 4), as are the predictions of the
model, the graphic comparison of actual and predicted delay plots
was omitted in this case.

The best-fitting values of the model parameters for the two subjects
in both conditions are reported in Table 1. Notice that in alf four cases,
the value of parameter {_ was found to be very small. This point will be
dealt with in the discussion. Finally, Figure 13 illustrates, with the help
of a few representative examples, the fact that the model also predicts
some systematic distortion of the trajectories that are observed in the
T condition at the slowest rhythms.

Considering that the degrees of freedom of the model are far less
than the imposed constraints, the close approximation of the model to
the experimental results can be taken to be satisfactory. In particular,
we would like to stress again the fact that the dynamic aspects of the
performances—summarized by the instantaneous time delay—and
the distortions of the trajectory are reproduced quite accurately by the
model, even though they were not taken into account in the fitting pro-
cedure. Some systematic discrepancies do exist, however. They show
up mostly in the values of the eccentricity and of the perimeter, which
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Figure 11. Fitting the model to an individual performance. Data from Subject SS for L-
type targets. Because the resuits for H- and V-type targets are very similar, data points in
each of the four plots are averages of the results measured in each condition.
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Figure 12. Fitting the model to an individual performance. Data from Subject SM for L-
type targets. Same conventions as in Figure 11.
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Figure 13. Systematic distortions of the trajectories. In condition T, at the lowest rhythms
severe distortions occurred in the pursuit trajectories. A. On the left are examples of 5
subjects (H-type targets, number of cycles = 4), ranked from top to bottom in order of
increasing distortion. On the right are predictions of the model corresponding to the
values of the following parameters: a,, = ay, = 16 (1/8%), a,y = ay, = 8 (1/8?), fyx =

= 10 (1/s), Bxy = Byx = 0 (1/s), t; = 0 ms, and for the mducated varxes of t.. B. Examples
in 3 of the subjects shown in A (V-type targets: number of cycles = 4). C. Companson for
1 subject of the distortion for an H- and V-type target (number of cycles = 2).

are overestimated by the model (see Figure 9). Moreover, the sudden
decrease of the delay that always occurs in condition T when the tar-
get slows down in the flattest portions of the trajectory is somewhat
anticipated and smoothed out by the model. An analysis of the model
suggests that these discrepancies could be greatly reduced by relax-
ing the condition that the virtual stiffness and viscosity are constant at
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TABLE 2
Best-Fitting Parameters of the Model

Subject SM Subject SS

Modality L T L T

a,, (1/s?) 21 141 9.8 8.0
a,, (1/5?) 6.5 7.0 153 59
B, (1/s) 175 8.6 11.7 5.4
B,, (1/s) 0.0 0.0 0.0 05
t.(ms) 10.0 10.0 10.0 10.0
ti(ms) 20.0 0.0 0.0 130.0

Note. Best-fitting estimates of the model parameters corresponding to the predictions
shown in Figures 9-12. The temporal parameters are multiples of one integration step
(4.82 ms), rounded to the nearest 0.1 ms.

all rhythms. As mentioned before, however, our aim was not to pro-
duce the most accurate possible fitting of the data points but to dem-
onstrate the general adequacy of the model.

Discussion
Compatibility: Implications for Motor Control Theory

We have shown that the motor control system is limited in its tracking
performance by the same constraints that apply to the generation of
voluntary movements. If the target movement violates the relation be-
tween form and kinematics that exists in all natural movements, the
response cannot be a faithful reproduction of the input. The degrada-
tion of the performance is all the more obvious in that the violation of
the natural constraints is severe. In the previous study of two-
dimensional pursuit (Viviani et al., 1987) we considered the case in
which the velocity is independent of the curvature. The effects of this
mild departure from the natural velocity profile were only conspicuous
in the V(t) — R(t) relation and in the parameters that describe the
tracking strategy. The violation realized in the elliptic targets is more
severe, in that the natural V(t) — R(t) relation is actually inverted. As a
consequence, a deterioration of the performance becomes evident in
all measurable aspects of the motor response: (a) The average delay
is longer and much more variable, (b) the eccentricity becomes
rhythm-dependent, (c) the gain of the response is increasingly re-
duced with the rhythm, (d) the rotation of the figure in the workspace
is larger, and (e) large distortions appear in the trajectory.

The findings suggest a specific connection between the processes
involved in the reproduction of external templates and some recent
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developments of the equilibzium position hypothesis for the generation
of voluntary movements (Asatryan & Feldman, 1965; Bizzi, Polit, &
Morasso, 1976; Feldman, 1966a, 1966b; Kelso & Holt, 1980; Polit &
Bizzi, 1979). In its original formulation, the hypothesis postulated that
movements are produced by abrupt shifts in the viscoelastic equilib-
rium point between agonist and antagonist joint torques. The refined
version of the theory (equilibrium trajectory hypothesis, Birkenblit,
Feldman, & Fukson, 1986; Feldman, 1974, 1980, 1986; Flash, 1987;
Hogan, 1985) holds, instead, that the change of the equilibrium point
is in fact a gradual process. The time course of this change can then
be construed as a virtual trajectory that is taken to be the true output
of the motor planning stage. The actual trajectory would simply be the
result of applying to this internal template an appropriate operator that
represents the viscoelastic properties of the biomechanical system
(we neglect for the moment the fact that the virtual trajectory can be
specified in a principled manner [Hogan, 1985; Nelson, 1983]). As we
see it, this amounts to the postulate that the generation of voluntary
movements is but a spécial case of the pursuit-tracking action, which
only differs from conventional tracking in the nature of the target; in
one case the target is an internal template, and in the other it is a
template supplied from without.

The analogy between the two cases extends also to the proposed
descriptions of the operator that translates the template into overt ac-
tion. In its simplest form, the equilibrium trajectory hypothesis assumes
a linear second-order differential operator, acting independently on
each cartesian component of the template (we are not considering
here the so-called lamba-model [Birkenblit, Feldman, & Fukson, 1986;
Feldman, 1986], which cannot be framed in terms of operators). The
model expressed by Equation 1 is more complex, because it allows
for cross-component interaction and includes a velocity feedback
term. The general flavor of the two schemes is similar, however. In both
cases, the nature of the operator (technically, its eigenfunctions) de-
fines the range of compatibility for input-output pairs: For some inputs
the operator will be, so to speak, more transparent than for others. For
voluntary movements, of course, compatibility poses no problem, be-
cause the virtual trajectory can be specified according to the required
movement. By contrast, in a real tracking task, compatibility is not to
be taken for granted. A final comment on the relation between the
equilibrium trajectory hypothesis and pursuit tracking: The virtual tra-
jectory is supposed to be compatible with the condition that the cor-
responding actual trajectory satisfies a minimume-jerk constraint (Flash,
1987; Hogan, 1984, 1985). We will not provide here a detailed analysis
of the congruence between the consequences of the minimum-jerk
hypothesis and the observed regularities of natural trajectories. As
pointed out by Flash and Hogan (1985), however, some of these reg-
ularities can be predicted qualitatively from the imposed constraint.
Thus, it is not surprising that natural movements supplied as targets in
a tracking task are minimally distorted.
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Predictability and Input-Output Delays

Targets that move—periodically or aperiodically—according to
some perceptually identifiable rule offer to the subject the possibility
of predicting their future course. Generally, subjects take advantage of
this possibility, even when this is not implied by the assignment. In one-
dimensional pursuit tracking, predictability generally entails a reduc-
tion of the average delay between target and pursuit. Indeed, the most
typical evidence of predictive behavior is the occurrence of negative
delays, moments in which the response of the subject actually pre-
cedes the target. Our results with two-dimensional targets do not com-
pletely confirm this general picture. There is, indeed, a reduction of
the average delay: The means across all subjects, all velocities, and
both conditions are smaller in both conditions L (46 ms) and T (73 ms)
than the corresponding results observed with unpredictable stimuli
(104 and 107 ms, respectively; see Table 2 in Viviani et al., 1987). No
subject in condition L ever ran ahead of the target, however. As for
condition T, negative delays did occur for almost all subjects at the
slowest velocities, but they cannot be interpreted as the result of an
anticipatory action. Despite the fact that T-type targets are just as pre-
dictable as L-type ones, the running ahead of the response in the flat-
test portions of the trajectory (see Figures 4, 9, and 10) is rather the
consequence of the inability of the subject to slow down there, as the
law of motion of the target would require.

To conclude on this point, we discuss the implications of the fact
that, in our two-dimensional targets, both the kinematics and the tra-
jectory are entirely predictable and provide a further (possibly inde-
pendent) basis for anticipatory actions. The simplest form that such an
action could take would be intentional shortcuts with respect to the
target trajectory. Isolated instances of such behavior were indeed ob-
served in some of fastest pursuit trajectories, but, as a rule, subjects
respected the experimental assignment, which stressed spatial prox-
imity between pursuit and target. Instead, rather common in condition
T were those instances in which subjects continued more than the re-
quired high-curvature, high-velocity movements at the extremities of
the ellipse (see upper right quadrant of Figures 4 and 13). It is difficult,
however, to construe this tendency as the manifestation of an antici-
patory action. There could be other reasons (Mussa-Ivaldi et al., 1985)
to credit these distortions to specific properties of the motor and bio-
mechanical systems (e.g., arm stiffness, inertial couplings) quite in-
dependent of the central representation of the intended movement. It
is known, for instance (Abend, Bizzi, & Morasso, 1982), that subjects
fail to follow accurately a constant-curvature path. Two reasons can be
cited, however, for not placing too much emphasis on peripheral fac-
tors in this case. The first is that, although the two target orientations
require different postural settings, the distortions are quite similar
(compare panels A and B in Figure 13). The second and more impor-
tant reason is that inertial coupling effects should increase with the
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rhythm, whereas the distortions are only conspicuous at low frequency.
An alternative explanation is suggested by the model. We know that
the motor control system has difficulty in negotiating a simultaneous
increase of curvature and velocity (cf. Figure 6). One manifestation of
such a difficulty could be the increase of the central processing delay,
t., which, in its turn, reduces the effectiveness of the anticipation and
makes the system more resonant (cf. Figure 11 in Viviani et al., 1987).
These two consequences of increasing t, would ultimately be the
cause of the observed prolongation of the high-curvature segments.
The simulations in Figure 13A lend some support to this interpretation,
inasmuch as they show that a progressive increase of parameter ¢,
brings about the same type of distortion observed experimentally.

The control factors that are held responsible for the fact that some-
times voluntary movements deviate from the intended trajectory
(Soechting et al, 1986; Soechting & Terzuolo, 1986) could also be in-
voked to explain the rotation of the pursuit tracks. Even in this case,
however, the hypothesis is not completely convincing. First of all, ro-
tation effects have never been documented in the spontaneous draw-
ing of ellipses. Second, if the rotation were the result of internal con-
straints on the covariation of joint angles, its direction should be
independent of both the rhythm and the direction of the movement. In
fact, the distortions that can be credited to such constraints relate only
to the orientation of the limb segments in a body-centered system of
reference. Finally, contrary to experimental evidence, the rotation am-
plitude should also be independent of the specific law of motion. The
involvement of biomechanical factors and, in particular, of the inertial
couplings among the body segments, is suggested by the strong de-
pendence of the rotation from the rhythm. Furthermore, the significant
difference between the average rotation for vertical and horizontal tar-
gets (cf. Figure 8) is indeed likely to be the reflection of an intrinsic
anisotropy of the motor workspace. The very surprising fact that such
large rotations went totally unnoticed by the subjects, however, may
also suggest an involvement of the perceptual system. Indeed, an old
experiment by Benussi (1915) demonstrated that a rectangular array
of visual stimuli, lit in temporal sequence, produces the phenomenal
impression of an ellipse tilted in the direction of the sequence. More-
over, Viviani and Stucchi (1989) have recently reported deformations
in the perceived geometry of dynamic stimuti, which are specifically
related to a manipulation of the law of motion similar to the one consid-
ered here.

Modeling: Scope and Limitations

As a general preliminary remark, we would like to emphasize again
a point that was made already in our discussion of the results with
unpredictable targets. The model is far too simple to represent any-
thing but a streamlined functional description of the relation between
the input stimuli and the motor response. We take comfort, however,
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from the fact that the major descriptors of the performance throughout
the entire range of rhythms is adequately predicted by Equation 1,
even though we chose not to incorporate the possibility that the model
parameters depend on the rhythm. The motor responses to visual in-
puts are modulated by a number of central processes, most of which
are poorly understood. The model acknowledges explicitly only two
well-documented sources of modulation. The first one is the possibility
discussed above, of forecasting the future course of the input. Such a
possibility was embodied in the generalized version of the model
through parameter t,, in order to account for the changes in behavior
that are normally observed with periodic stimuli. The second source of
modulation is the process whereby visual information is transcoded in
terms of motor commands. The necessity of postulating a central de-
lay, t., associated with this process was suggested by the results with
random inputs.

The fact that the simultaneous presence of the parameters t_ and
makes the model capable of predicting satisfactorily both predictable
and unpredictable targets should not obscure the fact that the nature
of the processes that these parameters purport to represent remains
largely a matter of speculation. Anticipatory actions are likely to result
from higher cognitive processes distinct from those involved in pursuit
(cf. Poulton, 1974). As a conscious effort to outsmart the target, these
response components appear to be superimposed upon those under
direct visual control and organized at a different hierarchical level. In-
deed, the qualitative analysis of response tracks supports this distinc-
tion, especially in the case of ramp- and step-tracking experiments, in
which the pursuit track shows sudden accelerations that bring it ahead
of the target and even responses that precede the stimulus (cf. Stark,
1972). Unfortunately, it seems difficult at the moment to provide an
independent analysis of these higher processes, let alone to formalize
their coordination with the sensorimotor loop. As a consequence, in
this and other formal descriptions of pursuit tracking the processes
responsible for anticipatory actions are construed as an integral part
of the sensorimotor loop, which can be influenced both by idiosyn-
cratic biases and environmental contingencies.

Temporal Parameters

Sensitivity analysis of the model shows that the anticipation param-
eter, t, reduces the delay by an amount that is almost independent of
the rhythm, while leaving the gain curve almost unaffected. Within the
context of the “viscoelastic” analogy expressed by Equation 1, a high
roll-off rate of the gain characteristics (as in the upper left plot of Figure
9A) indicates slack coupling between target and pursuit. In a system
without anticipation, this would necessarily imply large delays. Thus,
adjusting t; was instrumental in reconciling the gain and delay char-
acteristics in individual performances. The values of ¢, in Table 2 are
precisely those that, in both conditions, make the gain data compatible
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with the delay data by reducing the delay that would otherwise corre-
spond to the observed gain. In summary: (a) The modeling analysis
confirms that temporal anticipation may exist also in two-dimensional
pursuit tracking, and (b) the proposed model interprets this anticipa-
tion as an action for compensating—whenever necessary—the slack-
ness of the sensorimotor coupling.

As for the central delay, we begin by noting that the estimates of
in Table 2 are negligibly small. Thus, the instantaneous delay between
target and pursuit is accounted for basically by the balance between
the forecasting parameter, t, and second-order dynamics of the vis-
uomanual transformation tensor. This seems to contradict the fact that
some systematic deformations of the trajectory have been interpreted
as the result of a substantial computational load (see Figure 13A). The
explanation is that nonnegligible values of t. are required only for mod-
eling some of the performances at the lowest rhythms at which most
of the distortions are concentrated. In all other cases, no central deiay
is required to fit the data. Because the estimates in Table 1 are those
that optimize the fit over the entire range of rhythms, they cannot reflect
adequately the vanishing influence of this factor. The fact that evi-
dence of a central delay exists only at the lowest velocity is in keeping
with our interpretation of ¢, as the minimum time necessary for modi-
fying the ongoing movement on the basis of visual information. Early
estimates of this minimum time (250 ms, Vince, 1948; Woodworth,
1899) have been revised downward in more recent experiments and
are now set in the 120- to 200-ms range (for a complete review, see
Jeannerod, 1988). Changes in direction that must take place in less
time are not likely to be under visual monitoring. Given the range of
velocities covered in our experiments, this suggests that only the slow-
est targets can be monitored continuously. As the average velocity
increases, it becomes increasingly difficult (and/or irrelevant) to main-
tain such a continuous visual control. Therefore, faster targets would
have to be pursued on the basis of occasional sampling of the visual
input. Such a transition from a closed-loop to a sort of piece-by-piece
open-loop control mode implies a drastic reduction of the computa-
tional load associated with visual processing and may explain why the
average estimates of t . are so low. It might also explain why, in contrast.
with the results of Table 2, the estimates of t. obtained with unpredict-
able inputs (about 120 ms) are comparable with the values reported
by Jeannerod. In fact, the range of velocities covered in those experi-
ments overlaps the range in which distortions of the elliptic trajectories
are more likely to occur. Moreover, and perhaps more important, the
transition to an open-loop control mode is not viable if the targets are
not predictable.

A final remark on the central processing time. The notion that pre-
dictable targets can be monitored only occasionally does not contra-
dict the fact that the model postulates a continuous availability of ve-
locity and position error signals. In fact, as emphasized by the
presence of a forecasting parameter, the only essential requirement of
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the model is the availability of a central representation of these signals,
irrespective of the specific mechanisms used to arrive at this repre-
sentation. From this point of view, the conception that we defend here
is rather different from the so-called intermittent feedback control
theory proposed both for hand (Craik, 1947) and eye (Young & Stark,
1963) tracking movements. This theory, in fact, assumes a periodic
sampling of the visual input and a truly discontinuous mode of opera-
tion that should manifest itself as discontinuities in the actual move-
ment. We never found evidence of such discontinuities in our pursuit
trajectories.

Coupling Parameters

As mentioned above, the look-ahead parameter, t,, is instrumental in
ensuring the compatibility of gain and delay characteristics. One can
then surmise that this parameter is adjusted by each subject on the
basis of the "viscoelastic” coupling established between target and
pursuit. In the previous report, we inferred from the data that direct
coupling is dominated by the “viscous” component (i.e., by the veloc-
ity feedback) and that the strength of this component drops in the
transition from a natural to a constant velocity profile. Subject SM
(Table 2), who exhibited some of the highest gains and shortest delays
fitted this scheme. The more extreme transformation of the velocity
profile realized in the present experiments entailed a clear reversal in
the relative importance of velocity and position feedbacks, however.
Subject SS, who showed some of the lowest gains and longest delays,
also reduced the direct “viscous” component of the coupling when
tracking transformed targets. The direct “elastic” component remained
almost unchanged, however. Were it not for the intervention of a sub-
stantial amount of forecasting, the resulting slackening of the coupling
would have produced a much larger instantaneous delay than the one
actually measured.

Cross-component interaction was significantly present in both sub-
jects and both conditions and was instrumental in reproducing the ro-
tation of the pursuit trajectory. As in the case of the temporal parame-
ters t. and t,, great caution must be exerted in attempting to relate the
interaction terms in Equation 1 to the mechanisms underlying the ro-
tation effects. Two remarks seem to be warranted, however. First, al-
though velocity error signals play a major role in direct coupling, cross-
coupling is basically elastic (i.e., transverse forces depend mostly on
position errors). Thus, direct and interaction forces may result from
independent processes. Second and more important, the very pres-
ence of the rotation effect and its interpretation as a cross-component
interaction reemphasize the essential difference between classical
pursuit tasks and the more general two-dimensional condition investi-
gated here. Over and above the effects specifically related to the in-
teraction between geometry and kinematics, the fact remains that the
two-dimensional task cannot be fully described by combining concep-
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tually and mathematically the results obtained in one dimension. From
this point of view, the presence of interaction terms in Equation 1 rep-
resents a significant new finding with respect to the previous study.

APPENDIX A

Let G and D be two ellipses with the same perimeter, which we call geo-
metric and dynamic ellipse, respectively. In general, both the eccentricity and
the orientation of the major axis of G and D are different. We present the ana-
Iytical procedure to solve the following problem. Compute the parametric
equations of a target such that the following conditions are met:

Condition 1. The trajectory of the target is the geometric ellipse.

Condition 2. The tangential velocity of the target at any time, ¢, is equal to
that of the unique movement that traces the dynamic ellipse by orthogonal
composition of two harmonic functions (Lissajous movement).

We introduce the following notation:
A A, = semiaxes of the geometric ellipse, G
A A,q = semiaxes of the dynamic ellipse, D.
3, 2, = eccentricities of geometric and dynamic ellipses.

E(2.¢) = incomplete elliptic integral of the second kind (3, modulus; ¢,

phase).
Q = rhythm of the movement.
D(t) = |law of motion of the target.
V(t) = tangential velocity of the target.
P = common perimeter of both geometric and dynamic ellipse.

Four cases must be distinguished.

For simplicity, we will only develop in detail Case 2, which is directly relevant
to the experiment described in this article. All the others can be worked out in
a similar manner. In order to comply with Condition 1 above, the parametric
equation of the geometric ellipse must have the general form

Xy (1) = Ag - sin (1), (A-1)
Yo () = A,y - cos (1),
0 =t = 2w/Q; do(t)/dt= 0; (0) = 0, P(2w/Q) = 27/,
where ®(t) must be so chosen as to satisfy Condition 2.
The tangential velocity of the target can then be expressed as

V(t) = A - dO(t)/dt - [1 — 32 - sin? &(t)]72. (A-2)
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The Lissajous parametric equation for the dynamic ellipse is

X, (1) = A - sin Qt, (A-3)
Yo (t) = A, - cos Qt,

Thus, in order for the law of motion to satisfy the required condition on the
tangential velocity, one must also have, for any t:

V(t) = Q- A, (1 — 22 cos? t)” (A-4)
Eliminating V(t) between Equations A-2 and A-4, and remembering that the
geometric and dynamic ellipses have the same perimeter:

P=2 Ay EEgm=2"Ag4" EEyn).

One obtains the following nonlinear differential equation:
CEG,m [ 1 - 32 cos?t ]1/2

aBft = Qs (T2 52 sine()

The equation is separable and can be integrated:
t
€S0 [ 11~ 5,7+ sin2 @ ()20 =
0
t
Q- EEZ, f [1 — 2,2 cos?t)2dt.
0

Noting that, by simple changes of variables, both integrals in this equation
can be expressed as incomplete elliptic integrals of the second kind, one
obtains

E(Zy m) - E[Z, ®(1)] = Q- E(Z,, 7) [E(Z, ©/2) — EC, w2 = 1))

This nonlinear implicit equation can finally be solved for the desired law of
motion, &, with the help of the well-known Landen’s expansion of the elliptic
integral (Abramowitz & Stegun, 1972, p. 598). T-type targets for the experi-
ments described in this article have been created by applying this procedure
in the special case, 2, = 2, and using the general parametric representation
(A-1).

APPENDIX B

The model represents the characteristics of the visuomanual transformation
by the second-order symmetric tensor, I'.

Fxx l—‘xy

r =
Fyx Fyy

Standard calculations permit one to derive explicit formulas for the amplitude,
A, and phase, ¢, of the diagonal and off-diagonal components of I in the
frequency domain. Let

o, = W Cos (2wt,) + 2w? B, sin (wt,) — WZ[B?3,

- B%, + 20, cos(Wt)] + a2, — o3,
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g, = wsin (2wt,) — 2w* B, cos (wt)) — 2w2 a,, sin (wt,)

2w (o By — By
Moo = WO B, Sin (WE) — WB2, — B3, — a, COS (WE)] + o2, — o2,
Poi = —W2 B, COS (WL) — W2 a,, sin (W) + 2W (o, B, — o, B,),
M = W3 B, sin (W) — w? o, cos(wt),
K = —W3 B, cos (wt) — w2 a, sin (wt),

where w is the pulsation (w = 2=f). Then

R T
A(Fxx) - [ o2 +”(TTY

2 + 2
AT,,) = Fyr ,4&,@/’
o2 + o? |
o -
&) = wt + tg~ ;MKL,,i/Hﬁ}'
LT Mor T Tl

&) = wi, + g~

Oty — qﬂm]
oM, + O,
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