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Systems/Circuits

Motion Integration for Ocular Pursuit Does Not Hinder
Perceptual Segregation of Moving Objects

Zhenlan Jin,1 Scott N.J. Watamaniuk,2 Aarlenne Z. Khan,3 Elena Potapchuk,4 and Stephen J. Heinen4

1University of Electronic Science and Technology of China, Sichuan, China 610051, 2Wright State University, Dayton, Ohio 45435, 3Queen’s University,
Ontario, Canada K7L 3N6, and 4The Smith-Kettlewell Eye Research Institute, San Francisco, California 94115

When confronted with a complex moving stimulus, the brain can integrate local element velocities to obtain a single motion signal, or
segregate the elements to maintain awareness of their identities. The integrated motion signal can drive smooth-pursuit eye movements
(Heinen and Watamaniuk, 1998), whereas the segregated signal guides attentive tracking of individual elements in multiple-object
tracking tasks (MOT; Pylyshyn and Storm, 1988). It is evident that these processes can occur simultaneously, because we can effortlessly
pursue ambulating creatures while inspecting disjoint moving features, such as arms and legs, but the underlying mechanism is un-
known. Here, we provide evidence that separate neural circuits perform the mathematically opposed operations of integration and
segregation, by demonstrating with a dual-task paradigm that the two processes do not share attentional resources. Human observers
attentively tracked a subset of target elements composing a small MOT stimulus, while pursuing it ocularly as it translated across a
computer display. Integration of the multidot stimulus yielded optimal pursuit. Importantly, performing MOT while pursuing the
stimulus did not degrade performance on either task compared with when each was performed alone, indicating that they did not share
attention. A control experiment showed that pursuit was not driven by integration of only the nontargets, leaving the MOT targets free for
segregation. Nor was a predictive strategy used to pursue the stimulus, because sudden changes in its global velocity were accurately
followed. The results suggest that separate neural mechanisms can simultaneously segregate and integrate the same motion signals.

Key words: eye movements; MOT; multiobject tracking

Introduction
Smooth-pursuit eye movements follow moving objects. Smooth
pursuit is traditionally studied with a small, spot stimulus to min-
imize confounding factors introduced into the neural signal by
complicated visual stimuli, thereby allowing pure assessment of
the pursuit motor substrate. However, natural pursuit objects,
such as a proximal person, are usually much larger than the lab-
oratory spot, and have limbs or other local elements that move at
different velocities than the global object. Work has shown that
global stimulus motion can be pursued, regardless of individual
element motion (Steinbach, 1976; Watamaniuk and Heinen,
1999). Natural objects also have features that require or attract
attention. These qualitative differences between natural stim-
uli and the spot suggest that the mechanism driving spot pur-
suit may be different from the mechanism driving pursuit of
larger objects.

The human motion perception system integrates disparate
local element velocities of moving objects to determine their

global velocity. Evidence for this is that random dot cinemato-
grams (RDCs) composed of spatially distributed dots that move
with different directions and speeds, produce a motion percept
equal to calculated global RDC velocity (Williams and Sekuler,
1984; Watamaniuk and Duchon, 1992). An integrated motion
signal also drives smooth pursuit of RDCs, and pursuit dynamics
improve with increasing motion coherence (Watamaniuk and
Heinen, 1999; Stone et al., 2000; Schütz et al., 2009), dot density,
and RDC area (Heinen and Watamaniuk, 1998). Furthermore,
the pursuit system responds better to RDCs than to single spots,
because coherent motion RDCs produce higher open-loop gain
and fewer saccades than the spot (Heinen and Watamaniuk,
1998; Watamaniuk and Heinen, 1999).

Paradoxically, the brain can also attentively segregate multiple
moving elements, as has been demonstrated during multiple-object
tracking (MOT; Pylyshyn and Storm, 1988), which activates motion
and attention structures in the brain (Howe et al., 2009). In MOT,
observers attentively follow a subset of identical, independently
moving stimulus elements. Approximately four elements can be ac-
curately tracked (Pylyshyn and Annan, 2006), likely with covert at-
tention (Pylyshyn and Storm, 1988; Yantis, 1992; Cavanagh and
Alvarez, 2005; Alvarez and Franconeri, 2007; Howe et al., 2010).
The smooth-pursuit system also uses attention to follow small
objects that engage the fovea (Brezinová and Kendell, 1977; Acker
and Toone, 1978; Khurana and Kowler, 1987; Kerzel et al., 2008).
However, pursuing objects that extend into peripheral retina, such
as large RDCs (Heinen and Watamaniuk, 1998; Watamaniuk and

Received Nov. 19, 2013; revised March 11, 2014; accepted March 15, 2014.
Author contributions: Z.J., S.N.J.W., A.Z.K., and S.J.H. designed research; Z.J., S.N.J.W., and E.P. performed re-

search; Z.J., S.N.J.W., A.Z.K., E.P., and S.J.H. contributed unpublished reagents/analytic tools; Z.J., S.N.J.W., and E.P.
analyzed data; Z.J., S.N.J.W., A.Z.K., E.P., and S.J.H. wrote the paper.

This work was supported by NIH Grant EY021286.
The authors declare no competing financial interests.
Correspondence should be addressed to Dr Stephen J. Heinen, Smith-Kettlewell Eye Research Institute, 2318

Fillmore Street, San Francisco, CA 94115. E-mail: heinen@ski.org.
DOI:10.1523/JNEUROSCI.4867-13.2014

Copyright © 2014 the authors 0270-6474/14/345835-07$15.00/0

The Journal of Neuroscience, April 23, 2014 • 34(17):5835–5841 • 5835



Heinen, 1999), requires less attention
(Heinen et al., 2011; Jin et al., 2013).

Here we use a dual-task paradigm to
investigate whether neural segregation
and integration can occur simultaneously.
Segregation was needed to attentively
track a subset of elements in a small MOT
stimulus, whereas integration was needed
to pursue the MOT stimulus as it trans-
lated across the display. Simultaneous ex-
ecution of these tasks did not degrade
either pursuit or MOT performance, even
when MOT difficulty taxed baseline
performance, evidence that attention re-
sources, and hence neural circuitry driv-
ing integration and segregation for these
tasks, were independent. The results show
that simultaneous segregation and inte-
gration occur, and suggest that different
mechanisms subserve the two processes.

Materials and Methods
Subjects. Four healthy observers (one male and
three females) participated in the current
study, with voluntary informed consent. All
had normal or corrected to normal vision and
were 24 –50 years old. Three of the observers
were naive to the purpose of the study.

Apparatus. Visual stimuli were generated by
functions from PsychToolbox (Brainard, 1997;
Pelli, 1997) in MATLAB (MathWorks) on a
Macintosh G4 computer and presented on a 17
inch high-resolution Nanao color monitor
(1.76 min arc/pixel) at a rate of 60 Hz. Hori-
zontal and vertical eye position were sampled
at 1000 Hz by an EyeLink 1000 video-based eye
tracker (SR Research). The EyeLink was cali-
brated and validated using the standard nine-
point method included with the system.
Observers used chin and forehead rests to sta-
bilize the head and maintain a constant viewing
distance of 48 cm.

Stimuli. Stimuli consisted of 4, 8, or 10 gray
dots (0.2° diameter, luminance 2.63 cd/m 2)
presented on a dark background (luminance
0.3 cd/m 2). The dots moved randomly at
speeds between 3° and 10°/s within a 9 � 9°
square virtual container. Direction and speed
were generated independently for each dot,
and changed randomly every 300 – 800 ms. Ad-
ditionally, the proximity of the dots to each other was limited to not
�0.6° to ensure that there were no collisions or occlusions, thereby al-
lowing the individual dots to retain their identities. If a dot’s motion in a
frame would make it travel beyond the edge of the virtual container, its
speed and direction were randomly reassigned so that it remained within
the confines of the virtual container. For the baseline pursuit experiment,
50% of the trials (run in separate blocks) presented a gray cross (0.2°
wide, luminance 2.63 cd/m 2) at the center of the 9 � 9° region. The entire
stimulus either translated across the screen at a constant speed of 7°/s, or
remained at the screen center throughout the trial.

Procedure. Trials were blocked by number of dots, whether the central
cross was present or absent, and whether the entire display was moving or
static. Each block comprised 60 trials and each observer completed two
blocks of each condition. At the beginning of each trial, the dots appeared
at their initial positions for 1 s. Next, they started moving within the
virtual container, which either remained at the center, or translated
across the screen. The cross, when present, remained at the center of the

container throughout the trial, and when absent, was turned off after the
fixation period.

In the attentive-tracking condition (Fig. 1), half of the dots were ran-
domly selected as MOT targets. At the start of each trial the targets were
cued by color (green, luminance 2.63 cd/m 2). After 500 ms of motion,
the targets changed to the color of the distractor dots. The stimulus
continued to move for another 2.5 s, during which time subjects were
required to attentively track the MOT targets. A probe dot changed to
green for the last 300 ms of each trial, and subjects had to identify with a
key press (4 for “yes” and 6 for “no”) whether the probe was one of the
original MOT targets. The probe was equally likely to be a target or a
distractor. In the control condition, there were no targets, no dots were
cued, and no identification was necessary. To initiate the next trial, sub-
jects pressed the Enter key, so they controlled the pace of the experiment.

Eye movement data analysis. Horizontal and vertical eye velocity were
calculated offline from the recorded position signals by differentiating
and filtering the raw eye position data (2-pole Butterworth noncausal

Figure 1. Timeline for a trial with four MOT targets and no central fixation cross. In the fixation period, the MOT targets are green
and the distractor dots are gray. All dots then begin to move randomly within a 9° square virtual container. Targets remain green
for 500 ms after the motion begins, then change to the same gray as the distractors. Stimulus motion lasts a total of 3 s, during
which the entire stimulus translates across the screen or remains at its center. For the final 300 ms, a probe dot turns green, and
subjects identify whether it was one of the MOT targets.

Figure 2. Tracking a 10-dot stimulus with or without a foveal pursuit target. a, Representative steady-state eye velocity traces for one
subject for the two conditions (60 trials/condition). b, Mean steady-state pursuit gain for all four subjects. There is no consistent difference
in gain with and without the foveal pursuit cross, indicating that the pursuit system did not require an explicit pursuit target, and success-
fully obtained a global velocity signal by integrating local dot motions. Error bars represent standard error of the mean (SEM).

5836 • J. Neurosci., April 23, 2014 • 34(17):5835–5841 Jin et al. • Motion Integration Does Not Hinder Segregation



filter, cutoff � 50 Hz). Saccades were detected offline when eye velocity
exceeded 50°/s. Each saccade was removed from the velocity trace and
replaced with a line that interpolated eye velocity before and after the
saccade.

For the pursuit data analysis for Experiments 1 and 2, steady-state
pursuit gain was computed by dividing average eye velocity 500 –2700 ms
after stimulus motion onset by stimulus velocity. This period coincides
with when observers were actively tracking the MOT targets, after the
cuing period but before the appearance of the probe. All statistical tests
used an � level of 0.05 for both the eye movements and the
psychophysics.

Results
We first asked whether observers could pursue a translating MOT
stimulus, given it is an unconventional pursuit target. Although
previously it has been shown that noisy RDCs can be pursued, in
that research, all dots moved at the same speed and always had a
motion vector in the global motion direction (Watamaniuk and
Heinen, 1999). In this study, individual elements move at differ-
ent, randomly changing velocities, and therefore their directions
do not always include the global motion vector. To establish base-
line pursuit of a stimulus requiring integration, we used a 10-dot
MOT cloud. A small central cross that served as an explicit pur-
suit target was either present or absent within a block. Observers
were instructed to pursue the dot cloud. No MOT task was per-
formed and the dots were a gray color for the duration of the trial.

Consistent with previous work, observers matched the global
velocity of the translating stimulus without the need for a con-
stant velocity target. Figure 2a shows representative average eye
traces from one subject for two blocks of trials, one with and
one without the central cross. Steady-state pursuit velocity is
the same with and without the embedded pursuit target, and
matches the stimulus velocity well. Figure 2b summarizes
mean steady-state pursuit gain for all observers in the two
conditions. A paired t test showed no difference between con-
ditions (t(7) � 0.5285, p � 0.61). Therefore, the pursuit system
appears capable of following the integrated global velocity of
these stimuli.

Given the pursuit system can follow the integrated motion of
an MOT stimulus, we were poised to ask whether the integration
could occur simultaneously with segregation needed for MOT.
To this end, we used a dual-task paradigm. Dual task paradigms
are typically used to determine whether two processes use the
same attentional resources (Navon and Gopher, 1979), and
thereby shed light on whether the mechanisms underlying them
are independent. It follows then that if neural integration and
segregation are independent processes, it should be possible to
pursue the MOT stimuli while performing the MOT task, with no
decrement to the pursuit eye movement or MOT accuracy. We
addressed this by having observers perform MOT while pursuing
the task stimulus as it translated across the screen. Note that if
there were sufficient attention for both MOT and pursuit, no
deficit would be found, rendering the result inconclusive. To
avoid this problem, we increased the difficulty of the MOT task to
tax attentional resources by adding MOT targets and distractors.
This manipulation was effective because MOT errors for the non-
translating stimulus increased as the number of elements
increased.

Observers attentionally tracked 2, 4, or 5 targets in clouds of 4,
8, or 10 dots, respectively. The number of targets was chosen to
keep the probability of guessing the probe’s identity constant at
50%. Baseline MOT performance was established when the stim-
ulus cloud remained centered on the screen, with no translational
motion imposed. It was then compared with MOT performance

on the same stimulus when it translated across the screen at 7°/s.
To optimize MOT performance, gaze must be centered on the
stimulus cloud (Fehd and Seiffert, 2008). Therefore, when MOT
is done while the cloud translates, pursuit of the cloud would be
necessary to optimize performance. Note that no explicit pursuit
or fixation target was provided while performing the MOT tasks.

MOT performance (probe identification accuracy) declined
for all subjects as the number of targets increased (Fig. 3). This
occurred both when the cloud remained stationary and when it
translated across the screen. A 2 � 3 repeated-measures ANOVA
was conducted on the percentage correct probe identification
with the stimulus cloud motion (stationary or translating) and
the number of tracked targets as variables. The main effect of the
number of MOT targets was significant (F(2,6) � 46.02, p �
0.0002), but the main effect of cloud motion was not (F(1,3) � 0.1,
p � 0.76). The interaction between cloud motion and number of
MOT targets was also not significant (F(2,6) � 0.05, p � 0.95).
Therefore, simultaneous pursuit had no effect on MOT perfor-
mance, implying that integration of the stimulus to drive pursuit
did not usurp attention from the MOT task.

When attentional resources are shared between two simulta-
neous tasks, it is not always the case that performance on both is
compromised; sometimes, only one process suffers (Khurana
and Kowler, 1987). Therefore, even though MOT performance
was unaffected by pursuit, it cannot be concluded that the two did
not share resources without looking at whether pursuit was
poorer during the MOT task. To investigate this, we character-
ized two hallmark measures of smooth pursuit quality, gain and
saccade frequency, with and without a simultaneous MOT task
(Fig. 4). The analysis was restricted to the steady-state period of
pursuit during attentive tracking of the targets (500 –2700 ms
after motion onset). In Figure 4a, it can be seen in one observer
that the magnitude of eye velocity was roughly the same with
different numbers of dots, with and without the MOT task. Fig-
ure 4b shows that pursuit gain does not systematically decline as a
result of performing the MOT task, or as the number of targets
increase. A two-way repeated-measures ANOVA on the steady-
state gain data showed that performing the MOT task did not
affect pursuit gain (F(1,3) � 2.09, p � 0.24), nor did increasing the
number of MOT targets (F(2,6) � 2.96, p � 0.13). The interaction
between performing the task and number of MOT targets was
also not significant (F(2,6) � 0.30, p � 0.75).

Figure 3. MOT performance as a function of number of MOT targets for both static and
moving stimuli. Error bars indicate SEM. Although all observers show a decline in MOT perfor-
mance as the number of tracked targets increases, there is no consistent performance decre-
ment from pursuing the stimulus cloud. Horizontal dashed lines indicate 50% (chance)
performance.
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We also used saccade frequency as a
measure of pursuit quality, as a greater
number of saccades is an indicator of poor
pursuit, such as when damage or disease
affects the pursuit system (White et al.,
1983; Fletcher and Sharpe, 1988; Moser et
al., 1990). A two-way repeated-measures
ANOVA confirmed that performing the
MOT task did not have a significant effect
on saccade frequency (F(1,3) � 0.69, p �
0.468). Interestingly, increasing the num-
ber of targets did not increase saccade fre-
quency, but rather it significantly reduced
it (F(2,6) � 5.89, p � 0.038). The interac-
tion between task and target number was
not significant (F(2,6) � 3.38, p � 0.10; see
Fig. 4c). Thus even under the greatest at-
tentional demands of the MOT task, pur-
suit remained optimal, further evidence
that the integration process for pursuit eye
movements is independent from the pro-
cess performing MOT and may be rela-
tively inattentive.

Although the results of the dual-task
experiment suggest that integration and
segregation occur simultaneously on the
same stimulus, it is possible that only the
motions of the unattended dots were inte-
grated, allowing segregation to occur on
the remaining subset of dots. To test for
this possibility, a two-condition control
experiment was conducted on three ob-
servers who (1) pursued a two-dot stimu-
lus without the MOT task, and (2)
pursued a four-dot stimulus while performing MOT on two of
the targets. If only the nontarget dots were integrated during
pursuit of the four-dot stimulus, then pursuit of the four-dot
stimulus should be no different from pursuit of the two-dot stim-
ulus. On the contrary, pursuit was worse for the two-dot stimu-
lus. Two observers showed significantly lower pursuit gain for the
two-dot stimulus (EP: t(59) � 10.09, p � 1.9 � 10�14; ML: t(59) �
16.00, p � 4.10 � 10�23). Whereas the other observer (SW) did
not show a difference in overall gain (t(59) � 0.03, p � 0.98), his
eye velocity was far more variable (higher SD) for the two-dot
stimulus (t(59) � �10.02, p � 2.42 � 10�14). These results pro-
vide evidence that observers were integrating all dot motions to
drive pursuit and not relying only on the nontarget dots.

Alternatively, the pursuit system was using a predictive
strategy that did not require integration of the local elements.
This was possible, at least after the first few trials, because the
stimulus cloud always moved at the same constant velocity in
our experiment, and pursuit can continue along predictable
trajectories when a target disappears (Madelain and Krauzlis,
2003). To test for this, in a control experiment the transla-
tional speed of the cloud changed unpredictably in a random
subset of trials. There were nine total dot elements in the
stimulus, and four MOT targets. The motions of the local
elements within the container were the same as in the previous
experiments, and as before, the cloud initially translated
across the display at 7°/s. However, in 60% of trials, the trans-
lational speed of the cloud either randomly increased to
11.5°/s or decreased to 2.3°/s at a random time after motion
onset (700 –2000 ms). The stimulus traveled at the new speed

for 500 ms, then returned to 7 °/s for the remainder of the trial.
Observers pursued the stimulus, and simultaneously per-
formed the MOT task. Each block comprised 72 trials and
speed increases and decreases were equally likely. Three new
observers (one female and two males), two of whom were
naive to the purpose of the experiment, completed two blocks
of trials each.

Figure 5a shows representative average eye traces of one ob-
server during pursuit of the cloud as its speed increased, de-
creased, or remained constant, with and without the task (solid
and dashed lines). Her pursuit was sensitive to the speed change,
although the change duration was too short to allow eye velocity
to reach steady-state. To quantify the response, mean horizontal
eye velocity was calculated in the 200 ms interval preceding the
end of the speed change, and compared with baseline eye velocity
in the 200 ms before the change (Fig. 5b). Pursuit reliably reacted
to both increases and decreases in stimulus speed. A paired t test
comparing eye velocity changes to zero verified this happened
when stimulus speed increased (t(5) � 4.74, p � 0.005) or de-
creased (t(5) � �11.17, p � 0.0001). Note one observer (JF)
showed a decrease in eye velocity when the stimulus speed in-
creased when not performing the task, possibly because motiva-
tion to follow the change was lacking when individual elements
did not require attention. Therefore, observers followed the
speed changes in the stimulus successfully during MOT, and were
not using a predictive strategy to pursue the cloud. Nor was at-
tention being diverted away from the task to detect the speed
change, as observers performed MOT as well with the change as
without (paired t test: t(5)� �0.67, p � 0.53; Fig. 5c).

Figure 4. a, Average steady-state eye traces for observer SW pursuing the translating stimulus cloud while performing the MOT
task with two and five targets, or pursuing the same stimulus without the task. b, Mean steady-state pursuit gain for each observer
as a function of the number of MOT targets. c, Mean number of saccades per trial for each observer as a function of the number of
MOT targets. Note that on average, pursuit gain is little affected by increasing the difficulty of the MOT task, and in fact may increase
slightly, while the number of saccades significantly decreases. Error bars represent SEM.
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Discussion
In the current study, we found that segregation of local motions
to support MOT and integration of the same local motions to
drive smooth pursuit can occur simultaneously with no penalty

to either process. In the experiments, ob-
servers pursued a small cloud of randomly
moving elements while attentionally track-
ing a subset of them. Even when the diffi-
culty of the MOT task was high enough
to degrade performance, integration re-
mained unimpaired, and pursuit was as
good as it was during the “easier” MOT
task or without it. Correspondingly, MOT
performance during pursuit was no dif-
ferent from performance on a nontrans-
lating stimulus. A control experiment
excluded that only the nonattended ele-
ments were integrated and pursued to al-
low segregation of the attended elements.
A second control experiment ruled out
that the pursuit system was using a predic-
tive strategy to follow the stimulus.

We interpret our results under the
“multifocal attention” theory of MOT
performance (Cavanagh and Alvarez,
2005), which posits that attention is di-
vided among the different tracked ele-
ments during MOT. This theory differs
from the early FINST model (Pylyshyn
and Storm, 1988), which states that MOT
tracking is automatic, requiring no atten-
tional resources. More recent results,
however, support the multifocal theory.
In a study by Oksama and Hyona (2004),
increasing tracking duration and load de-
graded MOT performance, and visuospa-
tial working memory and attention
switching ability were significant predic-
tors of MOT performance. Both results
support the idea that MOT uses cognitive
processes and is not automatic. In another
study, tracking precision increased when a
distractor moved close to a target, sug-
gesting that attention is dynamically and
adaptively distributed to targets in crowded
situations (Iordanescu et al., 2009).

To our knowledge, simultaneous in-
tegration and segregation of the same
motion elements has not yet been dem-
onstrated. Other work has shown that ob-
servers can perform MOT on a moving
stimulus (Liu et al., 2005). However, in
that study, eye movements were not re-
corded, and therefore it was not docu-
mented whether the quality of pursuit was
compromised, or whether the stimulus
was pursued at all. Another study indi-
rectly suggested that integration and seg-
regation could happen simultaneously
(Watamaniuk and McKee, 1998). In that
experiment, observers were asked to judge
either the local velocity of a single dot em-
bedded in a moving multidot RDC, or the

global velocity of the RDC. To judge the dot’s velocity, the dot’s
motion had to be segregated from the global motion of the RDC.
To judge the RDC’s velocity, the motion of the individual ele-
ments had to be integrated. Even when observers were not in-

Figure 5. a, Representative average eye velocity traces for one observer in response to transient changes in stimulus speed.
Solid and dashed lines correspond to MOT task and no task conditions, respectively. Time 0 represents the moment of stimulus
speed change and the black lines indicate stimulus speeds. The gray area indicates the analysis region for determining horizontal
eye velocity after the change. b, Average changes in horizontal eye velocity following the stimulus speed change, while performing
MOT and not, for each observer. c, MOT performance with and without the speed change. Error bars indicate SEM. Horizontal
dashed lines indicate 50% (chance) performance.
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formed which judgment they were to make until after the display
stopped moving, they performed the task successfully, indicating
either that integration and segregation were occurring simulta-
neously, or that the motion was stored in memory, and the ap-
propriate operation was selected after the observer was instructed
which motion to judge.

However, in the above experiment, the dot did not require
integration and the background did not require segregation. The
distinct spatial locations of the local and global elements made it
possible for the dot and background to stimulate different pop-
ulations of neurons, thereby allowing one population to integrate
and another to segregate. Therefore, it is feasible that both oper-
ations could occur simultaneously in the same pathway. In our
experiment, because the elements used for integration and segre-
gation were the same and thus not spatially distinct, they would
be processed by the same neurons. Because integration is math-
ematically opposed to segregation, it is unlikely that the same
neurons can perform both operations simultaneously. Therefore,
our results suggest that different pathways or different popula-
tions of neurons subserve integration and segregation.

MOT could be performed by tracking the positions of the
moving targets, and not their motions, thereby not using motion
segregation. Evidence for this comes from work in which targets
were occluded for a short time, and reappeared either at posi-
tions predicted by their motions, positions where they were
turned off, or previously traversed “rewound” positions
(Keane and Pylyshyn, 2006). It was concluded from this study
that prediction is not used during MOT because performance
was worse when targets reappeared in their predicted positions.
However, decreased performance does not indicate that observ-
ers were not using motion prediction at all, because motion in-
formation was available in all conditions. A performance
decrement might have been observed simply because predicted
positions are less certain than previously traversed ones.

A later study addressed these problems directly (Fencsik et al.,
2007). These authors first replicated the results of Keane and
Pylyshyn (2006), then added a condition in which the targets
stopped moving before the occlusion, effectively eliminating mo-
tion cues in the task. This manipulation degraded performance,
providing evidence that motion is used to perform MOT. Other
recent work provides additional evidence that motion is used in
MOT. Observers predict the location to which tracked targets’
motion would take them (Iordanescu et al., 2009), and superim-
posing conflicting motion on moving targets disrupts attentional
tracking (St Clair et al., 2010). Furthermore, motion circuitry in
the middle temporal area (MT) is activated during MOT (Howe
et al., 2009).

In our experiment, we used a dual-task paradigm in which
observers simultaneously performed a perceptual task, MOT,
and a motor task, ocular pursuit. Dual-task paradigms are typi-
cally used to determine whether attentional resources are shared
between two neural systems (Navon and Gopher, 1979). The
underlying assumption of these paradigms is that attentional re-
sources are finite. Therefore, if two systems share attention, acti-
vating them simultaneously will usurp resources from one or
both of the systems, and compromise performance on one or
both of the tasks. We first measured MOT performance for in-
creasing levels of task difficulty, and found a systematic decrease
in performance for all observers. When we added the pursuit task,
MOT performance at all difficulty levels was unaffected, and pur-
suit performance remained unchanged from the conditions in
which no MOT task was performed. When these results are in-
terpreted in the standard dual-task framework, the conclusion is

that attentional resources for MOT are not shared with those
used to pursue the multidot stimulus, and thus the opposing
processes of segregation and integration used to drive these tasks
are independent. Our explanation is consistent with this, but
more specific. We think that pursuit of the multidot stimulus
does not share attention with MOT because pursuit of larger
stimuli that extend beyond the fovea and the integration process
driving it are relatively inattentive.

This theory is consistent with other work suggesting that the
system used to pursue larger, natural objects is reflexive-like,
leaving attention resources free to inspect object features (Heinen
et al., 2011; Jin et al., 2013). In those studies, observers performed
a secondary attention task during pursuit of a small spot stimulus
with or without a large, moving RDC background. In one exper-
iment, observers had to identify which of five dots briefly
dimmed (Heinen et al., 2011). Performance on the dimming task
was better when the RDC was present; indicating that pursuit of a
large stimulus was relatively inattentive. In another experiment,
observers made saccades during pursuit to targets superimposed
on the RDC, or moving with a single spot (Jin et al., 2013).
Shorter saccade latency was found during pursuit with the RDC,
evidence that the saccadic system shared attention resources with
the system that pursued the spot, as well as additional evidence
for a less attentive system generating pursuit of the RDC. Note
that in these experiments, the task elements were different from
those composing the RDC, and therefore did not rule out that
integration and segregation were being performed by different
sets of motion detectors in the same pathway.

Which structures might compose the pathways underlying
simultaneous MOT and pursuit of large stimuli? Both functions
likely involve the motion-processing regions in MT and middle
superior temporal cortex, as pursuit (Komatsu and Wurtz, 1988)
and MOT-related activation (Culham et al., 1998) has been ob-
served in these structures. For MOT, regions in parietal and fron-
tal cortex that are involved in MOT would likely be recruited
(Culham et al., 1998), as well as V4 (Mitchell et al., 2007). For
pursuit, we believe there exists a relatively reflexive and subcon-
scious neural mechanism devoted to pursuing objects that extend
beyond the fovea and stimulate peripheral retina. This pathway
recruits circuitry within the primitive system that generates the
optokinetic reflex (OKR). As a subsystem of ocular following,
OKR circuitry may have been modified through evolution to
pursue objects that are common in natural scenes, such as prox-
imal people or animals. Supporting this notion, the nucleus of the
optic track, which is commonly thought to drive OKR (Hoff-
mann et al., 1988; Kato et al., 1988; Schiff et al., 1988), contains
single neurons that respond during smooth pursuit and OKR
(Mustari and Fuchs, 1990; Ilg and Hoffmann, 1996) and might be
involved in pursuit of larger objects. This modern, yet still mostly
automatic, OKR circuitry releases attention for the inspection of
an object’s features, which uses a foveate system of fixation and
saccades.
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