Exp Brain Res (1996) 108:221-235

© Springer-Verlag 1996

RESEARCH ARTICLE

Ronald E. Kettner - Hoi-Chung Leung
Barry W. Peterson

Predictive smooth pursuit of complex two-dimensional trajectories

in monkey: component interactions

Received: 23 May 1995 / Accepted: 13 October 1995

Abstract Smooth pursuit eye movements were studied
in monkeys tracking target spots that moved two-dimen-
sionally. Complex target trajectories were created by ap-
plying either two or three sinusoids to horizontal and
vertical axes in various combinations. The chance of ob-
serving predictable performance was increased by re-
peated training on each trajectory. Data analyses were
based upon repeated presentations of each trajectory
within sessions and on successive days. We wished to
determine how accurately monkeys could pursue targets
moving along these trajectories and to observe interac-
tions among frequency components. At intermediate fre-
quencies, tracking performance was smooth and consis-
tent during repeated presentations with saccadic correc-
tions that were well integrated with smooth pursuit. The
mean gain for eight different sum-of-sines trajectories
was 0.83 and the mean magnitude (absolute value) of the
phase error was 6°. In light of the long delays that have
been associated with the processing of visual informa-
tion, these values indicate that the monkeys were pursu-
ing predictively. Five factors influenced predictive pur-
suit performance: (1) there was a decline in performance
with increasing frequency; (2) horizontal pursuit was
better than vertical pursuit; (3) high-frequency compo-
nents were tracked with higher gains and phase lags,
while lower-frequency components were tracked with
lower gains and phase leads; (4) the gain of sinusoidal
pursuit was always reduced when a second sinusoid was
applied to the same axis or, to a lessor extent, when a
second sinusoid of higher frequency was applied to the
orthogonal axis; (5) the phase of sinusoidal pursuit shift-
ed from a phase lag to a phase lead when combined with
a second sinusoid of higher frequency, but was not af-
fected by the addition of a lower-frequency sinusoid.
Findings 1 and 2 confirm, in monkeys, results reported
for humans, and 3 extends to monkeys and to two-di-
mensional pursuit results based upon human subjects.
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All of these findings demonstrate that complex predic-
tive tracking i3 controlled by a nonlinear and nonhomo-
geneous system that uses predictive strategies in concert
with feedback control to generate good pursuit.
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Introduction

Smooth pursuit eye movements allow tracking of a mov-
ing visual target so that the target image remains near the
fovea of the eye. Past studies of pursuit behavior indicate
that the system is highly accurate, showing little or no
time lag between target and eye movement at low veloci-
ties, or when the target travels along a highly predictable
trajectory. For example, when a target moves back and
forth at a constant frequency, pursuit eye movements
soon synchronize with the stimulus so that transitions are
made with zero lag (Dallos and Jones 1963; Lisberger et
al. 1981; Bahill and McDonald 1983). Pursuit at small
lags is called predictive pursuit because a number of
studies (Robinson 1965; Fuchs 1967; Becker and Fuchs
1984; Van den Berg 1988; Leung et al. 1994; Leung and
Kettner 1995) have indicated that visual information
about target location is delayed by 100-200 ms before it
is used to make changes or corrections in pursuit. To
compensate for this relatively long delay, the brain sys-
tems that generate pursuit appear to utilize consistencies
in the target trajectory that allow the prediction of target
position and velocity 100200 ms in the future.

Most of the paradigms that have been used to study
predictive pursuit are based upon targets undergoing rel-
atively simple target motions. These include one-dimen-
sional constant velocity ramps (Rashbass 1961), sinusoi-
dal (Dallos and Jones 1963; Lisberger et al. 1981; Bahill
and McDonald 1983) or square-wave (Kowler and Stein-
man 1979; Pola and Wyatt 1980) trajectories, and two-
dimensional tracking along a constant-velocity circular
trajectory (Collewijn and Tamminga 1984; Leung et al.
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1994; Leung and Kettner 1995). Several investigators
have also argued that pseudorandom trajectories restrict-
ed to the horizontal axis composed of 16 sinusoids (Ya-
sui and Young 1984) or created using Gaussian random
noise (Dallos and Jones 1963) can be tracked with vary-
ing degrees of prediction. Barnes et al. (1987) empha-
sized that the high-frequency component of sum-of-sines
trajectories restricted to the horizontal axis are tracked
predictively in terms of gain. The present study set out to
characterize predictive pursuit during complex two-di-
mensional trajectories created by summing either two or
three sinusoids along horizontal and vertical axes. We at-
tempted to increase the chances for observing predictive
control by training each monkey for a period of several
weeks before data collection commenced, and found that
all the trajectories were tracked with small lags indica-
tive of predictive pursuit.

Trajectories created from simple combinations of si-
nusoids facilitated the analysis of complex pursuit. Short
waveform periods were obtained using two- or three-
component frequencies that were related by small-inte-
ger ratios. This allowed the repetition of each complex
waveform so that pursuit strategies that were invariant
across repetitions could be studied. In particular, it was
possible to overlay individual repetitions of the same tra-
jectory and to observe consistencies in pursuit errors and
saccadic corrections. Because components had different
frequencies, high- versus low-frequency tracking could
be compared. Barnes and colleagues (Barnes et al. 1987;
Barnes and Ruddock 1989) have shown for human sub-
jects that the high-frequency component is tracked with
the highest gain for sum-of-sines waveforms restricted to
the horizontal axis; and others (Yasui and Young 1984;
Collewijn and Tamminga 1984; Barnes et al. 1987; Bar-
nes and Ruddock 1989) have shown that low-frequency
components are tracked with a slight phase lead, while
high-frequency components are tracked with phase lags.
The present experiments were designed to extend these
results in monkeys to complex, two-dimensional trajec-
tories that could be tracked predictively.

Component analyses of two-dimensional tracking also
allowed the study of interactions between the processing
of horizontal and vertical inputs. It is logically possible
that horizontal and vertical pursuit could have been con-
trolled independently. In support of this idea is physio-
logical evidence for a division of smooth eye movement
effector systems into horizontal and vertical divisions
(Fuchs and Kimm 1975; Lisberger and Fuchs 1978a, b;
Miles et al. 1980; Balaban et al. 1981; Chubb and Fuchs
1982; Balaban and Watanabe 1984; Chubb et al. 1984;
Tomlinson and Robinson 1984; Belknap and Noda 1987;
Stone and Lisberger 1990a, b; Sato and Kawasaki 1991,
McFarland and Fuchs 1992; Scudder and Fuchs 1992).
This hypothesis was tested by comparing the pursuit of a
single sine wave presented on one axis with the same
stimulus presented in combination with another sinusoid
on either the same or the orthogonal axis. In another set
of experiments, we compared the pursuit of a sum-of-
two-sines waveform presented along one axis and then in

combination with a third sine wave presented along ei-
ther the same or the orthogonal axis.

Materials and methods

Two adult male rhesus monkeys (Macaca mulatta; 4-6 kg) were
used in the experiments. They were cared for and housed by the
Northwestern University Center for Experimental Animal Re-
sources according to Principles of laboratory animal care (NIH
publication No. 86-23, revised 1985). A variety of supplemental
foods and toys were provided to enrich their environment and im-
prove their well being. They appeared to enjoy the regimen of
coming out of their cage each day, riding to the experimental
room, and performing in the experiments. Care was taken to devel-
op a rapport with the animals and training occurred at a slow
enough pace so that the animals always performed with a mini-
mum of errors and were not under undue stress.

Surgery

Before surgery, each monkey was immeobilized with ketamine hy-
drochloride (10 mg/kg i.m.) during shaving, cleaning, and applica-
tion of disinfectant surgical scrub. Aseptic surgery was done under
deep anesthesia induced by sodium thiamylal (20 mg/kg i.v.) and
maintained with halothane (1%) administered via an endotracheal
tube. Under aseptic conditions an oval of skin was resected and the
underlying cranium scraped clean of periosteal tissue. A stainless
steel assembly used to fix the head during the experiment was an-
chored with dental acrylic secured by stainless steel screws partial-
ly threaded into the bone. An eye coil was implanted under the
conjunctiva of one eye (Robinson 1963; Judge et al. 1980), with its
connecting wires led under the skin to an electrical plug positioned
near the fixation assembly and secured with dental acrylic. The ex-
posed bone, fixation assembly, and eye-coil plug were covered with
a smoothed layer of acrylic. For 1 week after surgery the monkey
was given daily doses of cephalothin (15 mg/kg i.m.) and an antibi-
otic salve applied topically to prevent infection. Analgesia was
maintained with topical applications of lidocaine each day until the
incision had healed and during the first 4 days following surgery by
injections of buprenorphine hydrochloride (0.01 mg/kg i. m.).

Apparatus

The pursuit stimulus was a laser spot back-projected onto a tan-
gent screen that measured 60° by 60° located 40 cm from the
monkey’s eyes. The spot on the screen was 5 mm in diameter with
a luminance of 92 cd/m? against a background of less than
2 cd/m?2. Tts focation was controlled by a pair of servo-controlled
mirror galvanometers (General Scanning, Watertown, Mass.). Mir-
ror position signals were generated by the 12-bit digital-to-analog
converter of the computer and then filtered with an 8-pole, low-
pass Bessel filter with a cutoff frequency of 100 Hz. Our computer
program used a 1000-point waveform per cycle and then put out
multiple cycles at different rates to generate the experimental stim-
ulus. Output rates ranged from 3000 samples/s at 3.0 Hz to 100
samples/s at 0.1 Hz. During the experiment the monkey was seat-
ed in a primate chair with its head fixed at the center of 90 cm
magnetic coils. Eye position was monitored by a magnetic search
coil system (CNC Engineering). Horizontal eye position was mon-
itored using phase differences relative to a reference coil mounted
3 cm from the eye coil for a rotating electromagnetic field vector
(Collewijn et al. 1975). Vertical eye position was based upon am-
plitude changes in induced eye-coil current (Robinson 1963);
these were not corrected for cosine error owing to the small visual
angles used. Eye position measurements were accurate to 15 min
arc for the range of eye movements studied.

Horizontal and vertical eye position as well as horizontal and
vertical mirror position signals were filtered with 8-pole, low-pass



Bessel filters with cutoff frequencies at 500 Hz. These signals
were then digitized at 1000 Hz using the 12-bit analog-to-digital
converter of the computer. Spot position signals were calibrated
each day both statically (horizontal, vertical, and diagonal loca-
tions of 0°, +5°, and £10°) and dynamically (5° and 10° circles)
relative to traces on a moveable calibration screen that was in con-
tact with the viewing screen during calibrations and was then
moved away during the experiment. Eye position calibrations were
conducted at the beginning of each day based upon fixation and
pursuit of the above calibration stimuli. Offset and gain values
were first set so that center position was zero and £10° was £1000
analog-to-digital units. Calibration runs based upon these settings
were then stored by computer. Although calibrations were tested
each day, they were very stable across time in terms of gain, with
only slight changes in offset each day.

Calibration, training, and experimental runs utilized custom
software that allowed real-time monitoring of pursuit performance
and automated reward delivery. The computer displayed eye and
target position as well as +2° rectangular error windows for each
trace. Reward delivery by computer occurred at set points on the
stimulus waveform when the monkey had tracked the target within
the window limits for more than 500 ms. As indicated in the re-
sults, well-trained animals had much smaller errors, and at all but
the highest frequencies stayed within the error window during an
entire run of 5-20 waveform cycles.

Training

The monkeys underwent extensive training before data collection
began. Several weeks were required to accustom each monkey to
the experimental apparatus and to train him to associate correct
tracking performance with reward delivery. During the initial
phase of the training, larger error windows were used and shorter
fixation times were required for reward delivery. Additional weeks
were required to obtain extended performance under multiple
tracking conditions at a variety of waveform frequencies. The
monkeys were trained until gain and phase values were stable for
several days before we collected data for analysis from five daily
sessions. Although we did not systematically study the acquisition
of smooth pursuit behavior in the paradigms described below,
there were clear improvements in performance over the course of
training. These enhancements were not due to a lack of familiarity
with the experimental surroundings or a misunderstanding of the
pursuit task. When the monkeys were switched from sum-of-two-
sines tracking to sum-of-three-sines stimuli after obtaining consid-
erable experience in the task, there were clear improvements over
days after repeated presentations of the new stimulus. In sum,
there were clear practice effects that we attempted to eliminate by
studying pursuit performance after it had reached asymptotic lev-
els.

Waveform terminology and description

In descriptions of complex sum-of-sines waveforms, the following
terminology is used. The frequency of the complex waveform is
called the “waveform frequency” to contrast it from the frequen-
cies of its components, called “component frequencies”. The
waveform frequency is the repeat rate of the trajectory created by
the complex waveform. For example, H2H3 indicates a sum-of-
two-sines waveform created with horizontal (H) components at 2
and 3 times the waveform frequency. H4H6V7 refers to a sum-of-
three-sines trajectory created by adding two horizontal compo-
nents and one vertical (V) component with frequencies 4, 6, and 7
times the waveform frequency. Individual components within a
sum-of-sines waveform will be indicated with parentheses. For in-
stance, the V6 component of the waveform V4V6H7 will be re-
ferred to as V4(V6)H7.

To facilitate comparisons among the components of sum-of-
sines waveforms, components were equated with respect to peak
velocity. This was accomplished by making the amplitude (A) of
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the slowest frequency component equal to 5° and the amplitudes
of higher-frequency components smaller so that the peak velocity
(P) at a particular frequency (f) was a constant given the relation-
ship P=2mAf. Thus, the V2H3 waveform had components with
amplitudes of 5° and 3.33° and frequencies of 2.0 Hz and 3.0 Hz,
respectively, and shared a common peak velocity of 31.4°s at the
waveform frequency of 1.0 Hz.

Data analysis

Two-dimensional eye position traces, as well as the horizontal and
vertical components of these eye position traces were displayed as
overlaid waveforms (see Fig. 1). The same display included eye
velocity traces computed from position data using digital smooth-
ing (50-point Gaussian) followed by symmetric differentiation.
Pursuit performance of a sum-of-sines trajectory was quantified in
terms of its components. Thus, the V4V6H7 wave had three gain-
phase pairs associated with each of its three components:
(V4)V6H7, V4(V6YH7, and V4V6(HT). Gain was the ratio of eye
and target velocity, and perfect tracking corresponded to a gain of
1.0. Phase was the time difference between eye and target velocity
measured as an angle. Positive phase values corresponded to the
eye leading the target, while negative phases indicated the eye lag-
ging the target.

Measurement of pursuit gain and phase were obtained using
custom software that allowed the display and user-controlled dele-
tion of saccades, as well as sinusoid regression fits of saccade-ed-
ited eye-velocity and target-velocity traces at user-specified fre-
quencies. Multiple-component waveforms were analyzed by fit-
ting multiple sinusoids to saccade-edited eye velocity and target
velocity data. For example, H2H3 traces presented at 0.2 Hz were
fit first with a sinusoid at 0.4 Hz and then with a sinusoid at
0.6 Hz. This resulted in a gain and phase for the 0.4-Hz compo-
nent and a gain and phase for the 0.6-Hz component. This proce-
dure is equivalent to estimating the discrete Fourier components of
the sum-of-two-sines waveform at 0.4 Hz and 0.6 Hz. Because our
eye records had missing data points where saccades had been de-
leted, we did not use the fast Fourier transform (FFT) that requires
2 equally spaced data points. Rather, our technique is related to
algorithms for estimating Fourier components from data that is not
sampled at equal intervals because of missing data (Press et al.
1992). These algorithms estimate the Fourier component at a par-
ticular frequency by performing a sine fit at the frequency of the
Fourier component to be estimated. Following the example of oth-
ers (Collewijn and Tamminga 1984;Yasui and Young 1984; Barnes
et al. 1987), we did not compute Fourier components at frequen-
cies other than those used to construct the trajectories. When we
initially performed traditional FFTs on the data, there were no dis-
cernible energy peaks at higher frequencies, in agreement with Ya-
sui and Young (1984).

Statistically significant differences among sets of gain and
phase curves were determined using two-way (frequencyxtrajecto-
ry) analyses of variance (ANOVA) with replication (Winer et al.
1991). To standardize analyses, the same number of replications
(n=10: two monkeysxfive runs) were used for each analysis. Post-
hoc comparisons among trajectory means were based upon the Tu-
key honestly significant difference (HSD) technique (Winer et al.
1991). The HSD defines a significant difference between means
that have been shown to have significant variation using ANOVA.,
These differences take into account the increased errors that arise
from repeated tests. A significance level of P<0.05 was used to de-
fine significant differences for both ANOVA and HSD tests.

Sum-of-sines trajectories were analyzed at three standard wave-
form frequencies: 0.3, 0.4, and 0.5 Hz for sum-of-two-sines trajecto-
ries, and 0.05, 0.10, and 0.15 Hz for sum-of-three-sines trajectories.
These values were selected because they were the three highest fre-
quencies for which consistent behavior was observed across all
waveforms studied over a period of several days in both animals.
This allowed statistical analyses based upon analysis of variance
with replication. Lower frequencies were not studied in detail. In the
limit as the presentation frequency declines to very low values, one
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expects gain and phase values to approach optimal values. This result
was supported by preliminary runs at lower frequencies on the first
monkey that showed gain and phase values all within a range from
0.9 to 1.0 or near-zero lag with component differences that were
small compared with measurement variability. In addition, the mon-
keys did not work at very low frequencies because they received less
reward per second than at higher frequencies, and this increase in re-
ward would have made it difficult to collect a full set of data in the
restricted time period of a daily session. Data collection at higher fre-
quencies was limited by a refusal to perform without reward when
fixation was not maintained. This refusal was probably associated
with poor tracking and not reward delivery, because the monkeys re-
fused to track during runs with a reduced fixation interval and even
when we gave free rewards. Thus, we studied pursuit at intermediate
frequencies that the monkey performed at consistently from session
to session. To allow comparisons between horizontal and vertical
pursuit at the same frequencies, we selected frequencies that were
one or two steps below the maximum frequencies that were consis-
tently attempted by the animals during horizontal pursuit and one
step below the maximum frequencies attempted for vertical pursuit.

Fig. 1 Pursuit during tracking
of the sum-of-two-sines trajec-
tory H3V2 was good at wave-
form frequencies of 0.3 and
0.5 Hz. The top panels show
the two-dimensional (2D) tra-
jectories of the target with ten
eye traces. Below are corre-
sponding component plots of:
horizontal position, horizontal
velocity, vertical position, and
vertical velocity. Target trajec-
tories are indicated by heavy
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Results

Good pursuit performance in terms of both gain and
phase was observed for both sum-of-two-sines and sum-
of-three-sines trajectories at intermediate tracking fre-
quencies. In addition, consistent pursuit strategies and
interactions among pursuit components were observed
that may illuminate some of the mechanisms that control
pursuit. Pursuit at very low frequencies was not studied,
because initial runs and work by others indicated that
gain and phase values for all components were clustered
near optimal values. Any component differences at low
frequencies would have been smaller than the experi-
mental variations observed from session to session. In-
stead we concentrated our data collection at four or five
intermediate frequencies where both monkeys showed
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Fig. 2A-D Gain comparisons
between the high- and low-fre-
quency components used to
construct sum-of-two-sines
waveforms, as well as compari-
sons with single sinusoids at
component frequencies. Data
related to each waveform fre-
quency at a specific waveform
frequency are lined up vertical-
ly. For example, in A the four
points plotted at 0.4 Hz corre-
spond to the mean gain for:
low-frequency single sinusoids
at 0.8 Hz [dashed line with cir-
cles; (H2)], low-frequency
components at 0.8 Hz for
waveforms at 0.4 Hz [solid line
with circles; (H2)H3], high-fre-
quency single sinusoids at

1.2 Hz [dashed line with trian-
gles; (H3)], and high-frequency
components at 1.2 Hz for
waveforms at 0.4 Hz [solid line
with triangles; H2(H3)]. The
components used to compute
gains are in parentheses. The
waveforms analyzed in each
panel are: A H2H3, B H2V3,
C V2V3, D V2H3

Fig. 3A-D Phase comparisons
between the high- and low-fre-
quency components used to
construct sum-of-two-sines
waveforms, as well as compari-
sons with single-sinusoids at
component frequencies. Sym-
bols are the same as in Fig. 2.
Data related to each waveform
frequency at a specific wave-
form frequency are lined up
vertically. For example, in A
the four points plotted at 0.4 Hz
correspond to the mean phase
for: low-frequency single sinu-
soids at 0.8 Hz [dashed line
with circles; (H2)], low-fre-
quency components at 0.8 Hz
for waveforms at 0.4 Hz [solid
line with circles; (H2)H3],
high-frequency single sinusoids
at 1.2 Hz [dashed line with tri-
angles; (H3)], and high-fre-
quency components at 1.2 Hz
for waveforms at 0.4 Hz [solid
line with triangles; H2(H3)].
The components used to com-
pute phases are in parentheses.
The waveforms analyzed in
each panel are: A H2H3, B
H2V3, CV2V3, D V2H3
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Table 1 Two-way ANOVA results for the sum-of-two-sines ex-
periments. Values at the left side of the table are means (based on
three frequenciesxtwo monkeysxfive repetitions) for performance
along specific trajectories across a standard set of waveform fre-
quencies at 0.3, 0.4, and 0.5 Hz. Each mean corresponds to a spe-
cific curve for component gain (Fig. 2), component phase (Fig. 3),
interaction gain (Fig. 4), and interaction phase (Fig. 5). Each line
of the table corresponds to one of the 16 ANOVA tests that were
performed. Statistically significant differences among means on a
line are indicated by a probability (P) value of less than 0.05 for

the trajectory factor based upon an F-test. Similarly, statistically
significant differences among frequency means (not shown) are
indicated by a P value of less than 0.05 for the frequency factor.
When compared trajectories were statistically different, honestly
significantly different (HSD) values based upon the mean square
(MS) error of the trajectory factor were used to determine statisti-
cally significant differences among individual means. That is, a
difference between two means on a line was statistically signifi-
cant if it was greater than the HSD (NS trajectory effect was not
significant and an HSD could not be defined)

Trajectory Components Trajectory Frequency
Low sine  Lowcomp Highsine Highcomp HSD  MSerror F3 108 P F3 108 P
Gains HZH3 0.936 0.789 0.930 0.846 0.063 0.008 17.9 0.00 16.7 0.00
H2V3 0.936 0.832 0.760 0.776 0.076 0.012 15.3 0.00 13.3 0.00
v2v3 0.809 0.586 0.760 0.638 0.115 0.028 114 0.00 134 0.00
V2H3 0.809 0.733 0.930 0.909 0.072 0.011 22.6 0.00 15.8 0.00
Phases H2H3 -1.4 6.1 -6.6 -7.2 32 21.3 53.6 0.00 2.4 0.10
H2V3 -14 2.0 -104 —-13.1 3.7 29.1 53.1 0.00 59 0.00
V2v3 -1.6 8.9 -10.4 -12.2 4.5 43.1 65.1 0.00 75 0.00
V2H3 -1.6 1.3 —6.6 -9.4 3.3 24.0 28.8 0.00 3.8 0.00
Trajectory Interactions
Alone +Same +Orthogonal
Gains H2 0.936 0.789 0.832 0.056 0.008 21.1 0.00 8.7 0.00
H3 0.930 0.846 0.909 0.056  0.008 7.0 0.00 21.5 0.00
v2 0.809 0.586 0.733 0.094 0.023 16.6 0.00 8.9 0.00
V3 0.760 0.638 0.776 0.100 0.026 6.6 0.00 13.0 0.00
Phases H2 -1.4 6.1 2.0 1.5 6.0 71.0 0.00 1.2 0.30
H3 -6.6 72 -9.4 NS 42.0 1.5 0.23 4.6 0.00
V2 -1.6 8.9 1.3 22 12.2 72.4 0.00 0.6 0.50
V3 -104 -12.2 -13.1 NS 61.8 1.0 0.39 10.5 0.00

consistent performance from day to day. The maximum
frequency studied quantitatively was one or two frequen-
cy steps below the very highest frequencies initially at-
tempted by the animals {see Materials and methods).

Sum-of-two-sines pursuit
Examples

In the first set of experiments, four sum-of-two-sines tra-
jectories were studied: H2H3, V2V3, H2V3, V2H3.
Each was created by combining sinusoids with a fre-
quency ratio of 2 to 3 on the horizontal and/or vertical
axis. To reduce velocity effects, the two components
were equated for velocity. Examples of tracking perfor-
mance for the H3V?2 trajectory at 0.3°Hz and 0.5 Hz are
shown in Fig. 1, where target traces are represented by
thick lines and eye traces are shown as thin lines. Notice
the consistent and smooth pattern of pursuit across re-
peated trajectories. Overshoots at turn-around points
were similar across cycles, and, when corrective sac-
cades did occur, they were well integrated into the flow
of ongoing pursuit. Although saccades were clearly ap-
parent as spikes in velocity traces, they were not as
readily apparent in the one- and two-dimensional posi-

tion traces. This is due to the increased frequency of sac-
cadic corrections in the direction of ongoing movement
near points of high velocity, with only occasional correc-
tions perpendicular to the direction of movement. These
saccades are most apparent in velocity traces, where they
appear as upward velocity spikes at velocity peaks and as
downward velocity spikes at velocity minima. In both
cases, corrective saccades were used to increase velocity
in the direction of ongoing pursuit. Similar results were
obtained for the other three trajectories.

Overall performance

All trajectories were tracked accurately at low frequen-
cies, followed by a decline in performance with increas-
ing frequency. This is illustrated by the gain-frequency
curves in Fig. 2 and by the phase-frequency curves in
Fig. 3. Results are plotted in terms of waveform frequen-
cy so that data from the components of individual wave-
forms, as well as comparison sinusoids presented alone,
line up vertically. Mean values of gain and phase across
trajectories are based upon the means for individual tra-
jectories in Table 1 at three frequencies: 0.3, 0.4, and
0.5 Hz. Statistically significant differences between com-
ponents are based upon ANOVA results from Table 1.
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The mean gain across the four trajectories was 0.74
for low-frequency components and 0.79 for high-fre-
quency components. Both values indicate good tracking
relative to a perfect gain value of 1.00. On average, the
high-frequency components showed a phase lag of 10°
and the low-frequency components showed a phase lead
of 5°. These phase values were close to values for perfect
tracking of 0°. At least four variables controlled pursuit
performance: frequency, horizontal versus vertical axis,
high- versus low-frequency component, and interactions
among these variables.

Frequency effects

As observed in other experiments, there were declines in
gain and increases in the magnitude (absolute value) of
phase with increasing frequency. These effects were al-
ways statistically significant for gain (Table 1) and were
also significant for phase, except for the H2H3 wave-
form, where increases in phase lead for (H2)H3 can-
celed increases in lag for the H2(H3), H2, and H3
curves.

Horizontal versus vertical axis effects

A second variable controlling pursuit performance was
the presentation axis: pursuit was consistently more diffi-
cult along the vertical axis. The worst values of gain and
phase were obtained for the purely vertical trajectory,
V2V3, with mean gains of 0.59 and 0.64 for low- and

Component frequency (Hz)

high-frequency components from Table 1. These values
were well below corresponding H2H3 values of 0.79 and
0.85. Similarly, V2V3 phase shifts of 9° and —12° were
larger in magnitude than H2H3 values of 6° and —7°. All
other factors being equal, horizontal and vertical compo-
nents follow this relationship:

Gain(Horizontal)>Gain(Vertical)
[Phase(Vertical)i>IPhase(Horizontal)l

Note that the second relationship only works for the
magnitude of the phase. Factors determining the sign of
the phase are discussed below. We stress that these and
other inequalities below serve only to summarize the em-
pirical data succinctly and are not designed to suggest
the quantification associated with a detailed mathemati-
cal model of pursuit.

High- versus low-frequency component effects

A third factor affecting pursuit was the relative frequen-
cy of a component: the high-frequency component was
usually tracked with a higher gain than the low-frequen-
cy component. The only exception to this rule was for
the H2V3 trajectory, which showed a somewhat higher
gain for the low-frequency horizontal component at 0.83
compared with 0.78 for the high-frequency vertical com-
ponent. Here higher gains for horizontal tracking offset
the tendency for the low-frequency component to be
tracked with lower gain.

A more consistent result was obtained for differences
between the gains of high- and low-frequency compo-



228
Fig. SA-D Phase effects on a 20

single sinusoid when a second A
sinusoid is added to the orthog- i
onal or the same axis. Symbols

are the same as for Fig. 4. In 0- .. 810&_—;?0

e Bl
.

each panel the three lines indi-
cate the phase of the sinusoid
when presented: alone (dashed
line with filled circles), with a
second sinusoid on the same
axis (solid line with filled cir- (H2)H3
cles), or with a second sinusoid 1

on the orthogonal axis (solid —O— (H2)V3

Phase

(H2)
—— e

LY ..
- - )

.

»

# --e-- (V)
| —e— (v2)v3

—0— (V2)H3

line with empty circles). Com- -40 T I
ponents used to compute phas-
es are in parentheses. The

T T T T T T

waveforms analyzed in each 20
panel are: A H2, B H3, C V2, B D
D V3 7 .
o 04 i
0 e-.
©
8 4 4
o
207 _e-- (Ha -~ (v3)
| —e— H2H3) 4 —e— v2vg)

—0— V2(H3)

—0— H2(V3)

00 05 10

Component frequency (Hz)

nents compared with single-sinusoid gains at the same
frequencies and amplitudes. When single-sinusoid gain
values were subtracted from corresponding components
of sum-of-sines stimuli, the following relationship sum-
marizes the results:

|AGain(Low)I>IAGain(High)l

Here A indicates the change in component gain relative
to single-sinusoid values (component gain—single-sinu-
soid gain). The equation specifies that the largest chang-
es in gain (in this case reductions) were observed for
low-frequency components.

There was also a clear lag-lead relationship for the
phases of component pairs. The high-frequency compo-
nent was tracked with a phase lag, while the low-fre-
quency component was associated with a phase lead.
Phase leads were never observed when sinusoids were
tracked alone. That is, the addition of a high-frequency
component changed the phase of low-frequency tracking
from a phase lag to a phase lead. Furthermore, the phase
lag of the high-frequency component was often increased
to an even greater phase lag with the addition of a second
sinusoid of lower frequency. The following inequalities
capture these relationships:

Phase(Low)>0>Phase(High)
APhase(Low)>0>APhase(High)

Interaction effects

Interactions among components were studied by compar-
ing the effects of adding a same-axis versus an orthogo-

1t5 2t0 0.0 015 1i0 1{5 2.0
Component frequency (Hz)

pal-axis component to a single sinusoid. Figure 4 shows
gain-frequency plots of sinusoids presented alone (bro-
ken lines) and in combination with a second sinusoid ap-
plied to the same axis (solid lines with closed circles) or
the orthogonal axis (solid lines with open circles). A
consistent set of patterns was observed for the low-fre-
quency components, H2 and V2. The gain of a low-fre-
quency sinusoid presented alone, was always greater
than the gain of the same sinusoid paired with a higher-
frequency component on the orthogonal axis, which, in
turn, was greater than when they were paired on the
same axis. The following inequality summarizes these
relationships:

Gain(Low alone)>Gain(Low+Orthogonal)
>Gain{Low+Same)

A related but somewhat different pattern was observed
for the high-frequency components H3 and V3. Their
gains were significantly reduced when paired with same-
axis sinusoids, but were not significantly reduced when
paired with orthogonal-axis sinusoids (Table 1 indicates
that these differences were always less than the HSD).
These relationships are specified by:

Gain(High alone)~Gain(High+Orthogonal)
>Gain(High+Same)

Significant interaction effects were observed for the
phase of low-frequency components, but were not ob-
served for high-frequency components. Results are shown
in Fig. 5 for the four different trajectories. When present-
ed alone, sinusoids were always tracked with a phase lag.
This lag was changed to a lead when a higher-frequency



Fig. 6 Pursuit during tracking
of the sum-of-three-sines tra-
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sinusoid was added to either the same or the orthogonal
axis, with larger effects when the second sinusoid was
added to the same axis. In contrast, the addition of a low-
er-frequency sinusoid had no statistically significant ef-
fect on the phase of a higher-frequency component. These
ideas are summarized by the following inequalities

Phase(Low+Same)>Phase(Low+Orthogonal)>0
>Phase(Low alone)

0>Phase(High alone)=Phase(High+Same)
~Phase(High+Orthogonal)

Sum-of-three-sines pursuit

Related, although not identical, results were observed for
more complex sum-of-three-sines trajectories. The lead-

lag relationship for low- versus high-frequency compo-
nents was retained, but the gain effects were smaller and
less consistent than those observed above. A primary
finding was that pursuit was still quite good for these
more complex trajectories. Figure 6 shows eye trajecto-
ries for the H4H6V7 waveform at 0.05 Hz and 0.15 Hz.
Pursuit was smooth and consistent across repetitions of
the same trajectory, and, although the initiation points of
saccades were more scattered, they were still more com-
mon at high-velocity points. Gain (Fig. 7) and phase
(Fig. 8) measurements indicated that the monkeys
tracked these sum-of-three-sines trajectories with good
precision. Means of the gains for individual trajectories
(Table 2) for low-, medium-, and high-frequency compo-
nents were: 0.86, 0.88, and 0.93; while corresponding
phase values were: +6°, —2°, and —4° at the three fre-
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Fig. 7A-D Gain comparisons
among high-, medium- and
low-frequency components
used to create sum-of-three-
sines trajectories. Lines indi-
cate the gain of low- (filled cir-
cles), medium- (empty circles),
and high-frequency (filled tri-
angles) components. Data from
the same waveform are aligned
vertically. Thus, the points at
0.10 Hz correspond to mean
gains for three components at
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quencies used for quantitative analysis: 0.05, 0.10, and
0.15 Hz. These gain and phase values are somewhat
higher than those observed for sum-of-two-sines pursuit,
in part, because the components used to construct these
trajectories were somewhat lower in frequency. These

T
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T T T T
020 025 000 005 010 015 020 025

Waveform frequency (Hz)

frequencies were used because the monkeys would not
perform at higher frequencies (see Materials and meth-
ods).

The most striking differences among components
were observed for phase (Fig. 8). The lag-lead relation-



Table 2 Two-way ANOVA results for the sum-of-three-sines ex-
periments. Values on the left side of the table are means (based on
three frequenciesxtwo monkeysxfive repetitions) for performance
along specific trajectories across a standard set of waveform fre-
quencies at 0.05, 0.10, and 0.15. Each mean corresponds to a spe-
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cific curve for component gain (Fig. 7), component phase (Fig. 8),
interaction gain (Fig. 9), and interaction phase (Fig. 10). Each line
of the table corresponds to one of the 16 ANOVA tests that were
performed. See Table 1 for more detail

Trajectory  Components Trajectory Frequency
Low Medium High HSD Ms error F, 41 P F, ¢ P
Gains  H4H6H7 0913 0.907 0.958 0.035 0.003 72 0.00 27.4 0.00
H4H6V7 0.917 0.953 0.899 0.027 0.002 12.7 0.00 39.6 0.00
V4V6V7 0.795 0.785 0.839 NS 0.014 1.7 0.18 21.8 0.00
V4VE6H7 0.825 0.862 1.024 0.052 0.007 48.4 0.00 13.8 0.00
Phases H4H6H7 52 -0.8 -2.0 1.6 6.9 64.6 0.00 1.0 0.39
H4H6V7 38 -1.2 -3.6 1.8 8.8 48.0 0.00 7.5 0.00
V4V6V7 9.5 -2.1 —4.0 2.5 16.7 95.7 0.00 5.1 0.01
V4V6H7 438 -2.0 -4.7 1.5 6.2 114.9 0.00 11.7 0.00
Trajectory  Interactions
Alone +Same +Orthogonal
Gains  (H4)H6 0.937 0913 0.913 NS 0.002 2.6 0.08 28.5 0.00
H4(H6) 0.984 0.907 0.951 0.028 0.002 21.5 0.00 275 0.00
(V4)Ve 0.808 0.795 0.819 NS 0.012 0.4 0.69 12.2 0.00
V4(V6) 0.864 0.785 0.859 0.063 0.010 5.8 0.00 18.1 0.00
Phases (H4)H6 2.5 52 3.8 0.9 2.1 26.0 0.00 48.5 0.00
H4(H6) -1.4 -0.8 -1.2 NS 7.9 04 0.66 15.6 0.00
(V4)Ve 6.2 9.5 438 1.6 6.7 25.6 0.00 22.5 0.00
V4(V6) -2.8 -2.1 -2.0 NS 13.6 04 0.67 29.4 0.00

ship associated with high- versus low-frequency compo-
nents was very clear for every waveform and at every
frequency. High- and medium-frequency components
had phase lags, while low-frequency components exhib-
ited clear and consistent phase leads. Gain differences
between components were weaker than differences be-
tween sum-of-two-sines components (Fig. 7), but the
high-frequency component was still tracked with the
highest gain for all but the H4H6V7 trajectory where the
high-frequency component was along the vertical axis.
The largest gain differences were observed for the
V4V6HT7 trajectory with a horizontal high-frequency
component.

One goal of this investigation of sum-of-three-sine
combinations was to study the effects of adding a single
sinusoid to a trajectory that was already complex. This
was done by computing gain and phase values for the
waveforms H4H6 and V4V6 presented alone and in
combination with the higher-frequency components H7
and V7 on the same or orthogonal axis. The results in
terms of component gain are illustrated in Fig. 9. The
top panels of Fig. 9 show curves that are statistically
identical (Table 2). This indicates that the addition of
high-frequency components, H7 or V7, did not affect
the gain of the lower-frequency components (H4)H6
and (V4)V6. This result does not contradict previous
results based upon sum-of-two-sine combinations, be-
cause (H4)H6 and (V4)V6 have already been sup-
pressed by their combination with H6 and V6. The bot-
tom panels illustrate findings for the intermediate-fre-

quency components H4(H6) and V4(V6). Both showed
statistically significant reductions in gain when an addi-
tional sinusoid was added along the same axis. When
an additional sinusoid was added to the orthogonal ax-
is, smaller decreases were observed that were statisti-
cally significant for H4(H6), but were not significant
for V4(V6).

In contrast to gain interactions that only occurred for
the intermediate-frequency components, phase interac-
tions were still strongest for low-frequency compo-
nents. The top panels of Fig. 10 show significant differ-
ences (Table 2) between the phases of the (H4)H6 and
(V4)V6 components presented alone compared with
their combination with H7 and V7 components on the
same or orthogonal axis. In both cases the largest
changes were observed for the same-axis additions,
(HAHHO6H7 and (V4)V6V7. Orthogonal-axis additions
resulted in an increase in phase lead for (H4)H6V7 and
a slight decrease in phase lead for (V4)V6H?7. In each
panel, all three curves indicate leads, because these
low-frequency components are always combined with
higher-frequency components. The effects on H4(H6)
and V4(V6) of same- and orthogonal-axis additions
shown in the bottom panels were not statistically signif-
icant,
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Fig. 9A-D Gain effects on
complex sum-of-two-sines pur-
suit when a third sinusoid is
added to either the orthogonal
or the same axis. Three lines in
each panel show the gain of ei-
ther a high- or low-frequency
component for sum-of-two-
sines trajectories (dashed line
with filled circles) and how
their gain is affected by the ad-
dition of a third sinusoid on the
same axis (solid line with filled
circles), or the orthogonal axis
(solid line with empty circles).
Components used to compute
gains are in parentheses. The
base sum-of-two-sines wave-
forms for each panel are:

A (H4)H6, B H4(H6),

C (V4)V6, D V4(V6)

Fig. 10A-D Phase effects on
complex sum-of-two-sines pur-
suit when a third sinusoid is
added to either the orthogonal
or the same axis. Three lines in
each panel show the phase of
either a high- or low-frequency
component for sum-of-two-
sines trajectories (dashed line
with filled circles) and how
their phase is affected by the
addition of a third sinusoid on
the same axis (solid line with
filled circles) or the orthogonal
axis (solid line with empty cir-
cles). Components used to
compute phases are in paren-
theses. The base sum-of-two-
sines waveforms for each panel
are: A (H4)H6, B H4(H6),

C (V4)V6, D V4(V6)
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curacy at intermediate frequencies before pursuit broke

down. Mean values for component gain averaged 0.83,
while the mean phase magnitude was 6°. This accuracy
is not possible using simple feedback control systems

that make trajectory changes after delays that have been
estimated at 100200 ms (Rashbass 1961; Robinson



1965; Fuchs 1967; Becker and Fuchs 1984; Leung et al.
1994; Leung and Kettner 1995). While simple feedback
control works well for systems with feedback delays that
are small relative to changes in input, the feedback de-
lays associated with visual pursuit are too long to explain
the high quality of pursuit that was observed in these and
other experiments. This point has been made before with
regard to low-frequency components of complex pursuit
in terms of phase leads (Dallos and Jones 1963; Yasui
and Young 1984) and with regard to the highest-frequen-
cy components in terms of gain and phase (Barnes et al.
1987; Barnes and Ruddock 1989). We have now ob-
served both effects in monkeys with an ultimate aim of
studying the neural mechanisms of predictive pursuit
along complex trajectories. We have also extended previ-
ous analyses of horizontal pursuit to vertical and two-di-
mensional pursuit.

Differential processing of high- and low-frequency
components

The trajectories that were tracked in the present study
were created by applying two or three sinusoids in vari-
ous combinations to horizontal and vertical axes. The re-
sulting trajectories were relatively complex but still had
the advantage of allowing a breakdown of pursuit perfor-
mance into sinusoidal components for quantitative analy-
sis. There were clear and consistent differences in the
processing of these components that suggested two types
of tracking control. High-frequency components tended
to be tracked with a higher gain and a phase lag, while
low-frequency components were processed with a lower
gain and a phase lead.

Comparisons between single sinusoids and compo-
nents of the same frequency and amplitude suggested the
following generalization about what occurs when sinu-
soids are combined: tracking of the high-frequency com-
ponent is relatively less affected by the combination; it
retains its high gain and phase lag with relatively little
modification. In contrast, the low-frequency component
is more strongly altered: its gain is reduced, and its phase
relationship with the target switches from lag to lead.
Thus, the clear differences in high- versus low-frequency
component tracking result primarily from changes in the
tracking of the low-frequency component.

High- versus low-frequency gain and phase differ-
ences have been noted by other investigators for sum-of-
sines stimuli restricted to the horizontal axis in humans
(Barnes et al. 1987; Barnes and Ruddock 1989). They
have argued that the tracking of a sum-of-sines trajectory
is dominated by the highest-frequency component, while
tracking performance for other components are reduced
in gain. With some provisos, we have extended these re-
sults to vertical trajectories and to two-dimensional tra-
jectories. In light of the present experiments, we would
add the idea that the highest-frequency component ap-
pears to be tracked like a single sinusoid, and that the
low-frequency component is tracked in a different but not
necessarily reduced mode. After all, a phase lead may in-
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dicate predictive tracking that is beneficial to overall
tracking performance (Yasui and Young 1984). In addi-
tion, while we see changes in gain for the low-frequency
component, the most consistent changes are in phase.

Horizontal versus vertical pursuit

Significantly better tracking was observed for trajecto-
ries restricted to the horizontal compared with the verti-
cal axis, a result that has also been reported for human
pursuit (Collewijn and Tamminga 1984; Baloh et al.
1988). This suggests a clear asymmetry in the systems
that control pursuit. A neural substrate for this difference
is provided by physiological studies that support the idea
of independent horizontal and vertical channels for eye
movement control. Recording and stimulation studies in-
dicate that distinct brainstem regions are related to hori-
zontal and vertical eye control (Fuchs and Kimm 1975;
Chubb and Fuchs 1982; Chubb et al. 1984; Tomlinson
and Robinson 1984; Langer et al. 1986; McCrea et al.
1987a,b; Mustari and Fuchs 1989; McFarland and Fuchs
1992; Scudder and Fuchs 1992). There is also evidence
that the flocculus of the cerebellum, which has been im-
plicated in the control of smooth pursuit (Zee et al.
1981), is divided into separate horizontal and vertical
zones based on electrical stimulation, anatomical and
neural recording studies (Miles et al. 1980; Balaban et al.
1981; Balaban and Watanabe 1984; Lisberger and Fuchs
1978a, b; Belknap and Noda 1987; Stone and Lisberger
1990a, b; Sato and Kawasaki 1991). Many of these re-
sults may reflect the control of specific ocular muscles
associated with horizontal and vertical eye movement.

One initial reason for conducting this study was to ex-
amine interactions between horizontal and vertical pur-
suit. Because of the anatomical and functional evidence
for a division between horizontal and vertical eye move-
ment systems, it was logically possible that horizontal
and vertical eye movement behaviors would also be in-
dependent. This hypothesis was not supported by the
present experiments. There were clear effects of presen-
tation axis that would not have occurred if horizontal and
vertical pursuit were independent. This finding is consis-
tent with other physiological data from brain regions that
send visual information to the cerebellum and other brain
structures controlling eye movements. For example, cer-
ebellar areas controlling eye movements receive mossy
fiber inputs from the dorsolateral pontine nuclei which,
in turn, receive input from the middle temporal and me-
dial superior temporal areas of the neocortex. Neurons in
these three regions show preferred directional tuning for
a wide range of visual movements (Maunsel and Van Es-
sen 1983; Mustari et al. 1988; Kawano et al. 1992,
1994). In addition, Purkinje cell responses to vestibular
stimulation suggest deviations from pure horizontal or
pure vertical tuning (Fukushima et al. 1990; Powell et al.
1992, 1994; Graf et al. 1993) and receive a wide range of
afferent fiber inputs (Sato et al. 1983).

These interactions are not due to saturation nonlinear-
ities in any simple sense because they were observed
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across a wide range of trajectory velocities, as they were
observed for both high- and low-frequency components
and they acted both to increase and decrease gain and
phase values. By definition, none of these nonlinear in-
teractions can be generated by linear models. Some mod-
els (Robinson et al. 1986; Krauzlis and Lisberger 1989)
have introduced saturation nonlinearities, but do not ad-
dress interactions between axes. Although it is generally
possible to approximate the behavior of a nonlinear
system by a linear model for some local subset of inputs
and outputs, the range of normal pursuit behaviors de-
scribed in this report appears to exceed these boundaries.
In particular, predictive processes that vary with compo-
nent frequency are not easily modeled by linear systems.

Even so, we did observe a limited independence be-
tween horizontal and vertical control. We found that
same-axis interactions between waveforms were stronger
than orthogonal-axis interactions. Put another way, two-
dimensional trajectories were tracked with more accura-
cy than one-dimensional trajectories created with the
same components, albeit on different axes. If one dis-
cards the notion that distinct brain systems control hori-
zontal versus vertical pursuit, these results may also be
explainable in terms of two-dimensional trajectory vari-
ables. For example, the two-dimensional trajectories ap-
peared smoother to us than the one-dimensional trajecto-
ries. In a preliminary study (Kettner et al. 1994) we have
quantified this observation by computing the mean vari-
ance of the waveform velocity for both one- and two-di-
mensional trajectories created from same-frequency
components. The results show that velocity is more vari-
able for the one-dimensional trajectories. This could ex-
plain why these trajectories are more difficult to track
and why same-axis interactions are stronger than orthog-
onal-axis interactions.
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