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Visual selection mediated by location:

Feature-based selection

of noncontiguous locations
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Experiments using two different methods and three types of stimuli tested whether stimuli at non­
adjacent locations could be selected simultaneously. In one set of experiments, subjects attended to
red digits presented in multiple frames with green digits. Accuracy was no better when red digits ap­
peared successively than when pairs of red digits occurred simultaneously, implying allocation of at­
tention to the two locations simultaneously. Different tasks involving oriented grating stimuli produced
the same result. The final experiment demonstrated split attention with an array of spatial probes.
When the probe at one of two target locations was correctly reported, the probe at the other target lo­
cation was more often reported correctly than were any of the probes at distractor locations, includ­
ing those between the targets. Together, these experiments provide strong converging evidence that
when two targets are easily discriminated from distractors by a basic property, spatial attention can be
split across both locations.

Visual processing generally requires that important

parts of the visual input be selected and processed more

thoroughly than the rest. In many circumstances, the most

important visual stimulus for a particular task will occupy

a single undivided region of the visual field. In these cir­

cumstances, selection can be accomplished effectively on

the basis of location. In other words, all the information

from one location is selected, and information from all

other locations is excluded. Often, though, the important

stimuli will occupy noncontiguous regions. For instance,

an object may be partially occluded, or the stimulus may

be made up ofa configuration ofobjects at different loca­

tions. In these cases, selection on the basis of some other

property, such as color, might be more effective. However,
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performance with multiple frames ofcolored targets and

distractors indicates that subjects rely on selection by lo­

cation even in a task that explicitly demands selection by

color (Cave & Pashler, 1995; see also Shih & Sperling,

1996). Other experiments using spatial probes (Cave &

Zimmerman, 1997; Hoffman & Nelson, 1981; Hoffman,

Nelson, & Houck, 1983; Kim & Cave, 1995; Tsal& Lavie,

1993; for a review, see Cave & Bichot, in press) also sup­

port the view that selection is mediated by location, even

when the target is defined by a stimulus property other

than location (e.g., color). If a location-based selection

mechanism is to capture visual targets in complex stimuli,

it must be able to select noncontiguous locations.

When Posner, Snyder, and Davidson (1980) argued for

a "spotlight ofattention," they presented evidence that the

spotlight could not be split across noncontiguous loca­

tions. In their experiment, two cues indicated locations at

which a stimulus was likely to appear. The primary cue

indicated the correct stimulus position for 65% ofthe tri­

als, and the secondary cue was correct for 25%. They found

that the secondary position showed benefit from cuing

only when it was adjacent to the primary position and con­

cluded that attention could not be allocated to two non­

contiguous locations simultaneously.

Posner et al.s (1980) results contrasted with those ofM. L.

Shaw and P. Shaw (1977) and M. L. Shaw (1978), who pre­

sented evidence in support of the simultaneous alloca­

tion of different amounts of attention to different loca­

tions in the visual field. M. L. Shaw and P. Shaw required

their subjects to discriminate a letter presented in an other­

wise blank field. They found that the subjects' discrimi-
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nation accuracy at different locations was well predicted

by the probability distribution of target occurrence at

those locations. M. L. Shaw, using a similar experimen­

tal paradigm, extended these results to reaction time

data. However, as was discussed by Posner et al., these

data could also be produced by subjects' selecting only

one location on each trial, with the probability ofa loca­

tion being selected on a given trial matching the proba­

bility of target occurrence at that location. The results of

Posner et al., described above, as well as those ofJonides

(1983) and Eriksen and Yeh (1985), support this alterna­

tive explanation.

More recently, Castiello and Umilta (1992) used an in­

novative approach to demonstrate attention to noncon­

tiguous locations in a cuing paradigm, based on the as­

sumption that the benefits ofattention will be diminished

when spread over a larger area (Castiello & Umilta, 1990).

They presented subjects with two box cues of different

size, one on each side of fixation, marking the two poten­

tiallocations ofan upcoming stimulus. Reaction time at

detecting the stimulus increased with increasing box size,

which was interpreted as being evidence that subjects

could simultaneously deploy two independent attentional

foci in opposite visual hemifields. However, their exper­

iments, like other cuing studies exploring this issue, leave

open the possibility that subjects may attend to one lo­

cation on some trials and to another location on other tri­

als, producing mean response times that resemble a split

ofattention. Castiello and Umilta argued against this strat­

egy by presenting the response time distributions and

comparing variances between different conditions. Their

evidence, however, does not completely exclude the pos­

sibility ofattention to different locations on different tri­

als, and the uncertainty that remains underscores the

need for some way of demonstrating a split of spatial at­

tention that does not rely on the cuing paradigm.

A different approach comes from Heinze et al. (1994).

Their subjects compared two shapes that were either at

two contiguous locations or separated by another shape.

Spatial attention was measured, using the PI component

ofevent-related brain potentials to probe stimuli that ap­

peared after the stimuli that were to be compared. They

found attentional enhancement of the PI component for

probes appearing at locations occupied by either of the

targets to be compared and also for probes at the location

in between the two targets. They concluded that the in­

tervening region was selected along with the two targets.

However, as they point out, the PI component is an indi­

rect measure and may not reflect all aspects of spatial at­

tention. Furthermore, their subjects may have performed

the comparison task by treating both shapes as a single

configuration and searching for symmetries. In consider­

ing the two targets and whatever lay between to be a single

shape, they may have chosen to select the whole configu­

ration as a single unit.

Kramer and Hahn (1995) proposed another explana­

tion for the discrepancy between the studies indicating a

single attentional spotlight and those supporting split at­

tention. They suggested that some studies may have failed

to find evidence for split attention because the stimuli in

these studies were presented as sudden onsets. Under many

circumstances, sudden onsets will automatically capture

attention (Theeuwes, 1995; for a review, see Yantis, 1995).

The attentional capture of sudden-onset distractor stim­

uli may make it difficult or impossible for subjects to

maintain their attentional focus on previously cued loca­

tions. This interpretation is also supported by the results

of single-neuron recordings in the posterior parietal cor­

tex, which has long been associated with mechanisms of

spatial attention (for a review, see Colby, 1991). During

spatial cuing or spatial match-to-sample tasks, parietal

neurons are more active when stimuli appear at unat­

tended locations (Robinson, Bowman, & Kertzman,

1995; Steinmetz, Connor, Constantinidis, & McLaughlin,

1994), possibly reflecting the redirection of attention to

an unattended location at which a distractor stimulus is

presented as a sudden onset.

To test their hypothesis, Kramer and Hahn (1995) used

an experimental paradigm modeled after that of Pan and

Eriksen (1993), who used response competition to show

that subjects were unable to selectively ignore stimuli that

were located between two cued locations. Kramer and

Hahn cued (with boxes) two target locations separated by

two distractor locations. The subjects determined whether

the letters presented inside the two cue boxes were the

same, while ignoring intervening distractor letters. In

one condition, the letters were presented as sudden onsets,

and in the other, they were revealed by the removal ofseg­

ments of a figure-eight premask (i.e., nononset condi­

tion). As was predicted, distractor letters interfered with

performance in the sudden-onset condition (as in Pan

and Eriksen, 1993) but not in the nononset condition.

In the present study, two different and novel approaches

are used to demonstrate that attention can be split among

noncontiguous regions ofvisual space. The present study

differs from previous ones in several important aspects.

First, previous experiments have addressed the issue of

split attention by using tasks that, implicitly or explicitly,

emphasize selection by location (i.e., spatial cuing para­

digms), but in the present experiments, the selection of

noncontiguous locations on the basis of static stimulus

attributes other than location (color, orientation, and spa­

tial frequency) is investigated. Second, the experimental

paradigms and the associated measures used to assess di­

vided attention avoid potential confounds arising from

measures that are compiled across trials (as in Castiello

& UmiIta, 1992; M. L. Shaw, 1978; M. L. Shaw & P. Shaw,

1977). Third, in contrast with Kramer and Hahn (1995),

we find that, under some circumstances, subjects can split

their attention among noncontiguous locations, even when

stimuli are presented as sudden onsets.

The first three experiments presented here addressed

the issue by using multiple-frame presentations ofcolored

target and distractor digits, similar to those used in Cave

and Pashler (1995). In addition to the successive condition

used in the previous experiments, in which only a single

target digit appears at anyone time, the present experi­

ments included a simultaneous condition, with two tar-
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gets appearing simultaneously at different locations.

These experiments are based on the logic introduced by

Shiffrin and Gardner (1972): Ifsubjects cannot select two

noncontiguous locations simultaneously, then the simul­

taneous condition should be more difficult than the suc­

cessive location. These experiments, unlike Shiffrin and

Gardner's, required subjects to filter out distractors while

identifying the targets. The next two experiments tested

for the same type ofselection, using very different stimuli

and a task that did not include character identification.

The sixth and last experiment readdressed the ques­

tion ofdivided attention, using a spatial probe technique

(see Kim & Cave, 1995). This method requires the com­

bination of two tasks: (1) a primary task in which target

selection occurs with associated allocation of spatial at­

tention and (2) a secondary task in which measures ofre­

sponses to the probes indicate how attention is allocated

spatially. In one variant of this method, a single probe

(e.g., a small black square) is presented at a given loca­

tion, and response time to the appearance of the probe is

used to assess the amount ofattention allocated to the lo­

cation of the probe (Cave & Zimmerman, 1997; Cepeda,

Cave, Bichot, & Kim, 1998). In the other variant, differ­

ent shapes (e.g., letters) are presented at multiple loca­

tions, and accuracy ofdiscrimination ofthe shapes is used

as an attentional measure (Tsal & Lavie, 1993). Kim and

Cave (1995) found that these two variants lead to similar

results. Both variants rely on the assumptions that the

primary visual task results in a particular layout of atten­

tion across visual space and that reaction time or accuracy

to probes is affected by the amount ofattention at the lo­

cations at which those probes are presented. This logic is

similar to that behind spatial cuing experiments (e.g., Pos­

ner et al., 1980).

The spatial probe method has played an important role

in demonstrating that attention is allocated to spatial 10­
cations even when selection is based on object properties

other than location (Cave & Zimmerman, 1997; Hoffman

& Nelson, 1981; Hoffman, Nelson, & Houck, 1983; Kim

& Cave, 1995; Tsal & Lavie, 1993). In fact, several key

experiments that have been used to demonstrate object­

based selection (Duncan, 1984; Harms & Bundesen,

1983; Vecera & Farah, 1994) have been shown, using the

probe method, to have strong spatial components (Kim &

Cave, 1998; Kramer, Weber, & Watson, 1997).

However, one can argue that the probe technique does

not really measure spatial attention but, rather, measures

effects related to proximity-based object grouping (see

Duncan, 1984). Some probe experiment results may be

consistent with this view, but others are difficult to recon­

cile with a purely object-based account ofvisual selection.

One particular example comes from Cave and Zimmer­

man's (1997) study, in which they measured the strength

of the effect of spatial attention on visual processing dur­

ing a letter search by calculating the difference between

response times to probes presented at positions previ­

ously occupied by the target letter and those presented at

a distractor letter position. They found that spatial atten-

tion is stronger in blocks oftrials in which the distractors

are more confusable with the target, suggesting that at­

tention is working to control featural interference between

targets and distractors. More important, after extended

practice, subjects were slower at responding to probes at

distractor locations adjacent to the target than they were

at responding to probes at other distractor locations. This

observation, reminiscent of the flanking inhibition seen in

the responses ofvisual neurons, is consistent with the find­

ing that attention in visual search primarily operates by

inhibiting information from distractor locations (Cepeda,

Cave, Bichot, & Kim, 1998). Similar flanking inhibition

has also been observed in the activity of neurons in the

frontal eye field ofmacaques performing a visual search

task (Schall, Hanes, Thompson, & King, 1995). Clearly,

this pattern of attentional allocation is highly spatial in

nature (i.e., nearby distractors interfere more with target

detection and are, thus, more inhibited) and presents

strong evidence for an important role oflocation in visual

selection.

The view that attention is spatial, regardless ofthe ini­

tial attributes on which selection was based, is also con­

sistent with our current understanding ofthe neural mech­

anisms of visual selection. For example, recordings in

both area 7a (Constantinidis & Steinmetz, 1996) and the

frontal eye field (Schall, Hanes, et al., 1995) show that the

activity of neurons with an oddball stimulus (e.g., a red

square among green squares) in their receptive field re­

mains elevated, whereas the activity of those neurons

with a distractor in their receptive field is suppressed. Re­

cent studies ofthe frontal eye field indicate that this area

represents a spatial map of relevant objects for saccadic

responses (Schall, Morel, King, & Bullier, 1995; Thomp­

son, Hanes, Bichot, & Schall, 1996) and perhaps for

covert visual selection (Thompson, Bichot, & Schall,

1997). In fact, current debates in visual neurophysiology

focus more on the role ofspatial selection in different areas

of the ventral and dorsal visual pathways and less on

whether selection is spatial (for a review, see Goodale &

Milner, 1992).

Taken together, all of these results provide strong ev­

idence that the multiple-frame methods in Cave and Pash­

ler (1995) and Kim and Cave (1995) measure changes in

attention allocated to particular locations in the visual

field. These methods can be particularly useful in testing

whether this spatial attention can be split across multiple

regions simultaneously, because they can measure atten­

tional allocation in the course of visual searches driven

by color and other simple features. The experiments pre­

sented below used both methods, coupled with search

tasks designed to maximize the likelihood that subjects

would process two targets simultaneously.

EXPERIMENT 1
Simultaneous Versus Successive Digits

If only one location in the visual field can be selected

at anyone time, two simultaneous targets appearing at
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two different locations will require that the two locations

be selected serially. If the two targets are presented for

only a short time interval, part ofthe interval must be de­

voted to identifying one target, and part will be devoted

to the other. If, in a different trial, the same subject views

a single target for the same time interval and then views

a second target over a similar time interval, he or she will

be able to identify the two targets more accurately than

in the first trial, because about twice as much time will be

devoted to each target. Thus, selection that is limited to one

location predicts that performance should be better with

two successive targets than with two simultaneous targets.

In this experiment, the subjects viewed a series ofeight

frames, each containing two digits, one on the left and one

on the right of fixation. Each frame was visible for ap­

proximately 140 msec. Halfthe subjects attended to digits

that were red and ignored those that were green. At the

end of the trial, they reported the highest digit among the

red digits. The other half reported the highest green digit

and ignored the red digits.

There were two different types oftrials. In the succes­

sive trials, each frame contained one red digit and one

green digit, requiring each subject to identify only one

digit in each frame. In the simultaneous trials, the frames

alternated between frames containing two red digits and

those containing two green digits. Each subject had to

identify two targets in one frame and none in the next. The

two conditions were equivalent in the total number oftar­

get digits presented, the number of distractor digits pre­

sented, and the time available to identify each digit.

Even if attention is limited to a single location at any

one time, there will be no difference between successive

and simultaneous performance if the digits change so

quickly that the subjects are completely unable to shift

attention to the targets. The similarity between this exper­

iment and those in Cave and Pashler (1995) should have

ensured that the subjects could effectively select by loca­

tion under these conditions. The tasks in the two experi­

ments were essentially identical, and the stimuli were

very similar as well. The masks used between digit pre­

sentations in the earlier experiments were not necessary

in the current experiment, leaving even more time to se­

lect and identify each target digit. Because the results

from the earlier experiments had indicated that subjects

selected target digits by location, they strongly suggested

that the subjects in this experiment would also select by

location. Ifthey did, then in the successive condition, they

would have approximately 140 msec to select and iden­

tify each target digit. In the simultaneous condition, they

would have 140 msec to select and identify two target dig­

its. If the two target locations must be selected individu­

ally and serially, the subjects would only be able to devote

halfas much time to each digit in the simultaneous con­

dition, and performance should be substantially lower

than that in the successive condition. The performance

difference between the two conditions was measured by

comparing the number oferrors the subjects made in iden­

tifying the highest target digit.

Method

Subjects. Five students at the University of California, San

Diego, participated in the green-target version of this experiment,

and 5 participated in the red-target version. Ofthese 10,6 were ful­

filling a course requirement, and 4 were paid. None knew the pur­

pose of the experiment or the expected results beforehand. Most

subjects finished in less than an hour. One ofthe red-target subjects

reported afterward that she relied on a strategy of looking at one

side of the display, and her data were dropped.

Apparatus. The experiment was conducted using IBM PC and

compatible microcomputers equipped with Paradise VGA+ graph­

ics cards and NEC Multisync or Multisync 2a monitors. The sub­

jects' responses were entered on the standard keyboard.

Stimuli. Each trial included a series of eight frames presented

successively, followed by a mask. Each frame consisted of a fixa­

tion cross at the center of the screen and two digits, one on each

side of the cross. The distance from the edge ofone character to the

edge of the other was 1.9 em, and each digit was 0.5 cm high and

0.5 em wide. The fixation cross was 0.5 em high and 0.3 em wide.

The subject was approximately 60 em from the screen. The back­

ground was black, and the fixation cross was white. The mask at the

end of each trial consisted of two "#" characters, about the same

size as the digits and positioned at the same locations as those oc­

cupied by the digits in the previous frames. For the subjects attend­

ing to red, the mask characters were green, and for those attending
to green, they were red.

For each subject, half the trials were successive trials, with one

target digit and one distractor digit in each frame. The target was al­

ways on the right side in the first frame, and the target location al­

ternated from frame to frame. This condition was equivalent to the

alternating condition from Cave and Pashler (1995). The remaining

half of the trials were simultaneous trials, in which two distractors

appeared in the first frame (either both red or both green, depending

on the subject group), two targets appeared in the following frame,

and the remaining frames alternated between distractors and targets.

The sequence of displays for a single trial is illustrated in Figure 1.

The distractor digits were chosen randomly from the digits 1

through 9. The highest target digit was equally likely to be 6, 7, 8,

or 9. It never appeared in the first two frames but was equally likely

to appear in any of the appropriate slots in the remaining six frames.

The other target digits were chosen randomly with replacement

from those digits that were less than the chosen highest digit for
that trial.

Procedure. Each trial began with the presentation of the fixation

cross. This was the subject's cue to fixate on the cross and prepare

for the trial. After approximately 1,000 msec, the series of eight

stimulus frames appeared, each for 140 msec. In this experiment

and in all that follow it, the presentation ofthe first frame was syn­

chronized with the video refresh. The final frame was followed by
the mask, which remained visible until the subject responded. At

the end ofthe trial, the subjects reported the highest ofthe eight tar­

get digits by typing the appropriate key on the keyboard. The sub­
jects were encouraged to take as long as they needed to respond. If

the response was incorrect, a tone sounded immediately. A timed
delay was added before each trial, to ensure a constant 450-msec in­
tertrial interval.

Each subject received 672 trials, presented in 14 blocks of48 tri­

als each. Each subject began with a single block of 48 practice tri­

als. More practice was provided if the subject requested it or if the

the experimenter thought it was necessary. The subjects were en­

couraged to rest between blocks. Each subject alternated between
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Task: What is the highest red digit?

successive simultaneous

~ + 5

6 + ~

® + 7

3 + @

T
140 msec

~
~ + ~

6 + 5

® + @

3 + 7

• •• •• •
total of 8 frames in each trial

Figure 1. The sequence of displays in a single trial from Experiment 1. Light
digits represent the distractor color, and dark digits represent the target color.

blocks of successive and simultaneous trials. Approximately half

of the subjects in each group (red target and green target) began

with a successive block, and halfbegan with a simultaneous block.

Results
The error rates from the highest-digit task were gen­

erally high, ranging from 19% to 67%. They were submit­

ted to a repeated measures analysis ofvariance (ANOVA),
with target color (red or green) and display condition (si­
multaneous or successive) as factors. There was no sig­

nificant difference between the error rates in the simul­
taneous and successive conditions (F < 1.0; see Figure 2).
The subjects searching for red targets made more errors

than those searching for green [F(1,7) = 8.1, P < .05],
and there was no interaction between target color and dis­
play condition (F < 1.0).

Discussion
If subjects were only able to select one location at a

time, the simultaneous condition should have been much

more difficult. Instead, subjects do just as well with si­
multaneous targets as they do with successive targets, sug­
gesting that they can select two target locations at once.

Subjects might be able to do this task by selecting only
a single contiguous region, if they are able to select a
region large enough to include both targets. They would

select both locations during frames with two targets and
select nothing during frames with two distractors. Ex­
periment 2 tests whether the subjects were using such a
technique.

EXPERIMENT 2
Intervening Distractors

This experiment was like Experiment 1 in most re­
spects. In Experiment 2, however, each frame included
three extra distractor digits in a vertical column posi­

tioned at the center of the display. These extra distractors
should have made it impossible to select the two target
locations without selecting a region occupied by a dis-
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Successive VS. Simultaneous Targets
with no Center Distractors

9 subjects

50

10

60

0-+---
Successive Simultaneous

target presentations

Figure 2. Error rates from Experiment 1. Searches for red and green tar­
gets are combined. Error bars are calculated by using the procedure de­
scribed in Cave and Pashler (1995).

tractor. The extra distractors also made the task generally
more difficult, making longer exposure times necessary.

tinued through the 14 blocks of regular trials, each with 48 trials.

The average exposure time for the regular trials across all 12 sub­

jects was 191 msec.

Method
Subjects. Seven subjects participated in the green-target version

of this experiment, and 6 participated in the red-target version.

Three were fulfilling a course requirement, 9 were paid, and I was

a volunteer. None knew the purpose of the experiment or the ex­

pected results beforehand, and none had participated in Experi­

ment 1. Most subjects finished in less than an hour. One of the

green-target subjects misunderstood the instructions, and her data
were dropped from the analysis.

Apparatus. This experiment was conducted with the same
equipment as that used in Experiment I.

Stimuli. Each trial included a series of eight frames, just as in

Experiment I (see Figure 3). In each frame, the fixation cross was

replaced with a vertical column ofthree distractor digits. For sub­

jects attending to red, these digits were green, and for subjects at­

tending to green, they were red. The digits in this column were ap­

proximately 0.2 ern apart, edge to edge. These three digits changed

with each new frame, as did the other two digits in the display. The

mask at the end ofeach sequence included five "#" characters, one

at each location that had been occupied by digits.

Procedure. The procedure was also similar to that of Experi­

ment I, with one difference. Because the extra distractors made the

task more difficult, a longer exposure time was required. In order

to ensure that the task was challenging for all the subjects without

being too challenging for any subject, the exposure time was ad­

justed according to each subject's performance. Each subject began
with 4 blocks of24 practice trials each. After every other block, the

exposure time was adjusted according to the error rate for that

block. If the error rate was greater than 35%, the exposure time in­

creased by 15 msec. If the error rate was below 25%, the exposure

dropped by 15msec. At the end of the practice blocks, most subjects

had an exposure time of 180 msec. The adjustment procedure con-

Results
The error rates from the highest-digit task were sub­

mitted to the same type ofANOVAas that used in Exper­
iment 1. As before, there was no significant difference

between the error rates in the simultaneous and successive
conditions (F < 1.0; see Figure 4). In this case, there was

no significant difference between the subjects searching
for red and those searching for green (F < 1.0), and there
was no interaction between target color and display con­
dition (F < 1.0).

Discussion
The number of distractors and their placement in this

experiment made it virtually impossible to select a sin­
gle contiguous region that included both target positions
and none of the distractor positions. Nevertheless, the
subjects identified the targets just as accurately when they

appeared simultaneously as when they appeared succes­
sively. If subjects are selecting the target locations in this
task, as the results from Cave and Pashler (1995) suggest,
they appear to be selecting two noncontiguous regions
of the visual field.

The attentional blink described by Broadbent and
Broadbent (1987) and by Raymond, Shapiro, and Arnell
(1992) could exert an important effect in these experi­

ments by making it more difficult to detect a target that
appears within a certain interval after another target. If
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Task: What is the highest red digit?

successive

®
~ 71 5

~

~

6 ~ ~

®

•••

simultaneous

®
~ 71 ~

~

~

6 ~ 5
®

•••
total of 8 frames in each trial

Figure 3. The sequence of displays in a single trial from Experiment 2.

the inhibition in the attentional blink is specific to the lo­

cation ofthe first target, its effect will be the same in the
simultaneous and successive conditions, because the time
interval between targets at anyone location is the same

in both conditions. If the inhibition applies to all stimuli,
regardless oflocation, the effects ofthe attentional blink

depend on its time course. Depending on the timing of
the display sequence and ofthe inhibition, one condition
or the other may have more targets appearing during the

time that the inhibition is strong. Although Experiment 3
was designed to address other questions, it will make it
easier to assess the effect of an attentional blink.

EXPERIMENT 3
Ruling Out Alternatives

We performed one additional test comparing simulta­
neous and successive presentations with the highest­
digit task. In this test, the conditions were more similar

to those used in the experiments described in Cave and
Pashler (1995), so we can be more certain that the selection
by location demonstrated in that study occurred in this
test as well. Only two frames ofdigits were presented, and

each frame was preceded and followed by a mask.

Method
Subjects. Ten students at the University of California, San

Diego, participated in the green-target version of this experiment,

and 10 participated in the red-target version. All were fulfilling a

course requirement. None knew the purpose of the experiment or

the expected results beforehand. Most subjects finished in less than

an hour.

Apparatus. The experiment was conducted using IBM PC and

compatible microcomputers equipped with NEC Multisync or Mul­

tisync 2a monitors.

Stimuli. In each trial, two frames of digits were presented. Each

frame was organized similarly to those in the previous experiment,

with one digit on either side of the display and a column of three

distractor digits in the center. Half the trials were successive, and

half were simultaneous, as before. In the successive trials, the first

target was on the left side in half the trials, and on the right in half.

In the simultaneous trials, the two targets appeared in the first frame

on half the trials, and in the second frame on half. All the different

trial types were randomly intermixed.

This experiment used a different method of selecting the digits

for each trial, so that the distribution of distractors would not pro­

vide clues to the identity of the highest target digit. All the digits,

targets and distractors, were chosen randomly from the digits 1

through 9. The only constraint was that the digit 9 could not appear

as a target in the first frame, because if it did, the subject would not

need to examine the second frame.

The digits were 2.3 em high and I em wide, the same size as

those in Cave and Pashler (1995) and larger than those in the ex­

periments described above. The distance from the edge ofone char­

acter to the edge ofanother was 2.1 em, slightly longer than that in

Cave and Pashler. The background was white, and the fixation cross

was black. Each digit frame was displayed for 100 msec. A mask

frame appeared before the first digit frame, between the two digit

frames, and after the second digit frame. Each mask frame was dis­

played for 50 msec. The mask consisted of five black "#" charac-
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Successive vs. Simultaneous Targets
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Figure 4. Error rates from Experiment 2. Searches for red and green tar­
gets are combined.

ters, about the same size as the digits and positioned at the same lo­

cations as those occupied by the digits.

Procedure. Each subject began with I block of 48 practice tri­

als, and then continued through 14 blocks of regular trials, each

with 48 trials. Each trial began with a fixation cross for 1,000 rnsec,

followed by a blank screen for 500 msec. After synchronizing with
the video refresh, the sequence of three mask frames and two digit

frames began. After the final mask disappeared, the subject re­

sponded as in the earlier experiments. Erroneous responses were

indicated by a tone, as before.

Results
The error rates from the highest-digit task were sub­

mitted to an ANOVA similar to those used in Experi­

ments 1 and 2. Errors were actually slightly lower in the

simultaneous condition than in the successive condition,

although the difference was not significant [F( 1,18) =

1.95,p> .17; see Figure 5]. There was no difference be­

tween the red-target and the green-target subjects (F < 1.0)

and no interaction (F < 1.0).

Discussion
The results from this experiment mirror those from

Experiments 1 and 2. If only a single contiguous region

were selected at anyone time, we would expect more errors

when targets appear simultaneously. Instead, subjects

make no more errors in the simultaneous condition than in

the successive condition. If anything, they make slightly

fewer. They are apparently able to select two noncontigu­

ous regions in this task very effectively.

This experiment makes it easier to rule out any effects

from attentional blinking, because there were only two

frames with digits, and they were relatively fast. Ifthe in-

hibition from attentional blinking is location specific, its

effect should be the same in simultaneous and successive

conditions. If it is not location specific, the timing of the

attentional blink has to be delayed enough that it does not

affect a simultaneous target, but not delayed so much that

it misses the successive target. Even if the timing is just

right, it should only interfere with the second target in the

successive condition, because it is the only target that ap­

pears after another target. Thus, there is some possibil­

ity that an attentional blink could raise the error rate in

the successive condition and thereby obscure what would

otherwise be a successive advantage. If the effect occurs

at all, however, it should be relatively small, because it

would occur in only about half of the successive trials.

Experiment 3 also prevented an alternative strategy that

may have been open to subjects in the previous experi­

ments. Subjects could attend to just the targets on one side

of a display and, with perfect performance, report the

correct target on 50% of the trials.' They could improve

that performance by using the distribution ofdistractors

to predict the target. In Experiment 3, the distribution of

distractors gave no clues to the target. Furthermore, sub­

jects attending to only one side could not have achieved

error rates as low as those in this experiment.

If only a single location could be selected, we would

still expect no advantage for successive over simultaneous

presentation if each frame were visible for such a long

time that two targets could easily be selected and identi­

fied serially. If subjects had been able to select so effec­

tively in these three experiments, however, their error rates

should have been much lower. In Experiments I and 2,

the high error rates might be explained by assuming that
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Figure 5. Error rates from Experiment 3.

the subjects did not compare digits as they were presented

but, rather, saved as many as possible in short-term mem­

ory and compared them after the presentation was fin­

ished. In this case, the high error rates would have been due

to digits having been lost from short-term memory. In

Experiment 3, however, there were so few digits in each

display that they could all easily have been maintained in

short-term memory, yet the subjects still made a number

oferrors. Instead, the errors indicate that selection ofdig­

its in this task is not easy.

The experiments described above and all those in Cave

and Pashler (1995) used a task that required the identifi­

cation of characters. If the selection mechanism mea­

sured in these tasks is general in nature, it should produce

similar results with other tasks that require visual selec­

tion. The next two experiments tested for selection by lo­

cation, using a very different task involving abstract shapes

and orientation detection.

Each grating appeared at one of four orientations. Be­

fore the experiment, we presented examples of the four

gratings, each labeled with a number between 1 and 4, as

is shown in Figure 6. In each trial, we asked the subjects

to report the target grating associated with the highest

number. We pointed out that they could think ofthe task

as looking for the patch that required the least amount of

clockwise rotation to be vertical. With some practice, the

subjects performed well at this task.

This experiment included three different conditions,

which allowed a comparison between same and alternat­

ing conditions, as in Cave and Pashler (1995), and also a

comparison between successive and simultaneous, as in

Experiments 1-3 above. Because ofthe difficulty in view­

ing the gratings peripherally, a column ofcenter distrac­

tors was not used. In most other respects, this experiment

was similar to the earlier experiments.

EXPERIMENT 4
Selection With Color and Orientation

In this task, subjects once again used color to distin­

guish targets from distractors. However, the shapes they

identified were not characters, but circular patches of

square wave gratings. In the previous experiments, the

highest-digit task required subjects to identify every shape

in the series without having to remember everyone. This

experiment required an analogous task that could be per­

formed with these square wave gratings. We chose a task

that required subjects to identify the orientation ofevery

target grating and to compare it with the others.

Method
Subjects. Twelve subjects participated in the green-target ver­

sion of this experiment, and 12 participated in the red-target ver­

sion. Most were fulfilling a course requirement. None knew the

purpose ofthe experiment or the expected results beforehand. Most
subjects finished in less than an hour.

Apparatus. This experiment was conducted with the same

equipment as that used in the previous experiments.

Stimuli. In each trial, the subject viewed two frames, each with

two gratings, one on each side ofa fixation cross. The gratings were
circular patches 4 em in diameter, and they were 1.5 em apart, edge

to edge. They were either green and black or red and black and ap­

peared on a black background. The fixation cross between them

was white. Half the subjects attended to red gratings and ignored

green gratings, whereas half attended to green and ignored red.
There were three conditions, as is shown in Figure 7. In the same
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Figure 6. Examples of the gratings used in Experiment 4.

condition, each frame had one grating of the target color and one of

the distractor color, and both target color gratings appeared at the

same location. In the alternating successive condition, each frame

had one target and one distractor, and the two targets appeared in

different positions. In both of these conditions, the first target ap­

peared on the left side in halfthe trials, and on the right in the other

half. In the simultaneous condition, the two targets appeared to­

gether in one frame, and two distractors appeared in the other. The

targets were in the first frame in half the trials, and in the second

frame in the other half.

In this experiment a different method was used to choose the

stimuli for each trial. The method used in Experiment 3 made it im­

possible to infer the highest digit from the distribution of the other

digits, but the correct response was a high digit, such as 8 or 9,
much more often than it was a low digit, such as 1 or 2. In Experi­

ment 4, each ofthe target stimuli was still chosen independently, as

in Experiment 3, but the probabilities that each orientation would

appear in anyone slot in the sequence were adjusted so that each of

the four orientations was equally likely to be the "highest" orienta­

tion. Orientation I appeared in each target color slot with a proba­

bility of .5. Thus, the probability that both targets would be Orien­

tation I was .25. Orientation 2 appeared with a probability of.2071,

Orientation 3 with a probability of .1589, and Orientation 4 with a

probability of.1340. With these values, the probability for each of the

four orientations being the highest orientation in a single sequence

was .25, making each of the four correct responses equally likely.

Same location

Frame 1

Frame 2

Alternating location
successive

Alternating location
simultaneous

Frame 1 +

Frame 2

Figure 7. Examples of the stimulus patterns for the three conditions of Experiment 4. Black
gratings indicate green, and gray gratings indicate red.



SELECTING NONCONTIGUOUS LOCATIONS 413

Comparison of Grating Orientations
Selection by Color

60 20 subjects

50

10

o
same alternating

successive

target locations

alternating
simultaneous

Figure 8. Error rates for aUthree conditions in Experiment 4.

If the vertical orientation (the highest) would have appeared in

the first frame, it was moved to the second. For consistency, the ver­

tical orientation was also moved if it appeared in the left position of

a simultaneous trial, so that the three conditions would not vary in

the number of trials in which the random sequence was altered. For

the nontarget-color stimuli, each orientation occurred at each slot

in the sequence with a probability of .25.

As in Experiment 3, a mask frame appeared before the first stim­

ulus frame, between the two stimulus frames, and after the second

stimulus frame. Each mask frame consisted of two circular display

elements positioned as were those in the stimulus frames. Each

mask was drawn in black, white, and two shades of gray and was

constructed by superimposing a vertical grating and two diagonal

gratings, each with the same size and spatial frequency as the stim­
ulus gratings.

Procedure. As in the previous experiment, the exposure time for
the stimulus frames was adjusted according to each subject's error

rate. The adjustment occurred after each block of 36 trials. If the

subject's error rate for that block was greater than 35%, the expo­

sure time increased by 15 msec for each stimulus frame. If the error

rate was less than 25%, the exposure time decreased by 15 msec. The

adjustment procedure began during the practice trials. Each subject
first viewed a small number of trials (usually 10 or 20) in which

each stimulus frame was visible for 500 msec, so that they under­

stood the nature of the stimuli. They were then given three blocks

of36 practice trials each, usually starting with an exposure time of

150 msec, and the exposure was adjusted after each block. Most

subjects began the regular trials with exposure times of between

150 and 180 msec for each stimulus frame, and all began the regu­

lar trials with exposures ofbetween 120 and 195 msec. The average
exposure time across all trials was 152 msec, and the maximum ex­

posure time was 255 msec. The mask frames were visible for a con­

stant 50 msec in all the trials. The trials were separated by an inter­

val of at least 1,800 msec.

Generally, the exposure time for each frame was too fast to allow

a saccade. Also, the instructions stressed the importance of main­

taining fixation on the cross, as in the previous experiments. After

this experiment, the subjects were asked if they moved their eyes

during trials. Four subjects (two red, two green) reported that they

did move their eyes or suspected that they might have. Their data

were removed from the analysis. With those subjects excluded, the

mean exposure time was 155 msec, and the maximum exposure

time was still 255 msec.

When the subject responded incorrectly, a tone sounded, and the

grating associated with the correct response for that trial was dis­

played in the upper part of the display for 500 msec. A timed delay

was added before each trial to ensure a constant 1,800-msec inter­

trial interval. Each subject received 3 blocks of 36 practice trials,
followed by 12 blocks of36 trials.

Results
The error rates were subjected to a repeated measures

ANOVA, with target color and display condition (same,
alternating successive, or simultaneous) as factors. The

means for the three conditions are shown in Figure 8.
These three conditions allow two different comparisons,
addressing two different questions about visual selection.
First, a comparison between same and alternating suc­

cessive conditions tested whether selection of the target
gratings was mediated by location. This test is the same
as that used in Cave and Pashler (1995). A planned con­
trast showed that fewer errors occurred in the same con­
dition, in which both targets appeared at the same location

[F(l,36) = 64.7,p < .001]. The subjects apparently re­
lied on selection by location in this task, just as they did
when selecting digits.

The second comparison, between alternating succes­
sive and simultaneous conditions, tests whether subjects
can select both locations simultaneously. Clearly, the sub­

jects had no more trouble with simultaneous targets than
with successive targets. In fact, they actually made almost
7%fewer errors in the simultaneous condition, and a con-
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trast showed this difference to be significant [F(1,36) =

9.5,p < .01]. There was no difference between the error

rates for the subjects attending to green and those at­

tending to red (F < 1) and no interaction between at­

tended color and display condition (F < 1). .

The analysis was repeated, including the subjects who

reported saccades. The results were essentially the same.

There were fewer errors in the same condition than in the

alternating successive condition [F(1,44) = 64.8, p <
.001), and there were more errors in the alternating suc­

cessive condition than in the simultaneous condition

[F(I,44) = 6.4, P < .05]. Neither the attended colornor its

interaction with display condition was significant (F < 1,

in both cases).

Discussion
This experiment showed that selection by location is

not limited to symbols, confusing characters, or complex

shapes. In this case, subjects had to identify one simple

feature, orientation, after first identifying targets by an­

other simple feature, color. In order to select by color, the

subjects apparently first determined the location and then

selected that location, just as they did in Cave and Pashler

(1995).

The fact that accuracy was higher in the same condi­

tion in this experiment and in Cave and Pashler (1995)

also helps to rule out an alternative explanation for Ex­

periments 1-3 above. As discussed above, the data from

those experiments could be explained by a single unitary

spotlight if the simultaneous display times had allowed

subjects enough time to select both targets fully and to

identify them at their peak level ofaccuracy. Under this

explanation, the errors in these experiments were due to

nonattentional factors. Experiment 4, however, showed

that subjects are not at their peak performance in identi­

fying targets in the simultaneous condition. When both

targets are at the same location, they can be selected more

effectively and identified more accurately. Thus, we can

safely assume that the experiments were attentionally de­

manding and that any attentional advantage for the suc­

cessive condition would have appeared in the data.

The second test in this experiment produced an unex­

pected result. A lower error rate in the alternating suc­

cessive condition than in the simultaneous condition would

have indicated that subjects could not select two loca­

tions simultaneously, and equal error rates in both con­

ditions would have indicated that simultaneous selection

was possible. Instead, the error rate was higher in the al­

ternating successive condition. A similar trend appeared in

Experiment 3, although the difference in that case was not

significant.

The simultaneous condition differs from the other two

in that the first frame provides enough information to de­

termine just what to expect in the second frame. Subjects

do not know at the beginning ofeach trial which type it will

be or where the targets will be located. If the first frame

contains one target and one distractor, they can deduce that

the second frame will also have one target and one dis­

tractor, but they cannot know where the target will appear.

If the first frame contains two targets or two distractors,

they can deduce that the trial is from the simultaneous

condition. Ifthe first frame has targets, they will know that

the second frame has only distractors, but this informa­

tion is probably of little help. If the first frame contains

distractors, they can expect two targets in the second

frame. Perhaps subjects can use this information to pre­

pare in a way that makes it easier to identify the two tar­

get orientations.

The data from the simultaneous condition support this

interpretation. If the two simultaneous targets appeared

in the first frame, the error rate was 32.6%. With no

chance to prepare for the targets, performance was sim­

ilar to the successive condition rate of 34.7%. If the two

simultaneous targets appeared in the second frame, the

error rate dropped to 23.6%. With relatively short notice,

subjects were able to prepare for the two targets and to

identify their orientations more accurately. Similar prepa­

ration may have occurred in Experiment 3, although the

effect there was not as strong. With two simultaneous tar­

gets in the second frame, the error rate was 15.2%, and

with two targets in the first frame, it was 11.6%. Perhaps

the absence of a same condition made it possible to pre­

pare for a second target in the successive condition as well.

The effect did not appear in the simultaneous/successive

comparisons in Experiments 1 and 2 because target po­

sitions were equally predictable in most frames for both

conditions. In those experiments, each trial included eight

stimulus frames. The first frame indicated when and

where all the targets in the remaining seven frames would

appear.

The simultaneous advantage might also be attributed

to attentional blinking, as was described earlier. How­

ever, an attentional blink would predict that simultane­

ous error rates would be lower than successive, regard­

less of whether the targets appeared in the first or the

second frame. Because the simultaneous advantage is al­

most entirely in the trials with second-frame targets, the

preparation explanation seems much more plausible than

an attentional blink.

The advantage from preparation in the simultaneous

condition might mask what would otherwise be a simul­

taneous disadvantage, indicating selection of one loca­

tion at a time. That possibility can be ruled out by com­

paring simultaneous error rates with targets in the first

frame, when preparation was not possible, with succes­

sive error rates. As was described above, the subjects still

did just as well with these simultaneous targets as with the

successive trials, suggesting once again that two locations

could be selected simultaneously. There could have been

an attentional blink that masked a successive advantage,

but the effect of the blink would have had to precisely

cancel out the successive advantage in both Experiment 3

and Experiment 4. Given the large differences between

these experiments, such a coincidence seems unlikely.
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Figure 9. Examples ofthe stimulus patterns for the three conditions of Experiment 5.

EXPERIMENT 5
Selection With Spatial Frequency

and Orientation

All the experiments presented so far used color as the
cue for selection. Experiment 5 tested whether selection

operates in the same fashion when it is directed by another
visual property. In this experiment, the stimuli were
composed of gratings similar to those in Experiment 4,
and targets were indicated by the spatial frequency ofthe

gratings.

Method
Subjects. Ten subjects participated in the low spatial frequency

version of this experiment, and II participated in the high spatial

frequency version. An were fulfilling a course requirement. None

knew the purpose of the experiment or the expected results before­

hand. Most subjects finished in less than an hour.

Apparatus. This experiment was conducted with the same

equipment as that used in the previous experiments.

Stimuli. The stimuli were black and white square-wave gratings

on a black background, positioned as were the gratings in Experi-

ment 4. Each grating had one of two spatial frequencies, as is shown

in Figure 9. One group of subjects attended to gratings with the low

spatial frequency (approximately 1 cycle/deg), and another group

attended to those with the high (approximately 2 cycles/deg). This

experiment had the same three stimulus conditions (same, alternat­

ing successive, or simultaneous) as those in Experiment 4. The

mask and an other aspects of these stimuli were also the same as

those in Experiment 4.

Procedure. The procedure in this experiment, including the ad­

justment of exposure times, was identical to that in Experiment 4.

One subject reported making saccades, when questioned after the

experiment. Another subject made a large number of errors in the

first two blocks and reported having difficulty seeing the targets,

and a 3rd subject began the experiment with the wrong exposure

time. An 3 were dropped from this analysis. Two of the excluded

subjects attended to the high spatial frequency, and I attended to

the low. For the remaining subjects, the mean exposure time across
an the trials (excluding practice) was 171 msec/frame, and the max­

imum exposure time was 255 msec/frame.

Results
The error rates were subjected to a repeated measures

ANOVA, with target spatial frequency and display con-



416 BICHOT, CAVE, AND PASHLER

Comparison of Grating Orientations
Selection by Spatial Frequency

60 18 subjects

50

10

o
same alternating

successive

target locations

alternating

simultaneous

Figure 10. Error rates for aUthree conditions in Experiment 5.

dition (same, alternating successive, or simultaneous) as

factors. The means for the three conditions are shown in

Figure 10. A planned contrast showed that fewer errors

occurred in the same condition than in the alternating

successive condition [F(I,32) = 25.0,p < .001]. As be­

fore, the subjects used selection by location in this task.

The second comparison, between alternating successive

and simultaneous conditions, did not approach signifi­

cance in this experiment (F < 1). Unlike Experiment 4,

performance appeared to be equal for the successive and

simultaneous conditions. There was no difference be­

tween the subjects attending to high or low spatial fre­

quencies (F < 1) and no significant interaction between

spatial frequency and display condition [F(I,32) = 2.0,

p> .1].
In Experiment 4, there were fewer errors in the simul­

taneous condition if the targets appeared in the second

frame, presumably because of the predictability of target

locations. If that predictability led to fewer errors in Ex­

periment 5, it might have masked a difference between the

simultaneous and successive conditions that would indi­

cate serial selection ofthe targets. Therefore, we examined

the simultaneous error rates separately for trials with tar­

gets in the first frame or the second frame and found that

there were fewer errors when the targets were in the sec­

ond frame (27.4% vs. 35.8%). However, the error rate

for the simultaneous trials with first frame targets was

not significantly higher than that for the successive con­

dition [32.0%; F(l,I6) = 2.I,p > .1]. Although this

analysis does not completely rule out the possibility that

there is a slight advantage for the successive over the si-

multaneous condition when selecting by spatial frequency,

it does make it seem unlikely.

The basic analysis was repeated, including the 3 sub­

jects who were excluded. The results were the same. There

were fewer errors in the same condition than in the alter­

nating successive condition [F(I,38) = 34.3, p < .001],

and there was no hint ofa difference between alternating

successive and simultaneous conditions (F < 1). The at­

tended spatial frequency had no effect (F < 1), and there

was no interaction between spatial frequency and display

condition [F(I,38) = 2.3,p > .1].

Discussion
When targets are indicated by spatial frequency, the

results are similar to those found when the targets are in­

dicated by color. Selection by spatial frequency is ap­

parently mediated by location in this task. Because per­

formance is just as good with simultaneous or successive

targets, we conclude that subjects can select two locations

simultaneously, as they did in the earlier tasks with color

targets. There is some hint ofa slight advantage for suc­

cessive targets that could be coincidentally balanced by

an advantage that is due to target predictability, but there

is really no evidence that the two target locations are se­

lected serially, one after the other.

EXPERIMENT 6
Spatial Probes

The final experiment used a very different paradigm,

similar to that used in previous spatial selection studies,
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Figure 11. The sequence of displays in a single trial from Ex­
periment 6. Light shapes represent the distractor color, and dark
shapes represent the target color.

in which attentional allocation was measured with a

combination of two tasks (Cave & Zimmerman, 1997;

Hoffman & Nelson, 1981; Hoffman et al., 1983; Kim &

Cave, 1995; Tsal & Lavie, 1993). In Experiment6, the

primary task was to compare two shapes with a target

color while ignoring shapes with a distractor color. This

task was designed to encourage the subjects to attend to

the two targets simultaneously without attending to other

display locations. A short time after the primary stimu­

lus appeared, probe letters were presented at all stimulus

locations, and accuracy at detecting these probes was

used to indicate the amount of attention allocated at

each location. This technique has an important advan­

tage over previous techniques that relied on measures

compiled over trials to demonstrate split attention (e.g.,

•

M. L. Shaw, 1978; M. L. Shaw & P.Shaw, 1977). As was

discussed by Posner et al. (1980), among others, the in­

terpretability of such results is undermined by the possi­

bility that subjects may be attending to one location

on some trials and to another location on other trials,

producing mean response times or accuracy measures

that resemble a split of attention. With the probe tech­

nique used in this experiment, attentional allocation at

all stimulus locations was measured on individual trials.

Method
Subjects. Fifty-six students at Vanderbilt University participated

in this experiment. All were fulfilling psychology course require­

ments. None knew the purpose of the experiment beforehand. All

the subjects reported normal or corrected-to-normal vision, includ­

ing normal color perception. All the subjects finished in less than

an hour. Twenty-nine searched for green targets among red distrac­

tors, and 27 searched for red among green.

Apparatus. The experiment was conducted on three Macintosh

IIsi computers with 13-in. AppleColor (Trinitron) monitors. The

subjects responded via the Macintosh mouse.

Stimuli. The sequence of displays in this experiment is shown in

Figure II. Distance from the subject to the screen was approxi­

mately 58 cm. The background was white. Each trial began with

the presentation of a central fixation cross that the subjects were in­

structed to fixate during the entire duration of the trial. The in­

structions explicitly warned against eye movements. After a delay

of 1,250 msec, the primary stimulus display was presented. Each

primary stimulus contained a circular array of eight shapes, two of

which were of the target color and the remaining six ofthe distrac­

tor color. The stimuli were equally spaced on an imaginary circle

with a radius of 6.10 visual angle around the fixation cross. To avoid

potential confounds associated with having stimuli on horizontal or

vertical midlines, all the stimuli were placed so that each stimulus

was 22.5 0 off a horizontal or vertical midline. The primary stimu­

lus shapes were either unfilled circles (2.10 visual angle diameter)

or unfilled squares (2.10 visual angle across). In half the trials, the

two target shapes were the same (and of these trials, half had two

circles and half had two squares); in the other half of the trials, the

two target shapes were different (one was a square and the other a

circle). Each distractor shape was chosen randomly. In each trial,

the two targets could be either adjacent to one another or separated

by one, two, or three distractors. All four target separations were

equally likely to occur, and across trials the two targets were pre­

sented at all possible locations on the imaginary circle. The target

separations, as well as the target positions, were selected randomly

across trials so that the subjects could not anticipate a particular dis­

play configuration. The primary task was to determine whether the

two target shapes were the same or not.

After a fixed stimulus onset asynchrony (SOA) of 105 msec,

eight black letters were presented, each centered within one of the

primary stimuli. We used only one SOA, because a previous exper­

iment by Kim and Cave (1995), using a task similar to the one in
this experiment, showed no significant differences in attentional al­

location across SOAs of 75, 105, and 135 msec. The letters were
chosen randomly from all possible consonants, and no two letters were

the same. Each letter subtended a visual angle of 0.60 vertically and

OAo horizontally. The secondary (probe) task was to report as many

of the letters as possible. On the basis of previous research (Kim &

Cave, 1995; Tsal & Lavie, 1993), we expected allocation of atten­

tion at a specific location to facilitate the detection of a letter ap­

pearing at that location, relative to other locations. Both primary
stimuli and letters were removed after 60 msec, simultaneous with

the presentation of masking stimuli consisting of a pound (#) sign
(same size as the letters) at each of the locations previously occu-
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Figure 12. Percentages of correct responses in the primary task
for different configurations of target positions.

pied by the letters. Masking stimuli were used to prevent further

processing of the letters from iconic memory after their removal.

Furthermore, on the basis of research with humans (see Carpenter,

1988, for a review) as well as nonhuman primates (Bichot, Schall,

& Thompson, 1996; Thompson et aI., 1996), a total duration of

165 msec for the presentation oftask-relevant stimuli rules out po­

tential confounds from saccadic eye movements. After a 250-msec

delay, a display containing all possible letters appeared and, using

a mouse, the subjects selected the letters they had seen. They were

encouraged to report letters even if they were not certain of their

presence and were told that the speed of responses did not matter.

After this response, a question display appeared, asking whether the

two target shapes were the same. Again, the importance of accu­

racy over speed was emphasized. Furthermore, the subjects were

instructed at the beginning of the experiment that their most im­

portant task was to accurately determine the match (or the lack of

it) between the two target shapes.

Results
The subjects responded correctly to the primary (i.e.,

shape match) task in 80% of the trials. On the average,

they reported 3.04 letters per trial in the secondary task,

and, of those, 1.65 per trial were correct. Trials in which

the subjects made an error on the primary task were not

included in the probe accuracy analyses. Two subjects

who searched for green targets did not contribute enough

data to all of the analysis conditions and were removed

from all subsequent analyses. In all ANOVAs, for both

primary and probe tasks, the color of the targets and

whether the target shapes were the same were included

as factors. No effects involving the color of the targets

were significant in any of these analyses. Effects involv­

ing the match of the target shapes were rarely significant,

and, in those few cases in which they were, they indi­

cated that there were more correct reports when target

shapes matched.

Primary task. The data on accuracy in the primary

task were submitted to a repeated measures ANOVA, with

number ofdistractors intervening between targets as a fac­

tor (see Figure 12). A planned contrast showed that the

subjects were more accurate at determining whether the

two target shapes were the same when the two targets were

adjacent than they were when distractors intervened be­

tween them [F(I,156) = 6.49,p = .012]. A planned linear

trend analysis revealed no effect ofthe number of inter­

vening distractors (I, 2, or 3) on accuracy [F(I,156) <

1.0]. These results show that there is a cost in accuracy

associated with the presence of distractors between the

targets but that this cost does not increase with the num­

ber of intervening distractors.

Furthermore, the lack of an effect on accuracy of in­

creasing separation between nonadjacent target locations

is not, at first glance, consistent with potential effects re­

lated to target positions crossing midlines (Downing &

Pinker, 1985; Hughes & Zimba, 1985, 1987; Rizzolatti,

Riggio, Dascola, & Umilta, 1987). However, it is possi­

ble that part or all of the benefit on accuracy observed

when targets were adjacent may be accounted for by the

fact that this in the only display configuration in which

the two targets could both appear in the same quadrant

(on half of the trials in this condition). To address this

possibility, we compared accuracy in the primary task in

trials in which adjacent target locations were in the same

quadrant and in trials in which they were in different quad­

rants. A repeated measures ANOVA revealed no signifi­

cant differences [F(I ,52) < 1.0]. Similarly, in trials with

two distractors between targets, accuracy did not vary

between trials in which target locations crossed one mid­

line and those in which it crossed two [F(I,52) < 1.0]. The

lack of midline effects in this experiment is consistent

with the results of a recent study that used a similar spa­

tial probe technique and a similar search for color targets

(Cepeda et aI., 1998).

Secondary (probe) task. To determine whether at­

tention was allocated spatially, probe detection accuracy

was submitted to a repeated measures ANOVA, with

probe position and number of intervening distractors as

factors (see Figure 13). The three possible probe positions

were a target location, a distractor location adjacent to a

target location, and a distractor location that was not ad­

jacent to a target location. The analysis revealed a signif­

icant main effect of probe position [F(2,104) = 190.18,

p < .001], and a planned contrast showed that probes at

target locations were more likely to be reported than probes

at any distractorlocations [F(I,104) = 379.61,p < .001].

The probes at distractor locations adjacent to the targets

were reported somewhat more often than those at the

other distractor locations, but a planned contrast was not

significant [F(1, 104) < 1.0]. These results indicate that

attention was preferentially allocated to target locations

over distractor locations, without much spread to nearby
distractor locations.

There was also a significant interaction between probe

position and number ofintervening distractors [F( 6,312) =

9.56,p < .001]. A planned contrast compared the differ­

ence in probe accuracy at target and distractor locations

when the two targets were adjacent and when they were

separated by distractors. This contrast was significant
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Figure 13. OveraU percentages of correct responses in the probe task, reflecting
differences in the selection of each location depending on the typaof stimulus pre­
sent there.

[F(l,312) = 1443.98,p < .001], showing that the spatial
attention effect (the difference between target and dis­

tractor accuracy) was smaller when the two targets were
adjacent. Furthermore, a linear trend analysis revealed
an increasing spatial attention effect with increasing

number of distractors intervening between the two tar­
gets [F(1,312) = 12.80,p < .001].

The most important part of the probe accuracy analy­

sis was aimed at determining whether subjects could at­
tend to both target locations simultaneously. We examined

the data separately for each of the four target separations.
Whenever a probe at a target location was reported cor­
rectly, we calculated the probability, in the same trial, of

reporting the probes at the other seven locations with re­
spect to that target location.? These data are shown in

Figure 14.
For each target separation, we submitted this conditional

probability measure to a repeated measures ANOVA with
probe distance from the reported target probe as a factor.
This main factor was significant in all four of the target
separations [adjacent targets, F(6,312) = 36.45,p < .001;
one intervening distractor,F(6,312) = 26.56, p < .001; two

intervening distractors, F(6,312) = 54.66,p < .001; tar­
gets diametrically opposite,F(6,312) = 41.l8,p < .001].

Planned contrasts for each target separation showed that
the probability of reporting the probe at the other target
location was greater than the probability of reporting
probes at the distractor locations [adjacent targets,
F(l,312) = 215.49,p < .001; one intervening distractor,

F(l ,312) = 152.11, p < .001; two intervening distractors,
F(l,312) = 325.84,p < .001; targets diametrically oppo­

site, F(l,312) = 244.93,p < .001].
We also examined the conditional probabilities with

an ANOVA including all four target separations. This
analysis simply compared the other target location against

a combination of all the distractor locations. It revealed
that probes for the other target location were reported more

often than distractor location probes, consistent with the
analyses described above [F(1,52) = 92.64, p < .001].

However, there was also a significant interaction between
probe location and target separation [F(3,156) = 3.60,
p < .05]. For some reason, the attentional effect was great­
est when there were two distractors between the targets.

Finally, to determine whether a single attentional win­

dow covered both targets and the region between them,
we compared the probability ofreporting the probes at in­
tervening distractor locations with that ofprobes at other

distractor locations. This analysis could only be conducted
in cases in which one or two distractors intervened between

the targets. In both cases, the probability ofreporting the
probes at intervening distractor locations was not signif­
icantly different than the probability of reporting the

probes at other distractor locations [one intervening dis­
tractor, F( 1,312) < 1.0; two intervening distractors,
F(1,3l2) < 1.0]. Overall, these results suggest that both

target locations can be attended simultaneously, without
distractor locations between them being selected.

Even though the conditional probability of reporting

the other target probe is much higher than the conditional
probability of reporting any given distractor probe, it is
never very high. In other words, subjects often report just

one target probe correctly. This low accuracy does not
mean that attention cannot be split across the two target
locations. It likely reflects the fact that even after the two
locations are selected, the fast display times and the si­
multaneous demands of the two tasks make it difficult to
identify and remember both the target probe letters. Ifthe

probe data reflected a single focus ofattention, probe ac­
curacy for the other target location should have been
higher when the two targets were adjacent and they could

both be selected together (see, e.g., Eriksen & St. James,
1986; LaBerge, 1983; Posner et al., 1980). Instead, the

target accuracy is just as low with adjacent targets as it
is with distractors between them.
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lection is accomplished by inhibition applied specifically

to distractor locations (Cepeda et aI., 1998). Such a

mechanism that eliminates distractors leads naturally to

the selection of multiple targets, if they are present (see

Cave & Bichot, in press, for more detail). In this experi­

ment, we found that two target locations can be selected

simultaneously without distractors between them being

selected. These results suggest that the spotlight meta­

phor of attention, in which only one target location can

be selected at a given time (Posner et al., 1980), does not

accurately reflect selection in these search tasks. These

results are also inconsistent with the zoom-lens model

(Eriksen & St. James, 1986), in which only contiguous

target locations can be selected simultaneously by ex­

panding the region covered by a unitary spotlight. If a

unitary spotlight covering both target locations had been

used in this experiment, we would have observed im­

proved probe report accuracy at distractor locations be­

tween the targets, possibly to the level ofthe accuracy for

probes at target locations. Instead, the accuracy of probe

report at intervening distractor locations was no different

than that at other distractor locations.

Kramer and Hahn (1995) reported split attention in a

spatial cuing paradigm. However, the subjects in their

experiment were able to split their attention only when

distractors (as well as the targets) were not presented as

sudden onsets, thereby drawing attention automatically.

In our experiment, however, all the stimuli were presented

as sudden onsets, and the subjects could still split their

attention between the target locations. The difference in

the results of these two experiments can be partially due

to the experimental paradigms used. Kramer and Hahn

used spatial cuing to indicate target locations, whereas in

our experiment, the colors ofthe stimuli distinguished the

targets from distractors. Perhaps the inherent difference

between targets and distractors in our experiment (i.e.,

bottom-up differences) was strong enough to override the

effects of sudden onset. There could also be other differ­

ences in attention between these tasks. Whereas atten­

tion in our color search tasks takes the form ofinhibition

of distractor locations, attention in response to spatial

cuing may be a facilitation of the target locations.

An important alternative explanation ofthese results in­

volving attentional shifts ofa single moving spotlight (Pos­

ner et aI., 1980) was discussed in Experiments 3 and 4. The

subjects might have been attending to one target location

and then rapidly shifting their attention to the other, rather

than splitting their attention between the two target loca­

tions. In Experiment 6, the duration of the probe display

(i.e., 60 msec) was critical in determining the feasibility of

this strategy. Previous experiments have estimated that it

takes on the order of200 msec to identify a stimulus at one

location and switch attention to a second location (see, e.g.,

Eriksen & Yeh, 1985; Krose & Julesz, 1989). On the other

hand, measurements based on visual search slopes result in

estimates of 50-60 msec for each item (see, e.g., Wolfe,

Cave, & Franzel, 1989). It is doubtful whether this latter

value is a reasonable estimate ofthe time that would be re­

quired to select the targets serially in Experiment 6. Ifthere
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Figure 14. Percentages of correct responses in the probe task
when a probe at a target location is reported correctly. The ab­
scissa represents the distance (in positions) ofstimuli with respect
to the target location at which the probe was reported correctly.
(Positions 1 and 7 are both adjacent to the target location.) The
ordinate represents the conditional probability of correct reports
at these relative stimulus locations. The number of intervening
distractors between the targets is indicated in the upper right cor­
ner of each panel. The other target position is highlighted with
the gray shaded boxes.

Discussion

If spatial attention operates by facilitating the pro­

cessing of selected locations, as many researchers have

assumed, selecting two locations is probably a more com­

plex operation than selecting just one. However, one re­

cent study indicated that, in search for a color target, se-
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Figure 15. Location-based selection of two targets, without selection of the distractors between them.

is some property of visual search that allows subjects to

shift attention faster than the usual 200 msec, it is not clear

whether the tasks in Experiment 6 shared this property.

Even ifthe subjects were treating Experiment 6 as ifit were

a visual search, the 50-60 msec estimate still should not

have allowed the subjects to select and identify both target

probes by shifting attention. More directly relevant to this

experiment, Kramer and Hahn (1995) also used a stimulus

duration of 60 msec and conducted a control experiment

showing that switching attention to a second letter location

after identifying a letter at one location takes between 70

and 84 msec. This estimate does not include the time nec­

essary to process and identify the second letter. Further­

more, in our experiment, the subjects were also perform­

ing the target shape match identification task, which was

emphasized over the probe detection task, making it un­

likely that they would have concentrated all their efforts on

identifying the probe letters. The additional task may have

delayed or slowed the planning and initiation ofattentional

shifts to identify probe letters. Thus, attentional shifts in

the context of our experiment would probably have re­

quired more than the 70-84 msec minimum estimated by

Kramer and Hahn. For all these reasons, and because the

horizontal and vertical visual angles subtended by the letters

used in Kramer and Hahn's experiment were identical to

those in our experiment, we can reliably conclude that the

60-msec letter presentation duration in our experiment was

not sufficient for the subjects to identify the letter at one

target location, shift their attention to the second target lo­

cation, and identify the letter at this location. Also note that

the subjects in our experiment were not given any incentive

whatsoever to identify the letter at one target location, shift

their attention to the second target location, and identify

the letter at this location, rather than identifying letters at

distractor locations.

Like the previous experiments, Experiment 6 demon­

strates that attention can effectively be split across two dif­

ferent locations. Like Experiments 4 and 5, however, it

also suggests that there is some cost in simultaneously se­

lecting and identifying stimuli at noncontiguous locations,

because performance in the primary task is best when the

two targets are next to one another. This additional cost

may be related to attention (and the probe data indicate

that attentional effects are stronger when the selected lo­

cations are noncontiguous), or there may be increased

difficulty in the comparison when the targets are sepa­

rated by other stimuli.

GENERAL DISCUSSION

These experiments all required the identification of

target stimuli in the presence of distractor stimuli that
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shared many perceptual properties with the target. Under

these conditions, the same/alternating comparisons in
Experiments 4 and 5, the probe data in Experiment 6,
and a number of studies reviewed above indicate that

subjects use spatial attention to select target locations
over distractor locations. The results reported in this ar­
ticle demonstrate that subjects select different locations

simultaneously, even when those locations are separated
by distractors that must be excluded. The conclusion

about split attention is strengthened by convergence of
evidence from two very different experimental tech­
niques that rely on two very different sets ofassumptions.

Selecting noncontiguous regions simultaneously would

require separate attentional windows at different loca­
tions that can open and close independently. Separate at­

tentional gates have also been proposed by Reeves and
Sperling (1986). Cepeda et al.'s (1998) study suggests
that, in this task, only the gates controlling distractor lo­

cations will be closed. Figure 15 provides an illustration
of how this selection might work in these experiments.'
This flexibility to select more than one location is no

doubt very useful in identifying occluded objects or col­
lections of separated elements. If the purpose of spatial
selection is to prevent information from distractors from
interfering with processing of a target, it is not surpris­

ing that this sort of split attention was not seen in cuing
studies with no distractors present (Posner et al., 1980).
Because of the absence of distractors in those displays,

there would be little reason for subjects to maintain at­
tention at two separate locations while not selecting the
region in between.

Although selection of two noncontiguous locations

might be possible, it is not necessarily easy. Experiment 6
suggests that selection oftwo locations might be more ef­
fective when they are adjacent, and a comparison ofEx­
periments 1-5 with the results from Cave and Pashler

(1995) indicates that performance with two targets at two
locations (either simultaneous or successive) is lower than
performance with two targets at the same location. Thus,

it would be no surprise to find that subjects can identify
multiple stimuli better when split attention is not necessary
(see Podgorny & Shepard, 1983). Likewise, interference
between two stimuli will often make it more difficult to

identify them simultaneously. The subjects in these exper­
iments might have elected to select targets individually if
they had been visible for a much longer time. Splitting at­
tention might take extra effort, and it might only be done
when necessary.

These results, together with those in Cave and Pashler
(1995), show that spatial attention can be a very dynamic
process. In these displays, stimuli are changing very
quickly, so that information from each stimulus element

is available for only a very limited time. In order for a spa­
tial attention mechanism to be used in these tasks, it must
be very agile, responding quickly to new targets and dis­
tractors as tliey appear. However, the fact that spatial at­
tention effects can be measured in these experiments also

demonstrates the limits on the speed with which spatial

attention can be adjusted. Because of those limits, the

pattern of spatial attention allocated for one stimulus af­
fects the processing ofa stimulus following it. These ef­
fects should make it possible to map out the allocation of

spatial attention in response to different types of stimuli
in great detail, and by doing so, we will gain a better un­

derstanding ofthe types of interference in visual process­
ing that make selection necessary.
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NOTES

I. Thanks to Jeff Miller for pointing out this possibility.

2. First, we found all the trials with at least one target location being

correctly reported. We then counted the number ofother correct reports

for each of the other locations, including the other target location. Lo­

cations were specified, relative to the correctly reported target and the

other target. On trials in which only one target probe was reported, we

added one to the count for each location whenever the probe at that lo­

cation was reported. On trials in which both the targets were reported,

we started with one target location, adding one to the count for each lo­

cation relative to that target location, and then repeated the same pro­

cedure for the other target location. The sums of all the counts across

trials were then divided by the number of correctly reported target lo­

cation probes, to obtain the conditional probabilities.

We also considered an alternative procedure that produces a more

conservative estimate of the attention allocated to target locations.

Under this procedure, when both target probes were reported correctly,

each target probe added only 0.5 to a count, and each correctly reported

distractor probe in the same trial added 0.5 to each of two counts. Each

count would then be divided by the number oftrials in which at least one

target probe was reported correctly. Although this alternative method

resulted in somewhat smaller values of conditional report probabilities

of the second target probe and a smaller difference between the second

target and distractor probe conditional report probabilities, all the con­

clusions of the experiment are the same when this alternative method is

used. On the basis ofa suggestion ofone reviewer, we are presenting the

results of the first rather than the alternative method of computation of

conditional probabilities.

3. Our current data lead to no conclusions about the nature of the ab­

stract identity detectors, and the diagrams are not intended to make such

claims. Likewise, our data allow no conclusions about the shape of the

selected area or the sharpness ofthe boundary between the selected and

the unselected areas.
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