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Abstract—The human smooth pursuit eye movement system has a latency of about 150msec.
However, this study shows that humans can learn to perform zero-latency tracking of targets that move
with continuous velocity and amplitude-limited acceleration. Superposition of eye velocity and target
velocity records, for our unique target waveforms, demonstrated that the subject was using the correct
waveform and not just approximating it with a sinusoid or some other simple waveform. Calculation of
the mean square error between target and eye position gave a quantitative measure of how well the
human can track. The mean square error between target and eye position was 0.32 deg2 for one
thousand seconds of steady-state tracking by seven subjects. For several cycles at a time all subjects
were able to reduce this error to less than 0.1 deg2.
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INTRODUCTION

Experiments with transient target waveforms reveal a
150msec time delay in the human smooth pursuit
eye movement system (Rashbass, 1961). The effects of
this time delay are apparent during starting and stop-
ping transients, as shown in Fig. 1, and during track-
ing of unpredictable targets, as shown in Fig. 2.
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However, when a human (or a monkey) tracks a
target that is moving sinusoidally, the subject quickly
locks on to the target and tracks with neither latency
nor phase lag. It is as if the subject creates an internal
model of the target movement and uses this model to
help track the target. This internal model has been
called a predictor (Westheimer, 1954; Stark et al, 1962),
a long term learning process (Dallos and Jones, 1963),
a percept tracker (Yasui and Young, 1975; Young,
1977; Steinbach, 1976; Mack et al, 1982), a neural
motor pattern generator (Eckmiller, 1981), and a
target-selective adaptive controller (Bahill and
McDonald, 1981). We conducted a series of experi-
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Fig. 1. Typical beginning (top) and ending (bottom) of sinusoidal tracking. The eye position (dotted
line) is superimposed on the target position (solid line). When the target started, there was a 150 msec delay
before the eye velocity increased; when the target stopped, there was a 120 msec delay before the eye
velocity began to decrease. The position mean squared errors (pmse) were 0.12 and 0.36 deg2 respectively,
for the top and bottom records. Target movements were ±5 deg from primary position. For all of our

figures, the time axis is labeled in seconds, and upward deflections represent rightward movements.
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5 deg

Fig. 2. Effects of the time delay were apparent when the subject tracked a nonpredictable target
waveform. The display format is the same as in Fig. 1. This target waveform is the pseudorandom
binary sequence based waveform of Bahill et al. (1980) low-pass filtered at 1.5 Hz. This figure is from

unpublished data of Jon Lieberman. The pmse was 1.59 deg2. Subject: J.L.

merits to find the characteristics of the target waveform
that are necessary to allow such zero-latency tracking.

The target motion predominantly used to test the
smooth pursuit system is predictable sinusoidal motion
(Robinson, 1964; Fuchs, 1967; Winterson and
Steinman, 1978; Greene and Ward, 1979). Although a
sinusoid is easy to track, it may not be best waveform
for studying the tracking of predictable targets, because
the derivative of a sinusoid is a sinusoid. Therefore,
single cell recordings that show a sinusoidal frequency
modulation, could represent velocity cells, or position
cells with a time delay, or control signals. Linear
ramps have been used as smooth pursuit target wave-
forms (Jurgens and Becker, 1975; Baloh et al., 1976;
Schalen, 1980). Often these ramps were repetitive with
the same constant velocity (triangular waveforms). This
is not suitable for studying a velocity tracking system
such as the smooth pursuit eye movement system;
many different velocities should be used. Furthermore,
triangular waveforms induce numerous saccades at
each target turn-around. Typical good tracking of
triangular targets has three or four position correcting
saccades per cycle. These saccades interfere with the
study of the smooth pursuit system. To prevent
saccades at the turn-around Miller et al. (1980) used a
triangular waveform with sinusoidal turn-arounds.
Other novel waveforms have also been devised. A "pure
velocity" target was derived by using a long line of
horizontally moving dots (Williams and Fender, 1979).
This target seems ideal for testing optokinetic nystag-
mus, but not the foveal smooth pursuit system,
because most of the target is peripheral not foveal.
We have developed several target waveforms, with
unique velocity profiles, to challenge the foveal smooth
pursuit system without inducing numerous saccades.

This report summarizes our studies of smooth
pursuit tracking of predictable target waveforms. Our
subjects overcame the time delay inherent in the smooth
pursuit system and produced zero-latency tracking of
all target waveforms, as long as the velocity was
continuous and the acceleration was limited. To
measure the quality of tracking we used the mean
square error between the target and the eye, and we
also studied the similarity of the eye velocity and
target velocity waveforms.

METHODS

Eye movement measurements

The movements of each eye were measured with a
standard photo-electric system (Bahill, 1981) that had
light emitting diodes (National Semiconductor Xciton
XC88PA) and photo-transistors (Fairchild FPT-120)
mounted on spectacle frames worn by the subject.
The LEDs were connected in series and they were
supplied with 25 mA. Target and eye movements were
amplified (0-100 Hz bandwidth), passed through a 12
bit analog to digital converter sampling at one msec
intervals, digitally low-pass filtered at 80 Hz, and then
stored on a disk in the computer. The linear range
for measuring horizontal eye movements extended
+10 deg from primary position. Linearity was assessed
while the subject tracked a target moving sinusoidally.
Calibration factors were derived from data collected
while the subject tracked a target that jumped between
points ±5 deg from primary position. Calibration
factors for each eye were computed by averaging 1-
2 sec of data from 4 to 10 manually selected periods
when the eye was stationary and looking at the
target. Instrumentation noise was less than lOmV,
corresponding to eye movements of less than 1 min of
arc. Saccades as small as 10 min of arc have been
analyzed from the data of this report.

We also have a horizontal and vertical eye movement
monitor that is linear for 15 deg (Bach et al., 1983).
We call it the DDA Oculometer after the engineer
who designed it. This instrument produced the data of
Fig. 2. Data for the other figures were collected with the
standard photo-electric system.

It took 1-10 min to adjust the equipment and ensure
linear recordings. After this the subject rested for a
few minutes and then tracked the target for 3 min. A
3min rest period was allowed; and then the 3min
test was repeated. A calibration routine was in-
corporated into the beginning and ending of each
3 min test.

The target

The target was a small (3mm dia.) red laser dot
projected on a white, curved screen 57.3cm in front
of the subject. The target voltage drove a galvanometer
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Fig. 3. The predictable target waveforms.

that had a small mirror attached. The movement of the
mirror deflected the laser beam to produce a horizont-
ally moving dot on the screen. The bandwidths for the
galvanometer and the d.c. amplifier exceeded 200 Hz.
Subjects viewed the target bin ocularly in a dimly
illuminated room (vision was photopic). The target
was kept at a fixed distance to eliminate vergence eye
movements. The subjects' heads were restrained with a
head rest and bite bar to eliminate effects of the
vestibulo-oeular system.

An LSI-11/2 microcomputer generated the following
predictable target waveforms: triangular, parabolic,
sinusoidal, cubic, and pseudo-random acceleration.
Figure 3 shows position (top), velocity (middle), and
acceleration (bottom) as functions of time for these
waveforms. Each of these waveforms will be discussed
later when human tracking is shown.

All of these target waveforms had continuous
velocities and amplitude-limited accelerations. We
believe these two properties are necessary for zero-
latency tracking. We limited acceleration to 300 deg/
sec2, and we kept the maximum velocity between 5 and
40 deg/sec. The target amplitude was ±5 deg. This was
a convenient amplitude: it was comfortable to track,
it did not fatigue the subject rapidly, and it was
large enough to provide a large signal to noise ratio.
Each 3min session was composed of several cycles
of each waveform presented in random order.
Frequencies varied between 0.1 and 1 Hz. Best tracking
occurred for frequencies between 0.2 and 0.6Hz.

Digital computation of velocity

We used a two-point central difference algorithm
to compute velocities (Bahill et al, 1982; Bahill and
McDonald, 1983). Our analysis program allowed the
operator to interactively choose the step-size: the most

common choices were 25 and 50msec. These choices
yielded bandwidths of 8.9 and 4.4 Hz respectively. We
used the 8.9 Hz bandwidth to plot the figures of this
report. This 8.9 Hz algorithm produced clean smooth
pursuit velocity records. It deliberately distorted the
velocity and duration of the fast saccadic eye
movements.

Mean square errors

A quantitative measure was needed to show how well
the subject tracked the target. Previous investigators
have used position gain, velocity gain, phase, co-
herence, or the number and size of saccades. Because
the purpose of the eye movement control system is to
keep the fovea on the target, we felt that the error
between the eye and the target was the most
appropriate measure of the quality of tracking. Our
primary metric was the mean square error between eye
position and target position (pmse). The human fovea
(specifically the inner foveal pit) has a radius of 0.5 deg
(Davson, 1976; Eckmiller, 1981). A target consistently
on the outer edge of the fovea produces a pmse
of 0.25deg2. If the pmse is greater than 0.25deg2,
then the target is off the fovea at times; if the pmse
is less than 0.25 deg2, then the target is usually on
the fovea. The average pmse for monkeys tracking
sinusoidal targets with frequencies between 0.1 and
1.0Hz was 1.4deg2 (Lanman et al, 1978). The
behavior of monkeys is similar to humans in most
other oculomotor tasks, so the human mean square
errors should be similar in magnitude. The velocity
mean square error (vmse) is also of interest, because
the smooth pursuit system is a velocity tracking system.
The velocity mean square error indicates the fidelity
of smooth pursuit tracking and reflects the reduction
of saccades during good performance. With their "pure
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velocity target", Williams and Fender (1979) found
that on the average the human is about 20% faster
or slower than the target. For their slow target
velocities, this represented an approximate vmse of
0.2 (deg/sec)2. For higher frequencies, the vmse would
be larger. Therefore, we expected humans to track our
predictable target waveforms with a position mse
between 0.1 and 1.4deg2 and a velocity mse between
0.2 and 20 (deg/sec)2.

Human subjects

The subjects were volunteers from Carnegie-Mellon
University and the Pittsburgh Baseball Club. Informed
consent was obtained after the investigator explained
the purpose of each test and the functioning of the
laboratory equipment. We studied more than 20
subjects during two years of experimentation. The
results from eight of these subjects are included in
this paper. Six subjects had normal near vision: two
subjects usually wore spectacles; they had acuities of
20/400 and 20/100. The subjects were healthy and
between 21- and 37-yr old.

RESULTS

The sinusoidal target waveform

The sinusoid is the most common smooth pursuit
target waveform, because it is easy to generate and
easy to track. Our subjects said sinusoids were
"comfortable", "non-confusing", and "natural". Our
sinusoidal target waveform is given by

/•(/) A sin co/.
The normal amplitude, A, was 5deg ( ±5deg from
primary position).

Figure 1 (top) shows tracking of the beginning of
sinusoidal movement. Smooth pursuit began 150msec
after the target started to move. It was followed by a
corrective saccade at 200msec and then by zero-
latency, unity-gain tracking. Figure 1 also shows a
termination of sinusoidal smooth pursuit tracking. The
smooth pursuit velocity started declining 120msec after

the target velocity dropped. It reached zero velocity
at 220msec, when a corrective saccade occurred to end
the subject's tracking. Thus the beginning and ending
transients show the effects of the time delay. In
contrast steady-state tracking does not. Steady-state
smooth pursuit tracking is shown in Fig. 4. The position
mean square error (pmse) was 0.02 deg2. This is
exceptionally good tracking; most subjects did not
typically track with such accuracy.

As shown in Fig. 1 our subjects overcame the 150 m
sec time delay very quickly, in less than one quarter
cycle of the target waveform. To track a sinusoid with
zero-latency, the subjects must estimate the amplitude,
period, and the initial phase of the target. We were
surprised that these parameters were estimated before
the first complete half cycle of the target waveform.
We suspected the subjects were guessing that the
amplitude, phase and waveform were the same as those
used in the calibration procedure.

To determine if the subjects were guessing the target
parameters, we changed the initial phase and offset so
that the beginning of target motion provided poor
clues about the frequency, phase, and amplitude of the
target. Figure 5 shows a subject attempting to track a
target waveform that begins with a 90 degree phase
shift and a negative offset. Our subjects could not
track this target until after a full half cycle of the
target waveform had been presented. Similar per-
formance was observed throughout the experiment
with the size of the initial target change affecting the
ability to track quickly. For simple target waveforms,
such as a sinusoid with no initial phase or offset,
our subjects guessed the waveform and tracked with
zero-latency after one-fourth of a cycle. For more
complicated waveforms, such as a sinusoid with non-
zero initial phase or offset, guessing was unsuccessful;
our subjects tracked with zero-latency only after one-
half of a cycle. Variation of the phase angle at
target cessation sometimes caused the eye to continue
moving for as much as 500msec after the target
stopped. The initial offset or phase did not change
steady-state tracking.

5 deg

Time
(sec)

10 deg/sec

Time
(sec)

Fig. 4. Zero-latency steady-state tracking of a sinusoidal target waveform. The top trace shows target
(solid) and eye (dotted) position, and the bottom trace shows target (solid) and eye (dotted) velocity.

The pmse was 0.02 deg2 and the vmse was 0.7 deg2/sec2. Subject: J.K-
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Fig. 5. Start-up transient for a sinusoid with unexpected initial phase and offset. The top two records
are position and velocity as in Fig. 4. The bottom record shows position error (solid) and velocity
error (dotted). The errors are large, particularly during the first half cycle. The prase was 0.19 deg2 and

vmse was 16.7 deg2/sec2. Subject: J.K.

The parabolic target waveform

Because sinusoidal oscillation are so common in
nature, we thought zero-latency tracking might be a
unique feature of sinusoids. To test this hypothesis we
created non-sinusoidal target waveforms. We thought
that humans might fit an internally generated sinusoid
through these predictable target movements. For our
first non-sinusoidal waveform we connected two para-
bolas to form a target waveform that differed from a
sinusoid by only 0.03 deg2 pmse. This parabolic target
waveform is given by

1-

T

for

= A -1 +

T
4

f Tfor — •

The terms A and T are amplitude and period,
respectively. The amplitude was fixed at 5 deg, but the
period was varied from run to run.

Figure 6 shows excellent tracking of this parabolic
target. The pmse for these data was 0.05 deg2. Close
comparison of the velocity records indicates that this

subject tracked the correct target waveform and not
some internally generated sinusoid. The shape of the
eye velocity trace, which is the important record, shows
the linear shape characteristic of a parabolic trajectory.
Most of our subjects were able to track this parabolic
waveform after observing only a few cycles. The
transient performance when the target started to move
was the same as for sinusoidal targets.

Zero-latency tracking suggests that the subject uses a
compensation signal from an internal model to
augment the visually derived target velocity signal.
When the target stops abruptly, the output of the
internal model differs from the visual image, causing
the model to be turned off abruptly. To study this
turn off under different conditions we moved the laser
target behind an opaque barrier at the end of target
presentation as shown in Fig. 7. Without a fixation
target, this subject merely brought the smooth pursuit
to a halt; there was no saccade at the end of tracking.
The time between the disappearance of the target and
the deviation of the smooth pursuit velocity from the
previous target trajectory was 150msec. The smooth
pursuit velocity reached zero 420 msec after the dis-
appearance of the target. Deflecting the laser behind the
barrier meant that there was no error between the
visual image and the output of the internal model.
Consequently it took longer to turn off the model
and stop smooth pursuit tracking. When the target
disappeared, the subject's training and volition also
became factors. One subject made saccades to primary

V.R. 23/12—O
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Fig. 6. Steady-state tracking of a parabolic target waveform. The clustering of the eye velocity dots
about the target velocity line shows that the subject was using the correct waveform. Same display

format as Fig. 4. The pmse was 0.05 deg2 and vmse was 1.8deg2/sec2. Subject: J.K.

position, another made large blinks, and one subject
(who knew that the barrier was on the left side of the
mirror galvanometer) made a saccade to the leftward
location of the invisible target. Others have also
studied tracking after the target disappeared.

Whittaker and Eaholtz (1982) trained humans, and
Eckmiller and Mackeben (1980) trained monkeys to
continue smooth pursuit tracking of a 1 Hz sinusoidal
target for more than a second. So, in summary, when
the target disappears smooth pursuit stops, but not as

5 deg

10 deg/sec

Position error
Velocity error

Time
(sec)

Fig. 7. End of tracking transient for a parabolic waveform. At 3.1 sec the target disappeared. The eye
velocity then took 420 msec to decay to zero. Subject: J.K.
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Fig. 8. The first cycle of cubic-tracking for an inexperienced subject. Eye velocity between 1.5 and
2.5 sec is the same as between 3 and 4 sec, indicating that the subject has not yet learned that the

target velocity is asymetrical. The pmse was 0.52 deg2 and vmse was 37.6 deg2/sec2. Subject: G.B.

fast as when a visible target stops. However, we could
not predict the behavior of any subject on any given
run because this behavior depended upon uncontrolled
conditions.

The cubic target waveform

Humans can overcome a large internal time delay
and track sinusoidal and parabolic target waveforms
with unity-gain and no time delay. Moreover, they
learn to do this very quickly. To help determine if
humans can easily track every predictable waveform we
created a cubic waveform. The cubic waveform is
simple; it is the next order polynomial above a para-
bola. But we could not imagine a naturally occurring
cubic visual target.

Our cubic target waveform, which satisfied the
requirements r(0) = 0, r(r/2) = 0, and r(7) = 0, is

r(0 = 10.39^|2(-l -31-

where the quantity T represents target period and A is
the amplitude.

Figure 8 displays the results of the first encounter
of a naive subject with the cubic waveform. Per-
formance improved with practice. After observing the
cubic waveform for several minutes, spread over a few
days, most subjects had learned the waveform
sufficiently to track with great fidelity as shown in Fig.
9,

We recorded the eye movements of two members
of the Pittsburgh Baseball Club to see if experienced
athletes were more adept at tracking targets. The data

shown in Fig. 10 were recorded while a member of the
Pittsburgh Baseball Club tracked the cubic target after
having seen this waveform for only 13 sec previously.
This baseball player learned the cubic waveform much
faster than our graduate students; it took our best
graduate students several minutes before they could
track with such small error.

The pseudo-random acceleration target waveform

To discover whether a subject could learn any
predictable waveform, we constructed the most difficult
predictable target waveform we could imagine. It was
derived using a table of random numbers. These
random numbers were used to form a uniformly
distributed random acceleration sequence. To form
the target position waveform this acceleration sequence
was integrated twice, the acceleration was held at zero
for a short period, and then the negative of this
acceleration sequence was integrated twice. The net
result was a regular, predictable target waveform that
had a pseudo-random acceleration, but a symmetrical
and smooth position waveform. Two distinctive
features of this waveform were recognizable in the
target velocity record: a period of zero acceleration
that occurred at peak velocity and a period of low
acceleration that occurred near zero velocity. The right
column of Fig. 3 shows this waveform.

A subject's first encounter with this target waveform
produced corrective saccades every 200 msec, which is
typical of poor tracking. The subject's velocities were
widely dispersed from the target velocity. This wave-
form was the most difficult to learn. It took our
subjects several minutes, spread out over several
sessions, to learn this waveform. Our best subject
learned this waveform in a little over 2min. The data
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Fig. 9. Start-up transient and subsequent zero-latency tracking of a cubic target waveform. The eye
velocity dots cluster around the target velocity line indicating that the subject has learned the waveform.

The pmse was O.Bdeg2 and thevmse was 15.4 deg2/sec2. Subject: J.K.

of Fig. 11 show excellent tracking of this pseudo-
random acceleration target waveform after the subject
had observed this waveform for 135 sec in a 20min
interval. The subject used the appropriate velocity
waveform, as is evidenced by the flattening of the
velocity trace near zero velocity and at peak velocity
for both the target and the eye.

Naive subjects

To linearize our recording system, the photodiodes
and amplifiers were adjusted while the subjects tracked
targets moving sinusoidally. Consequently, none of our
subjects had been recorded during their first cycle of
sinusoidal tracking. Therefore, for one subject with no

5deg

Time

I0deg/sec

Fig. 10. Zero-latency tracking of a cubic target waveform by a baseball player after only 13 sec of
exposure to such a waveform. The position errors on extreme left gaze (the bottom) are artifacts due to a
soft saturation of the instrumentation system. The pmse was 0.11 deg2 and the vmse was 8.6deg2/sec2.

Subject: J.O.
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5 deg

10 deg/sec

Fig. 11. Zero-latency tracking of a pseudo-random acceleration target waveform. The target velocity
line is slightly flattened at the zero velocity and at maximum velocity. The eye velocity dots also

reflect this flattening. The pmse was 0.04 deg2 and vmse was 1.8 deg2/sec2. Subject: J.L.

prior experience in eye movement experiments, the
equipment was carefully calibrated using only square
wave target waveforms and linear ramps. The first
encounter of this subject with the sinusoidally moving
target produced the records shown in Fig. 12. After
one-fourth of a cycle the subject's velocity had already
begun to take on a sinusoidal form and the zero
crossings indicated zero-latency. This naive subject also
learned the parabolic target quickly. After tracking 7
cycles of the parabolic target waveform, his pmse
was 0.07 deg2 and his vmse was 3.6deg2/sec2.

Database averages

The figures in this paper show some of the best
tracking that we have observed for each particular
waveform. They were chosen to illustrate the capa-

bilities of the human smooth pursuit system. They
are not meant to illustrate typical smooth pursuit
tracking. Typical tracking has many saccades and
occasional periods of off-foveal tracking, see for
example Fig. 4 of Bahill and McDonald (1983).
It is unusual to have more than a cycle without
at least a microsaccade. To provide a metric indi-
cating typical performance, we have summarized
the data from seven subjects tracking targets moving
with frequencies between 0.2 and 0.6 Hz. For 1506 sec
of data covering 46 experiments, including the
start of tracking and end of tracking transients,
the average pmse was 0.43 deg2 with a standard
deviation of 0.27 deg2, and the average vmse was
16.8 deg2/sec2 with a standard deviation of 15.8 deg2/
sec2. For the 1059 sec of steady-state tracking, without

5 deg

10 deg/sec

• ' ' " Position error
"• '-. Velocity error

Fig. 12. The first cycle of sinusoidal tracking for a naive subject. The velocity waveform seems
appropriate although there are many position correcting saccades. The pmse was 0.23 deg2 and vmse

was 9.5 deg2/sec2. Subject: D.A.
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starting and stopping transients, the average pmse was
0.32 deg2 with standard deviation 0.28 deg2, and the
average vmse was 5.8 deg2/sec2 with standard devi-
ation 5.7 deg2/sec2. Over the long term, humans track
in a manner similar to that of Figs 8 and 12. In the
short term (much as a sprinter can perform optimally
for short periods of time) a human can track
accurately as shown in Figs 4, 6, 9, 10 and 11.

DISCUSSION

This demonstration of zero-latency tracking of
predictable target waveforms by the human smooth
pursuit system is unique. It cannot be derived from
published literature, because it requires the super-
position of low-noise target and eye velocity wave-
forms in addition to the use of target waveforms
with unique velocity profiles.

It is understandable that, in a world full of wheels
and pendulums, humans have learned to track
sinusoids with zero-latency. After some consideration,
the same can be said of parabolic trajectories that
describe the path of a ball, or any other unrestrained
object under constant force. There is, however, no
naturally occurring analog to the cubic and pseudo-
random acceleration waveforms. These waveforms
required a learning period before zero-latency tracking
could be attained. The purpose of these experiments
was not to study the time-course of learning. There-
fore, we can only make general statements about how
fast each waveform was learned. The cubic waveform
required 13 sec to 5min, and the pseudo-random
acceleration waveform required 2 to lOmin. We do
not know how long the subjects retained the informa-
tion. We will presently conduct a study that will
enable us to model the time course of learning,
forgetting, and relearning.

There are other questions about the smooth pursuit
system that cannot be answered by studying our data.
By studying the position error as a function of time
we found that all saccades were not position correcting.
Those that were position correcting varied in ampli-
tude, indicating that there was no sharp threshold
that triggered position correcting saccades. We also
found no evidence that the left, right, dominant, or
nondominant eye tracked with smaller error.

For steady-state tracking the cross-correlation
function is an indicator of tracking delay. The cross-
correlation of target and eye position was computed
for the unpredictable target waveform of Fig. 2. The
peak value of cross-correlation function was 0.916,
and it occurred at a time-lag of 95 msec. This implies
that the time delay during steady-state tracking was
95msec. The cross-correlation function is a good
indicator of time delay when no feature of the data is
available to distort the computation. However, sac-
cades can distort the computations. For example, we
computed the cross-correlation between eye and target
position three ways for the data of Fig. 12. For the
data from 0 to 1 sec, the peak correlation was 0.992

at a delay of 190msec, which agrees with an intuitive
visual inspection of the start-up record. For the data
from 0.42 to 1.42 sec, the peak correlation was 0.989 at a
delay of 165msec. The saccade influences the corre-
lation function. For the data from 0.84 to 1.84 sec, the
peak correlation was 0.994 at a delay of 130msec.
These differences were caused by the effects of the
saccade. When saccades are present the time of maxi-
mum correlation only gives a rough approximation of
the time delay of the smooth pursuit system.

The routine recording of position mean square errors
around 0.1 deg2 is a demonstration of the accuracy
of our photo-electric instrumentation. These mean
square errors represent the sum of instrumentation
noise, biological noise, nonlinearities, drift, and human
tracking errors. If the instrumentation system were not
accurate, such small errors would not be possible;
also, if the human were not capable of accurate
tracking, such small errors would not be possible.

The human smooth pursuit eye movement system
has a large internal time delay. However, when the
target is predictable, a control signal is generated
that causes the smooth pursuit system to track with
zero-latency and unity-gain. Within certain frequency,
velocity and acceleration limits, humans can learn to
track any predictable waveform that is smooth and
periodic.
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