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Abstract
When viewing a moving object, details may appear blufred if the object’s motion is not compensated for by the eyes. Smooth

pursuit is a voluntary eye movement that is used to stabilize & moving object. Most studies of smooth pursuit have used small,
foveal targets as stimuli (&g Lisberger SG and Westbrook LE. J Neurosci 1985,5:1662-1673.). However, in the laboratory,
smooth pursuit is poorer when a small object is tracked agross & background, presumably due to a conflict between the primitive
optokinetic reflex and smooth pursuit. Functionally, this could occur if the motion signal arising from the target and its
surroundings were averaged, resulting in 2 smaller net motion signal. We asked if the smooth pursuit system could spatially
summate coherent motion, i.t. if its response would imprpve when motion in the peripheral retina was in the same direction as
motion in the fovea. Observers tracked random-dot cingmatograms (RDC) which were devoid of consistent position cues to
isolate the motion response. Either the height or the density of the display was systematically varied. Eye speed at the end of the
open-loop period was greater for cinematograins than for a single spot. In addition, eye acceleration increased and latency
decreased as the size of the aperture increased. Changes in the depsity produced similar but smaller effects on both acceleration
and latency. The improved pursuit for larger motion stimuli suggests that neuronal mechanisms subserving smooth pursuit

spatially average motion information to obtain a stron

motion signal. © 1998 Elsevier Science Ltd. All rights reserved.

Kepwords: Human smooth-pursuit; Eye movements; Spatial inte+rar.ion‘. Summation

1. Introduction 1

The smooth pursuit eye movement system evolved to
stabilize moving images on the Tetina and thereby pre-
vent excessive image slip which can degrade acuity [1).
Traditionally, work on the smooth pursuit system has
focused on how a small (usually < 1°) moving spot of
light drives pursuit (e.g. [2-4]). However, smooth
movements are impaired when the target spot morkres
across a textured background {5-7]. The result is not
simply due to decreased salience of the moving SFFL
since the impairment occurs even if the texture immedi-
ately surrounding the path of the spot is removed [8]
This is surprising, given that the pursuit system nor-
mally operates in a richly textured environment. How-
gver, the retinal-images of many objects that we pursue

i
—_ :
* Corresponding author. Present address: Psychology Department.

Wright State University, Dayton, OH 43433, USA,; Tel: +1 |415
S611679: fax: + | 415 5611610: c-moail: heinen@skivs.ski, org.

|
|
0042-6989/98/519.00 £ 1998 Elscvier Science Lid. All rights resdrved.

PIL: 50042-698%(97)00422-7

are much larger than the traditional small spot target.
For example, the retinal image of a 6 fi tall person 50 ft
away subtends 7% of visual angle. If the smooth pursuit
system has the capacity to follow larger objects, one
might expect that it could sum motion information over
the retinal-image of the object, despite the fact that in
many cases the image extends well beyond the fovea.

Spatial summation occurs in the human motion pro-
cessing system. When the size of a constant density
random-dot cinematogram (RDC) is increased, both
motion discrimination [9,10] and detection (e.g. [11-
14 improve. The improvement iz thought to occur
becanse the responses of a greater number of motion
detectors are summed or integrated, and hence the
larger stimulus produces a stronger motion signal. If
the pursuit system uses a motion signal that has been
processed similarly, it would seem reasonable that mo-
tion information from the parafoveal and peripheral
retina would facilitate pursuit of a large stimulus, and
theraby lead to enhanced image stability during normal
tracking.
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D{Cs which moved at speeds ranging from 4-8%/s, (B) The aperature height

of RDCs was varied between 0.5 and 10°. Density was fixed at 2.0{dots/degree* for all aperture sizes. () The dot density of RDCs was varied

between 0.5 and 10 dots/degree” Aperarure size was fixed at 10 x
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Ateas of the brain in the temporzl lobe are tha
to be involved in both motion processing and smoot
pursuit, and neurons there have propertles that coul
facilitate pursuit of large stimuli (for reviews see refs.
[3.4]). For example, neurons in the middle tempor:
area (MT) have receptive fields that extend well beyon
the fovea {15,16]. Area MT projects to the med
guperior temporal lobe {MST), which has mceptl
fields that are even larger, and where more cells
spond during pursuit eye movements [17]. The process
ing in MT/MST is thought to support the conversion o
sensory information into & smooth pursuit motor con}
mand, creating & sensorimotor interface [17]. We repo
here that motion stimuli which produce better psycho)
physical discrimination also produce higher-gai
smooth pursuit. While other researchers have report
that larger targets can improve pursuit [5,18-20], this if
the first systematic analysis of the effect of spati
summation on the pursuit response. More importantl
our results imply that the enhanced pursuit is cauaed:}
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a stronger velocity signal, and is not related to th
increase in position information that a larger obj

would afford, since the stimuli we used were free or

consistent local position cues,
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® for all densities.

2. Methods
2.1. Subjects

Eye¢ movements were recorded from the two authors
(SH and SW) both of whom were experienced in
smooth pursuit tasks. Both subjects had cotrected to
normal vision.

2.2, Stimuli

Observers tracked a 0.1° bright spot (the traditional
stimulus for pursuit) or a small RDC (up to 10 x 107)
composed of up to 200 moving spots all of which
moved in the same direction, and at the same speed on
a given trial (see Fig. 1). Each spot remained illumi-
nated throughout the trial. Stimuli moved either left or
right across a dimly illuminated homogeneous back-
ground, and were presented on an X-Y CRT with P4
phosphor at a viewing distance of 57 cm and at a frame
rate of 50 Hz. Sumulus duration was always &00 ms.

An advantage of RDCs ig that they are devoid of
consistent spatial position cues [21]. Since the dots
appeared to drift behind an apetture, there was no real
object for the pursuit system to follow in our studies,
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merely the global motion of the stimulus. In qact,
saccades typically seen while pursuing small spots, iand
which are thought to be driven by position cues [22),
were rarely seen in the eye movement records of 1our
observers when tracking cinematograms. Since position
cues have bean shown to affect smooth eye movements
{231, RDCs are particularly well suited for studying
how motion alone influences pursuit. ‘

|
2.3. Experimental procedure 1
\

In the first experiment, we compared the smqoth
pursuit responses to a single spot with those genergted
by tracking a 10 x 10° RDC (Fig. 1{A)). The stimulus
moved at one of five speeds (4, 5, 6, 7, or 8%/s) which
were chosen randomly each trial. These speeds
chosen because they fall in the range of speeds used|for
human smooth pursuit tracking in the past (e.g. [18,24~
28]) and the narrow range of speeds allowed 10
measure the precision of the pursuit response by com-
puting oculometric speed discrimination thresholds (see
ref. [27]). Briefly, this procedure involves thres steps] (a)
computing a z-score for each target speed by taking|the
difference between the mean eye speed for each ta get
speed and that to the middle speed (6%/s in our ex
ments) and dividing by the S.ID. of the eye s
distributions; (b} plotting these z-scores as a function of
target speed and fitting a regression line through ithe
data; and (c) evaluating the function for a z-score of
0.67 (which is equivalent to 75% performance).
- aperture surrounding the RDC was circular with a
diameter of 10°. The other two experiments were done
to determine differential responsiveness of pursuit] to
changes in either the density or the area of RDCs (Fig.
I(B and C)). For these studies, the cinematogram was
visible through a rectangular aperture (width constant
at 10 and the target speed was fixed at 8°/s. When
stimulus area was the variable of interest, the height of
the aperture was varied (0.5-107), and the density was
fixed at 2.0 dots/degree?. When stimulus density was the
variable of interest, dot density was vared (0.5+10
dots/degree”) and the aperture height was fixed at|2°,
These values were selected so that the number of dots
presented across aperture and density conditions wolld
span a similar range and allow performance in the
aperture and density conditions to be compared.

A trial was initiated with a button press. The ob-
server then fixated a central point for a random amo
of time after the button press (up to 13) at which ti
the fixation point was extinguished and the moving
stimulus appeared. In the first experiment, observers
tracked stimuli in blocks of 100 trials in which s
and direction were selected randomly for each trial.| In
the other two experiments, observers tracked in blotks
of at least 50 trials, within each of which aperture gize
and density were fixed. Triuls were run in blocksito

minimize possible pursuit biases towards the response
which would be seen to the mean stimulus size or
density. The order of blocks was randomized with the
constraint that every condition was seen once before
any condition was repeated,

2.4. Eye movement recording and analysis

Horizontal and vertical aye position were measured
with a Generation V dual-Purkinje-image eyetracker.
The overall noise of our eyetracker system was deter-
mined to be less than 1 min arc in tests with an artificial
eye. Eye position was calibrated to tracker ouiput
before each session by having the observer fixate several
titnes at each of four 5° eccentric cardinal positions and
at the center while the experimenter adjusted offsets
and gains. The eye position signal was differentiated
with analog hardware to obtain eye velocity; both were
passed through an anti-aliasing filter and sampled at
500 Hz by a Pentium PC, and the data was stored on
disk for processing later. Eye position was measured
monocularly, and a patch was placed over the other
eye.

Eye velocity signals were filtered digitally off-line
using a non-causal Butterworth filter (2 pole, cutoff =
30 Hz). Eye acceleration was obtained by digital differ-
entiation of eye velocity records. A second filter
(cutoff = 25 Hz) was then used to smooth acceleration
traces. Although the filters were non-causal, it should
be noted that any smoothing process by definition
distorts a trace. Latency is the pursuit parameter most
susceptible to smoothing. Therefore, filter parameters
were chosen carefully to minimize latency distortion,
but to still remove most of the 60 Hz contamination of
the-signal. Next, the records were desaccaded using an
algorithm that finds epochs of time where first eye
acceleration exceeds and then falls below a threshold
(2000°/s?). However, for the movement to be considered
a saccade, the absolute value of eye deceleration then
has to rise above and fall below the same threshold,
The saccade epoch was excised from the velocity
record, and replaced with a line that connected the
point preceding the saccade to the point following it in
a fashion similar to algorithms used in the past (e.g.
[7.29D. All filtering and other data processing were
done using Matlab (Mathworks) software.

In the final analysis. the pursuit records were aligned
on latency as determined by visual inspection. Since
anticipatory smooth ¢ye movements are almost impos-
sible to eliminate, even with the most rigorous random-
ization of trial parameters [30]. records where clear
anticipation ( > 2°/s) was present were rejected. [n most
blocks, less than 5% of the trials were rejected for this
reason. We made our final measures in the open-loop
period of smooth pursuit initiation, since during this
period the response i3 uncontaminated by motion of the
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eye itself (e.g. [7,19]). The duration of the open-lqbp
petiod (which is directly related to latency) has been! in
the past set at 100 ms, since most of the work establish-
ing this period has been done in monkeys, which hﬁe
a pursuit latency that approximates this value [19].
latency of the pursuit response in humans is consider-
ably longer, on the order of 130 ms [31]. Therefore, we
have chosen to define the duration of the human opén-
loop period as 130 ms. |

Eye dynamics were characterized in two ways, Sir?ce
the sole aim of the first set of experiments was |to
characterize smooth pursuit to larger stimuli, the veloc-
ity gain at the end of the open-loop period
quantified to allow comparison of the results with
vast amount of previous literature which has character-
ized pursuit gain. The open-loop gain was calculated jas
mean eye velocity in a 20 ms bin centered on 130 ms
~ (the end of the open-loop period) divided by tar
velocity. The steady-state gain was computed as mean
eye velocity between 290 and 350 ms, again divided by
target velocity. This particular steady-state interval was
chosen in an attempt to capture pursuit gain after the
initial overshoot had subsided and bafore eye vel
started to decline in anticipation of the stimulus
stopping.

The other experiments were done to assess the pur-
suit response to fine-grain manipulations of aperture
size and density. Acceleration during the open-logp
period is a more sensitive indicator of the pursuit
response [25], therefore this measure was used in the
second set of experiments. For these experiments, we
analyzed mean eye acceleration im a 20 ms bin centergd
around 90 ms. This specific choice was made becaus
the open-loop period is thought to be composed of two
intervals, only the second of which is responsive to
characteristics of the motion [25,29]. In the monk
this period is 40-100 ms after pursuit onset,. When
adjusted for human latency, the center of this period is
90 ms, where we placed our analysis bin [25).

3. Resulix
3.1. Pursuit of RDCs

The open-loop gain of pursuit responses to the RDC
was enhanced relative to that measured during pursu
of the single spot (Fig. 2). The visual impression fro:
the records is that of a larger response, yet a smoother
or more precise encoding of the difference in speeds.
The enhanced gain was characterized by measuring
velocity 130 ms after the eye started to move and the
comparing it to target speed (Fig. 3). Gain was grea
during tracking of all the cinematograms that we test
and for both observers (one-factor ANOVA resultst:
Fi35=230.28. P < 0.05), and at all speeds the cine-
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matograms produced a gain greater than onpe, This ig
not surprising, since eye velocity during pursuit initia-
tion commonly overshoots target velocity, as seen here
when tracking the 4°/s spot. The cinematogram is ap-
parently bringing the eyes into the overshoot phase
earlier. However, steady-state pursuit gain 1o the spot
and the RDCs was not different. For subject SW, the
gain during pursuit of the spot and RDC were 1.02
(S.E.= £0.04) and 0.99 (S.E. = +0.02) respectively.
For subject SH the spot gain was 0.86 (SE= +0.03)
and the RDC gain was 0.91 (5.E. = +0.02),

We have argued that RDCs are free of local position
cues. Evidence supporting this is a virtual absence of
saccades during pursuit initiation to these stimuli. Al-
though saccades appeared later in the trial as the
stimwlus took the eye towards the edge of the screen,
saccades were present in only 8% of trials during the
first 130 ms of tracking the RDCs. Saccades were more
frequent during the first 130 ms of tracking the single
spot and occurred in 70% of those trials.

Smooth pursuit responses to RDCs whose speeds
differed by only 1°/s diverged early, while the responses
to single spots with the same speed differences were
never clearly different throughout the period of pursuit
initiation. Even at the end of the open-loop period
(130 ms), eye speeds to different single-spot speeds were
not always ordered correctly, i.e. the eye speed to a
faster stimulus was sometimes slower than that to a
slower stimulus. As evidence that the cinematograms
produced more precise pursuit performance as well, we
computed speed discrimination thresholds for pursuit
eye movements to the 10° RDCs and single spot targets
using eye velocities obtained at the end of the open-

loop period. For observer SW, the difference in speed

needed for threshold discrimination (z-score =0.67)
for the single spot targets (35.6%, 8.E. = + 5.4%) and
RDCs (21.7%, 8.E. = +2.2%) was significantly differ-
ent (1(6) 2,37, P < 0.05). For observer SH, the differ-
ence in speed discrimination threshold was even larger
(single spot targets: 185.5%; RDCs: 16. 3%, 5.E. = +
1.4%). However, the considerable extrapolation for
5H’s single spot threshold made it impossible to deter-
mine an error for the estimate and thus a f-test could
not be performed. These data show that RDCs gener-
ated a more precise pursuit response than the single
spots.

3.2, Effects of aperture size

The single spot and the cinematogram are qualita-
tively different stimuli. At least the absence of local
position cues, and possibly other aspects of the cine-
matogram may have encouraged the observers to adopt
different tracking strategies for the two stimuli,. We
reasoned that if the pursuit system performed spatial
summation, 3 systematic increase in pursuit gain should
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Fig. 2. Eyc speed during pursuit of single spots and RDCa moving mrd
of 200-dot cinematograms and the 0.1° spot respectively for obse
and 8°fs. Each trace is an average of approximately 10 trials. Artows indicate when the pursuit response began.

be present when the spatial extent was varied by in-
creasing the size of the RDCs. To do thig, the horizoh-
tal dimension of the aperture was held constant at 1

30 that the eye woukd not reach the end of the display
at different times, and the vertical dimension wps

varied.
Eye acceleration measursd at 90 ms after pursdit

onset was found to increase as a function of a

size. We also analyzed pursuit latency during trackiﬂg :

of different size RDCs, and found that it decreased inja
rather striking fashion as aperture size was incre
(Fig. 4). Interestingly, the absolute value of the laten
measured while tracking RD{Cs was always higher

that seen during single-spot pursuit, with single-spot
mean latencies being 126.7 ms (5.E. = + 4.0 ms) for §
and 1244 ms (5.E. = + 6.1 ms) for SW.

3.3, Effects of dor density

In the previous experiment, aperture size was found
to affect both the latency and initial eye acceleration of
pursuit, suggesting that the smooth pursuit system inte-
grates motion information over the vizual field. There-
fore one might conclude that a larger stimulus produces
higher-gain pursuit, However, interpretation of the re-
sult is confounded by the fact that as stimulus size was
increased, so were the number of dots. To dissociate the
effects of stimulus size and dot number, observers
pursued RDCs in which dot density was varied while
aperture size was fixed,

Eye acceleration measured at 90 ms after pursuit
onget was found to also increase as a function of dot
density. Latency decreased as a function of density for
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observer SH, but remained unchanged for subject slw
(Fig. 5). |
In order to compare the influence of changes jin
spatial extent and dot density on smooth pursuit, eye
acceleration data from both experiments were plotted
on the same axes as a function of the number of ddts
(Fig. 6}, For one of the observers (SH), increaging :}w
number of dots by increasing the aperture size had a
greater effect on eye acceleration than increasing dot
number by increasing density. For the other observer
{(SW), both manipulations increased eye acceleratign.
However, both observers showed a decrease in laten
as the number of dots increases. Thus at these values ‘pf
aperture size and densities, increasing the number of
dots appears to be responsible for the Systema;'c
changes in the pursuit response. i
!
i

4. Discussion

Our results suggest that the pursuit system can utili
motion information presented over a large region of
retina to follow a stimulus, We found that small RD
elicited pursuit responses with higher gain and grea
precision than those produced by the traditional sin
spot. In addition, eye acceleration in the second ph
of pursuit initiation increased monotonically with i
creases in the spatial extent of the cinematogram. La-
tency decreased monotonically as spatial extent was
increased, suggesting that a stronger motion signal cdn
generate an earlier response from the pursuit system.
Increasing the dot density in a fixed-size cinematogram
also increased acceleration and decreased latency, al-

though the size of the effects varied somewhat batween
the two observers. '

4.1. What is the object of pursuir?

Large stimuli in our expetiment enhanced the gain of
pursuit, consistent with what other researchers have
found [18,20]). This makes sense, given the objects
which we normally pursue in the world such as people,
dogs or busses usually subtend relatively large visual
angles. What is it about a larger stimulus that makes it
generate a stronger pursuit response? Since moving
objects have both position and velocity cues, the larger
stimulus could activate either more motion detectors or
more position-sensitive units. Previous studies which
showed enhanced pursuit gain with larger stimuli did
not differentiate between these alternatives, However,
our results suggest that increasing the number of mo-
tion -detectors activated and hence increasing the
strength of the velocity signal itself can facilitate pur-
suit. In the present set of experiments. there was no

object to pursue, rather observers tracked the global

motion [32]. The idea that they were pursuing single
elements within the array seems unlikely because sys-
tematic differences in pursuit dynamics were found as
the density or size of the stimulus was varied. In
addition, far fewer saccades were generated while pur-
suing the RDCs than the single spots. and saccades
during pursuit are thought to be driven by position
cues.

S0, what does position information do for the pursuit
system. if anything? The latency difference that we saw
when observers pursued the RDDCs may provide 3 clue,
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Fig. 4. Eye acceleration (top) and latency (bottom) to RDCs when stimulus area was varied. Cinematogrums were aiways 10° wide and had a
density of 2.0 dots/degres?. Eye acceleration was measured overia 20 ms bin centered at 90 ms after pursnit onset

As RDC size was increased, the latency of the response
decreased, Interestingly, even with our largest stimulus,
the latency was still above that seen when observers
tracked the single spot. This situation creates a para-
dox, given that the dynamics of the eye movement w}ere
facilitated by larger stimuli. One possible resolution] of
this paradox is that position cues may be important for
triggering smooth pursuit. An argument that Supp{rts
this is based upon the extraordinarily low latency| of
normal pursuit. In humans, pursuit staris ~ 130ims
after the target starts to move (e.g. [31]). This is sho
than normal saccade latencies which ars on the orden of
180-200 ms {e.g. [33]). It could be that the pursuit
system receives privileged information about object mo-
tion from brainstem structures that rely on position
cues to generate a signal. Cortical areas may then later
extract or refine higher-order stimulus properties,
thereby allowing more precise image stabilization, but
at the expense of longer processing time. i
Our experiments with changing the density rnak% a
stronger argument, which is that the pursuit system
may be better suited to pursue large objects than smjall
ones. When the density of our displays was low, the
latency was still high, However, only a few dots (i.e. 10)
were present in the lowest-density displays used, so dny
one dot could have been an easy target for the pursuit
system to follow. But, even in this case, the systpm
apparently responded as if it was following a field| of

dots, as opposed to just a single one, since both latency
and acceleration in this condition followed the trends
established by manipulating the density of the fields.
These results are consistent with recent work which
demonstrated that when presented with two targets the
response of the pursuit system is & vector average of the
respense to the two motions presented separately [34].
While single-spot pursuit is truly possible, it may not be
the modus operandi of the pursuit system.

4.2. Summation or averaging?

Our data imply that the pursuit system uses motion
information which is summed across the visual field;
however, the results of other studies suggest that it is
not just a simple summation. Keller and Khan [7]
showed that pursuit of a small spot over a stationary
textured background was impaired. Although salience
of the spot was a concern in their study, the results
have been replicated in a similar situation, but with
texture removed in a 4° strip centered on the trajectory
of the spot [8]. In that study, the spot was clearly visible
while moving, discounting the salience explanation. The
results in these studies might be explained by consider-
ing not just simple summation bui that the motion
signal used for pursuit may be a weighted average of
the elements in the visual field. In this model, stationary
spots would have a zero motion signal, which when
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Fig. 5. Eye acceleration (top) and latency (bottom) to RDCs when dot density was varied. Details as in Fig. 4.

averaged with the signal from the moving spot would
produce a signal smaller than that produced by the spot
alone. Of course, this idea also has its limitations sinice
people can pursue one set of dots that transparently
overlap another set of dots moving in the opposite
direction [35]. This suggests that segregation of a ]
achieved by assigning different motions to different
objects must take place before pursuit in this situation
1s possible. If segregation is required whenever spatially
distributed motion signals are encountered, this pmass
R

could also contribute to the longer latencies to C
stimuli. !
l
4.3, Pursuit or OKN? {
One important issue that these experiments raise
regards the involvement of the optokinetic (OK) sys-
tem. The OK system is driven by large or full-field
motion and evolved to stabilize the world on the retinia,
presumably to supplement the vestibulo-ocular reflbx
during self-motion {36]. Although pathways in the aL:-
cessory optic tract of the pretectum seem to be specigl-
ized for the generation of optokinetic eye movements jn
the primate [37], traditional OK stimuli (subtending 30°
visual angle or larger) have been shown to excite neii-
rons in MT and MST [16], the dorsolateral pontine
nucleus [38—40}, and regions of the cerebellum [41—44],
all arsas of the brain that are also thought to

5
|

involved in smooth pursuit control [3,4). Furthermore,
some characteristics of behavioral pursuit and OK re-
sponses can be quite similar. In fact, the initial phase of
OK eye movements are thought to be generated by the
smooth pursuit system [45] and has been modsled as
such [46]. While afoveate animals primarily use the OK
system to stabilize retinal motion, animals with foveas
(most notably primates) can voluntarily pursue an ob-
ject with smooth eye movements, even if the object’s
motion confficts with self~induced surround motion. It
may be that evolutionary forces modified and expanded
on the OK system to produce a system that could
accommodate voluntary pursuit. If so, the human pur-
suit system has apparently taken advantage of its evolu-
tionary history, and can utilize motion signals arising
from the peripheral retina to increase the stability of a
moving image.

4.4 Implications for visual motion processing

Our results complement those of researchers that
have studied large-field motion processing with psycho-
physical techniques (e.g. [10,47]). For instance, Wata-
maniuk and Sekuler [10] found that direction
discrimination thresholds for RDCs with directional
noise improved systematically as the size of the circular
aperture increased from 4-9°, In addition, Verghese
and Stone [47] found that adding multipie small moving
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stimuli over the visual field improved speed discrimin
tion, These past results as well as our own are consis-
tent with a motion processing system that avera
motion information across the visual field. To acco
for the pregent data, such a system would requi
subunits that are smaller than the area that is bei
averaged across to feed into a summing junction. The
results are consistent with current computational mod-
els of motion processing that incorporate spatial sum-
mation (e.g. [48-53]), and suggest that the behavior of
the smooth pursuit system can be used to explo
characteristics of human motion processing.

|
Acknowledgements

This work was supported by the National Eye Inst
tute (ROl EY10838), and the Smith-Kettlewell Eye
Research Institute. We would like to thank Min Liu far
help in data analysis and preparation of the
MAanuscript.

References

—

[1] Westheimer G, McKee 8P, Visual acuity im the presence o
retinal-image motion, J Opt Soc Am 1975;65:847 =50,

(2] Lisberger 8, Morris B, Tyschen L. Visual motion processing and
sengory-motor integration for smooth pursuit eye movements.
Ann Rev MNeurosci 1987;10:97-129,

[3] Keller EL, Heingn SJ. Generation of smooth-pursuit sye move-
nients: neuronal mechanisms and pathways. MNeuwrosci Raes
1991;11:79-107.

(4 Wuriz RH, Komatsu H, Yamasaki DSG, Dursteler MR, Corti-
cal visual motion processing for oculomotor control. In: Cohen
B, Bodis-Wollner I, editors. Vision and the Brain. New York:
Raven Press, 1990:211--31,

(%] Yee RD, Danigls SA, Joucs OW, Baloh RW, Honrubia V.
Effects of an optokinetic buckground on pursuit sye movements,
Invest Ophthalmel Vis Sci 1983:24:1115-22,

[6} Collewijn H, Tamminga EP. Human smooth pursuit and sac-
cadic eyt movements during voluntary pursuit of different target
motions on  different backgrounds. J Physiol Lond
1984;351:217-50.

{7] Keller EL, Khan NS. Smooth-pursuit initiation in the presence
of a textured background in monkey. Vis Res 1986:26:943 55,

[8] Kimimig HG, Miles FA, Schwarz U, Effects of stationary tex-
tured backgroundz on the initiation of pursuit eye movements in
monkeys, J Neurophysiol 1992:68:2147 64,

[9] Watamaniuk SNI, Sekuler R, Williams DW. Direction peteep-
tion in complex dynamic displays: the integration of direction
information. Vis Res 1989,29:47-59,

[10] Watamaniuk SNJ, Sekuler R. Temporal and spatial integration
in dynamic mndem-dot stimuli. Vis Res 1992:32:2341-7,

fl1] Van Doom AJ, Koenderink J), Spatial properties of the viaual
detectability of moving spatial white noise. Exp Brain Res
1982;45:189-95,

(12} Van Doorn AJ, Koenderink JJ. Spatioternporal integrarion in
the detection of coherent motion. Vis Res 1984:24:47-53,



3794 S Heinen, S.N.J. Watamanivk / ¥ision Rescarch 38 (1995) 3785-3794

[13] Koenderink 1), van Doomn Al van de Grind WA, Spuliu‘ und
temporal paramesters of motion detection in the peripheral visual
field. J Opt Soc Am 1985;:A42:252-9,

[14] Downing CJ, Movshon JA. Spatial and temporal swnmation in
the detection of motion in stochastic andom dot displays. [vest
Ophthaimol Vis Sci 1989;30:72. L

[t5) Tanaka K. Hikosaka K, %aito H, Yukic M, Fukada Y, [whi E.
Analysis of local and wide-field movements in the supprior
temporal visual areas of macaque monkey. J Neurosci
1986;6:134-44,

[16] Komatsu H, Wurtz RH. Relation of cortical areas MT and MST
to pursuit eye movements, I Localimtion and visual properties of
nevrons. J Meurophysiol 1988;60:580-603. '

(17] Newsome WT, Wuniz RH, Komatsu H. Relation of oo
areas MT and MST to pursuit eye movements, II differentigtion
of retinal from extra retinal inputs. J Neurophysiol 1988;60:¢
20, i

[18] Pola J, Wyatt HI. Active and passive smooth eye mov s
effects of stimulus size and [ocation, Vis Res 1985,25:1063276.

[19] Lisberger 53G, Westbrook LE. Properties of visual inputs [that
initiate horizontal smooth pursiit eye movements in mo )
Meurosci 1985;5:1662-73.

[20] van den Berg AV, Collewijn H. Human smooth pursuit: effects
of stimulus extent and of spatial and temporal constraints of the
pursnit trajectory. Vis Res 1986:26:1209-22,

{21] Sekuler R, Ball K, Tynan P, Machamer J. Psychophysics of
motion perception. In: Wertheim, Wagenaar, Leibowitz, (edi-
tors). “Tutorials on Moation Pereeption”, New York: Plenum,
1982,

[22] Raghbass C. The relationship between saccadic and smpoth
tracking eye movements. J Physiol 1961;159:338-62,

[23] Pola J, Wyait HI. Target position and velocity; the stimull for
smooth pursuit eyve movements. Vis Res 1980:20:523-34, !

[24] Steinman RM, Skavenski AA, Sansbury RV. Voluntary control
of smooth pursuit velocity, Vis Res 1969:9:1167-.71.

[25] Tychsen L, Lisberger 5G. Visual motion processing for| the
initiation of smooth-pursuit sye movements in humans. J Nebro-
physioi 1986;56:953-68.

[26] Carl JR, Gellman RS. Human smooth pursuit: stimulus
dent responses, J Meruophysiol 1987;57:1446-.63,

27] Kowler E, McKeo 5. Sensitivity of smooth eye movement to
small differences in target velocity. Vis Res 1987;27:993-10]5.

[28] Mann CA, Maommow M), Bffects of eye and head position on
horizontal and vertical smooth pursuit. Invest Ophthalmol| Vis
Sci 1997:38:773-9,

(29 Krauzlis RJ, Lisberger SG. Temporal properties of visual motion
tignaly for the initiation of smooth pursuit ¢ye movements in
monkeys. J Neurophysiol 1994;72:150-62, EL!

{30] Kowler E, Steinman RM. The «ffect of expectations on slow
oculomotor control, IIT Cluessing unprodictable target displace-
ments, Vis Res [981:21:191-203.

[31] Robinson DA, Gordon JL, Gordon SE, A model of the smaoth
pursuit cye movement system. Biol Cybern 1986:55:43—357.

[32] Willisms DG, Sekunler B, Coherent global motion ts
stochastic local motions. Vis Res 1984,24:55-62,

{33] Becker W. Metrics, In: Wurtz R, Qoldbety M, editors. [The
Neurabiclogy of Saccadic Eye Movements. Barking, UK: ! El-
sevier Science, 1989,

[34] Lisberger 8G, Ferrara VP. Vector averaging for smuoth pursuit
eye movéments initiated by two moving targets in monkeys, Soc
Meurosci Abstr 1996:22:42(0.

{35] Niemann T, lig UJ, Hoffmann KP. Eye movements elicited by
transparent stimuli. Exp Brain Res 1994;98:314-22.

[36] Collewijn H, Optokinttic eye movements in the rabbit: input-
output relations. Vis Res 1969:9:117-32,

(37} Hoffman KP. Distler C. Quantitative analysis of visual receptive
ficlds of neurons in nucleus of the optic tract and dorsal terminal
nucleus of the accessory optic tract in macaque monkey, J
Meurophysiol 1989:62:416-28,

(38]) Suzuki DA. Keller EL. Visuat signals in the dorsolateral pontine
nucleus of the alert monkey: their relattonship to smooth-pursuit
eye movements, Exp Brain Res 1984;53:473-4,

(39 Mustari MJ, Fuchs AF, Wallman J. Response properties of
dorsolateral pontine units during smooth pursuit in the rhesus
macaque. J Neuraphysiol 1988;60:664-86.

[40] Thier P, Kochler W, Buettner UW. Neuronal aetivity in the
dorsolateral pontine nucleus of the alert monkey modulated by
vigual stimuli and eye movements, Exp Brain Res 1988:70:496—
512,

[41] Noda H, Warabi T. Rezponses of Purkinje cells and mossy fibers
in the floccubus of the monkey during sinuseidal movements of a
visual pattern. J Physiol Lond 1987;387:611-28.

[42] Stone LS, Lisberger SC. Visual responses of Purkinje cells in the
corebellar flocculus during smooth-pursuit eye mavements in
monkeys, [ Simple spikes. J Nourophysiol 1990:63:1241 61,

{43) Suzuki DA, Keller EL. The role of the posterior vermis of
monkey cerebellum in smooth-pursuit eye movetnent controd, 11
Target velocity relaved Purkinje cell activity, ] Neurophysiof
1988;59:19-40.

[44] Heinen 5J, Keller EL. The function of the cerebellar uvula in
monkey during optokineric and pursnit sye movements; single-
unit responses and iegion effects, Exp Brain Res 1996;110:1-14.

[45] Robinson DA. Control of eye movements. In: VB Brooks,
(editor). Handbook of Physiology. Section 1: The Nervous Sys-
tem Vol II, Part 2. Bethesda, MD: American Physiological
Society, 1981:1275-1320.

[46] Cohen B, Matsuo V, Raphan T. Quantitative analysis of the
velocity characteristics of optokinstic nystagmus and optokinetic
after-nystagmus. I Physiol 1977:270:321-44.

[47} Verghese P, Stone LS. Combining speed information across

“space. Vis Res 1995:35:2811-23,

{48] Heeger DJ. A model for the extraction of image flow. J Opt Soo
Am 1987;A4:1455-T71.

[49] Yuille AL, Grzywacz NM. A computational theory for the
perception of coherent visual motion. Nature [988;333:71-4,

(50] Bulthoff H, Little J, Poggio T. A parallel algocithm for real-time
computation of optic flow. Nature 198%.337:549-53,

[51] Grzywacz NM., Smith JA, Yuille AL. A common theoretical
framework for visual motion’s spatial and temporal cohsrence.
In: The Proceedings of the IEEE Workshop on Visual Motion.
{EEE Comput Soc 1989:148—155.

[52] Grzywacz NM, Watamaniuk $NJ, McKee SP. Temporal coher
ence theory for the defection and measurcment of visual motion.
Vis Res 1995:35:3183-203,

(53] Gumey KN, Wright MJ. A model for the spatial integration and
differentiation of velocity signals, Vis Res 1996:36:2939-55.



