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Saccadic localization of eccentric forms
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Saccades made to outline drawings of eccentric forms were compared with saccades made to single-point targets.

Saccades could be directed to designated locations within eccentric forms nearly as acourately and pre
could be directed to single points. -Saccades directed to the

center of the form. These s that contour i

ely as they

form as a whole landed at consistent locations near the

it for accurate of a saccadic

command and that this computation is constrained by the internal coding of the shape. A serial two-stage process,
tonof th 0 ¥

voluntary selection followed by a weighted-averaging process, is proposed

based on information provided by shape.

INTRODUCTION

When human beings inspect natural visual environments
they use saccadic eye movements to bring the line of sight to
one or another selected object in the visual field. By con-
trast, most laboratory studies of saccades use a visual target
congisting of only a single point. The difference between
these two types of target, object and point, is crucial. When
the target is a single point, the desired endpoint of the
saccade is clearly marked on the visual display, and its reti-
nallocation can be represented unambiguously by the visual
system. When the target is a spatially extended visual ob-
ject, on the other hand, the desired endpoint of the saccade is
not marked and must be computed by using the information
in the visual contour as a reference. The problem investi-
gated in the present paper is to discover how this computa-
tionis carried out. This problem has been largely ignored in
vision research, in which, with rare exceptions,!2 interest has
focused on'how the coding of visual forms or objects serves

An alternative view is that the visual configuration of a
spatially extended target will place strong and unavoidable
constraints on saccades. This view has appeared in several
recent studies of saccades made to visual targets presented
with irrelevant visual backgrounds. These studies de-
scribed tendencies of subjects to direct saccades to the cen-
ter of the entire visual stimulus array (target + back-
ground).1¢-12 These so-called centering (or averaging) ten-
dencies have been attributed to a fast, reflexive saccadic
subsystem that averages all elements in the visual field in
order to determine the saccadic endpoint.’lt3  According to
this view, subjects make saccades to the center of the stimu-
lus array, even when the intended target for the saccade is
located somewhere other than at the center. The job of
reaching the designated saccadic goal is left to a second,

1 di which i d to be able to
override centering tendencies under special circumstances,

pattern recognition rather than how it serves ocul
localization. This is a serious limitation. Pattern recogni-
tion and oculomotor localization are distinct tasks with dif-
ferent visual demands. These differences raise the possibil-
ity that the visual representations that serve one may not be
adequate or appropriate for the other.?

There are two views of how the visual configuration of a
spatially extended target can influence saccades. One view
is that the visual configuration of the target will place little
or no constraint on saccades, so that any saccadic landing
position within the target can be selected simply by using the
contour as a reference. This view derives from demonstra-
tions that stable gaze [standard deviation (SD) less than 3
arcmin] can be maintained at various places along or within
the contour of simple forms regardless of target size'® or
shape,® provided that targets are confined to the fovea.

bility declines hat for 1 targets.’)
However, the processes that keep gaze stable®® might not be
of much relevance to the control of saccades. Saccades are
responsible for shifts in gaze rather than for maintaining the
line of sight in a given position.
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e.g., if the subject delays responding long enough for this
to act.'t

Recently He and Kowler'! rejected the two-subsystem
idea described above and ioned the ibility of
automatic centering tendencies. They noted that such ten-
dencies were prominent only when target locations varied
randomly so that subjects were uncertain regarding which
location in the stimulus array contained the target and
which i i visual back (See also
Ref.12.) He and Kowler! showed that, when subjects were
uncertain regarding the true target location, saccades were
directed toward the location in which the target was most
likely to appear. This means that centering tendencies are
more likely to be the result of visual search strategies based
on expectations regarding the likely location of the target
rather than the result of low-level visual or visuomotor aver-
aging.

The use of random target locations in the prior research,
and the resulting confusion of visuomotor processes with the
subjects’ strategies, means that basic properties of saccades
to spatially extended stimuli remain unexplored. The goal
of the present experiments was to answer a fundamental
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question regarding saccades to spatially extended stimuli,
namely, are spatially extended stimuli effective targets for
saccades? In these experiments, unlike the previous re-
search on centering tendencies described above, target loca-
tions were not selected at random. Instead, subjects were
told precisely where, within or along the contour of a simple
form, to try to dxrect the line of sight. This approach mml-
mizes the of ies with ocul

This confusion was prominent in the prior studies of center-
ing tendencies.

We compared the accuracy and precision of saccades di-
rected to locations within a spatially extended stimulus (i.e.,
an outline drawing of a form) with the accuracy and precn—
sion of saccades directed to a less
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puter (LSI 11/24), sampled eye position every 10 msec. The
digitized voltages were stored for later analysis.

The tracker’s noise level was measured with an artificial
eye after the tracker had been adjusted so as to have the
same first and fourth image reflections as the average sub-
ject’s eye. Filtering and sampling rates were the same as
those used in the experiment. Noise level, expressed asa SD
of position samples, was 0.4 arcmin for horizontal and 0.7
arcmin for vertical positions.

Recordings were made with the tracker’s automatically
movable optical stage (autostage) and focus-servo disabled.
These procedures are necessary with Generation IV trackers
because motion of either the autostage or the focus-servo
i di large artifactual deviations of tracker output.

target, namely, a single point. The single point was present-
ed alone and located at the same eccentricities as the form.
Our main interest was in finding out whether a saccadic
target, defined solely by reference to the information in the
contour of the form, would be as effective as a single point or
whether spatially extended targets would lead to a greater
scatter among saccadic endpoints or to the line of sight’s
being drawn to a particular location within the form. We
also examined saccades made under the instruction to look
at the whole form, an instruction that seemed to us to resem-
ble what people often try to do when they scan natural,
patterned environments.

We found that saccades could be directed to a designated
location within a form nearly as well as they could be direct-
ed to a single point. Nevertheless there was evidence ob-
tained under the whole form instruction for natural or pre-
ferred saccadic endpoints. This suggests that the internal
coding of shape places some (but certainly not inviolate)
constraints on the saccadic pattern.

METHODS

Eye-Movement Recording
Two-dimensional movements of the right eye were recorded
by a Generation IV SRI double Purkinje image tracker.!®
The left eye was covered, and the head was stabilized by a
dental biteboard.

The voltage output of the tracker was fed on lme through a

The focus-servo was used, as needed, only during intertrial
intervals in order to maintain subject alignment. This can
be done without introducing artifacts into the recordings or
changing the positi ltage analog calibrati The
autostage was permanently disabled because its operation,
even during intertrial intervals, changed the eye-position—
voltage analog calibration.

Subjects

The authors (EK and PH) were subjects in the experiments.
EXK is an experienced subject, and PH had never served as a.
subject before in eye-movement or psychophysical experi-
ments.

Stimuli
There were two types of display. In one the target of the
saccade was a form. In the other it was a point.

The display in which the target was the form is shown in
Fig. 1 (top). It consists of two right triangles, a central
triangle located near the subject’s line of sight and an eccen-
tric triangle that served as the target for the saccade. The
central triangle contained two points, one serving as a fixa-
tion point and the other serving as a target marker. The
target marker indicated where, within the eccentric target
triangle, the subject was to try to direct the saccade. We
refer to this location within the eccentric triangle as the
designated target location.

Four designated \‘.nrget locations were tested, as shown in

low-pass 50-Hz filter to a 12-bit analog g

The analog-to-digital converter, under the control of a com-

CENTRAL TRIANGLE

Target marker
Fixation point

Fig. 1 (bottom): ic point of the triangle'$; B,
the midpoint of the bese C, the location aligned horizontally

ECCENTRIC TARGET TRIANGLE

Location A
Fig.1. Stimuli usedin th i The

Location B
of each

Location C Location D
f the stimuli are on the top, and the four possible locations of the

target marker are on the bottom.
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with the symmetric point and vertically with the midpoint of
the base; D, the location aligned vertically with the symmet-
ric point and horizontally with the midpoint of the base.
The horizontal distance between the midpoint of the base
and the symmetric point was 18 arcmin. The vertical dis-
tance between the midpoint of the base and the symmetric
point was 12.8 arcmin. The fization point was located in the
center of the four designated target locations.

The base of the central and target triangles was 60 arcmin,
and the height was 35 arcmin. The triangles were oriented
so that the 90-deg angles were either on the left or on the
right. The eccentric triangle was located either to the left or
to the right of the central triangle. The distance between
the fixation point of the central triangle and the designated
target locations of the eccentric triangle ranged between 63
and 99 arcmin.

In the second type of display the target was a single point.
In these displays the eccentric target triangle was not shown.
Instead, only a single eccentric point was presented at one of
the four designated target locations.

The contour of each triangle was actually composed of 28
closely spaced (6 arcmin apart) points. The lumi direc-
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at designated locations within forms. Attempts to sacrifice
saccadic accuracy to achieve a shorter latency would lead to
underestimating this capacity.

The entire display remained on for 1300 msec following
the appearance of the target and was then removed. Five
hundred msec later the central triangle, the fixation point,
and the target marker reappeared, signaling that the subject
could begin to prepare for the next trial.

The nature of the target (form or point) and the location of
the target marker were each selected randomly and indepen-
dently before each trial. The probability of selecting either
target type was 0.5, and the probability of selecting any of
the four designated target locations was 0.25. The subject
was shown the target marker inside the central triangle be-
fore the trial but was not told whether the target would be
the form or the point.

Experimental Sessions

Each ding session d 100 trials

and lasted approximately 20-30 min. Each subject was

tested in a total of six-ten sessions for the basic experiment
ibed above. An additional 22-26 sessions were run for

tional energy of each point was 0.21 cd/usec.!” The target
marker was three times as intense as the fixation point so
that it would be easily distinguishable. Displays were re-
freshed every 20 msec, a rate high enough to prevent visible
flicker.

The stimuli were seen against a dim (0.25 cd/m?), homoge-
neous background produced by a raster on a second display
monitor located perpendicular to the first. The views of the
two displays were combined by a pellicle beam splitter. The
combined displays were viewed in a dark room through a
collimating lens that placed them at optical infinity. Ap-
propriate negative lenses were placed between the subject’s
eye and the collimating lens so that the stimuli appeared in
sharp focus for each subject.

Procedure

Before each trial the central triangle containing the fixation
point and the target marker was presented. The subject was
told to take note of the location of the target marker. The
subject looked at the fixation point and started the trial by
pressing a button when ready. Two hundred msec later,
either the eccentric target triangle or the eccentric point
appeared. The central triangle was not removed.

The subject was instructed to make a single saccade to the
target, which was either the designated target location with-
in the eccentric target triangle or the single eccentric point.
The instruction to make a single saccade (rather than multi-
ple saccades) was used because we wanted to investigate how
saccades are programmed to selected locations at known
eccentricities, rather than how the final target position can
eventually be reached by a series of corrective saccades. To
help subjects follow the instruction to make asingle saccade,
the experimenter told the subject after each trial the number
of saccades that had been made. This feedback was effec-
tive in reducing the number of trials with multiple saccades.
Trials with multiple saccades were discarded. Subjects
were also instructed to try to make the saccade as accurately
as possible and not to sacrifice accuracy in order to achieve a
shorter latency.#18 This instruction was given because the
object of the experiment was to estimate the capacity to look

each subject in which stimuli and instructions were changed.
Details regarding these sessions will be presented below with
the results.

Analysis of Eye-Movement Data

The data to be reported consist of the size and the latency of
the first saccade made to the target. Saccades were detected
by means of a program ing an accelerati
criterion. The criterion was determined for each subject by
examination of a large sample of analog records of eye posi-
tion in which the saccades detected by the algorithm were
marked. Saccades as small as the microsaccades that may
be observed during maintained fixation? could be reliably
detected by the algorithm.

The main results to be presented consist of the size and
the latency of the first saccade that occurred at least 100
msec after the onset of the target. Trials containing more
than one saccade (13% for subject EK and 17% for PH) were
not analyzed because, as noted above, these represented a
different strategy in which the first saccade would be direct-
ed to the approximate target location and subsequent cor-
rective saccades used to clean up errors. Saccades occurring
earlier than 100 msec (less than 2% for both EK and PH)
were omitted because their latencies were so short that it was
not likely that their ing was affected iabl;
by information in the current stimulus display.

Saccadic latency was determined by calculating the time
between the onset of the target stimulus and the onset of the
first saccade. Saccade size was calculated from the differ-
ence between the steady-state eye position after the saccade
and the steady-state eye position at the start of the trial
(average of the first 50 msec) for each meridian.

Perceptual Localization

Using the same stimuli as those described above, we also
tested how well subjects could perceptually locate the four
designated target locations. Only if the target locations
could be perceived accurately and precisely would it be rea-
sonable to test whether the subjects can make saccades to
the designated locations. Otherwise it would be hard to
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determine whether any difficulties in saccadic control were
due to limitati of visual ion or to limitations of
saccadic programming.

The subject’s task was to look at the fixation point while
setting the position of a test point within the eccentric target
triangle to the designated target location. The procedure
was as follows. The central triangle containing the fixation
point and the target marker was presented before the trial.
Five hundred msec after the subject started a trial the eccen-
tric target triangle containing the test point was presented
briefly (100 200 or 400 msec). These brief presentations

the ing time ding saccades.
Each brief presentation was followed by a random-dot mask
lasting 1sec. The location of the test point was adjusted by
the subject after each brief presentation. The subject then
repeated the procedure until he or she was sure that the test
point in the eccentric triangle was at the designated target
location. Then the subject ended the trial. The eccentrici-
ty of the target triangle was varied randomly within a range
of + 10 arcmin in both up-down and left-right directions
from one brief presentation to the next in order to encourage
the subject to make the Judgment by using only the t!mngle s
contour as a n the the
average horizontal dlstnnce from the fixation point to the
nearer pair of designated target locations was 81 arcmin and
to the more distant pair of designated target locations was 99
arcmin. The target triangle was located to the right of the
central triangle, and it was oriented with the 90-deg angle on
the right.

RESULTS

Perceptual Localization

Perceptual localization will be considered first because, as
noted in the Methods section, saccadic localization is inter-
pretable only after we have established that the four desig-
nated target locations tested were perceptually distinguish-
able.

There were no systematic effects of the duration of pre-
sentation in the range (100-400 msec) tested. The average
positions of the test point, pooled across durations, are plot-
ted in Fig. 2. The average errors {the absolute difference
between the perceived and the actual target location, aver-
aged over the four locations) were small (1.7 arcmin for EK
and 2.9 arcmin for PH). The errors were smaller for the
nearer locations (0.6 arcmin for EK and 0.2 arcmin for PH)
than for the more distant locations (2.9 arcmin for EK and
5.5 arcmin for PH). The errors for the more distant loca-
tions were underesumates of the target locations. The
mean hori: between the ived location
of the horizontally adjacent targets was 15 arcmin for EK
and 12 arcmin for PH, somewhat less than the actual hori-
zontal separation (18 arcmin) of the adjacent designated
target locations.

Perceptual localization, in addition to being quite accu-
rate, was also very precise. SD’s of the judgments were 2-4
arcmin. The symmetric point was judged more precisely
(horizontal SD of 1.9 arcmin for EK and 2.0 arcmin for PH)
than the other locations (SD of 3.5 arcmin for EK and 3.0
arcmin for PH). The results show that the perceptual local-
ization of the designated locations in the eccentric form were
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Fig. 2. Mean settings (1 SD) in the perceptual localization task
averaged over presentation durations (100-400 msec) relative to the
contour of the eccentric target triangle. Each datum point is based
on 44-58 observations. Open circles indicate the four designated
target locations, which were not displayed during the experiment.

both accurate and precise. This makes it reasonable to ask
how well the same locations could serve as targets for sac-
cades.

Saccades to Locations within Forms versus Saccades to
Points: The Basic Experiment

For this experiment comparing saccades made to locations
within forms with saccades to points, the target triangle was
located to the right of the central triangle. Two orientations
of the triangle (90-deg angle on the right or on the left) were
tested for subject EK and one (90-deg angle on the right) for
subject PH. The distance between the fization point and
the two nearer target locations was 81 arcmin and between
the fixation point and the two more distant target locations
was 99 arcmin. These distances define the expected sizes of
accurate saccades.

The average endpoints of saccades (+ 1 SD) relative to the
position of the targets are shown in the top two rows of Fig. 3.
These endpoints were based on the measured sizes of sac-
cades, assuming that the eye was on target (that is, looking at
the fixation point) at the start of the trial.! The horizontal
size and the latency of the saccades are shown in Table 1.

In general saccades were fairly accurate. Saccades to the
point targets, when no eccentric form was presented, were
more accurate than saccades to the locations within forms.
The average error, defined as the absolute difference be-
tween the observed and the expected saccade sizes averaged
over the four designated target locations, was 4.6 arcmin for
forms and 3.9 arcmin for points for EK and 8.8 arcmin for
forms and 6.6 arcmin for points for PH. The directions of
the errors were somewhat different for the forms and the
points. With the form targets, EK tended to overshoot the
nearer locations and undershoot the more distant locations.
‘This pattern was less pronounced with the point targets for
which b were dless of the target
location. PH always overshot the targets, whether they
were forms or points.

Another way to evaluate saccadic accuracy is to look at the
horizontal separauon of the saccadic endpomts (Flg 3)
These hori ions tell us how d
saccadic endpoints were when the saccades were dxrected m
different locations. The endpoints of saccades to the loca-
tions within forms were closer together than the endpoints of
saccades to the points. The mean horizontal separation of
saccadic endpoints for adjacent horizontal target locations
was 8.7 arcmin for forms and 13.8 aremin for points for EK
and 10.7 arcmin for forms and 15,6 arcmin for points for PH.
Note that for both forms and points the observed horizontal
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Fig. 3. Mean endpoints of saccades (+1 SD) for subjects EK and PH to locations within forms, to points, and to the whole form. Endpoints
are shown relative to the contour of the eccentric target triangle. The distance from the fixation point to the left and the right ends of the base
of the triangle are shown in minutes of arc in the bottom row of triangles. For saccades to point targets the eccentric triangle was not displayed;
the dotted line shows its usual position and the open circles show the position of the point targets. Each datum point is based on 33-70
observations. All targets were to the right of the fixation point.

Tablel. C i of to Desi L ti within Forms with Saccades to Points for Subjects EK
and PH®
Subject EK Subject PH
Saccadic 90-deg Angle on the Right, 90-deg Angle on the Left 90-deg Angle on the Right
Location Measures Form Points Form Points. Form Points
A Size (SD) 92.7(9.3) 96.8 (10.4) 88. 4 (5 7 88.4 (10.5) 106.1 (10.3) 104.2 (7.4)
Error -6.3 = T4 7.1 5.2
Latency (SD) 279 (46} 334 (65) 243 (35) 268 (51) 262 (37) 272 (56)
N 33 47 87 47 42
B Size (SD) 83.9 (10 0) 80.8(10.5) 95.4 (11.4) 100.2 (13.5) 93.4 (8.4) 806 (7.2)
Error =02 -36 12 12.4 96
Latency (SD) 265 (76) 303 (71 277 (40) 309 (35) 254 (50) 201 (54)
N 69 43 50 56 59
C Size (SD) 85.8 (9.4) 88. 6 (&9) 96.1 (8.2) 104.7 (9.7) 93.4(8.9) 86.9 (5.9)
Error 48 -29 5.7 124 5.
Latency (SD) 260 (69) )483 (30) 267 (63) 288 (40) 260 (39) 273 (40)
N 57 42 50 84 39
D Size (SD) 95.4(10.1) 96.5(12.4) 86.6 (10.0) 85.2(9.0) 102.1 (9 1) 104. 5 (9 8)
Error —3.6 -25 5.6 4.2
Latency (SD) 291 (68) 311 (85) 248 (55) 278 (46) 260 (46) 274 (50)
N 50 37 54 43
¢ Location A is the symmetric point o the triangle, location B is the midpoint of the bm location C is aligned vertically with the symmotric point and
horizontally with the midpoint of the base, location D is aligned ‘base an Perfectly accu-
rate saccades to the two nearer locations would be 81 arcmin, to the two fllnhex locatmm weu.ld be 99 arcmin. d errors

target eccentricity) are shown in minutes of arc. Latencies are in milliseconds.

separation of saccadic endpoints was less than the expected
separation, which was 18 arcmin.

The SD of the saccade sizes was small. The average SD
for EK was 9.3 arcmin for forms and 10.6 arcmin for points
and for PH was 9.2 arcmin for forms and 7.6 arcmin for

points (see Table 1). These values were approximately 13%
of the saccade size, which is in line with previous reports of
the SD’s of saccades during target step tracking.20 Precision
did not differ systematically among the four target locations
(see Table 1).
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The average saccadic latency was shorter with the form
than with the point targets. Average latency was 266 msec
for forms and 297 msec for points for EK and 259 msec for
forms and 278 msec for points for PH (see Table 1). EK’s
latencies were slightly longer for the more distant targets.
PH’s latencies did not differ systematically among the four
target locations.

These results show that the subjects could make saccades
to designated locations within forms based on the informa-
tion in the contour. The saccades made to the points were
more accurate than the saccades made to the locations with-
in forms. These differences, however, were sufficiently
small (<5 arcmin in average saccade size) to have trivial
visual consequences.

The results also show that there was no apparent advan-
tage for saccades directed to the symmetric point of the
triangle because these saccades were comparable in accura-
¢y, precision, and latency with the saccades made to the
three other locations.

Were Learned Saccadic Programs, Learned with Point
‘Targets, Responstble for the Highly Accurate Saccades to
the Form Targets?

In the above experiment, trials in which targets were loca-
tions within forms were randomly mixed with trials in which
targets were points. It was therefore possible that the good.
performance with the forms was due to the use of saccadic
programs learned from the trials with the point targets. To
determine whether trials with points taught trials with
forms, we ran a new experiment in which the locations with-
in forms were tested first and the point targets were tested
afterward. The stimuli were different from those used in
the above experiment so that subjects could not rely on any
previousl; d saccadic In this experi-
ment the targets were located to the left of the central trian-
gle (instead of to the right). Also, the distance between the
fixation point and the nearer target locations was reduced to
63 arcmin (from the 81 arcmin used above), and the distance
between the fixation point and the more distant target loca-
tions was reduced to 81 arcmin (from the 99 arcmin used
above). The triangle was oriented with the 90-deg angle on
the right.

Figure 4 shows the results. The levels of accuracy and
precision were quite similar to those in the above experi-
ment, indicating that the accuracy and precision achieved in
the form trials were not due to saccadic programs learned in
the point trials.

Tn this experiment EK was slightly more accurate with the
forms than with the points. The average error, defined as
the absolute difference between the observed and the ex-
pected saccade sizes, was 5.6 arcmin for forms and 7.5 arcmin
for points. PH was more accurate with points, with the
difference between actual and expected saccade sizes 8.6
arcmin for the forms and 3.4 arcmin for the points. The
mean horizontal separation between saccadic endpoints for
adjacent horizontal target locations was 13.7 arcmin for
forms and 12.8 arcmin for points for EK and 8.9 arcmin for
forms and 13.2 arcmin for points for PH. In general, both
subjects’ saccades tended to be too short. (In the above
experiment saccades were either too short or too long, de-
pending on the target location; see Fig. 3.)
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Fig. 4. Mean endpoints of saccades (1 SD) for subjects EK and
PH to locations within forms and to points, when forms were tested
before points. Endpoints are shown relative to the contour of the
eccentric target triangle. The distance from the fixation point to
the left and the right ends of the base of the triangle are shown in
minutes of arc in the bottom row of the triangles. For saccades to
point targets the eccentric triangle was not displayed; the dotted
line shows its usual position and the open circles show the position
of the point targets. Each datum point is based on 35-71 observa-
tions. All targets were to the left of the fixation point.

The standard deviation of saccade size was smaller for
forms (8.2 arcmin) than for points (9.0 arcmin) for EK and
larger for forms (9.1 aremin) than for points (6.9 aremin) for
PH

Average latencies were approximately 30-80 msec shorter
in this experiment, in which form and point trials were
tested separately, relative to the above experiment, in which
form and point trials were randomly intermixed. The aver-
age latency in form trials (194 msec) was again shorter than
in the point trials (234 msec).

Could A t des be
Eccentric Target Triangle?
In a separate session, EK was instructed to make saccades to
the estimated location of the eccentric target without either
the eccentric target form or the eccentric target point being
present. This was done to determine the contribution of
factors other than the contour of the target triangle to the
programming of saccades. These factors might include oth-
er visible references, such as the central triangle, or any
saccadic programs memorized after only a few trials. Inthis
experiment a block of 10 trials in which the eccentric target
triangle was present alternated with a block of 10 trials in
which the eccentric target triangle was not present. Five
blocks of each type were tested. The central triangle was
always presented in each kind of block. For trials in which
o eccentric target triangle was presented, the subject had
only the central triangle, the faint glow of the cathode-ray-
tube display, and the memory of prior saccades to guide the
saccade to where she estimated the target might be.
Performance when the eccentric target triangle was
present was almost identical to performance measured in the
above experiment in which a triangle of the same eccentrici-
ty and orientation was tested (see Fig. 4). Performance was
different, however, when the target triangle was not present.

d without the

R
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First, the average sizes of saccades were 10-20 arcmin larger
than saccades made when the target triangle was present.
Second, saccades always overshot the target location.
These results are consistent with previous reports of in-
creased sizes of saccades to remembered, rather than visible,
target locations.?l?2  Also, endpoints of saccades without
the target triangle were more widely scattered. The average
8D of the saccades was 16.5 arcmin, approximately twice the
average SD (8.4 arcmin) of saccades made in the presence of
the eccentric triangle in the same experimental session.

‘This result shows that the good performance achieved in
directing saccades to the locations within forms was not due
to extraneous factors. Information in the contour of the
eccentric form was essential for producing the accurate and
precise saccades observed.

Equating the Latency of Saccades to Forms and to Points
In the above experiments the endpoints of saccades to adja-
cent horizontal locations within forms were, in general, clos-
er together (by approximately 5 arcmin) than the endpoints
of saccades to points. Also, the latency of saccades to the
locations within forms was shorter (by approximately 20-36
msec) than the latency of saccades to the points. In this
experiment we encouraged subjects to adopt the same sac-
cadic latency in form trials and in point trials to see whether
this would improve the accuracy of saccades to forms rela-
tive to saccades to points. Subjects were instructed to adopt
alatency that seemed long enough (320 msec for EK and 300
msec for PH) to ensure good saccade accuracy for both form
and point trials. We measured saccadic latency on line and
told the subject the latency immediately after each trial in
order to help them achieve the instructed latency.

EK was tested with the 90-deg angle of the triangle on the
left and PH with the 90-deg angle on the right. The distance
between the fixation point and the target locations was the
same as in the basic experiment. The trials with saccades to
the locations within forms and to points were randomly
mixed within a session.

Subjects were able to adjust saccadic latency in the direc-
tion indicated by the instructions. Latencies increased, and
the difference between latencies with form and point trials
was smaller than in the basic experiment. For EK the mean
latency was 314 msec for saccades to locations within forms
and 339 msec for saccades to points, and for PH the mean
latency was 276 msec for forms and 282 msec for points.

Saccades to locations within forms were nearly as accurate
as saccades to points (see Fig. 5 and Table 2). The average
difference between the observed and the expected saccade
sizes was 3.8 arcmin for forms and 4.4 aremin for points for
EK and 6.6 arcmin for forms and 4.6 arcmin for points for
PH. The improvement in the accuracy of saccades to loca-
tions within forms in this experiment is also apparent in the
analysis of the mean separation of the endpoints of saccades
to adjacent horizontal target locations. This separation was
10.3 arcmin for locations within forms versus 11.4 arcmin for
points for EK (compared with 8.7 arcmin versus 13.8 arcmin
in the basic experiment) and 15.3 arcmin for locations within
forms versus 16.3 arcmin for points for PH (compared with
10.7 arcmin versus 15.6 arcmin in the basic experiment).
The average SD for EK was 6.6 arcmin for forms and 7.3
arcmin for points and for PH was 9.1 arcmin for forms and
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7.8 arcmin for points, which were similar to the SD’s in the
basic experiment.

The results show that by making the latencies of saccades
to locations within forms and to points longer and more
similar, the difference between accuracy of saccades to loca-
tions within forms and to points was reduced.

Saccades to the Whole Form

We instructed subjects to direct the saccade to the whole
form, rather than to a designated location within it. Trials
in which the targets were points were also tested in the same
session. The subject knew whether the point or the whole
form would be the target before the trial because the target
marker was present only when the points would be the tar-
gets. The orientation and the distance of the triangle were
the same as in the basic experiment.

Saccades to the whole form tended 1o land inside the form
near the symmetric point (Fig. 3, bottom row). The hori-
zontal distances between the saccadic endpoints and the
symmetric point were 8-5 arcmin; the vertical distances
were 1-5 arcmin. The SD of the saccade size was 7.5 aremin
for EK and 10.5 arcmin for PH. These SD’s were slightly
smaller for EK and nearly the same for PH than the SD’s of
saccades to the locations within forms and saccades to the
points (see Table 1). Saccadic latencies were 229 and 177
msec for EK for the two types of triangle (90-deg angle on
the left and on the right) and 246 msec for PH. These values
were substantially shorter (30-100 msec) than the latencies
of saccades to the locations within forms or to the points.

Saccades to the Whole Form with Varied Eccentricities
Tt was surprising to see that saccades landed consistently at

the same location in the form with such a short latency when
the form as a whole was the target. To make sure that this

FORMS

POINTS

Fig. 5. Mean endpoints of saccades (+1 SD) for subjects EK and
PH to locations within forms and to points with approximately
equal saccadic latencies. Endpoints are shown relative to the con-
tour of the eccentric target triangle. The distance from the fixation
point to the left and the right ends of the base of the triangle are
shown in minutes of arc in the bottom row of triangles. For sac-
cades to point targets the eccentric triangle was not displayed; the
dotted line shows its usual position and the open circles show the
position of the point targets. Each datum point is based on 40-80
observations. All targets wete to the right of the fixation point.
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Table 2. C of S des to Desi Locations within Forms with Saccades to Points for Subjects EK
and PH When Subjects Were Under Instructions to Equate Saccadic Latencies for Form and Point Targets®
Subject EK Subject PH
Saccadic 90-deg Angle on the Left 90-deg Angle on the Right
Location Measures Form Points Form Points
A N Size (SD) 82.7(8.1) 86.: 4 (8 1) 108.1 (9.1) 1014 b (8 8)
Error 1.7 21
Latency (SD) 290 (52) 321 (48) 279 (41) 23’7 (36)
N 40 58
B Size (SD) 94.6 (9 9) 97.0 (6.8) 88.9(8.6) 87.5(7.6)
Error =20 79 8.5
Latency (SD) 340 (55) 362 (63) 263 (43) 273 (42)
N 57 66 49
C Size (SD) 94.5 (10.2) 97.2 (7.8) 88.7 l (’l 4) 85.4 (7.0)
Error —45 ~18 44
Latency (SD) 329 (71) 345 (49) 263 (42) 272 (33)
N 48 46 62 42
D Size (SD) 85.8 (7.0 85.0 (6.6) 100.. ! (11 4) 103.8(7.9)
Error 4.8 40 4.8
Latency (SD) 297 (40) 329 (53) 298 (B2) 294 (33)
N 66 8 41

= Location A is the symmetric point of the triangle, location B is the midpoint of the base, location C s aligned venu.allv with the symmetric point and

ation D is aligne

rate saccades to the two nearer lncahum would be 81 arcmin, to the two further locations would
target eccentricity) are shown in minutes of arc. Latencies are in milliseconds.

performance was not due to the constant eccentricity of the
triangle, we varied the eccenmclty of the target triangle in
this Th as randomly selected on
each trial to be 70, 80, 90, 100, or 110 arcmin, where eccen-
tricity refers to the distance between corresponding loca-
tions in the central and the eccentric target triangle. We
also tested a triangle at a fixed eccentricity of 90 arcmin in a
separate experimental session. The triangles were oriented
with the 90-deg angle on the left. The target triangle was
located to the left of the central triangle. The subjects were
instructed to make a single saccade when the eccentric target
triangle appeared. They were told to be sure to wait until
the target triangle appeared so as to reduce any errors that
might be caused by anticipation of the triangle’s location.
This instruction would be expected to prolong saccadic la-
tencies. This was not troublesome because the main inter-
est in the experiment was in achieving best possible saccadic
accuracy and precision.

Saccades landed in the same place with respect to the
contour of the target triangle in spite of the varied eccentric-
ity (Fig. 6). Precision was nearly the same for fixed and
varied eccentricities. Latencies were relatively long (358
msec for EK, 352 msec for PH), as is expected given our
instruction to emphasize accuracy and avoid anticipating
the target location. As shown in Fig. 7, the endpomte of

1 saccades i d linearly as the of
the form increased.

The average landing positions within the forms, shown in
Fig. 6, were somewhat different from the landing positions
shown in Fig. 3 (bottom graphs) discussed above. The land-
ing position in Fig. 3 was near the symmetric point of the
mang]e, whereas the landing posmons in Fig. 6 undershot

point by ly 12 arcmin hori

Perfectly accu-

" Horizontal d errors

ly for EK and 14 arcmin for PH. The difference may have
been due to the different directions of the saccades (for Fig. 6
the saccades were leftward, for Fig. 3 rightward) or due to
different experimental contexts; i.e., the data in Fig. 6 were
obtained when the saccades were made to the whole form on
each trial, and the data in Fig. 3 were obtained when trials
with saccades to forms were intermixed with ‘trials with
saccades to the single-target points.

‘The finding of consistent saccadic endpoints, despite ran-
dom variation in eccentricity, shows that there are natursl
or d, saccadic endpoints when one is i
look at entire forms. The endpoint is within the form and
located near, but not precisely at, either the center of gravity
or the symmetric point.

DISCUSSION

‘We found that subjects could direct saccades to designated
target locations within simple forms with an accuracy, precl-
sion, and latency ble with those of d
to a single point. The finding suggests that subjects can use
the information in the contour of a form to program saccades
to a designated location within the contour. This capability
is useful in everyday life because it permits us to direct the
line of sight to specific locations of interest or importance
without being compelled to certain endpoints by the struc-
ture of the visual environment. Of course, the visual envi-
ronment is by no means irrelevant to saccadic programming
because it provides necessary information for programming
a single saccadic command to the desired location, even
though there is no visible target available there.

We also found that saccades directed to a form as a whole,
rather than to a designated location within it, tended to land
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o
EK PH
Latoncy= -
352(82)msec 356(81)msnc
E=-70'
Latency=
362(88)msec 335(76)msec
--80"
stomancts Latency:
msec 367(86)mse.
E=-90" (86)msec
Latency=
363(105)msac
100" 339(71)msec
Latancy=
395(98)msec 241(87)msec
E=110’
Latency= Latency=
304(77)msac 370(61)msec

Fig. 6. Mean endpoints of saccades (+1 SD) for subjects EK and
PH to the whole form with either varied eccentricities (top 5 rows)
or constant eccentricity (90 arcmin, bottom row). The eccentricity
E of the triangle in minutes of arc is shown on the left. Targets were
to the left of the fixation point. The mean saccadic latencies and
SD's (in parentheses) are given for each graph. Each datum point is
based on 70-110 observations.

at a consistent location in the form. Precision was the same
or better, and latencies were shorter, compared with those of
saccades made either to designated locations within the
forms or to a single target point. This finding suggests that
a form may be a more effective target than a single point for
saceadic programming.

How was the information contained in a contour trans-
formed into the saccadic command that took the line of: sight
toa smgle endpoint? Ou1 results permit us to reject previous

of ies, in which the
eye lands at a location determined by averaging all the reti-
nal positions stimulated by the contour, because we found
that saccades were not compelled to land at a particular
location in a form, such as the center of gravity or the sym-
metric point. Saccades landed at a particular location with-
in the form only when the subject selected the whole form as
a target. Even here, averaging of all available visual ele-
ments is an inadequate description of the control process
because the landing position was affected by factors such as
the location of the target (right or left) with respect to the
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line of sight and the experimental context {i.e., the nature of
stimuli in surrounding trials).

Our results suggest that computing a saccadic command
based on the information in the contour of a form requires at
least two stages of processing, each introducing its own con-
straints. One stage consists of a voluntary selection process
in which the subject biases the location of the endpoint of
the saccade with respect to the contour by, perhaps, a selec-
tive (attentional) weighting of the visual information at vari-
ous spatial positions in the contour. The second stage of
processing uses these selected (weighted) visual signals in
order to compute the saccadic endpoint, perhaps by a pro-
cess akin to averaging of the weighted sign

‘The suggestion of a single, two-stage serial process is dif-
ferent from prior suggestions of two parallel, independent
saccadic subsystems, one voluntary and the other reflexive
(see the Introduction), with the former subsystem directing
the line of sight in some unspecified way to a chosen target
position and the latter compelled to take the line of sight to
one and only one endpoint. We propose instead that all
saccades are controlled by a single subsystem with both

untary and i 'y stages. A similar two-
stage process has been proposed in the past to explain how
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Fig. 7. Mean saccade size as a function of the eccentricity of the
target triangle for EK and PH. Vertical bars show one SD. The
data points for the targets at varied eccentricities were fitted by the
Iinear function shown on the top of cach graph.
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smooth eye movements can be made to track selected targets
in a field containing stimuli moving at various velocities.?32
These previous experiments also showed that the selection
process (the first stage) is shared by smooth eye movements
and by perception.?* We propose here that the selection
process is even more general. It is also shared by saccades.

The present results are analogous to the results of previ-
ous studies of eye movements in that they show considerable
independence of oculomotor control from the configuration
of the stimulus®569.25.26 and an apparently natural link be-
tween selective spatial attention and eye movements.2
Both of these characteristics permit the line of sight to be
directed to places of interest in the visual scene without
specific effort to overcome fixation reflexes. This state of
affairs is obviously useful, if not essential, for the effective
processing of visual information. We also found that selec-
tion of the whole form as a target causes the eye to land near
the center. The utility of this landing position for the pro-
cessing of visual information, in contrast to alternatives,
such as landing positions along the contour, remains to be
determined.
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