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The spatial signal for saccadic eye movements
emphasizes visual boundaries

JOHN M. FINDLAY, DAVID BROGAN, and MATTHEW G. WENBAN-SMITH
University of Durham, Durham, England

By investigating the visual processing involved when saccades are made to newly appearing
targets, we show that this processing is significantly nonlinear and that texture boundary infor
mation predominates. We used the global, or center-of-gravity, effect whereby a saccadic eye move
ment directed to a target consisting of a pair ofelements has an amplitude intermediate between
that of saccades directed to the individual elements. We measured the effect using target ele
ments with different visual characteristics, including phase-reversal checkerboard targets that
had the same space-average luminance as the background. The contribution to the center-of-gravity
calculation was used to measure relative salience. We found that positive and negative contrast
elements contribute almost equal weightings. Thus, salience, assessed in this way, is a highly
nonlinear function of luminance. The salience of checkerboard targets was found to decrease as
check size was decreased and increase as the overall size of the target was increased. Checker
boards with an empty center were as effective as were full checkerboards, showing the impor
tance of boundaries in the salience signal.

In the early stages of vision, processing occurs in par
allel across the visual field. One purpose of this early pro
cessing is to achieve segmentation of the visual field into
regions whose borders will in general correspond to ob
ject boundaries (Julesz & Bergen, 1983; Marr, 1982). A
second, somewhat separate, function of early vision is to
provide information for orienting movements to redirect
focal attention to new locations within the visual field.
In this paper, we present experimental data that links the
two processes.

Under certain circumstances, regions and targets in the
visual field appear to segment immediatelyand effortlessly
from surrounding distractors (Treisman, 1985; Treisman
& Gelade, 1980). It has been suggested that this "pop
out" phenomenon allows rapid search because it taps into
a process designed to elicit a subsequent orienting re
sponse to a discrepant region. If similar processes are in
volved in segmentation and orienting, then it should be
profitable to explore the way in which visual information
is processed during the generation of an explicit orient
ing response-namely, the saccadic eye movement.

Saccadic eye movements are stereotyped rotations of
the eyes. They have been studied extensively in the sim
ple paradigm in which subjects are instructed to look at
a new target that appears suddenly in the parafoveal or
peripheral visual field. Such saccades may be termed
target-elicited and constitute a very natural, quasireflex
ive, orienting response. Two measurements may be made
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in the paradigm of target-elicited saccades. The timing
of the response is measured as the latency, or the delay
between the appearance of the target and the onset of the
eye movement. The amplitude of the saccade measures
its spatial extent. Research is often restricted to move
ments in the horizontal direction, in which case the am
plitude is a simple numerical measure of the angle of left
ward or rightward eye rotation.

Work on saccade generation (Becker, 1989; Findlay,
1992) has shown that different considerations apply to the
programming of these two aspects of the response. For
target-elicited saccades, the latency of the response is very
sensitive to task demands, attentional state, and cognitive
load. In contrast, the amplitude is relatively insensitive
to these factors and is generally determined in an auto
matic fashion by the target stimulation, although volun
tary effort can, of course, override this relationship.

In this paper, we study the programming of saccade am
plitudes in the target-elicited paradigm with a phenome
non termed the global effect. When a target consisting of
two discrete elements is presented, the orienting saccade
is directed to some intermediate position between the ele
ments. This shows that the saccade amplitude is influenced
by the global grouping of the elements. This phenome
non was first demonstrated by Coren and Hoenig (1972),
who used the term "center of gravity" to describe the
position to which the eye was attracted. Subsequent work
has shown that the center-of-gravity metaphor has some
validity. If one of the elements is made larger (Findlay,
1982), is made more intense (Deubel, Wolf, & Hauske,
1984), is presented with higher contrast (Deubel &
Hauske, 1988), or is presented with higher texture den
sity (Menz & Groner, 1987), the saccade lands closer to
that target. This behavior is different from that which
would be expected if the subject were to use a strategy

633 Copyright 1993 Psychonomic Society, Inc.



634 FINDLAY, BROGAN, AND WENBAN-SMITH

to optimize visibility, since the eyes move closer to the
more visible element rather than to the less visible one.
Rather, it seems to reflect an automatic operation of the
visual processing system, although more central influences
can also be demonstrated that modify the landing posi
tion (Findlay, 1985; He & Kowler, 1989).

The global effect can provide a probe to study the con
tributions to this grouping process of different visual prop
erties. In previously published work on the global effect,
the targets presented have always had a luminance dif
ference from the background. The integration found might
thus represent linear integration of target luminance, such
as occurs, for example, in a low-spatial-frequency chan
nel. In Experiment 1, we investigatedwhether the integra
tion was linear luminance integration by pairing positive
and negative targets and by using targets that have the
same space-average luminance as the background. Tar
gets having the same space-average luminance as the back
ground were created by using a check background and
by phase reversing the checks in the target region. In Ex
periment 2, we followed up on an earlier study (Findlay,
1982) that showed that if the two target elements were
of different size, the saccade landed closer to the larger
element. However, in that study, no attempt was made
to separate the covarying properties of area, integrated
intensity, and perimeter length. In the present study, we
compared targets that were identical in external border
but differed considerably in internal structure.

GENERAL METHOD

Stimulus Material
We developed a technique for stimulus presentation using a raster

scan screen. The screen was a Phillips TP-2oo monochrome moni
tor with green P31 fast-decay phosphor (decay to I% intensity at
0.25 msec after display offset). This was driven by a microcomputer
(BBC-B) that allowed stimuli to be presented or removed within
the duration of a raster scan by manipulation of the color look-up
table synchronized to the frame scan.

An example of the type of stimulus used is shown in Figure 1.
Both stimulus and background are equispaced black-and-white
checkerboards programmed on a pixel-by-pixelbasis. The individual

Figure 1. An example of the type of target stimuli used in the ex
periments. The figure was photographed from the display screen
and shows coarse check targets displayed against a medium check
background.

Targets
(200 rns)

Figure 2. A diagram (not to scale) demonstrating the subject's task.
Following disappearance of the fixation cross, the target or targets
were displayed for 200 msec and were succeeded by an indicator
letter, also displayed for 200 msec.

pixel size was 0.7 mm. We used three sizes of checkerboard, cor
responding to 2,4, and 8 pixel spaces, which we shall refer to as
fine, medium, and coarse checks. We also presented targets in which
all the pixels were either dark or light, which we shall term black
or white targets. The display (640x256 pixels) was viewed from
a distance of 85 em in Experiment 1 and 80 cm in Experiment 2.

We measured the space-integrated luminance of the various tar
get designs with a UDT-111 photometer. We found, unexpectedly,
that the check targets did not have the same space average luminance
as the average of the black and the white targets. However by ad
justing the brightness and contrast controls on the monitor, we were
able to equate closely the luminance of the three types of checker
boards. The luminance values used in the experiments were the fol
lowing: uniform black = 0.2 cd/m", uniform white = 33.3 cd/m',
fine checks = 13.3 cd/rn", medium checks = 13.7 cd/m", and
coarse checks = 13.1 cd/rn".

We wished to study target-elicited saccades in the course of a
realistic task while avoiding any direction of the subject's atten
tion to the eye movements themselves. Accordingly, we employed
the task shown in Figure 2. The subject on each trial saw a fixa
tion point, followed by a single- or double-element target presented
for 200 msec, followed in turn by an indicator letter. The subject
was instructed to look at any target that appeared and respond to
the indicator letter by using a hand-held button box. The required
response was a two-choice classification of this indicator letter
(vowel or consonant). The task was designed so that the subject's
saccade would occur before the appearance of the indicator letter,
resulting in the properties of the saccade being determined solely
by the displayed visual target.

The targets could appear either to the right or the left of the fixa
tion point with equal probability. Either a single- or a double-element
target appeared on each trial. The single targets were either in a
"near" or a "far" position. The double trials had two elements,
one in each position. In Experiment 1, the near position was 1.75 0

of eccentricity and the far position was 3.5 0
• In Experiment 2, these

positions were 2 0 and 4 0
, respectively.

In single-element trials, the indicator letter was always at the p0

sition of the target. In double-element trials, the indicator appeared
at one or the other target location, each having equal probability
of being selected. The subject had no prior knowledge of which
location would be selected. The indicator letter was always displayed
dark against a light background. The letter was small-to read it
easily, the subject needed to make a saccade, although the saccade



did not need to be highly accurate. There was no relationship be
tween the trial type and the type of indicator letter displayed. The
task was straightforward, and all of the subjects gave rapid and ac
curate responses (errors were signaled by a warning beep and oc
curred on less than 2 % of the trials).

Analysis
The eye movement records were recorded onto disk during the

experimental session, and these records were subject to a later anal
ysis by a program that detected the first saccade following target
presentation. This was achieved by using an algorithm that searched
for the point at which the eye velocity first exceeded a preset thresh
old over a 20-msec period. The records were scrutinized visually,
allowing rejection of trials in which any ambiguities occurred (ap
proximately 1%). Trials were also rejected if the first saccade was
either anticipatory or so delayed that its properties might have been
influenced by the appearance of the indicator letter rather than simply
by the targets. This was achieved by rejecting trials when the sac
cade latency was less than 100 msec or greater than 250 msec (am
plitude measurement) or 280 msec (latency measurement). The latter
figures were chosen because saccades can be influenced only by
new visual stimulation occurring when at least 80 msec have elapsed
following its appearance (Becker, 1989; Findlay & Harris, 1984).

Trials were presented in blocks of 60. Each block of trials was
preceded by a calibration in which the subject was asked to fixate
a target that was presented sequentially in five positions (the four
possible target positions and the fixation position). After calibra
tion, the eye record was immediately displayed as a position versus
time plot, and if this plot did not form a regular "staircase" on
visual inspection, the calibration was rerun. These calibrations were
used to scale the saccade records in the subsequent analysis of sac
cade amplitude.

Saccades to single targets often show systematic undershoot. The
extent of this undershoot may vary across different subjects and
different target positions. For this reason, the saccade amplitudes
were normalized to the mean amplitude of the saccades to single
targets in each block. Specifically, if the mean amplitude of sac
cades to single targets in the near position is denoted by An, and
if the mean amplitude of saccades to single targets in the far posi
tion is denoted by Af, then for a double target configuration pro
ducing saccades of amplitude A, the global effect percentage (GEP)
is calculated as loo(A - An)/(Af-An).

A GEP of 0 indicates a saccade of the same amplitude as those
to the near target when it is presented alone-that is, the far target
has no effect. A GEP of 50% indicates saccades that fall midway
between those to the near target and those to the far target. A GEP
of 100% indicates a saccade that has the same amplitude as those
to the far target when it is presented alone. This measure is similar
in conception, although slightly different in detail, to that used in
Findlay (1982).

Eye Movement Recording
Eye movements were recorded with either a limbus-tracking

device (ACS Instruments) or a search coil recording technique based
on that of Collewijn, van der Mark, and Iansen (1975). Both sys
tems have a resolution of a few minutes of arc. The coil system
was used for Subjects I.F. and D.B. in Experiment 1.

EXPERIMENT 1
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background? Third, how does the salience of a check tar
get depend on the check size? Because of the screen non
linearities (see General Method section), we achieved the
requirements for targets with no overall luminance dif
ference by using phase-reversal checkerboard targets. We
thus presented all targets against an overall checkerboard
background. The targets were either positive contrast
(white), negative contrast (black), or were check targets
with the same contrast as the background. Figure 3 shows
the set of targets used. Stimuli drawn from this set were
presented either as individual targets or in various paired
combinations.

Method
Subjects. Three male laboratory workers served as subjects. Two

(authors I.F. and 0.8.) were aware of the purpose of the experi
ment, but the third (R.B.) was not. Subjects I.F. and R.B. had nor
mal or corrected-to-normal vision. Subject D.B. had rather poor
acuity (6/9, i.e., 20/30) but otherwise no visual defects.

Procedure
The task is described in the General Method section. Trials were

grouped in blocks of 60, each block testing one of the three checker
board sizes (coarse, medium, and fine) and containing 4 examples
of 15 different stimulus types, 2 each on the left and on the right.
The 15 types consisted of 6 single targets (a single black, white,
or phase-reversal check target at either the near position, I. 75°,
or the far position, 3.5°) and 9 double targets (each combination
of the three basic target types in the two positions). As detailed
in the General Methods section, these checkerboards hadpixel sizes
of 0.175° ,0.087°, and 0.044°. The subjects performed 12 blocks
of 60 trials (4 for each checkerboard size) using a counterbalanced
testing order. The results are thus based on 16 saccades to each
stimulus type.

Results
Saccade latencies. Figure 4 shows the latency of sac

cades in single-target trials for the conditions with the
coarse (C), medium (M), and fine (F) check backgrounds.
Latencies to black and white targets are similar and are
very little affected by target type, target eccentricity, or
background check size. However, for phase-reversal
checkerboards, the latency for all subjects increases as
the check size decreases. This finding is not surprising,
since as the check size is decreased, the stimulus contains
a higher spatial frequency range and thus becomes closer
to the contrast threshold. The fine check targets were the
only ones for which the long latency cut-off criterion was

Figure 3. The set of targets used in Experiment 1. The white and
black targets were superimposed on the checked background. The
check targets were generated by phase reversal of the background.
Three different conditions were run with coarse, medium, and fine
checks.

We were interested in three issues in Experiment 1.
First, what global effect would be found with a pair of
target elements, one of which was light (positive contrast)
and one dark (negative contrast)? Second, what, if any
thing, would be the contribution to the global effect of
a target that had no overall luminance difference from the

White Black Coarse Medium Fine
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Figure 4. Saccade latencies to single square targets under the var
ious presentation conditions. Each point shows the median latency
from each subject (from 12 trials). C, M, and F denote the condi
tions with coarse, medium, and fine backgrounds. Near and far
denote targets at 1.75· and 3.5· eccentricity, respectively. 'The white
and black targets were identical in the three conditions, and the
phase-reversal check target was of the same check size as the back
ground. The different symbols show data from different subjects
(filled squares, J.F.; open squares, D.B.; open circles, R.B.). For
check targets in the far position, there was only 1 trial for Sub
ject D.B. on which a saccade occurred with a latency of less than
the deadline of 270 msec. No data point is plotted in this case.

used with any frequency. Saccades with latencies beyond
the criterion cut-off of 250 msec with the single check
targets occurred as follows: medium check targets, far
position-l trial rejected for SubjectJ.F. and 8 trials re
jected for D.B.; fine check targets, near position-3 trials
rejected for D.B.; and fine check targets, far position-l
trial rejected for J.F., 2 trials for R.B., and 15 trials for
D.B. As noted above, D.B. 's visual acuity was poor, and
the fine check target in the far position was very close
to his threshold. Latencies for the double targets were in
all cases close to those for single black or white targets.

Saccade amplitudes. Table I presents the data giving
mean saccade sizes in degrees for each subject in each
condition. In Figure 5, the major findings are extracted
from these data by using the conversion to the GEP. The

eMF eMF eMF eMF eMF eMF

~~~~ ......~ti~~

Discussion
The results show considerable regularity, supporting the

belief that study of saccade amplitudes to double targets
can provide a powerful method for the investigation of
early visual processing. The endpoint of saccades to dou
ble targets varies systematically with stimulus properties;
therefore, the relative weighting of the two targets in the
integration process can be investigated.

Figure 5 shows clearly that, when one element has posi
tive contrast and one element has negative contrast, the
global effect occurs in a way that is similar to that occur
ring when the two elements are identical. This result con
firms the report of Zetzsche, Deubel, and Elsner (1984)
in showing that positive contrast and negative contrast tar
gets summate in the calculation of the global effect. It is
often suggested that positive and negative contrasts are
coded separately in the retina into "on" and "off" chan
nels that transmit information in parallel to the level of
the cortex (Fiorentini, Baumgartner, Magnussen, Schiller,
& Thomas, 1990). If this is the case, at some stage in
the pathways leading to the oculomotor centers, the "on"
and "off" signals must converge to produce the spatial
integration of the global effect. At this convergence, the
signals are treated as equivalent, and the separate charac
teristics of the two signals are lost.

In Figure 5b, the various two target combinations in
volving checkerboard targets are shown. Checkerboards
paired with white targets produce very similar results to
checkerboards paired with black targets. Again, it would

amplitudes of saccades to double targets are presented
(scaled relative to single-target amplitudes).

Although Table I shows that no systematic effect of
check background on saccade amplitude occurred, an un
expected finding was that the variability of saccade am
plitudes was different under the different background con
ditions. This is shown in Table 2.
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Near Far

WHITE
Near Far

til
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Table 1
Saccade Amplitudes in Degrees Under the Different Background Conditions in Experiment 1

Background Check Size

Stimulus Target Coarse Medium Fine

Configuration Positions D.B. R.B. J.F. D.B. R.B. J.F. D.B. R.B. J.F.

W near 1.75 1.85 1.59 1.41 1.43 1.32 1.61 1.56 1.50 1.65
B near 1.75 1.97 1.50 1.36 1.57 1.35 1.62 1.65 1.44 1.57
C near 1.75 1.81 1.52 1.42 1.63 1.31 1.59 1.66 1.46 1.59
W far 3.5 3.17 3.25 2.64 2.87 2.50 3.10 2.91 2.38 3.20
B far 3.5 3.13 3.54 2.80 2.77 2.46 3.08 2.99 2.50 3.15
C far 3.5 3.03 3.49 2.73 2.79 2.62 2.98 2.79* 2.53 3.27
W-W 1.75+3.5 2.31 2.02 1.66 2.25 1.74 1.90 2.36 1.66 2.05
W-B 1.75+3.5 2.28 2.10 1.81 2.22 1.92 2.19 2.29 1.92 2.09
B-W 1.75+3.5 2.79 2.38 1.63 2.42 1.84 2.13 2.39 1.92 2.32
B-B 1.75+3.5 2.51 2.30 1.57 2.45 1.84 2.10 2.37 1.83 2.08
W-C 1.75+3.5 2.47 2.19 1.86 1.61 1.63 1.71 1.67 1.53 1.66
B-C 1.75+3.5 2.76 2.20 1.92 1.62 1.62 1.75 1.61 1.49 1.69
C-W 1.75+3.5 2.29 2.18 1.62 2.23 1.73 2.25 3.06 2.07 2.70
C-B 1.75+3.5 2.18 1.92 1.83 2.40 2.04 2.63 2.88 2.28 2.68
C-C 1.75+3.5 2.35 2.00 1.57 1.49 1.42 2.09 1.83 1.78 2.07

Note-The data show the mean saccade amplitude (in degrees) to each stimulus configuration. All data are based on at
least 8 trials (generally12-16 trials) except for the value marked with an asterisk (*), for which the criterion for inclusion
was satisfied on only one trial. W = white; B = black; C = check.
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Table 2
Standard Deviations (in Degrees) of the Amplitudes of Saccades

to Black and White Targets Under the Different Background
Conditions of Experiment 1

surements of threshold sensitivity in the visual periphery
(Rovamo, Virsu, & Nasanen, 1978) suggest that the pe
ripheral visual system operates in a similar way, but with
a scaling of the spatial dimension so that peak contrast
sensitivity occurs at a lower spatial frequency. Checker
board targets contain a variety of spatial frequencies. The
lowest spatial frequency present (ignoring windowing ef
fects resulting from the limited extent of the checkerboard)
is along the major diagonal. In the case of the coarse
checkerboard, this spatial frequency was 3.6 cycles/deg,
which is close to the peak of the peripheral contrast sen
sitivity function at 2 0 eccentricity reported by Rovamo
et al. (1978). The progressive decline in effectiveness of
the finer checkerboards is consistent, at least qualitatively,
with the decline in contrast sensitivity of the peripheral
retina .

Our data also demonstrate that the signal sent from the
visual system to the oculomotor system is basically non
linear. One form of spatial integration is achieved by low
spatial-frequency channels. The integration provided by
these channels is linear. The signal arising in these chan
nels is predictable by the weighted sum of the input sig
nal. Positive and negative contrasts cancel out each other.
Targets that are much smaller than the channel wavelength
and that have no overall luminance difference from the
background contribute little. Neither of these conditions
is fulfilled in the integration process for the global effect
shown by the results of Experiment 1. Instead, positive
and negative-contrast targets summate, and targets with
no overall luminance change contribute strongly.

The existence of an important form of nonlinear pro
cessing that provides a representation of visual informa
tion over a coarse spatial scale has been increasingly sup
ported in recent years (Carlson, Moeller, & Anderson,
1984; Morrone & Burr, 1988; Shapley & Gordon, 1985).
Our results show that such a process is operative in the
processing of visual information for the saccadic system.
In some early accounts of the global effect (Findlay,
1981), it was suggested that the effect might arise from
the stimulation of spatial-frequency channels of suffi
ciently low frequency to spatially integrate the two tar
gets. It is now clear that this suggestion was incorrect.

Results with the black and white targets came from sit
uations in which the targets were identical but the back
ground differed. No effect of these background changes
was apparent on the mean amplitude, mean latency, or
global effect integration. However, Table 2 shows an un
expected finding concerning the variability of the saccade

Coarse Medium

.25

.33

.37

Fine

.41

.58

.45

Background Check Size

.55

.84

.76

Target Type

Single (near)
Single (far)
Double

&'D
100

S
= 80..
u..
8- 80

tl
l! 40..
'i 20.t:J
.sc 0

.. 100
011 (a)s

80=~..
F.,8- 80 N_

~ 40 ~ I i.. •... , .. '

0 •'i 20 r T ~ 0 0
.t:J.sc 0

C",,'" Medium Fin.

Background check size

Co.... Medium FIM

Check size

(background and target)

Figure S. Amplitude of saccades to double targets. (a) Saccades
to combinations of the black and white squares when presented
against the different hackgrounds; (b) saccades to combinations of
a check target with a black or white target (the check target was
generated by phase reversal). The amplitudes are scaled in relation
to the amplitudes of saceades to single targets to give a global effect
percentage running from a value of zero (indicating the absence of
any effect of the far target element) to 100% (indicating the absence
of any effect of the near target element). The amplitudes plotted
are the means for 3 suhjects. Standard errors are shown except where
this would obscure important detail.

appear that the sign of a contrast change is of little signif
icance in the signal for saccades. The counterphase coarse
checkerboards appear to show a somewhat stronger
weighting in the center-of-gravity calculation than that of
black or white targets. In the pairings of a coarse check
erboard and a black or a white target, the saccades are
always larger when the checkerboard is in the more ec
centric position (six comparisons from Table 1). How
ever, as the size of the checks is decreased, the weighting
of the counterphase checkerboard in the center-of-gravity
calculations shows a regular decline.

A very powerful approach to the analysis of early vi
sion has been associated with the concept of spatial
frequency channels (Braddick, Campbell, & Atkinson,
1978; De Valois & De Valois, 1980). In this approach,
it is suggested that the visual signal is decomposed into
a set of constituent components, each transmitting a lim
ited band of spatial frequencies. As shown by the con
trast sensitivity function, the visual system is maximally
sensitive to intermediate spatial frequencies, with sensi
tivity declining as the spatial frequency is increased. Mea-
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Figure 7. Amplitudes (scaled as in Figure S) of saccades to target
pairs in Experiment 2. The scaled amplitudes are the means of 4
subjects' data. The filled squares show data from blocks in which
the full checkerboard was the comparison target; the open squares
show data from blocks in which the frame was the comparison tar
get (as shown in the box on the left).
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EXPERIMENT 2

amplitudes. Table 2 shows that this variability increased
with saccade size, as has been previously reported
(Becker, 1989), but also that this variability increased sys
tematically as the size of the checks in the background
increased.

In one of the original studies of the global effect (Find
lay, 1982), it was shown that the saccade landing posi
tion was influenced by the size of the target, with larger
targets showing greater attractive weight. In Experiment 2,
we wished to establish whether a similar relationship
would be found for targets with no overall luminance dif
ference from the background.

Increased salience with increased target size might arise
either because the total area of the larger targets was
greater or because the extent of the border of the larger
targets was longer. Experiment 2 also attempted to dis
entangle these possibilities.

Figure 6. Set of targets in Experiment 2. The targets were pre
sented against a uniform background chosen to match closely the

• mean space average luminance of the checkerboards. The two tar
get combinations always involved one element chosen from the set
of five different sized checkerboards, together with either a com
parison 8 x 8 checkerboard or the frame target, which consisted of
the outer 28 elements of this checkerboard.

Method
Subjects. Four subjects (including the authors J.F. and M.W.S.)

participated in this experiment. A partial set of data from 2 other
subjects was also obtained. This data, although not presented here,
confirmed the pattern found in the 4 original subjects.

Stimuli. The stimuli used in Experiment 2 are shown in Figure 6
and consist of a set of checkerboards of different sizes, together
with a stimulus described as a frame. The frame stimulus consisted
of the outer set of 28 checks of the 8 x 8 checkerboard. For this
experiment, the background was uniform and of approximately the
same overall space-average luminance as the checkerboards. An
exact match was not considered necessary, since the results of Ex
periment I showed that checkerboard targets are of high salience.

Design. On every trial, one checkerboard from the test set of
five sizes was presented. This will be referred to as the test target.
In single-target trials, only the test target was presented. In double
target trials, the test target was paired with a comparison target.
On half the trials, the test target was in the near position (set at
2 0 eccentricity for Experiment 2), and the comparison target, if
present, was in the far position (4 0 eccentricity). On the remaining
half of the trials, the test target was in the far position and the com
parison target, if present, in the near position. The comparison target
was either the 8 x 8 checkerboard or the frame outline. These com
parison targets were never presented as single targets. Only one

4.4 6>6 Sd 10xlO 12x12 Frame

of these comparison targets was used during the course of each block
of 80 trials. Each subject performed four blocks with the two com
parison targets, with the order counterbalanced. This resulted in
eight saccades per subject for each stimulus pairing.

Results
Saccade latencies. The mean latencies of saccades

when a single checkerboard was presented were 163 msec,
160 msec, 164 msec, 157 msec, and 158 msec for check
erboards of size 4 X4, 6 x6, 8 x 8, 10 x 10, and 12 X12,
respectively. The mean latency for saccades to single
checkerboards was 161 msec at 2 0 and 160 msec at 4 0

•

An analysis of variance (ANOVA) showed that neither
parameter had a significant effect on the latency [F(4,12)
= 0.97, n.s., for target size; F(I,3) = 0.05, n.s., for
target position]. The mean amplitude of saccades to all
dual targets was 163 msec.

Saccade amplitudes: Dual targets. Figure 7a presents
the magnitude of the global effect in cases in which the
test targets were presented in the near position and the com
parison target in the far position. An ANOVA showed that
the size of the test target had a significant effect [F(4,12) =
5.47,P = .009]. It is evident from the plot that as the size
of the test target is increased, its weighting in the center
of-gravity calculation similarly increases. There is no dif
ference between the situation with the full checkerboard
as the comparison target and that with the frame outline
as the comparison target [F(I,3) = 0.44, n.s.], but there
is a rather puzzling significant interaction between this fac
tor and target size [F(4,12) = 3.32, p = .05].

Figure 7b shows the reverse situation, with the com
parison target in the near position and the test target in
the far position. The pattern of results is not a simple re
versal of that shown in Figure 7a. Increasing the size of
the more distant checkerboard does not result in a greater
weighting in the center-of-gravity calculation. This was
confirmed with an ANOVA, which showed no signifi-
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4x4 6x6 8x8 10x10 12x12

Size of test target

Figure 8. Amplitude of saccades to single checkerboard targets
in Experiment 2. The dotted lines show the locations of the near
and far edges of the ditTerent-sizedcheckerboards in the near (l"
eccentricity) and far (4° eccentricity) positions. The fdled squares
show data from blocks in which the full checkerboard was usedas
the comparison target; the open squares show data from blocks in
which the frame was the comparison target. In both cases, the same
set of single targets (filled checkerboards) was presented.

GENERAL DISCUSSION

tion. For the distant (4°) targets, however, a different re
sult was obtained. Here, the saccade amplitude was
systematically reduced as the target size was increased
and took the eye to a location close to the nearer edge
of the target. The GEP measure in Experiment 2 was al
ways calculated using the mean saccade sizes to the sin
gle targets actually involved in the pairing. If, instead,
the global effect calculation had been based on the aver
age position across all target sizes, it would (paradoxi
cally) have suggested that larger targets were less effec
tive in the spatial integration.

Comparison of full checkerboard and frame. The
comparison of frame and full checkerboard suggests that
these two targets are equivalent in effectiveness. It seems
likely that the one interaction in which a difference was
found is a chance result. The checkerboard and the frame
targets had the same perimeter but differed in the total
area stimulated (64 pixels changed for the checkerboard,
whereas only 28 pixels changed for the frame). This sup
ports the claim that the signal that goes to the saccadic
system is generated from the target border. In earlier
studies of the global effect (e.g., Findlay, 1982), the
weighting in the center of gravity calculation was shown
to depend on target size; however, target perimeter
covaried with target size, making it likely that the borders
were in fact the significant features. In Figure 7, 9 out
of 10 comparisons show the frame to have a greater weight
in the center-of-gravity calculation. Although the differ
ence was not statistically significant, it may result from
the fact that both the outer and inner borders of the frame
contribute to the weighting.

Further support for this proposal comes from the re
sults shown in Figure 8. When single test targets are pre
sented in the more eccentric position, the saccade seems
directed to the near border. Saccades to test targets in the
near position are directed close to the midpoint. This re
sult might occur if both near and far borders contribute
to the calculation of saccade amplitude. Of course, the
question remains unsolved as to why the more distant
border does not contribute to the amplitude calculation
for saccades in the far position.

In all of the studies reported here, the global effect has
systematically occurred; saccades to a target consisting
of a pair of elements land at an intermediate position be
tween the elemental components. We have used this global
effect to determine the relative effectiveness of particu
lar visual stimulus pairs in the center-of-gravity compu
tation of saccade amplitude. From this determination we
were able to investigate the way in which visual informa
tion for a target-elicited saccadic eye movement is pro
cessed. In all cases, the saccade endpoints relate in a
meaningful, albeit complex, way to the physical properties
of the stimuli. The experiments thus represent a continua
tion of earlier studies in which it has been shown that phys
ical parameters of the stimulus contribute to its salience-
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cant effect of test target size [F(4,12) = 0.93, n.s.], of
the frame/full comparison [F(1 ,3) = 3.64, p = .15], or
of the interaction [F(4,12) = 0.51, n.s.]. The discrepancy
between the configurations shown in Figures 7a and 7b
is puzzling but may relate to the findings from saccades
to single targets, which are presented next.

Saccade amplitudes: Single targets. Figure 8 shows
the sizes of saccades to single test targets in the two posi
tions. An ANOVA showed that there was a significant
effect of target size on the size of the saccade [F(4,12)
= 7.94, P = .002] and a significant interaction between
the factors of target size and target position [F(4,12) =
3.04, p = .006].

Discussion
Effect of target size with checkerboard targets. Fig

ure 7a shows that when different-sized checkerboards are
paired with a fixed comparison target, checkerboard size
systematically increases the effective weighting in the
center-of-gravity calculation. Figure 7a shows the com
binations when the variable size test target is in the near
(2°) position. However, with the reverse situation, in
which the comparison target is in the near position and
the variable size test target is in the far position, no sys
tematic effect of target size appears (Figure 7b).

The discrepancy between the two configurations is puz
zling but may relate to the effects shown in Figure 8,
which shows the amplitude of saccades to single check
erboard test targets. Figure 8 also shows the positions of
the nearest and furthest edges of the different size check
erboards. Saccades to single targets in the near (2°) po
sition were directed roughly at the center of the target.
This is what would be expected if the saccade's ampli
tude is based on some weighted average of the stimula-
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notably, size (Findlay, 1982), intensity (Deubel et al.,
1984), and texture density (Menz & Groner, 1987).

In Experiment 1, we show that stimuli of both positive
and negative contrasts contribute in the same way in the
global effect calculation. The principal significance of this
finding is that it immediately rules out an explanation of
the global effect in terms of linear low-spatial-frequency
channels. This approach to spatial vision has been very
popular in recent years (Braddick et al., 1978; De Valois
& De Valois, 1980). Its advocates have argued that the
visual stimulus is filtered through a series of channels
with, at least approximately, linear characteristics. There
is considerable evidence to support the existence of such
channels. Since the information in such channels could,
at least in principle, provide a complete representation
of any visual stimulus, the possibility of other forms of
processing is sometimes ignored. Our results clearly dem
onstrate the existence of highly nonlinear spatially integra
tive processes and thus add to a substantial body of work
demonstrating nonlinear processing of global stimuli
(Allman, Miezin, & McGuinness, 1985; Carlson et al.,
1984; Morrone & Burr, 1988; Shapley & Gordon, 1985).
Further work will be required to establish whether the
nonlinear channels operate in addition to, and in parallel
with, the quasilinear channels or whether the nonlinear
processes come into play at a subsequent stage and inte
grate the output of the linear channels.

Many alternative models of early vision have been sug
gested that involve parallel processing streams. For ex
ample, Sagi and Julesz (1985) suggested that a signal con
veying the location of a target exists separately from the
signal carrying the specific characteristics of that target.
Furthermore, at the level of cortical neurophysiology and
neuroanatomy, multiple areas and parallel processing
streams exist in profusion (Felleman & Van Essen, 1991).
The major distinction between dorsal and ventral process
ing streams (Ungerleider & Mishkin, 1982) has been re
cently related to the separation of perceptually based and
action-based uses of visual information (Goodale & Mil
ner, 1992).

Our data have shown that border information is given
particular emphasis in the signal used by the saccadic sys
tem. The suggestion that early vision operates to extract
important contour is particularly associated with the work
ofMarr (1982). We were influenced by such suggestions
in designing our "frame" experiment. In Experiment 2,
we showed that the important variable seems to be the
extent of the contour. Two stimuli with equal external con
tour (the full checkerboard and the checkerboard frame)
were equivalent with respect to effectiveness. Other work
(Deubel, Findlay, Jacobs, & Brogan, 1988) has also sup
ported the finding that the spatial signal for saccadic eye
movements is one in which edges, and specifically tex
ture edges, play an important role. It is not the case that
other physical characteristics have no importance; for ex
ample, Deubel et al. (1984) demonstrated that when the
two paired stimuli are simple point light-emitting diodes
of different luminance, the relative luminance affected the

saccade landing position. The signal is thus likely to be
one in which raw physical and derived features coexist.
A similar type of multiplexing is suggested in the model
ing philosophy of Watt (1988).

Although our results amply demonstrate the role of sen
sory factors in the global effect signal, more central pro
cesses also play a role in the programming of target
elicited saccades (Findlay, 1981, 1985; He & Kowler,
1989). One such modification is related to the subject's
knowledge of the probability that targets will occur in par
ticular locations. For example, Kapoula (1985) has dem
onstrated a "range effect" when saccades are made to
single targets that may appear in a range of positions. Sac
cades to the closer targets, tend to overshoot the target,
and saccades to the more distant targets to undershoot.
It is possible that a further manifestation of this type is
occurring in Experiment 2, in which the results suggest
that, for targets in the more distant location, only the
nearer edge contributes to the saccadic signal.

In conclusion, we have shown that the spatial signal in
volved in the generation of target-elicited saccades oper
ates by integrating visual stimulation over a wider region
of the visual field. This stimulation is preprocessed in a
manner that is nonlinear in luminance. Boundaries be
tween visual regions are of particular significance.
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