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The allocation of spatial attention was measured with detection probes at different locations. Re-
sponse times were faster for probes at the location of the target digit, which subjects reported, than at
the locations of distractor digits, which they ignored. Probes at blank locations between stimuli pro-
duced fast responses, indicating that selection was accomplished by inhibiting distractor locations but
not other areas. Unlike earlier studies using location cuing with simpler stimuli, these experiments
showed no attentional differences across horizontal or vertical midlines. Attention varied little with dis-
tance from the target, although blank locations far from the target were somewhat less attended than
were those near the target, and attention was only slightly affected by expectations for stimulus loca-
tion. This task demonstrates a form of feature-driven spatial attention, in which locations with objects

lacking target features are inhibited.

In the course of visual processing, some regions of the
visual field receive more thorough processing than do
others. Presumably, when multiple objects appear simul-
taneously, information from each object can interfere with
the processing of the others, and this selection process, or
spatial attention, limits this interference by favoring the
locations of some objects over others. One early demon-
stration of spatial attention came from experiments using
spatial cuing. They established that the presentation of a
cue indicating a particular location in the visual field
could draw attention to that location, so that subjects re-
sponded to a subsequent stimulus at that location more
quickly than to a stimulus at some other, uncued location
(Eriksen & Hoffman, 1974; Posner, Nissen, & Ogden,
1978; Posner, Snyder, & Davidson, 1980).

These cuing experiments stimulated a series of studies
that attempted to produce more complete maps of the al-
location of spatial attention across the visual field. In these
later studies, the relative positions of cue and test stimu-
lus were systematically varied. For instance, Hughes and
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Zimba (1985, 1987) showed that responses were uni-
formly fast whenever cue and target were in the same
hemifield, and responses uniformly slow when they were
in different hemifields. They found similar results whether
they tested left versus right or top versus bottom. If atten-
tion always activated an entire hemifield, though, it would
be of little help in eliminating interference from distrac-
tor objects. A mechanism that selects an entire hemifield
or quadrant will generally be unable to select a target lo-
cation while excluding distractor locations.

Visual selection has been somewhat more narrowly
distributed in some other cuing experiments. One study,
by Downing and Pinker (1985), included cues and test
stimuli at each of 10 different locations along the hori-
zontal midline. Rather than selection of an entire hemi-
field, they found a gradient of attention surrounding the
cued location. Response time (RT) for detecting the test
stimulus increased gradually with distance between the
expected (cued) location and the actual test stimulus lo-
cation. Their data were somewhat unclear, but they sug-
gested that the size of the cuing effect depended not on
the physical distance between cue and stimulus but on
the “cortical distance” between the two points. Since more
visual cortex is devoted to processing the center of the vi-
sual field, distance effects were much larger when the
cue and test stimulus were near the center and smaller
when they were in the periphery. The largest effects oc-

. curred when the two points were on opposite sides of the

vertical midline.

Rizzolatti, Riggio, Dascola, and Umilta (1987) also
found slower responses with longer distances between a
cue and test stimulus within the same quadrant, as Down-
ing and Pinker would have predicted. They also found an
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-
additional cost when cue and target were on opposite
sides of either the horizontal or the vertical midline, and
because their stimuli were located peripherally, they con-
cluded that the extra cost was not due to cortical magni-
fication. (Rizzolatti et al. claimed that delays associated
with cuing, including the extra time associated with cross-
ing the midline, reflect the time necessary to program
eye movements.)

One important difference among these studies is that
Downing and Pinker (1985) and Rizzolatti et al. (1987)
marked each of their possible target locations with a
square, whereas Hughes and Zimba’s (1985, 1987) stimuli
appeared on a relatively empty screen. Extra contours in
the display may serve as weak distractors, interfering
somewhat with detection of the targets and prompting the
subjects to employ more narrowly focused spatial selec-
tion. When Zimba and Hughes (1987) replicated Down-
ing and Pinker’s experiment with 10 squares marking the
10 possible target locations, they found distance effects as
well. In other experiments, Zimba and Hughes found that
a distractor spot of light in the unattended hemifield
clicited attentional inhibition that was focused on a region
with a radius of about 2° around the spot. These experi-
ments taken together suggest that spatial attention can be
applied more specifically when the displays include other
stimuli. Lavie and Tsal (1994) also found important dif-
ferences in visual selection depending on the presence
of distractors. After reviewing a large number of differ-
ent experiments, they concluded that spatial selection oc-
curs only under heavy perceptual load. Further evidence
comes from a study by Lavie (1995), who used an interfer-
ence task to demonstrate stronger selection with heavy load.

Mangun and Hillyard (1988) demonstrated the distri-
bution of attention after location cuing by measuring at-
tentional enhancement of ERP signals rather than RTs.
In some cases, they found that attentional effects were
strongest at the cued location, weakest at a location far
from the cue, and in-between at an intermediate location.
The pattern they found could be attributed to either mid-
line effects or to distance, because the location far from
the cue was in the opposite hemifield, and the interme-
diate location was on the midline.

Although attention was somewhat more spatially re-
stricted in Downing and Pinker’s (1985) experiment than
in Hughes and Zimba’s (1985, 1987) original tests, it was
still too broadly distributed to prevent interference from
distractors in complex scenes. If one of the main purposes
of visual attention is to prevent interference between in-
formation from different objects, then the specificity
with which locations are selected may not matter as much
in these tasks. The displays include few visual objects
that might be confused with the targets. Even in Down-
ing and Pinker’s displays with the squares at each possi-
ble stimulus location, there was nothing in the display
that could easily be confused with the test stimulus. Per-
haps these tasks can be performed fairly well whether or
not attention is applied in a focused way. Attention may
be allocated with more spatial specificity when there is a
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larger threat of interference from distractors. Also, a se-
lection mechanism that is constrained by the boundaries
between quadrants would be of limited use in most com-
plex scenes, because target and distractor objects will
usually not be conveniently arranged on opposite sides
of these boundaries. When spatial selection is required to
prevent interference from distractors that are easily con-
fused with the target, it might be less affected by the
presence of quadrant boundaries.

The cuing experiments described above measured how
attention is driven by expectations of an upcoming stim-
ulus’ location or, in the case of peripheral cuing, the per-
ceptual differences between the cue and the rest of the
display. There may be limits on how specifically atten-
tion can be targeted on the basis of these factors. Once a
stimulus has appeared, however, attention might be allo-
cated more specifically according to the locations of rel-
evant features of the target and distractors (for evidence
from neuroscience, see Treue & Maunsell, 1996). The
presence of distractors in the stimulus may also elicit a
more spatially restricted selection. Thus, more restricted
spatial selection may more easily be demonstrated in ex-
periments that measure how spatial attention is allocated
spontaneously in the course of processing complex stim-
uli that include distractors. Previous experiments have
used two successive tasks to measure attentional alloca-
tion (Banks, Kouwabunpat, & Ciranni, 1992; Cave &
Pashler, 1995; Cave & Zimmerman, 1997; Hoffman &
Nelson, 1981; Hoffman, Nelson, & Houck, 1983; Kim &
Cave, 1995; LaBerge, 1983; Luck, Fan, & Hillyard, 1993;
Sagi & Julesz, 1986; Tsal & Lavie, 1988, 1993). In these
experiments, subjects first focused their attention on a
target at one location while ignoring distractors at other
locations. Subjects then performed better at detecting a
subsequent stimulus when it appeared at or near the loca-
tion formerly occupied by the target than when it was at
a location that had been occupied by a distractor (see Cave
& Bichot, in press, for a brief review of these studies).

Klein (1988) used such a combination of visual search
and a probe task to demonstrate inhibition of return dur-
ing conjunction search. His conjunction-search subjects
responded more slowly to probes at locations that had
contained distractors than to those at blank locations.
Masking was ruled out because the difference between
distractor and blank locations was smaller in a less atten-
tionally demanding parallel search task. Subsequent stud-
ies (Klein & Taylor, 1994; Wolfe & Pokorny, 1990) found
slower RTs for distractor locations in both search tasks,
and the difference was attributed to masking rather than
attentional inhibition. These studies show how interpreta-
tion of probe responses can be complicated by masking.

The experiments reported in this paper also measured
attentional allocation in response to more complex stim-
uli, using techniques similar to those in Cave (1995),
Cave and Zimmerman (1997), and Kim and Cave (1995).
In those earlier studies, subjects were engaged in two tasks
in each trial. For the primary task in Cave (1995), they
viewed a display with two digits: one was a target that they




SPATIAL SELECTION VIA INHIBITION OF DISTRACTOR LOCATIONS 729

were to report, and the other was a distractor that they
were to ignore. The target and distractor were designated
by color. The second task consisted of detecting a small
probe stimulus that sometimes appeared immediately
after the primary stimulus. The probe could appear at the
location formerly occupied by either the target digit or
the distractor digit. RT's to the probe were faster when it
appeared at the target location, indicating that attention
was favoring the target location over the distractor loca-
tion and that detection of a probe at the target location was
thus facilitated relative to one at the distractor location.
Experiment 3 of Cave’s (1995) study also probed blank lo-
cations near the target and distractor, and some spread of
attentional effects to areas near the digit locations was de-
tected, at least in some cases. The spatial nature of the se-
lection process measured by these probes was underscored
by Cave and Zimmerman’s experiment, which demon-
strated that distractor locations near a target were inhib-
ited more than distractor locations far from the target.

Just as Downing and Pinker (1985) and Hughes and
Zimba (1985) explored the allocation of spatial attention
across the visual field in response to a cue, the experi-
ments described in this paper explored spatial attention
allocation across the visual field during the processing
of a stimulus composed of a target and distractor digits.
The distractors in the primary task can potentially inter-
fere with target identification, and thus spatial attention
may be more important in this task than in cuing tasks.
The present experiments tested the spatial distribution of
attention when distractors are present and tested how at-
tentional effects spread from target and distractor loca-
tions to the regions around them. The probe RTs revealed
selection mainly in the form of inhibition of distractor
locations relative to the background, which spread only
slightly to the blank regions between distractors. They
also showed no attentional differences on opposite sides
of the horizontal and vertical midlines that separate the
visual field quadrants.

EXPERIMENT 1
Attention Across Distances and Midlines

In Experiment 1, the primary stimulus, consisting of
distractor digits and a single target digit of a different
color, was presented first. The primary task was to iden-
tify the target digit, although subjects did not report its
identity immediately. The primary task caused subjects
to select the target location over the distractor locations.
After a short interval, the primary stimulus disappeared,
and a probe was presented at the target location, a dis-
tractor location, or one of the blank locations between
digits. RTs to detect the probes were measured, and these
RTs indicated the amount of attentional facilitation or in-
hibition allocated to the probe location. Attention might
be allocated more or less quickly depending on amount
of practice and on the difficulty of the primary task.
Therefore, the time between the primary stimulus and the
probe (stimulus onset asynchrony, SOA) was varied.

Probes were presented on only half the trials, and sub-
jects did not know on any given trial whether or not a
probe would appear.

Method

Subjects

Twenty students at Vanderbilt University participated in this ex-
periment. All were fulfilling an introductory psychology course re-
quirement. None knew the purpose of the experiment beforehand.
All subjects reported normal or corrected-to-normal vision, includ-
ing normal color perception. Most subjects finished in less than 1 h.
Ten searched for a red target among green distractors, and 10 searched
for green among red. One subject could not accurately discriminate
colors on the screen and was replaced by a new subject.

Apparatus

The experiment was conducted on three Macintosh IIsi comput-
ers with 13-in. AppleColor (Trinitron) monitors. The subjects re-
sponded via the Macintosh keyboard.

Stimuli

Each primary stimulus contained a single digit of the target color
and three digits of the distractor color. The red and green used for .
the digits were approximately matched for luminance with a pho-
tometer (C.LE. relative photopic luminosity curve), although differ-
ences across the three monitors were not corrected. The background
was white. Distance from subject to screen was approximately 58 cm.
Each digit was 11 mm (1.1° visual angle) tall X 8 mm (0.8° visual
angle) wide. The target and distractor digits were randomly selected
from the digits between 2 and 9, with replacement. All four digits
were equally spaced on an imaginary circle with a diameter of
120 mm (11.8° visual angle) around fixation (see Figure 1). One
digit appeared in each quadrant. For half the subjects in each group,
each digit was positioned 22.5° rotationally in the clockwise direc-
tion from the nearest horizontal or vertical midline; for the other
half, they were 22.5° in the counterclockwise direction from the
midline. Throughout the experiment, there was a black fixation cross
at the center of the screen.

Procedure

The sequence of displays in a single trial is shown in Figure 2.
Throughout each trial, the subjects fixated on a cross in the center
of the screen. On each trial, the primary stimulus, with the target

®

3

Figure 1. An example of the display used in Experiment 1. The
target color is represented by black, and the distractor color is
represented by white.

__——-——-
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Regular Trial (60%)
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What is the green digit? What is the green digit?
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Figure 2. The sequence of events within a trial for Experiment 1, for both probe
and no-probe trials. The target digit is drawn solid here, and distractors are drawn

in outline. All digits were solid in the experimental display.

digit and three distractor digits, appeared for 60 msec. The target
digit was positioned in a randomly selected quadrant. Then, after a
1,400-msec interval, a question appeared on the screen asking the
subject to name the target digit (primary task). The subjects re-
sponded by pressing the correct digit on the keyboard. They were
instructed that speed was not important for this task and that they
could take as long as needed to respond correctly.

The 1,400-msec delay between primary stimulus and response
provided time for the probe task. Half the trials were probe trials,
and half were no-probe trials. In the no-probe trials, nothing other
than the fixation cross appeared during these 1,400 msec. In the
probe trials, following a delay of 120, 150, or 180 msec after the
digits first appeared, a solid black square was presented for 60 msec.
The square was 5.5 mm on each side (0.55° visual angle), and its
center was always on the same imaginary circle on which the dig-
its’ centers were positioned. The probe appeared equally often at
each of eight locations, which were 22.5° clockwise or 22.5° coun-
terclockwise from a midline. In other words, it was either at a posi-
tion formerly occupied by one of the digits or at a blank position
haifway between two digits. Probe position varied randomly within
blocks. The subjects were instructed to press the space bar as
quickly as possible after the probe appeared. Time between the dis-

play of digits and appearance of the digit question remained con-
stant for probe and no-probe trials.

There were 12 blocks of 64 trials each, making a total of 16 probe
trials for each combination of SOA and probe position relative to
target position. The different trial types were randomly distributed
across blocks. After each block, the computer prompted the sub-
Jects to take a break. Each subject completed a block of 64 practice
trials before the experiment began, and the subjects were allowed
more practice if they desired it.

Results

Performance in the primary task was very good for most
subjects. Average error rate across all subjects was below
3%, and all but 2 subjects averaged less than 3%. The re-
maining 2 subjects had error rates of 25% and 7%, and
they were in the green-target and red-target groups,
respectively.

The subjects were also very accurate in detecting
probes. The mean error rate for the probe task was only
0.4%. Error rates were calculated separately for each com-
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bination of the three SOAs and the eight probe lotations.
Of these 24 means, 7 were 0%, and the highest was only
1.1%. We judged these error rates to be too low to show
any meaningful effects, and we did not analyze them.

Trials in which the subjects made an error in the pri-
mary task were not included in the probe RT analyses.
(Error trials were excluded in Experiments 2 and 3 as
well.) Extreme values were removed from the probe RT's
before they were analyzed, to eliminate the trials in which
the subjects prematurely responded to a probe or the tri-
als in which the subjects did not respond to the probe
until after an unusually long delay. The trimming proce-
dure iteratively removed the highest and/or lowest RT in
a condition if it was more than 3.5 standard deviations
(8Ds) from the mean of the remaining RTs. The means
were calculated and the trimming done separately for
every combination of subject, SOA, and probe position.
Fewer than 4% of all RTs were removed in trimming.
Figure 3 shows mean RTs to the probes at target locations,
distractor locations, blank locations near the target, and
blank locations far from the target.

The data were analyzed in three parts. First, probe RTs
at the different digit locations were compared in order to
demonstrate selection of the target location over the dis-
tractor locations. Second, blank locations were compared
with one another in order to determine whether attention
spread from the digits to neighboring blank locations.
Third, distractor locations were compared with blank lo-
cations in order to see whether all locations without a tar-
get received the same attentional treatment. SOA and color
were included as factors in these analyses, but the few
effects and interactions involving these factors did not
seem to affect the overall conclusions, and they will not
be reported.

probe response time (ms)

probe location

Figure 3. Probe response times for Experiment 1.

Digit Locations

Probe RTs from only the digit locations were submitted
to a repeated measures analysis of variance (ANOVA),
with probe position as a factor. The four possible digit po-
sitions were target, quadrant across the midline nearest
the target, quadrant across the other midline from the tar-
get, and quadrant across both midlines from the target.!
A planned contrast showed that the target location pro-
duced faster RTs than did the three distractor locations
[F(1,54) = 8.59, p < .01]. As in previous experiments
(Cave, 1995; Cave & Zimmerman, 1997; Kim & Cave,
1995), the probe technique demonstrates that spatial at-
tention is allocated to favor the target location over dis-
tractor locations.

Another analysis tested for differences among the three
distractor locations, which would be expected if the effects
of attention decrease with distance from the target or if
attention is allocated only to one hemisphere or quadrant.
We employed a Tukey test to perform all three of the pos-
sible pairwise comparisons of the three distractor digit
locations. No difference in probe RT was found between
any pair of distractor locations, suggesting that all dis-
tractor locations were equally inhibited, regardless of their
distance from the target, or that the target location was
facilitated, or both.

Blank Locations

The second set of analyses tested for attentional differ-
ences among the blank locations. They were based on a
repeated measures ANOVA, with probe location as the
only within-subjects factor. In the stimulus displays, there
were four blank locations that could be probed, each
sharing a quadrant with one of the four digit locations.
Within these analyses, each blank location was classified
according to the location of its quadrant relative to the tar-
get (target quadrant, quadrant across the midline nearest
the target, etc.).

One planned contrast tested whether the two blank lo-
cations near the target received more facilitation or inhi-
bition than the two locations farther from the target. This
contrast was significant [F(1,54) = 4.367, p < .05]. Per-
haps facilitation spreads from the target location to neigh-
boring blank locations, and/or inhibition spreads from
distractor locations. The blank locations with the target on
one side and a distractor on the other would then be rel-
atively more facilitated than those between two distractors.

A second set of planned contrasts tested for midline
effects between positions that were equally distant from
the target. The first contrast compared the two blank lo-
cations near the target: one that was in the same quadrant
as the target, and one that was across either the horizon-
tal or the vertical midline. The other compared the two
farther positions: one that was in the quadrant opposite the
target and, thus, across both midlines, and one that was
across only one midline from the target. Neither contrast
was significant.
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Digit Versus Blank Locations .

The third set of analyses tested for differences between
digit locations and blank locations. These differences
could reflect attentional differences, although they might
be due to masking, as discussed in Experiment 4. Two
separate tests were done comparing these locations. The
first tests compared the target location with the two blank
locations next to the target in order to see whether the
target location received attentional treatment different
from that received by the nearby blank areas. A repeated
measures ANOVA included three probe locations: target,
neighboring blank location within target quadrant, and
neighboring blank location across a midline from target
quadrant. The target location mean was somewhat slower
than the two blank location means combined, although a
planned contrast was not significant [F(1,36) = 2.7,
p >.10]. Ignoring the possibility of masking for now, the
target location generally seems to receive the same at-
tentional treatment as the blank locations near it. If there
is any difference, it is in the form of target inhibition,
perhaps related to inhibition of return (see Posner &
Cohen, 1984). »

The second test compared the three distractor loca-
tions with the three blank locations in the distractor quad-
rants (there was one blank location and one distractor lo-
cation in each of the three quadrants). This test involved
arepeated measures ANOVA, with both digit versus blank
position and quadrant as factors. Probes at the blank loca-
tions in distractor quadrants generally elicited faster re-
sponses than did probes at the digit locations in the same
quadrants [F(1,18) = 25.16, p < .001]. The differences
between digit and blank locations appeared in all three of
the quadrants tested, because there was not a significant
interaction between quadrant and the digit/blank factor
(F<1.0).

Discussion

The RT patterns show that the location with the target
color is selected over locations with the distractor color
and that this selection then affects the speed of response
to the probe square that appears after the digits have dis-
appeared. In Experiment 1, as in the experiments of Cave
and Pashler (1995), the task was designed to encourage
+ selection by color. The location of the stimulus was ir-
relevant to the response. Yet, in all these experiments, the
subjects used location-based attention to select the target
over distractors. Separate analyses show that both red
and green target locations produce faster responses than
do distractor locations. Thus, the difference in RTs be-
tween target and distractor locations cannot be attributed
to some difference between the red and green stimuli, such
as a difference in luminance or in masking. The RT dif-
ferences must instead reflect attentional selection.

Before the primary stimulus appeared, the subjects
did not know the target location and thus could not initi-
ate an eye movement there. For the shortest SOA, only
180 msec passed between the onset of the target and the

offset of the probe. The subjects should have been unable
to saccade to the target location before the probe disap-
peared. There was a significant target advantage for green
targets at this SOA, which must have been due to atten-
tional changes and not changes in eye position. A similar
target advantage appeared with red targets at later SOAs,
which also probably reflects spatial attention. If the sub-
jects had violated the instructions and moved their eyes
to the target at these longer SOAs, we might have expected
that their responses for distractor locations nearer the tar-
get would be faster than those farther from the target.

The pattern of RTs suggests that selection is accom-
plished in this task by inhibiting the distractor locations
relative to the target and to the background. The inhibi-
tion is fairly uniform across all distractor locations. How-
ever, the difference between distractor and blank loca-
tions could be due to masking, rather than differential
attention. Experiment 4 addressed that question.

Experiment 1 showed no sign that attention is allo-
cated differently across vertical and horizontal midlines
than it is within a quadrant. Although we cannot rule out
some weak midline effects not detected by this experi-
ment, they would have to be very weak relative to the dif-
ferences seen between target and distractors. This pat-
tern differs from that found in cuing experiments, and it
suggests that attention allocated in response to complex
stimuli differs in important ways from attention elicited
by location cues.

Although all the blank locations produce fast probe
RTs, those far from the target are significantly slower
than those near the target. When the analyses were per-
formed separately for each combination of SOA and tar-
get color, this contrast was significant only for the
longest SOA (and only for green targets), suggesting that
inhibition gradually spreads from the distractor locations
to affect blank areas between them. Alternatively, this
pattern may reflect attention “zooming in” to the target
location over time, as proposed by Theeuwes (1995). His
conclusion was motivated by an experiment measuring
the interference from an onset distractor during a search
task. The inhibition diminished as the onset distractor
appeared farther from the target and as it appeared later
than the target and other distractors. If attention were
zooming in to the target in the present experiment, we
would also expect RTs for distractor locations close to
the target to be faster than those farther from the target,
which they were not. Despite these differences, the sim-
ilarities in the two patterns suggest a general tendency
for visual selection to first act against locations farther
from the target.

EXPERIMENT 2
Expected Versus Unexpected Locations

If inhibition is applied to each distractor location, as the
results of Experiment 1 suggest, then how are the dis-
tractor locations determined so that inhibition can be po-

“
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sitioned to block them? Spatial attention may be centrally
controlled by a mechanism that identifies distfactor lo-
cations and plans a pattern of inhibition to cover each of
them. If such a central mechanism retains information
about stimulus locations over many trials, then it may
learn where distractors are most likely to appear, and it
may start allocating inhibition in advance, anticipating
the upcoming stimulus. Once the stimulus appears, inhi-
bition from the location with the target color can be re-
moved, leaving the three distractor locations inhibited. On
the other hand, attention allocation in this task may be
controlled by a distributed system with a simple mecha-
nism for each location. Each mechanism would be driven
by the stimulus at its location and would be fairly inde-
pendent of the selection mechanisms at other locations.
A simple distributed mechanism would also be less
likely to store information about previous trials and use
it to guide attention. With this distributed mechanism,
attention allocation would more likely depend on the
properties of the stimulus rather than expectations and
would be the same for digits at the expected and unex-
pected locations.

Experiment 2 tested for differences in the pattern of
spatial attention when digits appeared at either expected
or unexpected locations. Probes again appeared at target
locations, distractor locations, and blank locations in be-
tween. This experiment used the same basic procedures as
Experiment 1. Because the previous tests showed effects
of attention allocation with both red and green targets,
Experiment 2 used only green targets. Also, all probes
occurred at a single SOA, 150 msec after the primary
stimulus appeared. By limiting tests to a single SOA and
target color, we were able to collect more data relating to
the other relevant factors. This SOA was chosen because
it was in the middle of the range of SOAs that showed at-
tention effects in Experiment 1.

Method

Subjects

Twenty-two students at Vanderbilt University participated in this
experiment. All were fulfilling an introductory psychology course
requirement. None knew the purpose of the experiment beforehand,
and none had participated in Experiment 1. All the subjects re-
ported normal or corrected-to-normal vision, including normal
color perception. Most subjects finished in less than 1 h.

Apparatus
This experiment was conducted with the same computers used in
Experiment 1.

Stimuli

In Experiment 1, all the stimuli for half the subjects had digit io-
cations that were offset clockwise from the midlines, and all the
stimuli for the other half of the subjects had digit positions offset
counterclockwise. In Experiment 2, each subject saw digits with a
clockwise offset on some trials and a counterclockwise offset on
others. For approximately half the subjects, the digits were offset
clockwise on 75% of the trials, and, thus, these locations were the
“expected locations” for these subjects. The remaining 25% of the
trials had digits at the counterclockwise offsets, or the “unexpected
locations.” Figure 4 illustrates the relationships between the ex-
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Expected Locations

o+

Unexpected Locations

Figure 4. The configuration of the four expected and four un-
expected locations. For half the subjects, the two groups of loca-
tions were reversed.

pected and unexpected locations. For the other half of the subjects,
expected and unexpected locations were reversed. In a given trial,
the four digits were either all at expected locations or all at unex-
pected locations. The target digits were always green, and the dis-
tractors were always red. Except for these changes, the stimuli for
Experiment 2 were identical to those in Experiment 1.

Procedure

The procedure was the same as in Experiment 1, except for a few
changes. As before, the subjects viewed the digit display and then
responded immediately to a probe if it appeared. They reported the
single target digit when asked by the computer. Unlike in Experi-
ment 1, only an SOA of 150 msec was used. The subjects were told
that the digits were more likely to appear at the expected locations
than at the unexpected locations. As in Experiment 1, there were 12
blocks of 64 trials, and trial types were randomly distributed across
blocks. The subjects were allowed the same amount of practice and
the same number of breaks as in Experiment 1.

Results

Performance on the primary task was very good for all
subjects. Error rate averaged below 2%, and the individ-
ual error rate for every subject was below 7%.

The subjects were again very accurate in detecting
probes. The mean error rate for the probe task was only
0.9%. The subjects made just as many errors when the
digits were at expected locations (0.9%) as when they
were at unexpected locations (0.8%). Error rates were
calculated separately for each combination of digit loca-
tions (expected vs. unexpected), probe quadrant, and
probe location within quadrant (digit vs. blank). These
means ranged from 0% to 1.6%. As before, the error
rates were so low that we did not analyze them.

Probe RTs were trimmed using the same procedure as
in Experiment 1. Fewer than 4% of RTs were removed in
trimming. Figure 5 shows mean probe RTs for both the
expected-location condition and the unexpected-location
condition. As in Experiment 1, the data were first ana-
lyzed to show a basic attentional advantage for the target
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Figure 5. Probe response times for expected and unexpected
conditions in Experiment 2.

over the distractor locations. A second set of analyses
tested for a spread in attention to blank locations, and a
third tested for attentional differences between digit and
blank locations. Experiment 2 addressed a fourth ques-
tion: Do subjects learn to expect stimuli at certain loca-
tions and allocate attention accordingly? The final set of
analyses are devoted to this question.

Digit Locations

Probe RTs from only the digit locations were submitted
to a repeated measures ANOVA, with probe location as the
only within-subjects factor. Separate analyses were per-
formed for expected- and unexpected-location conditions.
The four possible probe locations were target, quadrant
across the midline nearest the target, quadrant across the
other midline from the target, and quadrant across both mid-
lines from the target. For each ANOVA, a planned contrast
compared the target location against the three distractor lo-
cations combined. The target location was significantly
faster than the distractor locations for both the unexpected-
location condition [F(1,63) = 15.16, p <.001] and the ex-
pected-location condition [F(1,63) = 7.98, p < .01].

As in Experiment 1, we tested for differences among
the three distractor locations, which would be expected
if the effects of attention decrease with distance from the
target or if attention is allocated only to one hemisphere or
quadrant. We employed a Tukey test to perform all three
of the possible pairwise comparisons of the three dis-
tractor digit locations. As before, no difference in probe
RT was found between any of the distractor locations in
either the expected-location or the unexpected-location
condition, suggesting that all distractor locations were
treated equally by the attention mechanism.

Blank Locations
The second set of analyses tested for attentional dif-
ferences between the blank locations. The analyses were

based on a repeated measures ANOVA, with probe loca-
tion as the only within-subjects factor, and the same con-
trasts were performed as in Experiment 1. Separate analy-
ses were done for expected- and unexpected-location
conditions.

One planned contrast tested whether the two blank lo-
cations near the target received more facilitation or inhi-
bition than the two locations farther from the target. In
Experiment 1, this contrast showed significantly faster
responses near the target. The same pattern appeared in
Experiment 2 for both the expected-location condition
[F(1,63) = 4.52, p < .05} and the unexpected-location
condition [F(1,63) = 5.23, p < .05]. Facilitation at the
target location and/or inhibition at distractor locations
spills out somewhat to empty locations nearby.

As in Experiment 1, a second set of planned contrasts
tested for midline effects between positions that were
equally distant from the target. The first compared the
two blank locations near the target: one that was in the
same quadrant as the target, and one that was across ei-
ther the horizontal or vertical midline. The other com-
pared the two farther positions: one that was in the quad-
rant opposite the target and, thus, across both midlines,
and one that was across only one midline from the target.
Neither contrast was significant for either expected or
unexpected locations ( ps > .19, in all four cases).

Digit Versus Blank Locations

The third set of analyses tested for differences be-
tween digit locations and blank locations. The first test
determined whether the target location received different
attentional treatment from the nearby blank areas. Re-
peated measures ANOVAs included three probe loca-
tions: target, neighboring blank location within target
quadrant, and neighboring blank location across a mid-
line from the target quadrant. In both expected- and un-
expected-location conditions, planned contrasts showed
that the RT for the target location was higher than the
mean for the two neighboring locations, although the dif-
ference was not significant in either [for expected, F(1,42)
= 2.71, p > .10; for unexpected, F(1,42) < 1.0]. Target
locations again seem to be treated similarly to blank lo-
cations, although there may be some hint of inhibition at
the target location.

The second test compared the three distractor locations
with the three blank locations in distractor quadrants. As
before, probes at the distractor digit locations produced
slower RTs than did probes at the blank locations for both
the expected-location condition [F(1,42) = 18.09, p <
.001] and the unexpected-location condition [F(1,42) =
10.37, p < .01]. These slower responses could be attrib-
uted to inhibition of distractor locations, or to masking,
as discussed below.

Expected Versus Unexpected Locations

Finally, two more ANOVAs compared probe RTs when
the digits appeared at expected and unexpected loca-
tions. The first analysis included only data from digit lo-
cations. The factors were probe location (target, quadrant

_—-;
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across the midline nearest the target, etc.) and expected-
or unexpected-location condition. A planned contrast
within this ANOVA tested whether the advantage for tar-
get over the three distractor locations described above
varied between expected- and unexpected-location con-
ditions. With expected locations, the target location RT
was 364 msec, and the mean for the three distractor loca-
tions was 380 msec, producing a 16-msec attentional ad-
vantage for the target. With unexpected locations, the
target RT was 354 msec, and the three distractors aver-
aged 385 msec, producing a 31-msec attentional advan-
tage. Although the target enjoyed a larger attentional ad-
vantage over the distractors in the unexpected-location
condition than in the expected-location condition, the
planned contrast indicated that the difference was not
significant [F(1,63) = 2.56, p > .10]. The overall inter-
action between probe location and expected/unexpected
location, though, was significant [F(3,63) = 3.01, p <.05].
Also, there was no main effect of expected versus unex-
pected locations (F < 1.0). The subjects’ expectations for
stimulus locations might have affected their attentional
allocation somewhat, but any effects were fairly subtle.
Perhaps larger effects could be produced by decreasing
the percentage of unexpected-location trials or by giving
the subjects more practice with the primary task.

A second ANOVA included only data from the four
blank locations. The two factors were (1) probe location
relative to target and (2) expected/unexpected location.
There was no difference between expected- and unex-
pected-location conditions ( < 1.0) and no interaction
between this factor and probe location [F(3,63) = 1.63,
p>.15].

Discussion

Experiment 2, like Experiment 1, showed attentional
selection favoring the target location over the distractor
locations. Also, as in Experiment 1, selection seemed to
take the form of inhibition of distractor locations relative
to the background. The data show some hint of a differ-
ence in attentional allocation when the digits appear at un-
expected locations, but the difference is quite small com-
pared with the large differences between target and
distractor locations. Although the subjects are focusing in-
hibition primarily on digit locations, they are not doing it
by identifying those locations and inhibiting them in ad-
vance. Instead, the inhibition seems to be driven primar-
ily by the presence of the stimuli, and not by expectations
about stimulus location. A similar set of experiments by
Kim and Cave (1995) measured allocation of spatial at-
tention in conjunction search tasks (e.g., detecting a red
square target among red circle, green square, and gréen
circle distractors). In those searches, attention was allo-
cated to favor the target location, but locations with either
the target color or the target shape were also favored
somewhat. The amount of attention at each location was
determined by the target features present there, and not by
its distance from the target. Taken together, all these ex-
periments suggest that, in these discrimination tasks with
distractors, the degree to which a particular location is se-
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lected depends mainly on the features present at that lo-
cation. Of course, many cuing experiments have demon-
strated that expectations for location can drive spatial at-
tention when the target position is known in advance.
However, when subjects do not have a cue to indicate
which locations will have the target and which will have
distractors, they apparently rely mainly on stimulus prop-
erties to drive attention. The control of attention more by
stimulus properties than by expectation is what would be
expected from a distributed attention mechanism. Such are-
sult could also be produced by a centralized attention
mechanism that did not rely on expectations; however, using
expectations would be one of the main advantages of a
centralized mechanism. In the General Discussion section,
we will consider what type of distributed mechanism
could implement this type of feature-driven selection.

Are there any conclusions to be drawn from the small
expectation effect that does appear? A trend suggests
that the attentional advantage for the target location over
the distractor locations might be slightly stronger for the
unexpected-location condition. Perhaps inhibition is al-
located and deallocated to the distractor locations some-
what faster when the digits appear at their expected lo-
cations and when the probes appear as the deallocation
is starting. Until further evidence is available, however,
this explanation is just speculation. Only a single SOA
was used here, and tests with other SOAs might reveal dif-
ferences in the timing of attention between the expected-
and unexpected-location conditions.

Another possible explanation for the expected/unex-
pected differences comes from an attentional model pro-
posed by Houghton and Tipper (1994). In this model, the
amount of distractor inhibition is adjusted according to
the perceptual activation generated by the distractor. If
the novelty of the unexpected distractor causes it to gen-
erate a higher activation, then it may receive more inhi-
bition as well. Any such effect is small, however, indi-
cating that the effect of expectation is much smaller than
the effect of stimulus color.

As in Experiment 1, there is no hint of difference in at-
tentional effects across vertical and horizontal midlines.
Attention allocated to identify these digit targets and pre-
vent interference from digit distractors does not seem to
follow the patterns found by Hughes and Zimba (1985,
1987) and by Rizzolatti et al. (1987). Perhaps the more
complex task in these experiments requires more careful
control of attention across the visual field. If attention
varied across midlines and across distances in these ex-
periments as it did in the cuing experiments, it might have
hampered the identification of the targets. In the cuing
tasks, the pattern of attention across the visual field might
not have been as important to successful completion of
the task.

EXPERIMENT 3
Spreading of Attention

Cave’s (1995) probe experiments indicated that atten-
tion allocated to stimulus locations might spread some-
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what. In Experiment 3, the probes were placed feripher-
ally to the digit locations in order to measure the degree
to which attentional effects spread. Moving the probes
away from the digits also lessens the opportunities for
the digits to mask the probes.

Method

Subjects

Forty students at Vanderbilt University participated in this ex-
periment, 20 attending to green digits, and 20 attending to red. All
were fulfilling an introductory psychology course requirement.
None knew the purpose of the experiment beforehand, and none
had participated in the previous experiments. All the subjects re-
ported normal or corrected-to-normal vision, including normal
color perception. Most subjects finished in less than 1 h.

Apparatus
This experiment was conducted with the same computers used in

Experiments 1 and 2. The subjects responded via custom-built re-
sponse keys that were connected to Strawberry Tree parallel inter-
face cards. Responses were timed with clocks on the interface
cards. This system provided more accurate response timing than the
Macintosh keyboard. A chinrest was used to keep the subjects
58 cm from the computer display.

Stimuli

The digit arrays and probes were similar to those in Experiment I,
except that each probe was located 15 mm (1.5° visual angle) pe-
ripherally to its corresponding digit location. Thus, each probe ap-
peared at one of eight locations equally spaced along an imaginary
circle 75 mm (7.4° visual angle) from fixation, as shown in Figure 6.

Procedure

The procedure was generally the same as in Experiment 1, with
half the subjects attending to red and half attending to green. In-
stead of SOAs of 120, 150, and 180 msec, the SOAs in Experi-
ment 3 were 90, 120, and 150 msec. The longest SOA was dropped
to remove any chance of saccades. The probe display time was also
cut from 60 to 30 msec, so that the entire interval from onset of the
search display to offset of the probe was never more than 180 msec.
Asin Experiment 1, there were 12 blocks of 64 trials, and trial types
were randomly distributed across blocks. The subjects were allowed
the same amount of practice and the same number of breaks as in
Experiment 1.

®

3

Figure 6. An example of the relative locations of the digit array
and the probe in Experiment 3.
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Figure 7. Probe response times for Experiment 3.

Resulits

Mean error rate for the primary task was 2%, and all
subjects averaged less than 6%. The mean error rate for
the probe task was 2%. One subject produced 13% er-
rors (4% false alarms and 22% misses), and the remain-
ing subjects had probe error rates below 8%. As before,
trials with errors on the primary task were removed from
the analyses, and the data were trimmed iteratively, re-
moving less than 4% of the data. Figure 7 shows the probe
RTs combined across the different combinations of SOA
and target color. As in Experiment 1, SOA and color were
included as factors in these analyses, but the few effects
and interactions involving these factors did not seem to af-
fect the overall conclusions, and they will not be reported.

Digit Locations

As in Experiments 1 and 2, probe RTs from only the
digit locations were submitted to a repeated measures
ANOVA, with probe position as a factor. Within each
ANOVA, a planned contrast compared the target loca-
tion against the three distractor locations combined. In
the overall analysis, the target RT was only marginally
faster than distractor RTs [F(1,114) = 3.53,p = .06]. Al-
though the effects were weak, attentional effects did
seem to be spreading beyond the digit locations to regions
farther in the periphery.

We employed a Tukey test to perform all three of the
possible pairwise comparisons of the three distractor
digit locations. No difference in probe RT was found be-
tween any of the distractor locations.

Digit Versus Blank Locations

RTs for probes next to the three distractor locations
were compared with those next to the three blank loca-
tions in the same quadrants, using an ANOVA with both
digit versus blank position and quadrant as factors. RTs
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were consistently slower for the distractor locations
[F(1,38) = 29.26, p <.001]. *

A separate ANOVA included only RTs from probes
next to the target location and the two blank locations on
either side of it. A planned contrast within the overall
analysis showed that the target probe yielded slower re-
sponses than did the blank probes [F(1,76) = 8.61, p <
.01]. Experiments 1 and 2 also showed slower responses
at the target location, although the difference was not
significant. The larger RT difference in Experiment 3
might have been due to the faster SOA (90 msec) used
here. All digit locations might have been inhibited early
on, with the inhibition lifting at the target location once
it was determined.

Blank Locations

Another planned contrast compared probes next to the
two blank locations on either side of the target, one within
the target quadrant and one within a neighboring quad-
rant. The RTs were not significantly different (F < 1.0).
An additional planned contrast showed no significant
difference between the two blank locations far from the
target (F < 1.0). As in Experiments 1 and 2, attentional
allocation did not change across the quadrant boundary.

The two blank locations near the target produced faster
RTs than did those far from the target [F(1,114) = 9.21,
p <.01]. As in Experiments | and 2, the inhibition from
distractor locations seemed to spread to the regions be-
tween them.

Discussion

Probing locations peripheral to the stimulus locations
yielded attentional effects similar to those found at the
stimulus locations. The regions around distractor loca-
tions were inhibited relative to the region around the tar-
get location, and the distractor digit regions were very
strongly inhibited relative to the blank areas between dig-
its. As processing developed, the blank areas next to the
target also began to show faster responses than did those
far from the target. As before, attention effects were equal
on both sides of the midline nearest the target.

In Experiments 1 and 2, target probe RTs were some-
what slower than RTs for the blank locations near the tar-
get; in Experiment 3, the target probe RTs were signifi-
cantly slower. This effect may indicate that all digits—
targets and distractors—mask the probes somewhat. Al-
ternatively, the target location may receive some atten-
tional inhibition at some time during the task. Perhaps, as
suggested above, all stimulus locations are inhibited at
first, and, then, when the target color is located, inhibi-
tion is removed from that location. This “inhibit-every-
thing-first” might be used in this task because each digit
location has a 75% probability of having a distractor.

Alternatively, the inhibition at the target location may
occur after the target has been identified, and another el-
ement has been selected. This inhibition could be the “in-
hibition of return” demonstrated by Posner and Cohen
(1984) and others in tasks in which attention is first al-
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located to a target location and then allocated somewhere
else in response to a cue.

In Experiments | and 2, the slow responses at the dis-
tractor locations relative to the blank locations may be
attributed either to attentional inhibition or to masking.
In Experiment 3, masking was less likely, because the
probe was positioned away from the digits; however, the
difference between distractor and blank locations was
still very strong. Experiment 4 provided a more complete
control for masking.

EXPERIMENT 4
Masking or Attentional Inhibition?

In Experiments 1-3, the responses to probes at distrac-
tor locations were consistently much slower than to probes
at blank locations between the distractors. These RTs
suggest an inhibition that is applied in a fairly specific
way to the distractor locations, but not to the blank regions.
However, the distractor RTs may simply be slower be-
cause the digits mask the probe, making it more difficult
to detect. Experiment 4 used a different stimulus designed
to equalize masking of the probe across all locations. The
entire display area was covered by a grid, and the four
search elements were created by changing the color of
some of the grid lines within a small region. As in Exper-
iments 1-3, the target element differed in color from the
three distractor elements, and the subjects reported a prop-
erty of the target (in this case, orientation). Whether the
probe appeared at one of the element locations or at one
of the “blank” locations between elements, it was sur-
rounded by lines from the grid.

Experiment 4 also investigated the degree to which at-
tention in this task was controlled by featural differences
between the target and distractors (bottom-up factors)
and the degree to which attention depends on subjects’
knowing about the target and actively seeking it (top-
down factors). The distinction between top-down and
bottom-up attentional control is a part of many attention
theories, including the Guided Search (Cave & Wolfe,
1990; Wolfe, 1994) and FeatureGate (Cave, 1998) mod-
els. To allow these comparisons, Experiment 4 included
three different conditions. The top-down condition was
equivalent to that in Experiments 1-3: Probes measured
spatial attention as subjects reported the orientation of a
color singleton target. The bottom-up condition tested
the degree to which attention was allocated to the sin-
gleton when subjects were not required to process it. The
stimuli were the same as in the top-down condition, but
subjects were given no primary task. They responded only
to the probe. A separate control condition tested whether
probes were masked more at the locations with search
elements than at the blank, or background, locations. Its
stimuli were very similar to the others, but there was no
color singleton. The masking control and bottom-up at-
tentional conditions were conducted in the first testing
session, in that order; the top-down attentional condition
was conducted in the second testing session.
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Method

Subjects

Forty students at the University of Illinois at Urbana-Champaign
(mean age = 20.5 years; range = 18-22 years) participated in all
three conditions. None knew the purpose of the experiment before-
hand. All subjects had normal or corrected-to-normal vision using
the Snellen acuity chart, and all performed adequately on the Ishi-
hara test. The subjects performed two separate sessions. Most sub- |
jects finished in just over 1 h per session.

Apparatus

This experiment was conducted using Intel-486-based comput-
ers. The subjects responded using a standard PC keyboard. The sub-
jects were seated 80 cm from the monitor; a chinrest was not used
in this experiment.

Top-Down Attentional Condition

Stimuli. During the entire experimental procedure, a grid made
up of horizontal and vertical blue lines filled the display. The grid
was composed of 1.5-mm lines (0.11° visual angle) centered
6.5 mm (0.47° visual angle) apart. The primary stimulus had four
display elements, centered on an imaginary circle 61 mm in diam-
eter (4.36° visual angle). Total screen size covered by the back-
ground grid was 27 X 20 cm (18.6° X 14.0° visual angle). Each
stimulus was made by changing the color of a subset of the line seg-
ments in a region of the grid. Figure 8 shows the central part of the
grid, including the locations of the search elements. As in Experi-
ments 1-3, all four elements were equally spaced along an imagi-
nary circle around fixation, and each was positioned 22.5° rota-
tionally from one of the midlines. For half the subjects, the elements
were offset clockwise from the midlines; for the other half, they

were offset counterclockwise. The grid lines were blue, and the
background was gray. Each element was composed of either hori-
zontal or vertical line segments; for each element, the line segments
were all either green or red. The shades of green, red, blue, and gray
were matched for luminance using a Minolta Luminance Meter
(C.LE. relative photopic luminosity curve). Unlike in Experiments
1-3, the matches were done separately for each of the four moni-
tors used in the experiment. The luminances of the red, green, blue,
and gray parts of the display were 3.6 cd/m? for all three monitors.
For half the subjects, the singleton target was green, and the three
distractors were red; for the other half, the colors were reversed.
The orientation of the line segments was chosen randomly and in-
dependently for each element. The probe was very similar to the
probe in Experiments 1-3. It was a black square, 4 mm on each side
(0.29° visual angle), positioned in the center of one of the regions
covered by the primary stimulus elements or at one of the four loca-
tions between two elements, and it always appeared after the pri-
mary stimulus elements had reverted to blue. A 5-mm black fixation
spot (0.36° visual angle) was present throughout the experiment.

Procedure. The procedure in the top-down attentional condition
was very similar to that in Experiments 1-3. At the beginning of
each trial, the subjects fixated a black circle in the center of the dis-
play. The primary stimulus appeared for 98 msec. On the 50% of
trials in which the probc appeared, it appeared 140, 182, or
224 msec after the onset of the primary stimulus, and it remained
visible for 42 msec. When the subjects detected the probe, they
pressed the space bar as quickly and accurately as possible, and the
RT was recorded. After a delay of 1,800 msec from the probe off-
set time, the computer presented the word orientation in the center
of the display, and the subjects responded by pressing one of two
keys (F and J, counterbalanced) for horizontal or vertical. The in-
tertrial interval was 1,700 msec. The subjects were instructed not to

FIXATION ¥
(black) E

( blue

Figure 8. Arrangement of the primary stimulus for Experiment 4. One of the pos-
sible probe positions is also shown, in the center of the upper left search element.
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rush the orientation (primary task) response. A break occurred after
every 64 trials. Each subject performed a total of 768 trials in this
condition of Experiment 4.

Bottom-Up Attentional Condition

Except as noted below, the bottom-up attentional condition was
conducted exactly like the top-down attentional condition.

Stimuli. The stimuli in the bottom-up attentional condition were
the same as those in the top-down attentional condition.

Procedure. The bottom-up attentional condition included only
the probe detection task. There was no search task. The subjects
merely responded to the probes when they appeared by pressing the
space bar. Because many trials required no response at all, the sub-
jects initiated each trial by pressing a key (F or J, counterbalanced)
when the word ready appeared in the center of the display. As be-
fore, each display contained either a red or a green color singleton.
The subjects could take breaks whenever they desired. Each subject
completed a total of 384 trials in this condition of Experiment 4.
The bottom-up attentional condition was always conducted before
the top-down attentional condition.

Masking Control

Except as noted below, the masking control condition was con-
ducted exactly like the bottom-up attentional condition.

Stimutli. All four display elements in a single trial had the same
color, so that no element would “pop out” from the rest and auto-
matically draw attention (Theeuwes, 1991, 1992). The color of the
elements varied randomly from trial to trial, and each element’s ori-
entation was determined randomly and independently.

Procedure. For the masking control, the subjects performed
only the probe detection task. Each subject completed a total of 384
trials in the control condition of Experiment 4.

Results

Masking Control

The probe RTs from the control experiment showed
no evidence that display elements masked the probes.
RTs for locations formerly occupied by a display ele-
ment were just as fast as RTs for the blank locations be-
tween display elements, as shown in Figure 9.

As in Experiments 1-3, a trimming procedure itera-
tively removed the highest and/or lowest RTs in a condi-
tion if they were more than 3.5 SDs from the mean of the
remaining RTs. This trimming removed 3.5% of the
probe RTs.
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Figure 9. Probe response times for the control condition of
Experiment 4.
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The subjects made errors at probe detection on only
0.4% of the trials (0.3% misses and 0.4% false alarms).
A repeated measures ANOVA, with probe location (ele-
ment location or blank location) and SOA as within-
subjects factors, showed no significant effect of probe
location (F < 1). Probe RT was significantly increased at
longer SOAs [F(2,78) = 17.4, p < .0001]. There was no
interaction between SOA and probe location (F < 1).

Bottom-Up Attentional Condition

The subjects made errors at probe detection on only
0.7% of the trials (0.5% misses and 0.8% false alarms).
Trimming removed 2.7% of the probe RTs. The remaining
RTs, shown in Figure 10, were submitted to a repeated
measures ANOVA, with probe location and SOA as
within-subjects factors and singleton color as a between-
subjects factor. The analysis showed significant effects
of probe location [F(7,266) = 3.0, p < .01], which were
explored with contrasts presented below. Probe RT was
significantly increased at longer SOAs [F(2,76) = 31.5,
p < .0001]. Probes were detected more quickly when a
red singleton was present than when a green singleton
was present [F(1,38) = 6.9, p <.05]. No significant in-
teractions were present (all ps >.07).

Top-Down Attentional Condition

The subjects made errors at probe detection on only
0.3% of the trials (0.4% misses and 0.2% false alarms).
Mean error rate at the primary task was 3.7% (highest error
rate for any single subject was 16%). Probe responses
from trials with an error on the primary task were excluded
from the analysis. As before, a trimming procedure iter-
atively removed the highest and/or lowest RTs in a con-
dition if they were more than 3.5 SDs from the mean of
the remaining RTs. The trimming removed 1.5% of the
probe RTs. Figure 11 shows the probe RTs, which were
submitted to a repeated measures ANOVA, with probe
location and SOA as within-subjects factors and single-
ton target color as a between-subjects factor. It showed
significant effects of probe location [F(7,266) = 6.0, p <
.0001}, which were explored with contrasts described
below. As in the bottom-up condition, probe RT was sig-
nificantly increased at longer SOAs [F(2,76) = 25.5,p<
.0001], and probes were detected more quickly when ared
singleton was present than when a green singleton was
present [F(1,38) = 4.1, p < .05]. No significant interac-
tions were present (all ps >.07).

Comparisons of Attentional Effects
at Different Locations

As in Experiments 1-3, attentional effects at different
locations in the display were compared with planned con-
trasts. The contrasts were conducted separately for the
bottom-up and top-down conditions. In general, both
conditions showed similar patterns, but the effects were
weaker and sometimes not significant in the bottom-up
condition.
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Figure 10. Probe response times for the bottom-up attention
condition of Experiment 4.

Singleton target versus distractor locations. RT for
the target (color singleton) location was significantly
faster than that for the distractor locations in the top-
down attention condition [F(1,266) = 5.0, p <.05]. This
is evidence that spatial selection was used when the color
singleton was relevant to the task. The color singleton
location also produced faster responses than did the dis-
tractor locations in the bottom-up condition, but the dif-
ference was not significant [F(1,266) = 1.3, p = .25].

Element versus blank locations. Probes at blank lo-
cations elicited faster responses than did probes at ele-
ment locations in the same quadrants for both bottom-up
and top-down attentional conditions [F(1,266) = 11.9,
p <.001, and F(1,266) = 28.0, p <.0001, respectively].

Also, the target RTs were significantly slower than the
two blank location RTs on either side of the target in the
top-down condition [F(1,266) = 5.3, p <.05]. This might
reflect inhibition applied before the target color was de-
tected, or it might be inhibition of return applied after
the target processing was finished. The bottom-up condi-
tion showed the same pattern, but the difference was not
significant [F(1,266) = 2.5, p = .11]. The results of the
control condition indicate that, in this case, the slower
target RTs were not due to masking.

Distance from singleton location. In both conditions,
probes at the two blank locations near the singleton pro-
duced faster responses than did those at the two blank lo-
cations farther from the singleton; however, in neither case
was the difference significant (ps > .20).

Midline effects. Planned contrasts showed no differ-
ences between RTs for the blank location within the quad-
rant with the singleton and the blank location the same
distance away from the singleton in the neighboring quad-
rant (Fs < 1.0) or between RT's for the two blank locations
far from the singleton (ps > .18).

Bottom-up versus top-down attentional effects. The
difference in probe RT between bottom-up and top-down
conditions, after equating target RT between the two con-
ditions, is shown in Figure 12. The difference between
probe RTs to the target relative to the blank locations near
the target became greater when the color singleton target
became relevant to the task. Additionally, the distractor
locations near the target became more inhibited when the
color singleton target was task relevant.

Discussion

Regardless of the target color, responses were slower
for the distractor locations than for the blank locations in
between them. Unlike in Experiments 1-3, these differ-
ences were not attributable to masking. In the control
condition, responses to probes at stimulus locations and
blank locations did not differ, demonstrating that the
probes at the element locations were not masked any more
than those at the blank locations in these displays. Thus,
the effects in the attention conditions must reflect differ-
ences in attention. In order to identify the target, the sub-
jects apparently inhibited the distractor locations, but the
inhibition did not apply (or applied more weakly) to the
blank locations between the distractors. When attention
was driven only by stimulus salience, and not by the task
demands, the attentional effects were weak or nonexis-
tent. When attention was necessary for the task, however,
its effects were quite strong.

These results suggest that the data from Wolfe and Po-
korny (1990) and from Klein and Taylor (1994) might be
reconsidered. Because they found slow responses for
distractor location probes in both feature and conjunction
searches, they attributed the results to masking rather
than attention. Experiment 4 (along with its control con-
dition) demonstrated one situation in which slow re-
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Figure 11. Probe response times for the top-down attention
condition of Experiment 4.
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Figure 12. Top-down minus bottom-up probe response times,
adjusted to equalize target location response times.

sponses for distractor locations could be attributed to at-
tentional inhibition rather than masking. Kim and Cave
(1995) also demonstrated that spatial selection is used in
some feature searches as well as conjunction searches,
raising the possibility that at least a portion of the effects
measured by Wolfe and Pokorny and by Klein and Tay-
lor was due to attentional inhibition of distractors.

Because of the difficulty of locating the targets in this
task, the SOAs were longer in Experiment 4 than in Ex-
periments 1-3, raising the possibility of saccades in the
two longest SOAs, even though the subjects were in-
structed not to saccade during trials. The faster responses
for target over distractor locations were probably not due
to saccades to the target location, because no interaction
involving SOA was present. More importantly, saccades
to the target location would not produce slower RTs at
the distractor locations than at the blank locations.

GENERAL DISCUSSION

The pattern of RTs in these experiments shows that tar-
- get locations are selected over distractor locations in these
tasks in a way that affects the processing of other stim-
uli appearing subsequently at these locations. These re-
sults are consistent with other probe RT studies by Banks
etal. (1992), Cave (1995), Cave and Zimmerman (1997),
Kim and Cave (1995), and Kramer, Weber, and Watson
(1995). They are also consistent with cuing experiments
by Folk, Remington, and Johnston (1992), which showed
that a color singleton cue can draw attention to its loca-
tion, and with experiments by Theeuwes (1991, 1992,
1994, 1995, 1996), which showed that a color singleton
that is irrelevant to a task can draw attention away from
a target during search.
The present experiments also showed a very strong at-
tentional difference between distractor locations and the

blank regions between the digits. In this task, target in-
formation is apparently selected (separated from poten-
tially interfering distractor information) by inhibiting
those locations that contain distractor features. Horowitz
(1995) found similar results by measuring how the RT
on each trial in a search task varied depending on the lo-
cation of the target in previous trials.

These results are hard to reconcile with spotlight (Pos-
ner et al., 1980) and zoom lens (Eriksen & St. James,
1986; Eriksen & Yeh, 1985) metaphors of spatial atten-
tion, all of which posit a single area of facilitation. These
metaphors would predict that the inhibition of nontarget
locations relative to target locations should be uniform
or should increase with distance from the target. Spatial
attention may be more like a spotlight, zoom lens, or gra-
dient of facilitation when it is allocated in response to
spatial cues, especially endogenous cues that require some
interpretation (Jonides, 1981). Consistent with this is the
finding by Folk and Remington (1996) that subjects were
unable to allocate inhibition in response to an endoge-
nous cue in the same way that they allocate facilitation.
Also, distractor inhibition may become more important
when there are more distractors to interfere. Sagi and
Julesz (1986) used a probe procedure similar to the one
described above to demonstrate a gradient pattern of fa-
cilitation around a target with only a single distant dis-
tractor present. However, when the target is accompanied
by many distractors (Bahcall & Kowler, 1995; Krose &
Julesz, 1989), the nearby distractors do not benefit from
a facilitation gradient, but they are strongly inhibited rel-
ative to the target. Data from Zimba and Hughes (1987)
also suggest that distractor locations might be inhibited in
a cuing task. All these results taken together suggest that
when spatial attention is used in the course of identify-
ing a target designated by a feature among distractors
with a potential for interference, as in the experiments
presented here, it seems to selectively inhibit those loca-
tions with stimuli that will interfere with the target, with-
out inhibiting other locations. The model described below
by Cave, Kim, Bichot, and Sobel (1998; Cave, 1998) at-
tempts to explain these different patterns of attention.

Spatial attention in this task differs in another impor-
tant respect from attention allocated in response to a spa-
tial cue. In cuing experiments, attention drops off con-
siderably between cued and uncued quadrants. However,
in the present experiments, no attentional difference be-
tween quadrants was detected. Further tests are necessary
to determine exactly when spatial attention is affected by
quadrant boundaries. Perhaps activation or inhibition of
an entire quadrant is easier than selection of a small re-
gion within a quadrant. When few distractors are present,
subjects may merely activate the cued quadrant and/or
inhibit the uncued quadrants; however, when distractors
pose a threat of interference, subjects may expend extra
effort to select target locations more narrowly. Interest-
ingly, though, selection of an entire quadrant would have
been sufficient to select the target over all distractors in
these tasks, because only one element appeared in each
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quadrant. Another possibility is that the specification of
locations to be selected by top-down mechanisms may not
be very specific and may rely on separate mechanisms
for each quadrant, whereas selection driven by stimulus
features such as color may be spatially more specific.

Other researchers have offered alternatives to the spot-
light metaphor. For instance, Sperling and Weichselgart-
ner (1995) concluded that when attention shifts from one
location to another, it does not slide across the visual field
in an analog fashion. Like Yantis (1988) and Eriksen and
Murphy (1987), they question the findings by Shulman,
Remington, and McLean (1979) and by Tsal (1983) that
were taken to demonstrate analog attentional movement,
and they perform their own experiment showing that the
time to move attention from a peripheral location to the
fovea varies little with distance. However, they still main-
tain one aspect of the spotlight metaphor by assuming that
attention takes the form of a single focused area of fa-
cilitation. Their data could also be explained by assum-
ing that attention takes the form of inhibition focused on
distractor locations. Cheal, Lyon, and Gottlob (1994) pro-
posed their own alternative to the spotlight, in which a
gradient filter controls the flow of information from dif-
ferent locations. Their gradient filter shares many as-
pects with the system we are proposing, although it relies
on facilitation of target locations rather than inhibition of
distractor locations.

Although selection is spatially more focused with the
search task presented here than with some earlier cuing
tasks, it is somewhat distributed. The attentional effects
are still measurable at locations peripheral to the stimu-
lus elements. Also, the attentional effects spread some-
what with time to the locations between the stimulus el-
ements, producing slower RTs at the blank locations far
from the target than at those close to the target at the
longer SOAs. The pattern of spatial attention may be
more spatially restricted for displays and tasks that are
more complex than those used here. Unlike most natural
scenes, these displays have very few distractors, and dis-
tractors and target were all spaced far apart. Further ex-
periments using this probe technique can give a more
coniplete map of the allocation of attention and can de-
termine whether it becomes more focused when distrac-
tors are more numerous and within the same quadrant as
the target.

The attentional strategy revealed by these experiments
might be described as “blocking when necessary.” Loca-
tions with interfering distractors are inhibited, but other
locations are not. This strategy may be preferable to
blocking large regions of the visual field unnecessarily.
Regions that are blank at one moment may suddenly be
filled with a stimulus that needs to be detected and iden-
tified quickly. A blocking-when-necessary strategy will
not impede the processing of these stimuli. This strategy
is similar to one proposed by Worden, Schneider, and
Wellington (1995) and is consistent with the principle
described by Lavie and Tsal (1994) that the allocation of
spatial attention varies as necessary according to the per-

ceptual load and also with the demonstration by Lavie
(1995) that the influence of a distractor on response is
weakened as perceptual load increases.

LaBerge (1995) has proposed a model that attempts to
account for both behavioral and physiological evidence
with separate mechanisms for inhibiting distractors and
facilitating targets. His distractor inhibition comes from
oculomotor mechanisms, and it can only be used when
stimuli are far enough apart to trigger separate eye move-
ments, as they were in the displays used here. In his model,
target enhancement is used when two or more display el-
ements are close enough that they are considered a single
unit (LaBerge, 1995, pp. 120-121). Future experiments
using spatial probes will test this claim by measuring
whether distractor inhibition disappears and target facil-
itation appears when distractors are placed closer to the
target. Although the distractor inhibition found here
seems generally consistent with LaBerge’s oculomotor
inhibition, it apparently conflicts with his suggestion that
attention to an object’s location produces inhibition and
attention to an object’s features produces facilitation. In
the experiments reported here, subjects reported shape
or orientation, and location was irrelevant to the task, yet
distractors were inhibited.

A pattern of distractor blocking also appears in many
experiments demonstrating negative priming, in which
the response to a stimulus is slowed when it appears at
the same location as a distractor from an earlier display
(Shapiro & Loughlin, 1993; Tipper, Brehaut, & Driver,
1990). This location-based negative priming might be re-
lated to the location-based inhibition that produces RT
patterns in the probe experiments presented here. For ex-
ample, Tipper et al. (1990) asked subjects to report the
location of a target symbol that appeared along with a
distractor symbol. This prime trial was immediately fol-
lowed by a probe trial with a new target symbol and dis-
tractor symbol. Subjects were slower when the probe tar-
get appeared in the location previously occupied by the
distractor on the prime trial than when it appeared in a pre-
viously unoccupied location. Rather than explaining these
results on the basis of location-based inhibition, Tipper
et al. (1990) proposed that two symbols appearing succes-
sively at the same location are perceived as a single object
and that this negative priming results from an object-
based inhibition of an internal representation of the dis-
tractor object in the prime task. Contrary to the negative-
priming paradigm, the present experiments used a neutral
stimulus, a small dot, in the probe trial. Since the probe
dot varied dramatically from the digits in size, color, and
shape, it was less likely to be seen as a continuation of
the same object. Thus, the slower probe RTs at distrac-
tor locations in the present experiments support the idea
that the inhibition is location-based and support Shapiro
and Loughlin’s (1993) conclusion that location alone can
explain the inhibitory effects found in many negative-
priming experiments with static objects.

Park and Kanwisher (1994) offered an alternative ex-
planation for Tipper et al.’s (1990) negative priming. They




SPATIAL SELECTION VIA INHIBITION OF DISTRACTOR LOCATIONS

claimed that slower responses for targets at a distractor’s
location was caused not by inhibition of distractdrs but
by the mismatch between the objects appearing at that
location at different times. If the drastic difference be-
tween target digits and probes in color, size, and shape in
these experiments prevents them from being perceived
as the same object, then such a mismatch should not af-
fect RTs here. Also, experiments by Tipper, Weaver, and
Milliken (1995; see also Milliken, Tipper, & Weaver, 1994)
showed no evidence of slower responses due to mis-
matching stimuli when subjects consistently selected the
target by the same property across trials, as the subjects
did in the presents experiments.

Other experiments have demonstrated negative priming
that is tied to a particular shape, regardless of its location
(Tipper & Cranston, 1985). This shape-based inhibition
can last for a very long time (DeSchepper & Treisman,
1996), suggesting that it results from a mechanism sepa-
rate from that of the location-based inhibition found in the
probe experiments. Ruthruff and Miller (1995) found that
this shape-based negative priming did not occur when tar-
get and distractor locations were fixed throughout a block
of trials. That is, when one location was always used for a
target and another for a distractor, responses to the probe
target that appeared in the previous primary trial as a dis-
tractor were not slowed. Apparently, when distractor inhi-
bition can easily be controlled by inhibition of their loca-
tions at an early processing stage, the shape-based
inhibition is unnecessary in the later stages.

Physiological studies have uncovered neural correlates
to the inhibition of distractors in area V4 and sometimes
in areas V2 and V1. Moran and Desimone (1985) and
Luck, Chelazzi, Hillyard, and Desimone (1997) reported
that spatially restricted focal attention suppressed a cell’s
response to a distractor when both target and distractor
were located within the cell’s receptive field. Motter (1993,
1994) found that responses to distractors were suppressed
in visual searches with the target indicated either by a lo-
cation cue or by color. Chelazzi, Miller, Duncan, and Des-
imone (1993) also found suppression of cells responding
to distractors in search. Recently, Schall and colleagues,
using search displays with a red singleton target among
green distractors similar to those in these experiments,
have found correlates of attentional modulation in re-
sponses of neurons in the frontal eye field (FEF). They
found that the initial visual response of FEF visuomove-
ment neurons is the same whether the singleton target or
distractors fall in their receptive field, but the activity of
these neurons evolves to discriminate the singleton as re-
flected by an attenuation of responses to distractors
(Schall, Hanes, Thompson, & King, 1995; Thompson,
Hanes, Bichot, & Schall, 1996; but see Bichot, Schall, &
Thompson, 1996). Furthermore, this modulation was not
dependent on saccade production; rather, it reflected the
outcome of an automatic process by which salient stimuli
are detected (Thompson, Bichot, & Schall, 1997).

Further evidence on the physiological mechanisms of
attention comes from ERP studies. Luck and Hillyard

743

(1994a, 1994b) demonstrated an ERP component, which
they labeled N2pc, that was elicited by targets in the pres-
ence of distractors and by difficult nontargets in the pres-
ence of distractors, but not with isolated targets or easy
nontargets. From this evidence, they concluded that the
N2pc component is involved in inhibiting or suppress-
ing distractor items in order to allow the target to be se-
lected. All these experiments provide useful clues as to
how distractor inhibition might be implemented.
Selectively blocking distractor locations would re-
quire a more complex mechanism than an attentional
spotlight if it were centrally controlled, because all of the
distractor locations would have to be identified and
tracked. “Blocking when necessary” could be imple-
mented more easily, however, by a distributed mecha-
nism with a selection gate at each visual field location.
The information flowing through each gate is impeded
according to both bottom-up and top-down factors (Cave
& Wolfe, 1990). The bottom-up mechanism will close
the gates at locations with features that are very similar to
the features at surrounding locations. The top-down
mechanism will close gates at locations with one or more
features that are inconsistent with the target. Once each
local selector receives a top-down signal specifying tar-
get and distractor features, it can quickly inhibit its lo-
cation if a distractor appears there. For the primary task
in the experiments reported here, in which the target is
both a color singleton and is known in advance, either the
bottom-up or top-down mechanism alone would be suf-
ficient to inhibit the distractors. Figure 13 shows how
this feature-driven spatial selection would work in these
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Figure 13. A simple mechanism for feature-driven inhibition of
distractor locations.
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tasks. The distributed nature of this mechanism also ex-
plains how it can respond so quickly, allowing it to affect
detection of probes presented very soon after the stimu-
lus onset (just 30 msec in Kim & Cave, 1995). The fact
that expectation of digit locations had such a small effect
in Experiment 2 is also consistent with a distributed, fea-
ture-driven system.

Cave et al., (1996, 1998) have produced a detailed
model showing how this fast feature-driven selection can
be simply implemented in a neural network. The model
is similar in many ways to a neural network model pro-
posed by Houghton and Tipper (1994) to explain nega-
tive priming. In both models, targets are selected at least
in part by inhibiting display elements that possess prop-
erties that do not match properties of the target. The mod-
els differ in that, in the Cave et al. model, locations are
inhibited, whereas, in Houghton and Tipper’s model, ab-
stract object representations are inhibited. Cave (1998)
explains how this model, which produces distractor in-
hibition, can also produce attentional gradients in re-
sponse to endogenous cues, as discussed above.

The Cave et al. (1996, 1998) model is generally consis-
tent with the physiological findings of Moran and Desi-
mone (1985) and of Motter (1993, 1994), and it can serve
as an implementation of Guided Search (Cave & Wolfe,
1990; Wolfe, 1994) and other search models that rely on
spatial selection driven by stimulus features (Treisman,
1988; Treisman & Sato, 1990). Guided Search specifies
what locations should be selected or inhibited, but it does
not address how that inhibition is implemented or how
blank regions of the visual field are treated. The Cave
et al., model differs from Guided Search in that it can
allow two noncontiguous locations to be selected simul-
taneously. Different studies disagree as to whether split
attention is a desirable property in a model (Bichot, Cave,
& Pashler, in press; Castiello & Umilta, 1992; Heinze
et al., 1994; Kramer & Hahn, 1995; Neath & Tarr, 1993;
Posner et al., 1980). Experiments that do demonstrate a
split of attention across regions may be the result of in-
hibition of distractor locations, rather than selection by
multiple spotlights.

The nature of spatial selection in this task also has im-
plications for object recognition. Some models of visual
processing include an attentional spotlight or window
that serves multiple functions. In addition to eliminating
interference from distractor objects, it also produces a
spatial representation of only the region of the visual field
occupied by the selected object, scaled to a standard size
(Kosslyn & Koenig, 1992; Olshausen, Anderson, & Van
Essen, 1993). In other words, the attentional spotlight
also provides position and size constancy. This sort of at-
tention window is appealing because it simplifies the job
of the recognition mechanism receiving its output. How-
ever, the pattern of RTs from the present experiments is
less consistent with this type of attention window than
with distractor inhibition. If visual selection is accom-
plished completely by inhibiting distractor locations,
then the recognition system must be able to recognize an

object that is still embedded in the background. Mozer’s
(1991) model shows how object recognition might be
done without first using an attention window to produce
a location-normalized representation. Alternatively, the
task of selection may be split between an early, broadly
focused mechanism that inhibits each distractor’s gen-
eral region and a later attention window that specifically
selects only the target and normalizes it. Ultimately, un-
derstanding object recognition and the rest of higher
level cognition will depend in part on studies such as
these that reveal the nature of visual selection.
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NOTE

1. The probe RTs for digit locations could have been categorized ei-
ther according to horizontal and vertical midline crossings or according
to distance of each midline from the target location. Given the similar-
ity between horizontal and vertical midlines in Hughes and Zimba’s
(1985, 1987) and Rizzolatti et al.’s (1987) findings, we chose to cate-
gorize by distance of the midline from the target.
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