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Abstract Previously we demonstrated the presence of a
behavioral phase transition between reactive and pre-
dictive eye tracking of alternating targets. Prior studies
of repetitive movements have proposed that an
“internal clock™ is the neural mechanism by which
interval timing is achieved. In the present report we
tested whether predictive oculomotor (saccade) track-
ing is based on an internal time reference (clock) by
examining the effect of transient perturbations to the
periodic pacing stimulus. These perturbations consisted
of altering the timing of the stimulus (abruptly
increasing or decreasing the inter-stimulus interval) or
extinguishing the targets altogether. Although reactive
tracking (at low pacing rates) was greatly affected by
these timing perturbations, once predictive tracking was
established subjects continued to time their eye move-
ment responses at the pre-existing rate despite the
perturbation. As expected from certain clock models,
inter-stimulus intervals for predictive tracking followed
Weber’s law and the scalar property (timing variability
increases in proportion to interval duration), but this
was not true for reactive tracking. In addition, the
perturbation results show that subjects can establish an
internal representation of target pacing (the internal
clock) in as little as two eye-movement intervals, which
suggests that this mechanism is relevant for real-world
situations. These findings are consistent with the pres-
ence of an internal clock for the generation of these
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predictive movements, and demonstrate that the neural
mechanism responsible for this behavior is temporally
accurate and flexible.

Introduction

Humans are remarkably good at producing repetitive
rhythmic behaviors such as tapping (e.g., Stevens 1886;
Dunlap 1910; Hary and Moore 1985; Engstrom et al.
1996; Engbert et al. 2002; Miyake et al. 2004). This
motor activity typically involves synchronization with
an external pacing stimulus (Hary and Moore 1985,
1987; Roberts et al. 2000; Repp 2001; Ding et al. 2002).
The ability to accomplish such synchronization to a high
degree of timing accuracy suggests the presence of cen-
tral predictive mechanisms to overcome inherent neural
processing delays. That such activity can persist after the
cessation of the stimulus (Harrington et al. 1998; Rob-
erts et al. 2000; Jantzen et al. 2004), and can be invoked
even in the absence of an external stimulus (self-paced
movements: Rao et al. 1997; Semjen et al. 2000), indi-
cates that these behaviors are mediated by an internal
timing reference or ““clock.” The idea of such an internal
clock is not new in neurophysiological studies of timing
and synchronization (Stevens 1886; Treisman 1963).
(Although the biological relevance of its role in the
generation of predictive saccadic eye movements has not
been explored in the same manner as we do here.) Many
studies have demonstrated characteristics of timed
behaviors that lead to the conclusion that a neural clock
is controlling the response (see Ivry 1996 and Schéner
2002 for some examples).

There are two prevailing models for such a clock:
pacemaker-counter, and interval timer. A pacemaker-
counter model consists of a discrete pacemaker or timer,
and a counter, which counts the appropriate number of
fundamental periods generated by the pacemaker. This
system can produce intervals over a wide range of dura-
tions by changing the count threshold. It can also allow a
single central pacemaker to control different movements
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through separate counters. The interval-timer model
simply generates an interval of whatever duration is
required. This allows for timing flexibility since it is not
tied to a preferred pacemaker frequency (Ivry 1996).

The specific form of the model is not crucial to
interpreting the results that we present here. Neverthe-
less, depending on the pacemaker frequency, the pace-
maker-counter model might be expected to yield motor
timings with discrete increments. Given a fundamental
rate of approximately 50 Hz (Treisman 1963; Treisman
et al. 1990), or a period of 20 ms, we might expect
latencies or intervals to be discretized with this basic
unit, but we do not, and this lends support to the
interval-timer model. One consequence of either model
formulation is Weber’s law (timing variability increases
as the duration of the timed interval increases) and the
scalar property (distributions of response time overlap
when normalized by the mean interval) (Gibbon 1977,
Gibbon et al. 1997; Schoner 2002). These characteristics
can help to distinguish between clock and non-clock
models of predictive behavior, and one of the key results
in the present study is that sequences of predictive but
not reactive saccades exhibit these traits.

The neural structures responsible for motor event
timing (and also perceptual timing) appear to be pre-
dominantly distributed between the cerebellum and the
basal ganglia (Ivry 1996; Dreher and Grafman 2002;
Ivry and Spencer 2004; Buhusi and Meck 2005), with the
cerebral cortex concerned with attention and memory
(Meck 1996). The cerebellum seems to be most involved
in automatic timing: encoding shorter intervals (less
than 1 s, Clarke et al. 1996) and discrete-event (discon-
tinuous) timing. Evidence for cerebellar involvement
includes the fact that lesions of the cerebellar cortex
disrupt the precise timing of eyeblink conditioning
(Perrett et al. 1993), and cerebellar lesions in humans
impair the ability to make discrete timed movements
such as tapping (Spencer et al. 2003). Imaging studies
confirm that the cerebellum is involved in these pro-
cesses (e.g., Dreher and Grafman 2002). The basal
ganglia, on the other hand, are implicated in continuous-
event, cognitively controlled timing: encoding longer
intervals that require attention possibly by using a clock-
counter mechanism (Meck 1996). Evidence for their
involvement in timing includes the finding of an increase
in variability during tapping in patients with Parkinson’s
disease (O’Boyle et al. 1996).

A motor-timing model due to Wing and Kristoffer-
son (1973a, b) makes use of a clock mechanism such as
one of these, and is one of the most well studied. It
distinguishes between central clock variance and motor
delays, and assumes that clock intervals and motor de-
lays are independent from trial to trial. The model re-
sults in negative dependence between successive
intervals, with no correlation beyond that. This clearly is
not true for sequences of predictive saccades which show
extensive long-term correlations (Shelhamer 2005). This
and other results suggest that the model is not true for
repetitive saccades (Collins et al. 1998).

Although such a clock concept is well established in
some areas of motor control (Meck and Benson 2002;
Ivry and Richardson 2002), the operation of a clock in
the generation of predictive saccadic eye movements has
not been demonstrated. It is our intent here to present
experimental evidence for such a clock, to discuss some
of the features that make the “‘saccade clock” unique,
and to argue for its biological relevance.

Previous studies of normal human subjects making
eye movements to alternating targets (Stark et al. 1962;
Ross and Ross 1987; Zambarbieri et al. 1987; Shelhamer
and Joiner 2003; Isotalo et al. 2005) have demonstrated
that there are distinct pacing frequency ranges that
promote high-latency reactive (0.2-0.4 Hz) or low-la-
tency predictive (0.8-1.0 Hz) behaviors. Our earlier
experiments (Shelhamer and Joiner 2003) reported a
behavioral “phase transition” as subjects tracked alter-
nating targets as the pacing frequency monotonically
increased and then decreased. When subjects tracked the
targets at a low pacing frequency (0.2 and 0.3 Hz) they
made reactive eye movements. As pacing frequency
monotonically increased, subjects made an abrupt
transition at a critical frequency (near 0.7 Hz) to a
predictive response and continued this behavior at the
higher pacing frequencies (0.9 and 1.0 Hz). When pacing
then monotonically decreased in frequency, a phase
transition from predictive to reactive behavior occurred,
but at a lower critical frequency (near 0.5 Hz). In other
words, once predictive tracking was established, it ten-
ded to remain in operation even at stimulus frequencies
that previously evoked reactive behavior.

In addition, we showed that the latencies of consec-
utive predictive saccades are correlated while those of
reactive saccades are independent. This supports our
interpretation that in the phase-transition experiment
subjects switch between reactive stimulus-based saccades
(uncorrelated from trial to trial) and predictive saccades
that are internally initiated and timed (strong correla-
tions between trials). A subsequent study (Shelhamer
2005) also showed that sequences of predictive saccades
are correlated over a span of approximately 2 s, sug-
gesting that the internal timing reference could be
established within this time frame.

Our hypothesis that the saccade tracking system
makes transitions in to and out of a clock-based pre-
dictive mode is also supported by experiments demon-
strating that different cortical structures are involved in
each type of movement. Reactive visually guided sac-
cades are dependent upon the parietal eye fields (PEF)
(Pierrot-Deseilligny et al. 1991) whereas internally trig-
gered saccades (predictive, memory, and antisaccades)
involve the frontal eye fields (FEF), dorsolateral pre-
frontal cortex (DLPFC), and supplementary eye fields
(SEF) (Pierrot-Deseilligny et al. 2003, 2004; Schlag-Rey
et al. 1997). Based on these data, the transition from
reactive behavior to predictive and vice versa might in-
volve a shift in activity from neural systems supporting
sensory guided behavior to those supporting internally
generated predictive behavior (Simé et al. 2005).



In this study we sought to determine: (1) if predictive
tracking of targets persists despite abrupt changes to
target timing, as a consequence of these movements being
based on an internal clock, (2) the minimum number of
stimulus-response intervals required to establish this
internal clock, (3) if the conditional probability of making
consecutive predictive saccades at a given pacing rate
supports our contention that they continue in the face of
stimulus perturbations, (4) if there is an increase in timing
variability as pacing period increases as expected from a
clock, and (5) if distributions of inter-saccade intervals at
different predictive pacing frequencies overlap when nor-
malized by the mean interval, also consistent with a neural
clock. Subjects tracked targets at initial pacing frequencies
used in our previous experiment (0.2—-1.0 Hz). The pacing
was then abruptly changed to a frequency that mainly
promoted reactive saccades (0.2 Hz), predictive saccades
(1.0 Hz), or the targets were turned off completely. We
find that changes in the stimulus pacing rate between
frequencies that promote the same behavior (for example
a perturbation from 0.3 Hz to 0.2 Hz) have little effect on
subjects’ ability to alter the timing of their movements.
This is also true when the stimulus pacing rate abruptly
changes from a reactive pacing frequency (0.2 Hz) to a
predictive pacing frequency (1.0 Hz). However, the
opposite perturbation (predictive pacing frequency to
reactive pacing frequency) has a different effect: subjects
continue tracking at the predictive pacing frequency even
though target pacing has changed to one that normally
promotes reactive behavior. The variance of the inter-
saccade interval distributions at these predictive frequen-
cies increased with interval length, and these distributions
overlapped when normalized by the mean, consistent with
an internal clock process (Gibbon 1977; Gibbon et al.
1997; Schoner 2002). When the targets alternated at these
predictive frequencies and then were abruptly turned off,
subjects continued to make saccades at a rate similar to
that prior to the perturbation. We also found that the
probability of making consecutive predictive saccades in a
sequence is higher than that expected by chance and may
explain why this behavior persists through the perturba-
tions. Finally, using an abbreviated version of the per-
turbation experiment, we found that the internal timing
reference can be achieved in as little as two stimulus
intervals. Based on these findings, we propose that
predictive tracking of alternating targets is based on an
internal timing reference or clock, and that this neural
mechanism is responsible for the stability of such tracking
and for the hysteresis noted in our earlier experiments.

Methods
General

The eye movements of nine subjects were recorded
while they performed one of three main saccade tasks.
Informed consent, according to the local institutional
review board, was obtained from each participant. Data
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were acquired on a PC-compatible Pentium 166-MHz
computer running real-time experiment control software
developed in-house. Horizontal movements of the eyes
were recorded with a Series 1000 Binocular Infrared
Recording System (Microguide), sampled at 1,000 Hz.
The system was calibrated prior to data acquisition
by having subjects fixate targets at known locations.
Subjects were seated in a stationary chair, and the head
was fixed with a chin rest.

We report on the performance of nine subjects while
they performed three main eye-movement tasks. Sub-
jects A—E performed task 1 (perturbation), subjects B,
E, and G-I performed task 2 (continuation), subjects
A-D and H performed task 3 (latency distribution),
and subjects A—C, E, and F performed an abbreviated
version of task 1 (task 4, brief perturbation); only
subject B had prior knowledge of the goals of the
study. The first task was designed to examine if sub-
jects could alter the timing of their eye movements after
an abrupt increase or decrease in the inter-stimulus
interval (ISI) of the alternating targets. The second task
sought to determine if subjects would continue pre-
dictive tracking after the visual stimulus was extin-
guished. The third task was designed to determine the
probability of switching between reactive and predictive
tracking within a sequence of saccades at a given
pacing frequency. In all tasks, subjects followed target
jumps between two LEDs located 15° on either side of
the vertical midline in a dark room. In each case,
subjects were asked to follow the targets and were
given no explicit instructions as to timing or accuracy;
they were told simply to ‘““look at the targets.” To
ensure that the subject was alert during each experi-
ment, 1-min breaks were given between each block of
trials and the order of the blocks was randomized.
(“Trial” in this report refers to a single target jump;
that is, the stimulus for a single saccade. A “‘cycle” is
two consecutive trials.)

Based on previous experiments (Stark et al. 1962;
Ross and Ross 1987; Zambarbieri et al. 1987; Shelhamer
and Joiner 2003; Isotalo et al. 2005), there appear to be
separate pacing frequency ranges that promote reactive
(0.2-0.4 Hz) and predictive (0.8-1.0 Hz) saccades.
Between these two ranges is a phase transition range in
which both behaviors are present. We based our selec-
tion of predictive-inducing and reactive-inducing pacing
frequencies on these previous results.

Task 1: Perturbation

In the first task, targets alternated at one pacing fre-
quency and then abruptly changed to another. Targets
alternated at each frequency for a random number of
trials (8, 9, or 10 cycles). There were nine pacing fre-
quencies (0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and
1.0 Hz) and therefore 72 possible perturbations, which
were randomly divided into four blocks of equal
duration (approximately 7 min). “Perturbation” in this
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case refers to the unexpected change from one pacing
frequency to another, for example 0.3 to 1.0 Hz. In
order to decrease the duration of the experiment,
perturbations were overlapped. For example, the two
perturbations 0.3 Hz — 1.0 Hz and 1.0 Hz — 0.6 Hz
were presented in the following order: 0.3 — 1.0 —
0.6 Hz. In this task the ISI is half the period of the
pacing frequency (e.g., 0.3 Hz pacing has an ISI of
1,667 ms). Thus the above perturbation sequence can
be represented as abrupt changes in the ISI: 1,667 —
500 — 833 ms. The order of these changes was ran-
dom; after any perturbation the pacing frequency could
increase or decrease.

Task 2: Continuation

In the second task, targets alternated at pacing fre-
quencies in the predictive range (0.6, 0.8, and 1.0 Hz)
and in the reactive range (0.2 and 0.3 Hz) for a random
number of trials (4, 5, or 6 cycles) and then were extin-
guished. Subjects were told to “stop moving your eyes
once the targets are extinguished.” The experiment was
divided into four blocks: two containing three sets of
trials (one set at each predictive pacing frequency) and
two containing two sets of trials (one set at each reactive
pacing frequency). Within each block, both the order of
the pacing frequencies and the number of cycles were
chosen randomly. The duration of the dark interval
(targets extinguished) was the period of one cycle at the
chosen pacing frequency (for example, 1,000 ms for
1.0 Hz). Following the dark interval, a central fixation
light was illuminated for 25 s before the start of the next
trial.

Task 3: Latency distribution

The purpose of the third task was to form probability
distributions of saccade latency at a reactive, a predic-
tive, and a phase-transition pacing frequency (0.2, 1.0,
and 0.6 Hz, respectively). We formed these distributions
by requesting subjects to track targets at each of these
frequencies for approximately 200 trials. To ensure that
subjects were attentive we collected data in 3-min blocks
for each pacing frequency.

Task 4: Brief perturbation

The fourth task was identical to Task 1, except that there
was a fixed order in the perturbation of the pacing fre-
quency: targets alternated at 0.2 Hz for 810 cycles, then
at 1.0 Hz for 1 cycle, and finished at 0.2 Hz for 10 cycles.
The perturbation sequence can also be represented as
abrupt changes in the ISI: 2,500 — 500 — 2,500 ms.
This task was performed in order to determine if the
internal clock can be established with the smallest

amount of stimulus exposure (1 cycle at 1.0 Hz pacing is
1 s of exposure).

Analysis

Analysis of eye-tracking data was done off-line. First,
eye velocity was calculated using a four-point digital
differentiator based upon a least-squares derivative
algorithm (Savitzky and Golay 1964). This is an efficient
iterative method of fitting a third-order polynomial to
each data point and the preceding and following two
values, then finding the derivative of the fitted polyno-
mial, and introduces less noise than conventional dif-
ferentiators. Saccade onset was found using a velocity
threshold (> 60°/s). Saccade latency was determined by
comparing the onsets of the primary saccade and the
target in each trial; inter-saccade interval was the time
between each primary saccade.

In the distribution experiment the latency data at the
three pacing frequencies were used to determine the
conditional probabilities of remaining within or switch-
ing between tracking modes in the reactive, predictive,
and transition ranges (0.2, 1.0, and 0.6 Hz, respectively).
A predictive saccade threshold was defined for each
subject by the latency value that effectively separated the
latency distributions at low (0.2 Hz) and high (1.0 Hz)
pacing frequencies. (This latency value was selected so as
to divide the two latency distributions into approxi-
mately equal portions. For example, a possible threshold
would be the latency value that was < 80% of the la-
tency values found for 0.2 Hz pacing and > 80% of the
latency values found for 1.0 Hz pacing.) For each sub-
ject, saccades occurring with a latency less than or equal
to this threshold (ranging from —15 to + 75 ms) were
categorized as predictive. To calculate the conditional
probability of remaining within the predictive state at a
given pacing frequency we determined the number of
times a predictive response occurred at that pacing fre-
quency, M, and the number of times a predictive saccade
was followed by another predictive saccade, m. Thus, the
conditional probability of saccade i + 1 being predic-
tive (S;+; = P) if saccade i is predictive (S; = P) is:

P(Sis1 = P|S; =P) = (%> (j%)

were N is the total number of saccades. A similar anal-
ysis was used to find the P(S;+1 = R|S; = R), where R
represents a reactive response. We are interested in these
probabilities as the number of saccades subsequent to
the current one is increased (i + 2, i + 3,...). As a
numerical control, ‘“‘surrogate” data were created by
randomizing the latency values and carrying out the
same analysis for 300 iterations. The mean and standard
deviation for these probabilities were found in order to
determine if the probabilities calculated from the origi-
nal data set were purely due to chance (similar to a
binomial distribution).

(1)



Results

All subjects were easily able to make a transition from
tracking at a reactive pacing frequency (0.3 and 0.4 Hz)
to the reactive frequency of 0.2 Hz. An example of this is
shown in Fig. 1a for subject B. To the left of the dashed
black line is the region for which the target pacing (black
line) is 0.3 Hz. When stimulus pacing frequency
abruptly changes to 0.2 Hz (right of the dashed line), the
subject’s pacing (gray line) flawlessly changes to the new
pacing frequency. This was also the case for perturba-
tion between pacing frequencies within the predictive
range: in Fig. 1b, the same subject is able to change
smoothly from pacing in the predictive range (0.9 Hz,
left of the dashed line) to another predictive frequency
(1.0 Hz, right of the dashed line).

These results were the same for the perturbation from
a reactive to a predictive pacing frequency. As displayed
in Fig. 2a, the subject is able to make a transition from
pacing at a reactive frequency (0.2 Hz, left of the dashed
line) to tracking at a predictive frequency (1.0 Hz, right
of the dashed line); although there is an initial lag, the
inter-saccade intervals immediately have the correct
value for the new pacing frequency. This was not the
case for the opposite perturbation, predictive to reactive.
As shown in Fig. 2b, in this case the subject continues to
track at the predictive frequency (1.0 Hz pacing, left of
the dashed line) although the target pacing has changed
to a reactive frequency (0.2 Hz pacing, right of the da-
shed line). The subject makes three saccades with inter-
vals corresponding to pacing at 1.0 Hz. First there is a
saccade prior to the perturbation (before the dashed
line) and therefore before the subject could have any
knowledge of the change in pacing frequency. The tim-
ings of the next two saccades (the inter-saccade inter-
vals) are 578 and 676 ms. These times are much greater

Fig. 1 Examples showing
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than the latencies of the reactive saccades made after the
stimulus changed from 1.0 to 0.2 Hz (The last five
saccades in Fig. 2b have latencies of 188, 189, 163, 167,
and 180 ms). Therefore, these two saccades, made after
the change in stimulus pacing rate, represent a contin-
uation of the preceding timing behavior, and in partic-
ular the final saccade is not simply a reactive movement
back to the target. This is an important observation in
that it demonstrates that once tracking at a predictive
rate has been established the subject continues to make
eye movements with this timing despite changes in
stimulus timing.

In the main experiment (task 1), we used several
pacing frequencies to perturb the reactive and predictive
states. A summary of these perturbations is shown for
subject C in Figs. 3 and 4. Figure 3 displays the results
as the pre-perturbation frequency (0.2-0.9 Hz, white
background) abruptly changes to a predictive frequency
(1.0 Hz, gray background). The thick black lines show
the half-period of the target pacing frequency (for
example, 2,500 ms for 0.2 Hz) and the gray circles rep-
resent the inter-saccade interval. The ten inter-saccade
intervals prior to the perturbation and following the
perturbation are indexed as 1-10 and 11-20, respec-
tively. For all pre-perturbation frequencies the subject’s
tracking (inter-saccade intervals 11-20) changes to the
timing of the new stimulus timing (500 ms intervals)
after at most one interval.

Figure 4 displays the results as the pre-perturbation
frequency (0.3—1.0 Hz, white background) abruptly
changes to a reactive frequency (0.2 Hz, gray back-
ground). For intra-state perturbations within the reac-
tive range (the two upper left plots of Fig. 4) the subject
easily made transitions from pacing at one reactive fre-
quency (0.3 and 0.4 Hz, white background) to another
reactive frequency (0.2 Hz, gray background). However,
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Fig. 2 Examples showing
saccade tracking during inter-
state perturbations for subject
B. a Abrupt perturbation from
a pacing frequency that
promotes reactive behavior
(0.2 Hz, left of the dashed black
line) to one that encourages
predictive behavior (1.0 Hz,
right of the dashed line). b
Abrupt perturbation from a
pacing frequency that promotes
predictive behavior (1.0 Hz, left
of the dashed line) to one that
encourages reactive behavior
(0.2 Hz, right of the dashed line)
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with pre-perturbation pacing frequencies in the phase-
transition and predictive ranges (other six plots in Fig. 4,
0.5-1.0 Hz, white background), the subject continued to
track at or near these pacing frequencies despite the

change in stimulus timing.
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to the predictive mode (1.0 Hz) for subject C. Each plot displays
inter-saccade interval (gray circle) as pacing is abruptly changed
from the pre-perturbation frequency (0.2-0.9 Hz, white back-

ground). The stimulus interval is displayed as the black line (e.g.,

2,500 ms for 0.2 Hz pacing)



0.3to0 0.2 Hz Pacing 0.4 to 0.2 Hz Pacing

311

0.5t0 0.2 Hz Pacing 0.6 to 0.2 Hz Pacing

3000 3000 3000 3000
@
%2500 h-‘. D500} veeesened Lﬁb 2500} eeeeeee- ——Q POt 2500| e reeenee e
©
c
gég 2000 . ........... D000 e esseessoofsonncannan 2000} s eseseseoefoone ®.... 2000 esesererefrosscscns
[0) M’
g 1500}-9 -« .« L LRCEN0L 1500 P 1500feeesessasafses o e 1500 e eeeesesofsnnnannats
._N o
§, o [©] Q.
G [00]0] SETRPRPRPR FPPPPPPP 1000} v e o000 o RIS 1000...._‘_0.. ........ 1000 }+e++@eees ‘.
e o © o=
£ ) (¢]
500 eeeeeeceeofiosncncnns 500} eeeececcefonnsancnns 500} e eeeecennssd Choooo00 500 eeeeseescen ..®. .
0 10 20 0 10 20 0 10 20 0 10 20
0.7 to 0.2 Hz Pacing 0.8 to 0.2 Hz Pacing 0.9 to0 0.2 Hz Pacing 1.0to 0.2 Hz Pacing
3000 3000 3000 3000
@
§2500 ..........—% 2500 ..........—N 2500 e —GEREO D500t e rereeee —EEp)
©
2
% 2000 Il 0o dboooo 2101010 ] SRRRRERRE X R LR RN 2701010 ] SERREEERER EER TR TR 2000 e e eeforeececsen
© © O
g 1500 feeeeececesfornseccnns 1500 [P o d b 00000 1500} s ererofosancases 1500} s+ eeceeeee sodboo
8 o
©
g 1000 feseevecsspeesocaces 1000[@:eevseeofpoosecccen 1000} vsveevoofroscaccces 1000f e svseesfrooscccccs
R : o
£ () < o
500 .’.........{....... 500 m......... SOow ........ 500 ﬁ. ........
0 10 20 0 10 20 0 10 20 0 10 20

Interval Number Interval Number

Fig. 4 Example of tracking behavior as pacing is abruptly changed
to the reactive frequency (0.2 Hz) for subject C. Each plot displays
inter-saccade interval (gray circle) as pacing is abruptly changed
from the pre-perturbation frequency (0.3-1.0 Hz, white back-

Figure 5a  displays the results for the 0.2—
0.9 Hz — 1.0 Hz perturbations (ISI perturbations of
556-2,500 — 500 ms). The thick black dashed line is a
linear regression fit to the data for all subjects and has a
slope of —0.01 (r = —0.05, intercept ~ 555 ms) indi-
cating that the subjects almost immediately change the
timing of their eye movements to the new ISI. Figure 5b
displays the results for the 0.3 — 0.2 and
0.4 — 0.2 Hz perturbations (ISI perturbations of
1,667 — 2,500 and 1,250 — 2,500 ms, respectively).
The linear regression fit in this case also has a slope near
zero, —0.15 (r = —0.22, intercept =~ 2,500 ms), again
showing that the subjects immediately change the timing
of their eye movements to the new ISI. Figure 5c dis-
plays the results for the 0.5-1.0 Hz — 0.2 Hz pertur-
bations (ISI perturbations of 500-1,000 — 2,500 ms).
Unlike the previous results, the linear regression fit in
this case has a slope of 0.88 (r = 0.64) indicating that
there is a linear relationship between the timing of post-
perturbation tracking and the pre-perturbation rate. In
other words, subjects continue to time their eye move-
ments at predictive pre-perturbation frequencies
(> 0.4 Hz) despite the change in stimulus timing. In
addition, there is not a gradual decrease to the new ISI
over the first two intervals. If that were the case then one
would expect the first intervals (circles) to be grouped
below the second intervals (squares) in Fig. Sc. The fact

Interval Number Interval Number

ground) to the reactive pacing frequency (0.2 Hz, gray background).
The stimulus interval is displayed as the black line (e.g., 1,666 ms
for 0.3 Hz pacing)

that the symbols are inter-mixed suggests that the sub-
jects continue to make movements at the internalized
pre-perturbation rate.

To determine further if the saccades generated after a
predictive-to-reactive perturbation are driven by an
internal clock we next examined tracking behavior after
extinguishing the LED targets. Subjects tracked targets
at pacing frequencies that promote predictive behavior
(0.6, 0.8, and 1.0 Hz). (Though 0.6 Hz is in the phase
transition range and usually promotes a mix of predic-
tive and reactive tracking.) After a steady state had been
reached (4-6 cycles) the targets were extinguished for
one cycle. The results for subject E are shown in Fig. 6
for all three frequencies. The point where the LED trace
(black line) ends is the time at which the targets are
extinguished. For each pacing frequency, the subject
makes a saccade just prior to the extinguishing of the
LEDs, revealing that he or she is anticipating the target
jump. Also, for each pacing frequency the subject makes
one saccade after the targets are extinguished. This extra
saccade is made without a visual stimulus and therefore
must be internally triggered. The time interval between
these two saccades (802, 669, and 565 ms, for each fre-
quency) scales proportionally with the pacing frequency
and closely matches the half-period of the corresponding
pacing frequencies (833, 625, and 500 ms). These results
were not seen for the reactive mode (pacing at 0.2 and
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Fig. 5 The inter-saccade intervals of the first two saccades made
after the perturbation versus the mean inter-saccade interval before
perturbation for five subjects. In each panel there is one pair of data
points for each subject (the first interval is represented by circles,
the second by squares). a Perturbations from 0.2 to 0.9 — 1.0 Hz

0.3 Hz, not shown). In this case, subjects did not make
an additional movement in darkness after the ISI of
1,667 or 2,500 ms. That is, at these pacing frequencies
there were not multiple saccades representing a contin-
uation of movement timing when the stimulus was
turned off.

Figure 7 plots the inter-saccade interval after the
extinguishing of the targets vs. the mean of the preceding
five inter-saccade intervals for five subjects (one subject
did not make any extra saccades in one set of trials at
0.6 Hz). As shown in the plot, the intervals between the
internally triggered saccades made after the targets are
extinguished are highly correlated with the preceding
pacing rate. The straight line is a linear regression fit to

Fig. 6 Eye movement data for

(ISI perturbations of 556-2,500 — 500 ms), b perturbations from
0.3 and 04 — 0.2Hz (ISI perturbations of 1,250 and
1,667 — 2,500 ms) and ¢ perturbations from 0.5 to
1.0 — 0.2 Hz (ISI perturbations of 500-1,000 — 2,500 ms)

the data for all subjects and has a slope of 1.04
(r = 0.91), indicating that saccade timing after the tar-
gets disappear almost exactly matches the timing of the
preceding stimulus, which represents the stability and
accuracy of the internal clock.

One question that these results raise is how quickly
the internal clock can be established. That is, what is the
minimum number of stimulus-response intervals re-
quired to establish this internal clock? To address this
question we conducted an abbreviated version (task 4)
of our perturbation experiment on five subjects. The
results for three subjects (B, E, and F) are shown in
Fig. 8. Refer first to the left column. All three subjects
make reactive saccades to the stimulus at 0.2 Hz pacing

subject E during the
continuation experiment for the
three predictive pacing
frequencies: a 0.6, b 0.8, and ¢
1.0 Hz. The point where the
LED trace (black line) ends is

the time at which the targets are
extinguished

I R S

Eye Position (deg) o

(1]




1100 o

£ /

= 7

§ 1000 ——

5 |

E |

5§ 900 ———7g————p—— B I

o \

3 |

£ 800 b

g |

S \

2 \

= 700 I Et—

) \

o \

8 \

S 600 R

@ |

2 @5Suwicct B

£ 500 M Subject E H
@ Subject G
M Subject H

‘ Subject |
400 | | | |
400 500 600 700 800 900 1000 1100

Mean Inter-saccade Interval Pre-Perturbation (ms)

Fig. 7 Inter-saccade interval of saccades made after targets are
extinguished versus mean inter-saccade interval before perturba-
tion, the for the continuation experiment

(left of the dashed black line). When the pacing abruptly
changes to 1.0 Hz (right of the dashed line) there is a
delay in the first saccade (172, 191, and 194 ms) and in
the second saccade (218, 413, and 313 ms) made at the
faster pacing rate. (We chose to perturb the pacing fre-
quency to 1.0 Hz because this pacing rate results in the
smallest amount of time—1 s—available to the subject
to establish the internal clock.) This is more clearly seen
in the detailed plots in the right column. According to
latency, it appears that the subjects make long-latency
(reactive) saccades to the new 1.0 Hz stimulus pacing.
However, when the pacing abruptly changes back to
0.2 Hz (at approximately 7.3 s in each graph), the sub-
jects continue to track at the briefly perturbed 1.0 Hz
rate for two more saccades. (This was not the case for
subjects A and C. After tracking the stimulus at 1.0 Hz
for two saccades, both subjects immediately went back
to tracking at 0.2 Hz.) The intervals between these two
continuation saccades after the return to 0.2 Hz pacing
(447, 407, 336 and 325, 575, 501 ms) are much smaller
than the intervals before the first perturbation (approx-
imately 2,500 ms). Thus, even though saccade latency
suggests that the subjects are still in the reactive mode
during the transient perturbation to 1.0 Hz, the intervals
between the continuation saccades show that the
behavior has indeed switched to an internally predictive
mode. Based on this result we believe that, for some
subjects in some cases, the internal clock can be estab-
lished in as few as two inter-saccade intervals (three
saccades). The observation that the inter-saccade inter-
vals made after the brief exposure fluctuate around an
IST of 500 ms (325-575 ms) suggests that the internal
representation of stimulus timing may become more
precise with more movement-timing information (addi-
tional inter-movement intervals), as in Task 1.
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We were also interested in trial-to-trial fluctuations of
behavior while tracking in each pacing frequency range
(reactive, predictive, and phase transition), and whether
or not the trend of these fluctuations would correspond
with the above results. Specifically we wished to deter-
mine the probability of remaining within the reactive or
predictive tracking mode once that mode had been en-
tered. Figure 9 shows the probability of remaining
within a given tracking mode as a function of the
number of trials into the future during the distribution
experiment for 0.2, 0.6, and 1.0 Hz pacing (left, middle
and right columns) for subjects F and H (top and bot-
tom rows, respectively). For each plot the probability of
remaining within the reactive or predictive mode is
represented by the black and gray dashed lines, respec-
tively. The solid black line with error bars is from the
surrogate control (random data), for reactive saccades in
the left column and for predictive saccades in the middle
and right columns. As is evident in these plots, reactive
behavior dominates at 0.2 Hz pacing, and there is a non-
zero probability of sequences of reactive-only saccades
even as long as 35 trials. However, these results can
simply be attributed to a random arrangement of the
number of reactive saccades made by the subject in a
given sequence: the surrogate data result overlaps that
from the experimental data and signifies that even long
sequences of reactive saccades can be attributed to
chance arrangements of the finite number of trials. For
pacing at 0.6 and 1.0 Hz, predictive behavior is domi-
nant, and sequences of predictive-only saccades of 15-30
trials are possible. Unlike the case for reactive saccades,
these results cannot be attributed solely to the number of
predictive saccades made at these pacing frequencies: the
probabilities of occurrence of each sequence length are
greater than chance (note the separation between the
experimental and surrogate results) and demonstrate
that once the subject begins predicting the movement of
the target, tracking behavior tends to stay in this mode.
This finding that the sequence of saccades following a
given predictive saccade is highly likely also to be pre-
dictive agrees with the results of the perturbation
experiments and supports our hypothesis of an internal
clock.

Clock mechanisms exhibit two properties that we see
in predictive, but not reactive, saccades. The first is
Weber’s law: the variability of estimating the passage of
time is proportional to the interval being estimated
(Gibbon 1977; Gibbon et al. 1997). This relationship can
be modeled as an integrate-to-threshold operation
(Treisman 1963; Gibbon et al. 1997; Meck and Benson
2002), where an event (saccade) is generated when the
threshold is reached. Noise in the integrated signal leads
to variance in the time to reach threshold, and this
variance increases as the integration time (inter-saccade
interval) increases (Schoner 2002). This relationship is
readily apparent in our data. Figure 10 shows the vari-
ance, averaged across subjects, of saccadic tracking at
those frequencies that lead to pure reactive saccades (left
side of graph) and those that lead to pure predictive
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Fig. 8 Example from experiment 3 showing saccade tracking
during a brief inter-state perturbation for subjects B, E, and F.
Left column abrupt transition from a pacing frequency that
promotes reactive behavior (0.2 Hz, left of the dashed black line)

to one that encourages predictive behavior (1.0 Hz, right of the
dashed line) immediately followed by a return to 0.2 Hz pacing.
Right column the same data as above, between 6 and 9 s
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saccades (right side of graph) during the perturbation
task. (Variance for all subjects was normalized by
dividing by the variance at 0.2 Hz. This normalized the
variability within subjects and allowed a comparison
between pacing frequencies.) In the predictive range,
variance of the inter-saccade intervals does indeed in-
crease with increasing inter-stimulus interval (decreasing
frequency). In the reactive range, where a clock is not in
operation, the variance is relatively constant across the
range of inter-stimulus intervals.

The second property of clock timing is a stronger
form of Weber’s law, the scalar property: in an interval-
timing task, response-time distributions will be identical
when scaled by the mean of each distribution (the
standard deviation of the interval estimate is propor-
tional to the interval). Thus, inter-saccade interval dis-
tributions from two different predictive ISIs should
overlap when each is normalized by its mean. Figure 11
plots the latency and interval distributions for subjects
B, C, and D (bottom, middle, and top rows, respectively)
from the distribution experiment. The first three col-
umns are histograms (20 ms bins) of saccade latency at
each pacing frequency (0.2, 0.6, and 1.0 Hz). The thick
gray dashed line marks a latency of 150 ms. As evident
in the figure, all subjects made mostly reactive saccades
at 0.2 Hz and predictive saccades at 1.0 Hz. (The latency
distributions are to the right of the 150 ms marker for
0.2 Hz and to the left for 1.0 Hz.) Similar to 1.0 Hz
pacing, subjects C and D (top and middle rows) made
mostly predictive saccades at 0.6 Hz. However, subject
B displayed bi-modal behavior at this pacing frequency;
the black arrows mark the two peaks, a reactive and
predictive component, in the latency distribution.

3.5 T T T T T T T T T

Normalized Variance

2500 1667 1250 714 625 556 500
Inter-stimulus Interval (ms)

Fig. 10 Normalized variance of inter-saccade interval. Inter-sac-
cade interval variance, averaged across subjects, is plotted for
reactive (ISI of 2,500, 1,667, and 1,250 ms) and predictive (ISI of
714, 633, 556, and 500 ms) pacing frequencies. For each subject, the
variance at each ISI is normalized by that subject’s inter-saccade
interval variance at 0.2 Hz (ISI of 2,500 ms). Thus, the ordinate
values reflect the relative magnitude of the inter-saccade interval
variance across subjects at each respective ISI
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The fourth and fifth columns of Fig. 11 are proba-
bility distributions of inter-saccade intervals for each
subject at 0.2, 0.6, and 1.0 Hz (black dashed, gray solid,
and black solid traces, respectively). As evident in the
fourth column, the inter-saccade interval distributions
center on the inter-stimulus interval for the respective
pacing frequency (2,500, 833, and 500 ms for 0.2, 0.6,
and 1.0 Hz). The last column of Fig. 11 displays the
normalized inter-saccade interval distributions (each
distribution presented in the fourth column divided by
the corresponding mean interval). In this case the dis-
tributions of inter-saccade intervals at 0.6 and 1.0 Hz for
subjects C and D are almost identical and can be
superimposed, as predicted by the scalar property. This
was not true for the distributions for inter-saccade
intervals at 0.2 Hz; in this case, the variability in inter-
saccade intervals is due to variability in reaction time
(the passage of time is not internally estimated) and thus
the scalar property does not apply. Interestingly, the
normalized inter-saccade distribution at 0.6 Hz for
subject B lies between the distributions for 0.2 and
1.0 Hz (marked by the black arrow). This is a result of
the bimodal behavior this subject demonstrated at this
pacing frequency as previously noted.

Discussion

In this study we have shown that predictive tracking
behavior is based on an internal timing reference or
neural clock. Subjects could abruptly change their sac-
cade pacing between two reactive frequencies (0.2 and
0.3 Hz) or two predictive frequencies (0.9 and 1.0 Hz)
when the stimulus dictated. This was also the case when
target pacing changed from a reactive frequency to a
predictive frequency (0.2-1.0 Hz for example). However,
this was not true for the opposite perturbation, predic-
tive to reactive pacing. In this case tracking at the pre-
dictive rate persisted for at least three saccades (two
inter-saccade intervals) despite a change in pacing
stimulus to a frequency that normally promotes reactive
behavior. This was also true when the stimulus was
abruptly extinguished. In related experiments we also
showed that once predictive tracking was established the
sequence of saccades following any given predictive
saccade was highly likely to also be predictive. This
confirms and extends our earlier study (Shelhamer and
Joiner 2003) in which we found an abrupt transition
between reactive and predictive tracking, but did not
demonstrate that the latter was based on an internal
timing mechanism.

Alternatives to an internal clock

One could argue that the continuation of predictive
tracking despite the change in target pacing is simply the
result of the difficulty in ceasing quick rhythmic move-
ments. If this was the complete reason then, for example,
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Fig. 11 The first three columns are histograms (20 ms bins) of
saccade latency for subjects B, C, and D (bottom, middle, and top
rows, respectively) at each pacing frequency (0.2, 0.6, and 1.0 Hz)
during the distribution experiment. The thick gray dashed line marks
a latency of 150 ms. The black arrows in the second column point
out the bi-modal distribution of saccade latency for subject B at
0.6 Hz pacing. The fourth column displays the probability
distributions of inter-saccade intervals at 0.2, 0.6, and 1.0 Hz

all pacing at frequencies greater than 0.2 Hz should
persist when the stimulus pacing changed to 0.2 Hz.
However, most subjects had no difficulty in making such
high-to-low intra-state transitions within the reactive
mode: 0.3 — 0.2 and 0.4 — 0.2 Hz (Figs. 1a, 4, 5b).
Intra-state transitions within the predictive mode were
also made without difficulty: 0.8 — 1.0 and 0.9 —
1.0 Hz (Figs. 1b, 3, 5a). Although in this case the post-
perturbation frequency was higher, there was not a large
pacing error due to continued tracking at 0.8 or 0.9 Hz;
correct pacing at 1.0 Hz was achieved immediately.

It is true that quick rhythmic movements are difficult
to stop making once the rhythm has been established.
Nevertheless, we have shown that the frequency at which
this difficulty began in our experiment, 0.5 Hz (Fig. 5c¢),
was also the pacing frequency at which our subjects
began to predict the target motion. In addition, when
the pre-perturbation frequency was greater than or

pacing (black dashed, gray solid, and black solid traces, respec-
tively). The last column displays the normalized inter-saccade
interval distributions: the distributions in the fourth column divided
by the mean inter-saccade interval. The black arrows in the fifth
column point out the resulting bi-modal normalized inter-saccade
interval distribution for subject B at 0.6 Hz pacing. Predictive
tracking distributions from each subject can be almost completely
superimposed, demonstrating the scalar property of clock models

equal to 0.5 Hz, the timing of the saccades made after
the change in pacing frequency was always close to that
of the pre-perturbation frequency. This is shown in the
eye movement data displayed in Figs. 2b, 6, and 8 as
well as the inter-saccade intervals in Figs. 4, 5c, and 7. If
our subjects simply made an eye movement back to the
lit target upon making a post-perturbation saccade
without a corresponding target step, the interval of this
response would be at most the latency of a reactive
saccade: 150-200 ms (Leigh and Zee 1999). Instead, our
subjects timed their saccades as if the targets had indeed
alternated (Figs. 2b, 6, 8), thus demonstrating an inter-
nal predictive timing process. Therefore, we propose
that the predictive behavior demonstrated in these
examples is a consequence of an internal clock that
dictates the timing of these movements and consequently
makes them difficult to stop in the face of a temporal
perturbation.



Another potential argument against our conclusions
may be that the eye movement timing at the lowest
pacing rates (ISIs of 2,500 and 1,667 ms) is the result of
an internal clock as well. Similar to the fast pacing rates,
the timing of these movements (inter-saccade intervals)
closely matches the interval of the pacing stimulus (see
Figs. la, 3). Two considerations do not support this
alternative explanation. First, the timing of these
movements is affected by the perturbations to the stim-
ulus: abrupt changes in stimulus timing alter the reactive
saccade timing behavior (Figs. 2a, 3). This implies that
the accurate timing of these reactive movements is a
consequence of stimulus timing and not due to an
internal clock. In fact it is only in the case of responses
that begin before each stimulus—predictive sac-
cades—that a clock is necessary at all. Second, it is only
for predictive and not reactive saccades that there is an
increase in timing variability as the pacing interval in-
creases (frequency decreases), as would be expected from
an internal clock mechanism (Fig. 10).

One might ask if there is any alternative to an internal
clock for the generation of repetitive predictive move-
ments: are our results simply a tautology? We think that
this is not the case. Clearly there are mechanisms, based
on the expectation of imminent target motion, for the
generation of individual predictive or anticipatory re-
sponses. The observation that longer intervals have
more variability (Fig. 10) would be true for any process
that accumulates error over time; the longer the accu-
mulation period the more variability. It is perhaps a
matter of semantics to ask whether a periodic series of
such predictions constitutes a clock. Our results suggest
that there is more to it than that. Inter-trial correlations
(Shelhamer and Joiner 2003; Shelhamer 2005), and the
greater-than-chance probability of making repeated
predictive movements once prediction has been estab-
lished (Fig. 9), both show that sequences of predictive
saccades are not just strings of otherwise isolated pre-
dictive movements, but rather represent programmed
sequences as would be manifest by a clock. In addition,
the fact that inter-saccade intervals at predictive pacing
frequencies (inter-stimulus intervals of 500 and 833 ms)
demonstrate the scalar property (Fig. 11) suggests that
the predictive mechanisms at these pacing rates share an
underlying scale-invariant error distribution for time
estimation (Gibbon et al. 1997).

Relation to previous behavioral studies

Some of the results that we present here for saccades are
similar or identical to those found previously for pre-
dictive smooth pursuit and finger tapping. Nevertheless,
there are differences between the saccadic movements
presented here and other motor systems that justify
carrying out a set of dedicated oculomotor studies. For
example, similar to the results presented in Figs. 2b, 4,
S¢c, 6, and 7, previous studies of predictive smooth pur-
suit eye movements have also shown that once steady
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state has been established these movements persist with
the same predictive timing when the inter-stimulus
interval is unexpectedly increased or the stimulus fails to
appear (Barnes and Asselman 1991a, b; Barnes and
Grealy 1992; Kao and Morrow 1994; Barnes et al. 2005).
More recent studies of pursuit (Barnes and Marsden
2002; Medina et al. 2005) have also shown an increase in
timing variance with increasing inter-stimulus interval,
similar to Fig. 10. Despite these behavioral similarities,
there are important differences between the two move-
ments. First, pursuit is normally a steady-state response
depending on continuous visual feedback, while sac-
cades are generally open loop (Leigh and Zee 1999). As a
result, pursuit movements under any circumstance are
difficult to sustain in the absence of a moving target
(Heywood and Churcher 1971), whereas predictive sac-
cades can persist for many movements post-stimulus (see
Fig. 7, Shelhamer 2005). These differences are important
to consider when studying the internal timekeeping
process. As demonstrated here, the timing precision and
flexibility of the internal clock are readily observed in the
timing between two or more internally driven move-
ments. However, due to the limitations mentioned
above, the timing between two internally driven pursuit
movements in sequence cannot easily be studied. In
addition, due to the rapid nature of a saccadic eye
movement, it is experimentally easier to examine the
long-term timing relationships for saccades (Figs. 9, 11)
than for pursuit.

Though timing has traditionally been studied with
repetitive tapping movements (Stevens 1886; Dunlap
1910), there are important behavioral, mechanical, and
cortical processing differences between these movements
and saccadic eye movements which justify these oculo-
motor studies. First, a behavioral phase transition in
tapping behavior (reactive to predictive) is seen when the
rate of an auditory pacing stimulus increases (inter-
stimulus interval decreases). However, the transition
frequency when the experiment is conducted with pacing
frequencies in random order (0.20-0.28 Hz in Mites
et al. 1994; 0.14-0.28 in Miyake et al. 2004) is lower than
if the pacing frequency changes monotonically (0.50-
0.75 Hz in Engstrom et al. 1996). This is not the case for
repetitive saccades, where similar results are found for
both randomized and continuous presentations (transi-
tion frequency between 0.50 and 0.75 Hz in Shelhamer
and Joiner 2003). This suggests that the transition point
represents an important aspect of the dynamics of each
system and is not merely an experimental artifact. Sec-
ond, each finger tap is a combination of bidirectional
movements (an up motion and a down motion) while a
single saccade is inherently unidirectional. Thus, in the
repetitive tapping case, it is possible to choose cogni-
tively a synchronization strategy that corresponds to
either component of the motion, complicating the par-
adigm and the resulting analysis. Third, sensory reaf-
ference in the case of tapping is of a different modality
than the cue used to induce the tapping, and this reaf-
ference has been shown to decrease tapping variability
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(Drewing et al. 2002). Fourth, saccades to alternating
targets involve changes of target representation between
visual and cortical hemifields (Leigh and Zee 1999),
while the tapping of a single finger does not. As a result,
repetitive tapping produces mainly unilateral cortical
activation (Rao et al. 1997) while repetitive saccades
generally produce bilateral activation (Simo et al. 2005).
Fourth, the fact that there are qualitatively similar
behaviors in the different motor systems shows that
effector dynamics (mass, inertia) are effectively internally
compensated for in generating these motions, and in
particular that the motor system does not always depend
on effector mass in order to establish rhythmic motion
(the mass of the oculomotor plant—the eyeball—is
negligible relative to other dynamic factors; Robinson
1964). This last point is not at all obvious, as one can
imagine cases in which it might be easier to synchronize
movements with an external pacing stimulus if one can
take advantage of effector mass to produce a harmonic
oscillator (e.g., Milsum 1966; Todd et al. 2002).

A prior study of repetitive saccadic eye movements
(Collins et al. 1998) has shown that movement timing at
pacing frequencies that we consider to be at least partly
predictive (inter-stimulus-intervals of 496, 752, and
1,000 ms) can persist when an auditory pacing stimulus
is turned off, and that increasing the inter-stimulus
interval leads to an increase in inter-saccade interval
variability. However, these results were used to test the
applicability of the Wing and Kristofferson motor-tim-
ing model (1973a, b) for repetitive saccades, and only
indirectly imply that these movements are the result of
an internal clock. In the present report we have shown
that in the transition and predictive pacing ranges (0.6
and 1.0 Hz), predictive saccades are highly likely to be
followed by predictive saccades; the conditional proba-
bility of a predictive saccade being followed by a pre-
dictive saccade is greater than that expected by chance,
and this enhanced probability can persist for many
saccades into the future (Fig. 9). This analysis supports
our findings that predictive tracking persists when the
pacing frequency changes or the targets are extin-
guished; the probability of generating many predictive
saccades in a row (> 2) remains high at 0.6 and 1.0 Hz
pacing and explains why this behavior continues despite
changes in stimulus timing.

In our previous formulation (Shelhamer 2005) we
reached the conclusion that, when a predictive saccade is
made, the system starts to program the next one as soon
as timing error from the current one is available. This
feed-forward programming is manifest as an internal
clock, in the sense that the neural command of the future
saccade is initiated before the future stimulus actually
occurs. Based on the finding that predictive saccades are
correlated over a span of approximately 2's, two or
more equally timed movements within 2 s should be
adequate to establish the internal clock. We tested this
hypothesis in task 4 by determining if subjects could
establish the internal clock with the least possible
amount of timing information. That is, we only gave the

subjects two movement intervals at the fastest predictive
pacing frequency (1.0 Hz) and therefore the shortest
amount of exposure within the 2-s window. We dem-
onstrated that three of five subjects could establish an
internal timing reference after such a brief reactive-to-
predictive perturbation, even though their initial saccade
latencies suggested a reactive response (Fig. 8). The
other two subjects (A and C) did not show the same
result: after reacting with faster-paced saccades to the
brief perturbation to 1.0 Hz pacing, these subjects
quickly reverted back to tracking at 0.2 Hz when the
stimulus did so. However, in the main perturbation
experiment (task 1) these two subjects continued to
make saccades at the predictive rate once that mode had
been established (Fig. 5c), consistent with other subjects.
We believe that the difference in behavior between tasks
1 and 4 for these two subjects reflects that these subjects
required more exposure (more movement intervals) to
establish the internal clock.

We believe that the ease with which our subjects
could begin predicting the stimulus is a result of the
brain’s preference to predict. Previous studies (Kowler
and Steinman 1979) suggest that there is a predictive
component even when tracking targets that alternate at
low pacing frequencies. Similarly for pursuit, some
amount of predictive (anticipatory) eye movement is
present even when stimulus parameters are randomized
and, presumably, non-predictable (Heinen et al. 2005).
However, in these conditions there may not be sufficient
information within an appropriate time period for the
brain to develop the timekeeping process necessary to
begin successfully predicting the stimulus. Recent studies
of smooth pursuit eye movements (Jarrett and Barnes
2005; Medina et al. 2005) have shown that when the
direction of the moving target is changed at a fixed
interval into the movement, with repeated exposure
subjects learn to change their response at the required
time. In addition, when catch trials are given (a trial in
which the target direction is not changed) subjects time
their responses based on the learned response. In these
studies, the range of times into the movement at which
the target changes direction (500—1,000 ms) is the same
as the inter-stimulus intervals of the predictive pacing
frequencies we report here. As stated by others (Medina
et al. 2005), we argue that repeated movements timed at
these intervals promote motor learning by an internal
representation of time and that this information can be
used to time a variety of movements.

Biological relevance

One might question the biological relevance of a neural
mechanism to generate prolonged rhythmic behavior.
While it might not reflect more natural stimuli, our
stimulus allows for analysis by standard mathematical
approaches. In addition, the fact that the predictive clock
for saccades can be brought into operation within just a
few target movements shows that the clock has relevance



for tracking under conditions that might arise more
naturally, and that the prolonged stimuli that we use are
not strictly necessary to evoke predictive behavior.

The results here suggest that in the saccadic system,
once predictive behavior is established this tracking
mode persists even when the pacing stimulus is no longer
present. The importance of the basal ganglia and cere-
bellum in predictive behavior (Dreher and Grafman
2002; Gagnon et al. 2002; Harrington and Haaland
1999; Ivry and Keele 1989) suggests that these structures
are involved in this continued behavior. Similar to pre-
vious imagining studies (Rao et al. 1997, 2001; Simo6
et al. 2005) the paradigms presented in this report may
assist in defining the respective roles of cortical and
subcortical structures in the internal representation of
time (Meck and Benson 2002).
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