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Eye movements and the span of
the effective stimulus in visual search

JAMES H. BERTERA and KEITH RAYNER
University ojMassachusetts, Amherst, Massachusetts

The span of the effective stimulus during visual search through an unstructured alphanumeric array
was investigated by using eye-contingent-display changes while the subjects searched for a target let
ter. In one condition, a window exposing the search array moved in synchrony with the subjects' eye
movements, and the size of the window was varied. Performance reached asymptotic levels when the
window was 5°.In another condition, a foveal mask moved in synchrony with each eye movement, and
the size of the mask was varied. The foveal mask conditions were much more detrimental to search be
havior than the window conditions, indicating the importance of foveal vision during search. The size
of the array also influenced performance, but performance reached asymptote for all array sizes tested
at the same window size, and the effect of the foveal mask was the same for all array sizes. The results
indicate that both acuity and difficulty of the search task influenced the span of the effective stimulus
during visual search.

When searching through an array for a specified tar
get, one typically makes saccades every 250-350 rnsec,
It is generally agreed that the purpose of these eye move
ments is to place the fovea on an object for detailed analy
sis (Rayner, 1998). Interestingly, a great deal of research
on visual search (e.g., Treisman & Gelade, 1980; Wolfe,
Cave, & Franzel, 1989) has been done without much at
tention having been paid to eye movements. The reason
may be that either (1) subjects hold fixation and an array
is presented for a period oftime that is too brieffor an eye
movement to occur or (2) it is assumed that eye move
ments are not particularly important for understanding
search processes. However, many recent studies (Binello,
Mannen, & Ruddock, 1995; Findlay, 1997; Scialfa & Joffe,
1998; Williams, Reingold, Moscovitch, & Behrmann,
1997; Zelinsky, 1996; Zelinsky & Sheinberg, 1997) have
demonstrated the importance ofunderstanding eye move
ments during visual search. Furthermore, Findlay and
Gilchrist (1998) recently argued that the emphasis in most
visual search research on ignoring eye movement behav
ior is misguided. They analyzed the results of a number of
experiments to demonstrate that (1) when subjects are free
to move their eyes, no additional covert attentional scan
ning occurs, and (2) unless instructions explicitly prevent
eye movements, subjects show a natural propensity to
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move their eyes in search tasks, because eye movements
are the most effective way of sampling the visual array in
most naturally occurring visual search situations.

An important question about eye movements and search
behavior is: How much information is acquired during
each fixation? In reading and scene perception, the region
from which useful information is obtained during an eye
fixation has been extensively studied and is referred to as
the span ofthe effective stimulus, or the perceptual span
(McConkie & Rayner, 1975). The size of this region has
generally been identified via the use ofeye-contingent dis
play change paradigms in which the experimenter controls
the amount of information available during each fixation
(see Rayner, 1978, 1998, for reviews of this research). In
the present study, we used such paradigms to examine the
span of the effective stimulus when subjects searched
through a randomly arranged alphanumeric array. Two
types of eye-contingent display change techniques were
used: the moving window technique (McConkie & Rayner,
1975) and thefoveal mask technique (Rayner & Bertera,
1979). The moving window technique' has been used quite
frequently to investigate reading (Ikeda & Saida, 1978;
McConkie & Rayner, 1975; Rayner, 1986; Rayner &
Bertera, 1979; Rayner, Well, Pollatsek, & Bertera, 1982)
and scene perception (Saida & Ikeda, 1979; van Diepen
& Wampers, 1998). In the moving-window paradigm, a
region around the fixation point contains normal infor
mation. However, outside of this experimenter-defined
window region, the remainder ofthe stimulus is perturbed
in some way. Thus, for example, in a reading task, the size
of the window is varied, and all of the letters outside of
the window are replaced with xs. The assumption is that
when the window is large enough for the reader to obtain
all useful information, the elimination of text beyond the
window region should have no effect on reading. In the
foveal mask technique, a mask moves in synchrony with
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Figure 1. An example of an array in the window condition. The
fixation location is the letter o, The target letter is outside ofthe
window area.

the eyes, so that wherever the subject fixates, information
that would normally be available is covered by the mask.
This technique has been used to assess the relative con
tribution offoveal and parafoveal information to the span
ofthe effective stimulus in reading (Fine & Rubin, 1999a,
1999b; Rayner & Bertera, 1979; Rayner, Inhoff, Morrison,
Slowiaczek, & Bertera, 1981) and scene perception (Hen
derson, McClure, Pierce, & Schrock, 1997; van Diepen,
DeGraef, & d'Ydewalle, 1995; van Diepen, Ruelens, &
d'Ydewalle, 1999). In addition, some researchers (Bert
era, 1988; Murphy & Foley-Fisher, 1988, 1989) have used
the moving mask type ofparadigm to study visual search.
In these studies, rather small masks (a third of a degree
or less) or simulated scotomas have typically been used to
make inferences about the relative importance of the loss
of central vision in search.

In the realm of visual search, however, only a few re
searchers (Prinz, 1984; Rayner & Fisher, 1987a, 1987b)
have utilized eye-contingent display change paradigms
to determine how much information is acquired during a
fixation. On the other hand, a fair amount of work has
addressed related issues that deal with what is variously
referred to as the visual span (Jacobs, 1986), the visual
lobe (Widdel, 1983), or the conspicuity area (Engel, 1977).
These areas are typically defined as the area in a visual
array within which a subject can detect a target ofunknown
position, with some criteriallevel of accuracy, in a single
fixation (Geisler & Chou, 1995) without the use of any
contextual information (Jacobs, 1986). Thus, whereas re
search on the perceptual span has focused on how much
information a subject processes or utilizes on a given fix
ation, research on the visual span has focused on deter
mining the size of the area from which visual information
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can in principle be acquired without the use of any con
textual information. Typically, visual span has been esti
mated from psychophysical experiments in which (1) ar
rays are presented for short durations (so that subjects
cannot make eye movements), and accuracy of identifying
targets at different distances from fixation is determined,
or (2) eye movements are recorded with a great deal of
weight put on the size of the saccade from fixation n - 1
to fixation n (when the target is fixated). Unfortunately,
although these techniques have provided valuable infor
mation about the visual span, neither may be ideal for de
termining the span ofthe effective stimulus in search. First,
it has been demonstrated that attempts to estimate the
perceptual span in reading from tachistoscopic exposures
do not coincide with what is found when subjects actually
read (Rayner, 1975, 1978); basically, there is no guarantee
that when subjects are presented with single flashes of a
stimulus they will use the same strategy in processing in
formation as they might use when they are free to move
their eyes. Second, use of the eye-contingent display
change paradigm has demonstrated that saccade size does
not accurately reflect the size of the effective visual stim
ulus during reading (Ikeda & Saida, 1978; Rayner & Bert
era, 1979).2

As noted above, in some studies the moving-window
technique has been used in order to examine the span of
the effective stimulus in visual search tasks. Rayner and
Fisher (1987a) had subjects search through horizontally
arranged letter strings for a specified target letter. The
search array always comprised strings ofletters: 2,4,6, or
8 letters and the total number of letters in the array was
24. Spaces were inserted between the strings (e.g., pklm
jhtr nbfd), and the strings were searched from left to
right. Rayner and Fisher (I 987a) found that the span of
effective vision varied as a function of the difficulty of
the distractor letters. When the distractors were dissimi
lar letters (e.g., the target letter was b and the distractors
were v, s. z, c, r; w, and n), the span extended from 3-4
letter spaces to the left offixation to about 15 letter spaces
to the right. However, when the distractors were similar
to the target (h, k, d, and I when the target was b), the
span extended only about 12 letters to the right of fixa
tion. Rayner and Fisher (I 987b) argued that there were
two qualitatively different regions within the span: A de
cision region, in which information about the presence or
absence of a target is available, and a preview region, in
which partial letter information is available but where in
formation on the absence ofa target is not available. They
found that the decision region varied from a low of 3-4
letters (to the right offixation) when the target was sim
ilar to the distractor letters to a high of 5-6 letters when
the target was dissimilar to the distractors. Likewise, they
found that the preview region varied from 5-6 letters (to
the right of the decision area) when the target was simi
lar to the distractors to 7-8 letters when the target was
dissimilar to the distractors.

In the present study, as in the Rayner and Fisher (1987a,
I987b) studies, the subjects searched for a single target
letter among distractor letters and digits. However, the



Figure 2. An example of an array in the mask condition. The
fixation location is the lower cross.

tion. As in the window conditions, the relative spacing between
characters was preserved in all mask sizes, but all characters falling
within the specified mask region were replaced by a +. With a mask
size of0.3°, only the character fixated (or closest to fixation if sub
jects did not fixate a character directly) was replaced; with a mask
size of 3.0°, all characters falling within a 1.5° radius of fixation
were replaced by a +.

Each array consisted of 39 characters-v-Zf letters (with 4 letters
repeated) and 9 digits. In addition to manipulating window size and
mask size, we also varied the size of the array. Three different array
sizes were used-v j J.O" X 10.0°,6.0° X 6.0°, and 5.0° X 3.5° (the
first value corresponds to horizontal visual angle). All 39 characters
were presented in each array, so that the relative density of the array
varied as a function ofarray size. For convenience, we refer to the dif
ferent array sizes as large, medium, and small. The size of the char
acters remained constant across the array sizes. Thus, the small ar
rays were denser than the medium arrays, which in turn were denser
than the large arrays. The mean intercharacter distance was 2.8° in
the large array, 1.7° in the medium array, and 1.2° in the small array.
The subjects saw a given array size within a block oftrials (with sub
jects again receiving different random orderings). Altogether, the
subjects searched through 360 arrays excluding the practice trials.
This consisted of 180 arrays in the window conditions and 180 ar
rays in the mask conditions. There were 10 trials for each of the 18
conditions (six window or mask sizes X three array sizes) within the
window and mask situations. On each trial, the subjects initially fix
ated a central fixation cross and the experimenter checked to make
sure that the eye-tracking system was accurately calibrated. The sub
jects were instructed to search for the target letter y on each trial.
They were told that the target letter was always present, but that its
(and all nontargets') location(s) varied randomly across the arrays.
When the target was located, the subject pushed a button, which re
sulted in the array's disappearing. The subject then pointed to the lo
cation ofthe target and the experimenter recorded the accuracy of the
response. The subjects were free to look wherever they wished in the
array, but ifthey made 100 saccades in the trial, the array disappeared
from the screen and the trial was recorded as unsuccessful.
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arrays were unstructured and randomly arranged rather
than being text-like. Rayner and Fisher's results suggest
that the difficulty of the search task influences the size
of the span of the effective visual stimulus. In the present
experiments, a more difficult search task was used in order
to compare our results with those of Rayner and Fisher.
Thus, the moving-window technique was used when the
subjects searched unstructured alphanumeric arrays. An
other goal of the study was to use the moving-mask tech
nique in order to determine the relative importance ofpara
foveal information in a search task.' Finally, we varied the
size of the array while holding the number of items in the
array constant in order to determine whether the span of
the effective stimulus would be influenced by the den
sity of the array.

METHOD

Subjects
Five members of the University of Massachusetts community

were paid to participate in the experiment. They all had normal un
corrected vision and were given a considerable amount of practice
in the tasks prior to beginning the experiment.

Procedure
At the beginning of the practice sessions, a bite bar was prepared

in order to eliminate head movements during the experiment. Then,
the initial calibration of the eye movement recording system took
place. Alignment and calibration ofthe eye tracker was accomplished
in less than 5 min. The subjects were given two sessions of practice
trials prior to the experimental session. The experimental session
began with 10 practice trials in which a window or mask moved in
synchrony with subjects' eye movements as they searched for the
location of the target letter y. After the practice trials, each subject
participated in trials with a window or mask. Three of the subjects
received the window conditions after receiving the mask condi
tions, whereas the order was reversed for the other 2 subjects.

For the window conditions, six different window sizes were used.
The window was 1.0°,2.3°,3.7°,5.0°, or 5.7"; in addition, a control
condition was run in which the entire array was presented (i.e., there
was no window). The control (no-window) condition was presented
both prior to and after the experimental moving-window conditions.
Because the subjects had been given a lot ofpractice, there were no
systematic differences in the search rates for the control conditions
as a function of whether the array preceded or followed the experi
mental conditions. The experimental conditions were presented in
a different random order to each subject. Figure I shows an exam
ple of a window with fixation on the letter o. The relative spacing
in the array was preserved in the window conditions, but all char
acters falling outside of the window were replaced with crosses
(marking each character location). The specified size ofa given win
dow meant that all characters outside of that region, in both the hor
izontal and vertical dimensions, were replaced. In the 5.0° window,
for example, all characters falling within 2.5° in any direction from
the current fixation point remained unchanged, whereas any char
acters outside of that radius were replaced by a +.

Six different mask sizes were also used: 0.3°, 1.0°, 1.7°, 2.3°,
3.0°, or no mask present. As in the window conditions, the control
(no-mask) condition both preceded and followed the experimental
conditions; there was no difference in search rates between the con
trol conditions as a function ofwhen the control was presented. The
experimental conditions were presented in a different random order
to each subject. Figure 2 shows an array in the foveal-mask condi-
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Figure 3. Search time (in seconds) as a function of window size. NW, the condition in which no win
dow was presented so that the entire array was available on each fixation.

Apparatus
Eye movements were recorded by a Stanford Research Institute

Dual Purkinje Eyetracker that had a resolution of 10 min of arc and
a linear output over the visual angle that was occupied by the arrays.
The stimuli were presented on a Hewlett-Packard 1300A cathode
ray tube (CRT) with a P-31 phosphor with the characteristic that re
moving a character resulted in a drop to 1% of maximum brightness
in 0.25 msec. The letters making up the array were presented in
lowercase on the CRT. Individual letters and digits were made from
a 5 X 7 dot matrix. A black theater gel covered the CRT so that the
letters and digits appeared clear and sharp to the subjects. The eye
tracker and the CRT were connected to a Hewlett-Packard 2100
computer that controlled the experiment. The signals from the eye
tracker for x and y positions were sampled every millisecond, and
the position ofthe eye was determined every 4 msec. Display changes
associated with each eye movement occurred within 6-9 msec of
the completion of the saccade. The computer kept a complete
record of the duration and location of each fixation. In the experi
ment, the subjects' eyes were 46 ern from the CRT. Eye movements
were monitored from the right eye, although viewing was binocular.
Luminance on the CRT was adjusted to a comfortable level for each
subject (approximately 8 cd1m2 as measured by a Tektronics J16 pho
tometer for three characters directly in front of the luminance probe),
and the subjective brightness was held constant throughout the ex
periment. The room was dark, except for a dim indirect light source.

RESULTS

Window conditions
Figure 3 shows the average search time as a function

of window size and array size. As is evident in Figure 3,

search performance improved (i.e.•search time decreased)
as window size increased [F(5,20) = 6.5, p < .01]. In
general, search performance reached asymptote when
the window was 5.0°. In addition, there was a main effect
ofarray size [F(2,8) = 11.03,p < .01], and post hoc tests
revealed that search times for the array sizes differed sig
nificantly from each other. The interaction of window
size X array size was also significant [F(l0,40) = 3.51,
p < .01] and was primarily due to search being most se
verely hampered when the search conditions involved a
small window and the large array size.

More detailed analyses were carried out to examine the
effects of window size and array size on average fixation
duration, average saccade length, average number offix
ations, and accuracy of locating the target. There was no
effect ofeither window size or array size on accuracy; the
subjects successfully located the target letter 99% of the
time across the different conditions. However, there were
effects of window size and array size for each of the
other measures investigated (see Figure 4). For all three
measures, there were significant effects ofarray size [all
Fs(2,8), p < .01: F = 16.79 for fixation duration; F =
68.64 for saccade length; F = 19.52 for number of fixa
tions]. There were also significant effects of window size
for all three measures [all Fs(5,20),p < .05: F= 6.61 for
fixation duration; F = 3.75 for saccade length; F = 4.77
for number of fixations]. In addition, for the number of
fixations the interaction was significant [F(l0,40) =
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Figure 4. Fixation duration. saccade length, and number of fixations as a function of window
size. NW, no window.

2.39, p < .05]. As for the total search time, performance
seemed to reach asymptote for all three measures when
the window was 5.0°.

Mask Conditions
Figure 5 shows the average search time as a function

of mask size and array size. As is evident in Figure 5, as

mask size increased, search time increased [F(5,20) =

52.72, p < .001]. Post hoc pairwise comparisons re
vealed that each mask size differed significantly from all
others. The main effect of array size failed to reach sig
nificance [F(2,8) = 3.5,p < .08], but the interaction was
significant [F(10,40) = 2.16,p < .05]. The interaction,
which is shown in Figure 5, was due to the fact that search
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Figure 5. Search time (in seconds) as a function of mask size. NM, the condition in which no
mask was presented so that the entire array was available on each fixation.

times for the large array were relatively long when the
mask was small and relatively short when the mask was
large, with just the opposite pattern for the small array
(i.e., short search times when the mask was small and rel
atively long search times when the mask was large). As
is clear from a comparison of Figures 3 and 5, a large mask
was more detrimental to search than was a small window'

More detailed analyses were carried out on other mea
sures of eye movement behavior and accuracy. Unlike
window size, the size of the mask had a significant effect
on accuracy [F(5,20) = 29.17,p < .001]. The accuracy
values were 100%, 99%, 94%, 73%, 58%, and 39% for
mask sizes 0 (no mask), 0.3°, 1.0°, I.r, 2.3°, and 3.0°, re
spectively. Figure 6 shows the data associated with each
of the other three measures. For fixation duration, there
were significant main effects ofarray size [F(2,8) = 10.42,
p < .01] and mask size [F(5,20) = 14.62,p < .01]; like
wise, for saccade length, there were main effects ofarray
size [F(2,8) = 83.9, p < .001] and mask size [F(5,20) =
2.89, p < .05]. For saccade length, the interaction was
significant [F(l0,40) = 7.49,p < .001], whereas for fix
ation duration it was not [F(l0,40) = 1.88, p > .05]. For
total number of fixations, only the main effect of mask
size was significant [F(5,20) = 65.22,p < .001].

DISCUSSION

In the moving-window conditions, we found that search
performance reached asymptote for all three array sizes
when the window was 5.0°. In order to correctly localize

the target letter, the subjects had to discriminate it from
other letters and digits. Hence, the estimate of the span
of the effective stimulus we obtained yields an estimate
ofhow far from fixation sufficient information can be ob
tained to (1) identify the letter, (2) eliminate the letter as
being the target, and/or (3) directly fixate that letter as a
possible target candidate. Although we did not vary the
number ofletters available per fixation and, hence, cannot
provide a definitive claim regarding how many letters were
processed per fixation, we can make an estimate of the
number of letters processed per fixation. With a window
size of 5.0°, approximately three characters were visible
in the large-array condition per fixation, whereas in the
small-array condition approximately six characters were
visible per fixation. Thus, it appears that between three and
six characters were being processed per fixation. These
values are similar to what Rayner and Fisher (I987b)
found for the decision area but are considerably smaller
than those for the total span of effective vision they re
ported when subjects had searched through text-like ar
rays. The difference makes clear that both the nature ofthe
array and the difficulty of the search task strongly influ
ence how much information is processed per fixation.

There are important implications of our findings that
concern the span ofthe effective stimulus for unstructured
alphanumeric arrays. Consistent with prior research on
reading (Ikeda & Saida, 1978; Rayner & Bertera, 1979),
it appears to be inappropriate to estimate the size of the
span of the effective stimulus on the basis of saccade
length.> These prior reading experiments have demon-
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strated that the average saccade length is only about
50%-60% of the span of effective vision. For windows
5.00 or larger, the average saccade length was 1.40 (col
lapsed over array size), which corresponds to 56% ofthe
span of effective vision. Again consistent with prior re
search (Mackworth, 1976), the fact that performance

reached asymptote at the same point for all three array
sizes indicates that the subjects were processing more in
formation per fixation in the smaller array conditions.

Our results suggest that the span of the effective stim
ulus corresponds to 5.00 around the fixation point, or 2.50

in each direction from fixation when the span is sym-



metrical in the search task. However, the span may not be
symmetrical around fixation. In reading, the span is asym
metrical in the direction of reading. Hence, when one is
reading English the span is asymmetrical to the right of
fixation (Rayner, Well, & Pollatsek, 1980), whereas for
Hebrew readers it extends further to the left than to the
right of fixation (Pollatsek, Bolozky, Well, & Rayner,
1981). This asymmetry makes sense because, typically,
readers of English have already processed the informa
tion to the left offixation, and new information for com
prehension is located to the right offixation. Thus, more
information is picked up in the direction of the next eye
movement (see Henderson, Pollatsek, & Rayner, 1989, for
similar results with respect to object recognition). Thus, in
our search task, it may well have been that the span of the
effective stimulus was asymmetrical in the direction ofthe
next eye movement, which would mean that the span was
smaller than 5.0°.

It should also be noted that our technique may have
underestimated the true perceptual span, since rather
than remove the masked characters, we used a location
preserving substitution mask. In particular, the relative
spacing between items and the location of items in the
array was preserved by the crosses. Hence, the subjects
may have been able to use this location information in pro
gramming saccades. If the area outside of the window
had been replaced by a homogeneous masking field so
that target location information was eliminated, we might
have expected search time to be longer (particularly with
the smaller windows) than what was found in the present
experiment, since the subjects would not have had clearly
defined targets for planning the next saccade. On the other
hand, the use of the substitution mask probably resulted in
less visual disturbance for the subject and may therefore
have provided a more accurate estimate of the span of ef
fective vision during search than if a homogeneous mask
ing field had been used. This point also raises the issue of
the extent to which display changes per se may have in
fluenced performance in our experiment. In any experi
ment involving eye-contingent display change techniques,
it is always possible that the display change per se will in
fluence the results of the study (see O'Regan, 1990, and
Rayner, 1998, for extended discussion and different views
on this issue). Although one always has to worry about
such a possibility, research directly addressing the issue
(Inhoff, Starr, Liu, & Wang, 1998) suggests that display
change rates (i.e., the time it takes to change a stimulus,
given the software, eye-tracking system, and phosphor per
sistence of the display monitor) such as those used in the
present study have little, if any, effect on the results."

If we turn now to the foveal-mask conditions, it becomes
clear that masking foveal vision had a deleterious effect
on search. When only the central fixated character was
masked, there was an increase in search time from 2.5 sec
(in the no-mask condition) to 4.4 sec (see Bertera, 1988,
and Murphy & Foley-Fisher, 1988, for further evidence
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that small masks of20 min ofarc seriously impair search
performance). As mask size increased, search time also
increased in a roughly linear fashion. Clearly, the foveal
masking condition was considerably more detrimental to
search performance than was the window condition. This
is not surprising, because foveal vision is necessary for
making the types ofdiscriminations that are necessary to
successfully complete the task. The results of the foveal
mask conditions make apparent the necessity of foveal
vision in search performance, and it is clear that the sub
jects could not locate the target letter very efficiently solely
on the basis of parafoveal information.

In addition to gaining an estimate of the span of the ef
fective stimulus during search, we were also interested in
the extent to which the size and density of the array would
influence the span. Of course, in the present study, size
and density were confounded, since we held the number
ofcharacters constant while varying the array size. Nev
ertheless, we found that the span of effective vision
reached asymptote for all three array sizes at the same
window size, and the effect ofthe foveal mask was pretty
much the same for all three array sizes. The one exception
to this general statement is that in the foveal-mask condi
tion, search time was shortest with no mask in the small
array condition, but as mask size increased, search time
became the longest in the small-array condition. In the
small-array condition, characters not masked were closer
to fixation on average than they were in the larger array
conditions. However, as mask size increased (although the
nearest unmasked character might have been closer to
fixation than it was in the larger array condition), more
characters might have been masked per fixation, which
might have yielded stronger lateral masking effects that
could have resulted in longer search times. In essence,
our finding suggests that in a visual search task in which
alphanumeric stimuli are used, as long as the number of
characters available for processing within the span ofef
fective vision is less than capacity limitations (Fisher,
1982), acuity and search difficulty, rather than the absolute
number of characters, determine the span.

REFERENCES

BERTERA. J. H. (1988). The effect of simulated scotomas on visual
search in normal subjects. Investigative Ophthalmology & Visual Sci
ence, 29, 470-475.

BINELLO, A., MANNEN, S. K., & RUDDOCK, K. H. (1995). The charac
teristics of eye movements made during visual search with multi
element displays. Spatial Vision, 9, 343-362.

ENGEL, F.L. (1977). Visual conspicuity, visual search, and fixation ten
dencies of the eye. Vision Research, 17,95-108.

FINDl.AY, J. M. (1997). Saccade target selection during visual search. Vi
sion Research, 37, 617-631.

FINDl.AY, J. M., & GIl.CHRIST, I. D. (1998). Eye guidance and visual
search. In G. Underwood (Ed.), Eye guidance in reading and scene
perception (pp. 295-312). New York: Elsevier.

FINE, E. M., & RUBIN, G. S. (1999a). Reading with central field loss:
Number ofletters masked is more important than the size of the mask
in degrees. Vision Research, 39, 747-756.



584 BERTERA AND RAYNER

FINE,E. M., & RUBIN, G. S. (1999b). Reading with simulated scotomas:
Attending to the right is better than attending to the left. Vision Re
search, 39, 1039-1048.

FISHER, D. L. (1982). Limited-channel models of automatic detection:
Capacity and scanning in visual search. Psychological Review, 89,
662-692.

GEISLER, W. S., & CHOU, K. (1995). Separation of low-level and high
level factors in complex tasks: Visual search. Psychological Review,
102,356-378.

HENDERSON, J. M., MCCLURE, K. K., PIERCE, S., & SCHROCK, G.
(1997). Object identification without foveal vision: Evidence from
an artificial scotoma paradigm. Perception & Psychophysics, 59,
323-346.

HENDERSON, J. M., POLLATSEK, A., & RAYNER, K. (1989). Covert visual
attention and extrafoveal information use during object identification.
Perception & Psychophysics, 45, 196-208.

IKEDA, M., & SAIDA, S. (1978). Span of recognition in reading. Vision
Research, 18,83-88.

INHOFF, A. w., STARR, M., LIV, w., & WANG, J. (1998). Eye-movement
contingent display changes are not compromised by flicker and phos
phor persistence. Psychonomic Bulletin & Review, 5, 101- I06.

JACOBS, A. M. (1986). Eye-movement control in visual search: How di
rect is visual span control? Perception & Psychophysics, 39, 47-58.

MACKWORTH, N. H. (1976). Stimulus density limits the useful field of
view. In R. A. Monty & 1.W.Senders (Eds.), Eye movements and psy
chological processes (pp. 307-322). Hillsdale, NJ: Erlbaum.

MCCONKIE, G. w., & CURRIE, C. B. (1996). Visual stability across sac
cades while viewing complex pictures. Journal ofExperimental Psy
chology: Human Perception & Performance, 22, 563-581.

MCCONKIE, G. W., & RAYNER, K. (1975). The span of the effective
stimulus during a fixation in reading. Perception & Psychophysics,
17, 578-586.

MURPHY, K. ST. J., & FOLEy-FISHER, J. A. (1988). Visual search with
non-foveal vision. Ophthalmic & Physiological Optics, 8, 345-348.

MURPHY, K. ST. J., & FOLEy-FISHER, J. A. (1989). Effect ofa scotoma
on eye movements during visual search. Ophthalmic & Physiologi
cal Optics, 9, 317-321.

O'REGAN, J. K. (1990). Eye movements and reading. In E. Kowles
(Ed.), Eye movements and their role in visual and cognitive processes
(pp. 395-453). Amsterdam: Elsevier.

O'REGAN,J. K., LEVY-SCHOEN, A., & JACOBS, A. M. (1983). The effect
of visibility on eye-movement parameters in reading. Perception &
Psychophysics, 34, 457-464.

POLLATSEK, A., BOLOZKY, S., WELL, A. D., & RAYNER, K. (1981).
Asymmetries in the perceptual span for Israeli readers. Brain & Lan
guage, 14,174-180.

PRINZ,W. (1984). Attention and sensitivity in visual search. Psycho
logical Research, 45, 355-366.

RAYNER, K. (1975). The perceptual span and peripheral cues in reading.
Cognitive Psychology, 7, 65-81.

RAYNER, K. (1978). Eye movements in reading and information pro
cessing. Psychological Bulletin, 85, 618-660.

RAYNER, K. (1986). Eye movements and the perceptual span in begin
ning and skilled readers. Journal ofExperimental Child Psychology,
41,211-236.

RAYNER, K. (1998). Eye movements in reading and information pro
cessing: 20 years of research. Psychological Bulletin, 124, 372-422.

RAYNER, K., & BERTERA, J. H. (1979). Reading without a fovea. Sci
ence, 206, 468-469.

RAYNER, K., & FISHER, D. L. (I 987a). Eye movements and the percep
tual span during visual search. In 1. K. O'Regan & A. Levy-Schoen
(Eds.), Eye movements: From physiology to cognition (pp. 293-302).
Amsterdam: North-Holland.

RAYNER, K., & FISHER, D. L. (1987b). Letter processing during eye fix
ations in visual search. Perception & Psychophysics, 42, 87-100.

RAYNER, K., INHOFF, A. W., MORRISON, R., SLOWIACZEK, M. L., &
BERTERA, J. H. (1981). Masking of foveal and parafoveal vision dur
ing eye fixations in reading. Journal ofExperimental Psychology:
Human Perception & Performance, 7,167-179.

RAYNER, K., & POLLATSEK, A. (1981). Eye movement control during

reading; Evidence for direct control. Quarterly Journal of Experi
mental Psychology, 33A, 351-373.

RAYNER, K., WELL,A. D., & POLLATSEK, A. (1980). Asymmetry of the
effective visual field in reading. Perception & Psychophysics, 27,
537-544.

RAYNER, K., WELL, A. D., POLLATSEK, A., & BERTERA, J. H. (1982).
The availability of useful information to the right offixation in read
ing. Perception & Psychophysics, 31, 537-550.

SAIDA, S., & IKEDA, M. (1979). Useful field size for pattern perception.
Perception & Psychophysics, 25, 119-125.

SCIALFA, C. T., & JOFFE, K. M. (1998). Response times and eye move
ments in feature search and conjunction search as a function of tar
get eccentricity. Perception & Psychophysics, 60, 1067-1082.

TREISMAN, A., & GELADE, G. (1980). A feature-integration theory of
attention. Cognitive Psychology, 12, 97-136.

VAN DIEPEN, P. M. J., DEGRAEF, P., & D'YDEWALLE, G. (1995).
Chronometry of foveal information extraction during scene percep
tion. In 1.M. Findlay, R. Walker, & R. W.Kentridge (Eds.), Eye move
ment research: Mechanisms, processes and applications (pp. 349
362). Amsterdam: North-Holland.

VAN DIEPEN, P. M. J., RUELENS, L., & D'YDEWALLE, G. (1999). Brief
foveal masking during scene perception. Acta Psychologica, 101,91
103.

VAN DIEPEN, P. M. 1., & WAMPERS, M. (1998). Scene exploration with
Fourier-filtered peripheral information. Perception, 27, 1141-1151.

WIDDEL, H. (1983). A method of measuring the visual lobe area. In
R. Groner, C. Menz, D. F. Fisher, & R. A. Monty (Eds.), Eye move
ments and psychologicalfunctions: International views (pp. 73-84).
Hillsdale, NJ: Erlbaum.

WILLIAMS, D. E., REINGOLD, E., MOSCOVITCH, M., & BEHRMANN, M.
(1997). Patterns of eye movements during parallel and serial visual
search tasks. Canadian Journal of Experimental Psychology, 51,
151-164.

WOLFE, J. M., CAVE, K. R., & FRANZEL, S. L. (1989). Guided search:
An alternative to the modified feature integration model for visual
search. Journal ofExperimental Psychology: Human Perception &
Performance, 15,419-433.

ZELINSKY, G. J. (1996). Using eye saccades to assess the selectivity of
search movements. Vision Research, 36, 2177-2187.

ZELINSKY, G. J., & SHEIN BERG, D. L. (1997). Eye movements during
parallel-serial visual search. Journal of Experimental Psychology:
Human Perception & Performance, 23, 244-262.

NOTES

I. Other types ofeye-contingent paradigms in which display changes
occur when subjecIs move their eyes to a specific word or object have
also been used to study reading (Rayner, 1975) and scene perception
(McConkie & Currie, 1996).

2. There is clearly some relationship between the size of the percep
tual span and the size of the saccade. When the size of the window of
text is small, saccade size is short (Rayner & Pollatsek, 1981). It is also
interesting to note that in a study that dealt with the visual span in read
ing, O'Regan, Levy-Schoen, and Jacobs (1983) came to the same con
clusion regarding saccade length. In contrast, however, Jacobs's (1986)
data suggest that saccade sizes in visual search could be fairly well pre
dicted by the size of the visual span as measured with a psychophysical
procedure. He found that about 80% of the variance of mean saccade
length could be accounted for by adjustments of saccades to changes in
visual span.

3. Whereas the foveal region is typically defined as the central 2.0"
of vision, the parafoveal region extends from the foveal region out to
about 5.0 0 from fixation; the peripheral region is everything beyond the
parafoveal region.

4. The overall search times in the mask and window conditions were
approximately the same as in the control conditions. However, whereas
the small array size yielded the fastest search times in both the window
and mask conditions, the ordering of the large and medium array sizes
reversed across the two control conditions. We are uncertain why this re
versal occurred, but it may suggest that the subjects used slightly dif-



ferent search strategies in the two conditions. Indeed, fixation duration
for the large array size in the no-window condition were longest, whereas
in the no-mask condition they were the shortest of the three array sizes.

5. We examined the size of the saccade that took the eyes to the tar
get in order to determine whether it differed from the average saccade
sizes shown in Figures 4 and 6. Although the final saccade tended to
be slightly larger than the average saccade size in the no-mask and no
window conditions, it wasn't significantly different (Fs < I).
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6. Our own experience (see Rayner, 1998) has been that subjects' per
formances in eye-contingent display change experiments are affected
by the display change only when they are consciously aware of the
change. This typically occurs when the display change is slowed down
for some reason (such as when the eyetracking system is poorly
aligned).

(Manuscript received September 2. 1998;
revision accepted for publication April 2, 1999.)




