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Top-down and bottom-up attentional control:
On the nature of interference froma salientdistractor

MIN-SHIK KIM
Yonsei University, Seoul, Korea

and

KYLER. CAVE

University ofSouthampton, Southampton, England

In two experiments using spatial probes, we measured the temporal and spatial interactions between
top-down control of attention and bottom-up interference from a salient distractor in visual search. The
subjects searched for a square among circles, ignoring color. Probe response times showed that a color
singleton distractor could draw attention to its location in the early stage of visual processing (before
a lOO-msec stimulus onset asynchrony [SOA]), but only when the color singleton distractor was lo
cated far from the target. Apparently the bottom-up activation of the singleton distractor's location is
affected early on by local interactions with nearby stimulus locations. Moreover, probe results showed
that a singleton distractor did not receive attention after extended practice. These results suggest that
top-down control of attention is possible at an early stage of visual processing. In the long-SOAcondi
tion (150-msec SOA), spatial attention selected the target location over distractor locations, and this
tendency occurred with or without extended practice.

One of the important questions in attention is how we

selectively process information that is relevant to the cur

rent task, while ignoring information that is irrelevant to

the task. Many studies have used the visual search para

digm to investigate this selection process. In general,

they show that when the interfering distractors share

more features with the target, they make the search more

difficult (Duncan & Humphreys, 1989; Treisman & Ge

lade, 1980; Wolfe, Cave, & Franzel, 1989). On the other

hand, a distractor with a different feature from the target

and the other distractors can also make search more dif

ficult (Pashler, 1988; Theeuwes, 1991,1992).

These seemingly incompatible phenomena can be ex

plained by two distinct components of attentional con

trol, typically referred to as bottom-up and top-down con

trol (Bundesen, 1990; Cave & Wolfe, 1990; Duncan &

Humphreys, 1989; Eriksen & Hoffman, 1972; Koch &

Ullman, 1985; Posner, 1980; Treisman & Sato, 1990; Yan

tis & Jonides, 1984). The former has also been referred
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to as stimulus-driven or exogenous control and is said to

be based on the properties of the stimulus, irrespective of

our advance knowledge of the stimulus or of our inten

tions or goals to an attentional task. The latter has been

referred to as goal-directed or endogenous control and is

concerned with how our advance knowledge, intentions,

and goals control visual selection. Much research has been

performed to investigate how these two distinct modes of

attentional control influence attentional performance.

In many search models, bottom-up activation is gen

erally emphasized in preattentive parallel search, such as

simple feature search, in which feature singletons pop

out. In attentive, serial search, such as complex conjunc

tion search, however, top-down activation that relies on

the knowledge of the target features plays a critical role

in guiding attention. However, few studies have shown how

these two attentional factors develop over time or how they

change after extended practice.

In the cuing paradigm, both central (indirect) cues and

peripheral (direct) cues have been used to understand

mechanisms underlying top-down and bottom-up control

of attentional selection. In many early studies, a central

cue took the form of an arrow presented at the center of

the screen, indicating the likely target position, whereas

a peripheral cue took the form of a stimulus presented at

or near the indicated location. When the cue was valid

(indicating the target location correctly) and had some

predictive value, it typically resulted in benefits in re

sponding to the target, independently of the cue type

(see, e.g., Jonides, 1981; Posner, 1980; Posner, Snyder, &

Davidson, 1980). On the other hand, a clear distinction

between central and peripheral cues arose when they had

1009 Copyright 1999 Psychonomic Society, Inc.
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no predictive value. When subjects knew that the cue lo

cation was irrelevant to the target location, they could eas

ily ignore central cues, but not peripheral cues (see, e.g.,

Jonides, 1981; Muller & Rabbitt, 1989). Moreover, even

when subjects knew that peripheral cues were always in

valid, they could not ignore the cues (Remington, John

ston, & Yantis, 1992). These results suggest two function

ally separable mechanisms of attentional control.

Recently, several studies further examined these two

separable modes of attention and showed that they have

relatively different time courses (e.g., Cheal & Lyon, 1991;

Nakayama & Mackeben, 1989; Yantis & Jonides, 1990).

In general, these studies suggest that the top-down (or

sustained) component of attention slowly activates a lo

cation indicated by a central cue and remains there in a

steady fashion, whereas the bottom-up (or transient) com

ponent activates the peripherally cued location rapidly

and dissipates within a few hundred milliseconds. Al

though many current models of attention generally agree

that attentional deployment results from an interaction

between the top-down and the bottom-up components,

there is still considerable debate regarding the extent to

which the goal-directed, task-relevant top-down control

of attention can overcome the bottom-up activation of

task-irrelevant stimuli from the early visual processing.

The main question is, when a distractor is very salient

and thus produces strong bottom-up activation, how ef

fectively and how quickly can top-down attention sup

press the task-irrelevant bottom-up activation (see Bacon

& Egeth, 1994; Theeuwes, 1991, 1992, 1994).

One group ofresearchers has demonstrated conditions

under which a salient feature singleton does not capture

attention when it is irrelevant to the task, implying that the

top-down control of attention is overriding the bottom

up activities (Folk & Annett, 1994; Hillstrom & Yantis,

1994; Jonides & Yantis, 1988; Koshino, Warner, & Juola,

1992; Yantis & Egeth, 1994; Yantis & Jonides, 1990). In

their studies, subjects usually focused their attention on a

restricted area indicated in advance by a central cue. An

other group ofresearchers has shown that task-irrelevant

feature singletons can capture attention in a bottom-up

fashion (Pashler, 1988; Theeuwes, 1991, 1992) in other

situations. For example, Theeuwes (1991, 1992) per

formed visual search experiments with a simple feature

target. Among the many distractors, there was one dis

tractor with a salient unique feature in a task-irrelevant

dimension. He found that the irrelevant salient distractor

interfered with parallel "preattentive" search for a fea

ture target. A recent study by Theeuwes (1995a) also sug

gested that the interference from the singleton distractor

is based on spatial selection at that location, rather than

on nonspatial attention.

Theeuwes (1992, 1994, 1995a) provided an explana

tion for the conflicting results. According to his inter

pretation, when subjects search for a target among many

distractors and thus "divide" attention over the visual

field, a task-irrelevant featural singleton can capture at

tention. However, when subjects focus their attention on

a specific region before display onset, as in the cuing

procedures, they do not engage in parallel preattentive

search and, thus, distraction from a singleton feature does

not occur (but see Bacon & Egeth, 1994; Folk, Remington,

& Johnston, 1992; Folk, Remington, & Wright, 1994).

In a more recent experiment, Theeuwes (1995b) pre

sented a task-irrelevant abrupt onset at one of three dif

ferent distances from the target location. The spatial dis

tracting effect from the abrupt onset occurred when the

stimulus onset asynchrony (SOA) between the search

display and the abrupt onset was less than 100 msec.

After 100 msec, however, the abrupt onset did not inter

fere with the search for the feature target. Theeuwes in

terpreted these results as supporting two functionally

different processes: an early preattentive processing that

allows the parallel detection of any salient features on

the basis of bottom-up activation of visual stimuli and

then an attentive processing in which attention is focused

on a restricted area.

Theeuwes concluded that the preattentive stage ofpro

cessing is driven only by bottom-up factors (Theeuwes,

1991, 1992, 1994, 1995b). However, note that the response

time (RT) interference that he used in his studies does

not necessarily indicate that the top-down control of at

tention is completely absent in pre attentive processing.

In his studies, for example, when there is a task-irrelevant

singleton distractor, both the target and the singleton dis

tractor locations might be simultaneously competing for

selection, and top-down control might operate success

fully to select the target location on some trials, but not

on other trials, owing to high levels ofnoise. Or, at the pre

attentive level, the top-down control of attention might

partially inhibit the bottom-up activation from a task

irrelevant salient distractor. These alternative interpreta

tions, in which there is still top-down control at the preat

tentive level, can explain the slower RTs in the singleton

distractor condition, as compared with the no-singleton

distractor condition, in Theeuwes's studies. These in

creased RTs do not necessarily mean that the target loca

tion does not receive any spatial attention guided by top

down selectivity.

Although Theeuwes (1995a) showed evidence for spa

tial distraction caused by a singleton distractor, it is still

unclear whether the target location also has more or less

the same amount of spatial attention as does the single

ton distractor location. Therefore, it is important to mea

sure how the strength of spatial attention varies at the tar

get and distractor singleton locations at different points

in time. Measuring spatial attention at the location of

each ofthe search elements will, in tum, help us to under

stand how both bottom-up and top-down components of

attention develop over time. For testing these issues, one

reasonable method would be to use a dual-task procedure

with postdisplay probes.

Our earlier studies combined spatial probes with vi

sual search tasks (Bichot, Cave, & Pashler, 1999; Cave &

Zimmerman, 1997; Cepeda, Cave, Bichot, & Kim, 1998;

Kim & Cave, 1995, 1999, in press). The primary task was
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to search for a predefined target among many distractors.

The subjects held their response to the search until

prompted for it by the computer. This delay allowed time

for the probe stimulus, a small black dot, to appear on

some trials. The probe appeared at one of the search el

ement locations equally often, regardless of the target lo

cation. In response, the subjects pressed a button as

quickly as possible. Also, the probes appeared with vari

ation in SOA, allowing the investigation of attentional

changes over time. In Kim and Cave's (1995) study, for

example, the subjects in conjunction search showed faster

responses to probes at the target location and, also, to

probes at the locations containing a distractor with the

target color or the target shape, indicating that spatial at

tention selects the locations with the target features on

the basis of top-down knowledge.

We also measured spatial attention in feature searches

and found that, in some circumstances, spatial attention

selected the location occupied by a simple feature target

that had a unique feature in the stimulus array. Although

that study showed that spatial attention is allocated to the

location of the easily discriminable feature target, it could

not determine the relative contributions of top-down and

bottom-up factors to this pattern ofattention. In this sim

ple visual search task, the target has a singleton feature.

Attention can be directed to the location of the target by

a top-down selectivity based on a known-to-be-relevant

target feature, by a bottom-up activation from the unique

feature of the target, or by both.

The present study will use simple feature search as a

primary task in which one element has a unique target

shape, whereas one distractor element has a unique

color, so that the task-irrelevant color singleton is equal

or higher in saliency to the target (see, e.g., Theeuwes,

1992). At the same time, probes will measure the amount

of attention at each element location. By using this dual

task procedure with postdisplay probes, this study is ex

pected to determine how the task-irrelevant, bottom-up

activation from the salient distractor is involved in visual

search and how attention mechanisms select a prede

fined target, while ignoring that salient distractor. If sub

jects can still select only the target location in that situ

ation, top-down control of attention in visual search

must be quick and strong. On the other hand, any evi

dence of selection of a task-irrelevant singleton distrac

tor location would reveal the importance of bottom-up

factors on selection. Moreover, the amount of spatial at

tention at the locations of the target and the salient dis

tractor might vary dynamically over time and/or prac

tice. In this study, these possibilities will be examined.

EXPERIMENT 1
Bottom-Up Influence on Spatial Selection

The subjects were presented with a stimulus array con

taining a circle target among squares. The primary task

+

o
Figure I. An example of the primary stimulus display in Ex

periment I. The circle was the target, and squares were distrac
tors throughout all the trials. One distractor was colored differ
ently from the others, and the color varied randomly for each
trial. The different shades in the figure represent different col
ors, either red or green.

was to report whether the circle target was present or not.

On the irrelevant feature dimension (color), all the stimuli

were the same, except for one distractor (see Figure I). The

results ofTheeuwes's (1991,1992) experiments suggested

that the task-irrelevant color singleton distractor should

draw bottom-up attention more effectively than the shape

singleton target. For each trial, the subjects did not know

the target location or its color until the primary stimulus

appeared, nor did they know the location of the singleton

distractor. On half of the trials, the probe appeared with

one of two different delays after the offset of the primary

stimulus. The two different intervals between search dis

play and probe onset (SOA) were chosen to be 60 and

150 msec, because preattentive processing was thought to

occur within the first 100 msec and attentive processing

could occur after 100 msec (see, e.g., Theeuwes, 1995b).

If a location with a salient singleton receives attention

first, probe RTs at that location should be faster than those

at the other locations in the short SOA condition, regard

less of whether the unique feature is task-relevant or not.

However, if a complete top-down guidance of selection is

possible from the beginning of visual search, the location

with the target feature should be more activated than the

distractor location with a unique feature. On the other hand,

if the distraction effects caused by a singleton distractor in

many previous studies are not based on spatial selection

(e.g., Folk & Remington, 1998) or if the selection is made

late, after all the elements are processed and identified, as

is suggested in late-selection models (e.g., Allport, 1980;

Deutsch & Deutsch, 1963; Duncan, 1980; Norman, 1968;

Posner, 1978; Shiffiin & Schneider, 1977), there should be

no differences in probe RTs at the different locations.
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Method
Subjects. Twenty undergraduates at Vanderbilt University par

ticipated in the experiment in partial fulfillment of a course require

ment. All of them enjoyed normal or corrected-to-normal visual

acuity and normal color vision.

Apparatus. The experiment was conducted on three AppleColor
high-resolution RGB monitors controlled by Macintosh micro

computers. The screen resolution was 640 X 480, 69 dpi. The sub

jects responded via custom-built response keys that were connected

to Strawberry Tree parallel interface cards. Responses were timed

with clocks on the interface cards.

Stimuli. The primary search display in each trial consisted of

four colored shapes, equally spaced around the fixation cross on an

Regular Trial

(No Probe, 50%)

imaginary circle (see Figure I). With a viewing distance of ap

proximately 60 em, the radius of the imaginary circle spanned about

4.90 of visual angle. The target was an outline circle, and the dis

tractors were outline squares, each of which spanned about 2.2 0 of

visual angle. Each element was positioned on the horizontal or the

vertical midline. In half the trials, the target was present, and in the

other half, it was absent. However, a color singleton distractor was

presented on every trial. In half the trials the color singleton was

red, and the other three elements were green; in the other half, the

singleton distractor was green, and the other elements were red.

These trials were randomly intermixed throughout the whole ex

periment. The target and the singleton distractor appeared at each

of the four locations equally often. The shades of red and green were

Probe Trial

(Probe, 50%)

+ 400 msec +

+ 45 msec +

0 0

~ + 15 or 105 msec +

:;
~

~

+ 30 msec +

+

Was a circle present?

~ (§)

Until probe response
or 1400msec

Until response

+

Was a circle present?

~ (@)

Figure 2. The sequence of displays in Experiment I. The target was a circle. The different shades in the
figure represent different colors, either red or green. At the beginning of each trial, a fixation cross ap
peared for 400 msec, and the primary display then appeared for 45 msec, In probe trials, a probe appeared
after a briefinterval of either 15 or 105 msec in the center of one ofthe four locations previously occupied
by either the target or a distractor. After the subject responded to the probe or after a fixed interval had
passed with no response, a question appeared, asking whether the target was presented.
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matched for luminance for each video monitor, using a Minolta Lu

minance ft-I deg light meter. Throughout the experiment, there was

a black fixation cross at the center of the screen.

Procedure. The sequence of displays in a regular trial is illus

trated on the left side of Figure 2. Halfofthe trials were ofthis type.

Each trial began with the presentation ofa fixation cross at the cen

ter of the screen. This was the subject's cue to fixate on the cross

and prepare for the trial. After 400 msec, the four shapes (the primary

stimuli) were presented. After 45 rnsec, the primary stimuli disap

peared. On the regular trials, a blank screen with a fixation cross ap

peared for approximately 1,500 msec, followed by a display con

taining the question "Was a circle present?" 'Using a mouse, the

subjects responded yes or I/O. They were instructed that speed was

unimportant and that they should concentrate on accuracy. If the

subjects responded incorrectly, they heard an error sound.

The remaining half of the trials were probe trials (the right side

of Figure 2). The procedure was similar to that in the regular trials,

except that a small black dot (the probe, approximately 0.2" of vi

sual angle) appeared very soon after the primary stimulus. The

probe appeared at the center of one of the four locations formerly

occupied by a search element and remained visible for 30 msec. The

probe appeared at each of the four locations equally often, regardless

of the target's location. In response to the probe, the subjects pressed

a button as quickly as possible. The delay between primary stimu

lus onset and probe onset (SOA) was selected randomly for each

trial to be either 60 or 150 msec. After the probe offset, the display

was blank for 10400 msec. If the subjects missed the probe and did

not press the button during the I AOO-msec interval or if they pressed

it when no probe appeared, they heard a different error sound.

Each subject worked through at least 25 practice trials before

data collection. More practice was given if the subject or the ex

perimenter judged it necessary. The subjects were given a break

every 40 trials. Each subject received a total of 768 trials beyond

practice. The mouse was used by the dominant hand for responding

in the primary task (identifying the target letter). Response to the

probe (pressing a button) was done by the nondominant hand.

Results
Correct response rates were above 98% in the primary

task and above 97% in the probe task. Since the error rates

in the primary and the probe tasks were very low, they

were not analyzed further.

Probe RTs for each subject were sorted into cells ac

cording to the conditions in each trial. RTs more than 3.5

standard deviations (SDs) from the mean for that cell

were trimmed iteratively. They were fewer than 2% ofall

the observations. The mean RTs from trials with both a

correct primary response and a correct probe response

300B300
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400400
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Target Color Distractors
Singleton

Target Color Near Far
Singleton Distractor Distractor

Probe Location

Target A B Target

Distractor
Near Color
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+ + 0
o Color Far

Singleton Distractor

Figure 3. Mean response times to probes that appeared at the location occupied by the target, a
color singleton distractor, or target-color distractors, with two SOAs. The left panels (A) show data

from trials in which the target and the color singleton distractor were located far from each other,

whereas the right panels (8) show results from trials in which they were positioned next to each other.
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were subjected to an analysis ofvariance (ANOVA). The

primary stimulus array could be displayed in two differ
ent types of configuration-one in which the target and
the color singleton appeared on opposite sides ofthe dis

play, and one in which they were located next to each
other (see the bottom panels of Figure 3). Thus, separate
ANOVAs were performed for each configuration.

The upper left panel in Figure 3 shows the mean RTs
to probes at each element location, when the target and

the color singleton distractor were located far from each
other. The first ANOVA included three levels of probe
location (target, color singleton distractor, or target-color

distractor) and two levels of SOA (60 or 150 msec) as
factors. The analysis showed a significant main effect of

probe location [F(2,38) = 8.48, P < .001]; the subjects
took longer to respond to the probe at the target-colored
distractor locations than at the target or color singleton

distractor locations. There was no main effect of SOA
(F < .5), nor did the interaction between SOA and probe
location achieve significance [F(2,38) = 2.l5,p = .13].

Separate analyses for each SOA condition were per
formed. There was a significant main effect of probe lo
cation both for the 60-msec SOA [F(2,38) = 3.29, P <
.05] and for the l50-msec SOA [F(2,38) = 6.45,p < .01].

A planned comparison showed that, with the 60-msec
SOA, RTs for the color singleton distractor location were
significantly faster than those for the other distractor lo

cations [F(I,19) = 8.63,p < .01]. However, there was no
significant difference between the color singleton and the
target locations [F(I,19) = 3.08, P = .1]. With the

150 msec SOA, probe RTs at the target-color distractor
locations were significantly longer than those at the tar
get location [F( 1,19) = 16.78,p < .00I] and at the single
ton color distractor location [F(I, 19) = 6.44, p < .05].

For the other configuration of search display (upper

right panel in Figure 3), another ANOVA was performed,

with four levels of probe location (target, color single
ton, distractor next to the target, or distractor next to the
singleton distractor) and two levels of SOA (60 or

150 msec) as factors. The main effects did not achieve
significance, either for probe location [F(3,57) = 2.09,

P = .11] or for SOA [F(I,19) = 1.23, p = .28]. There
was no significant interaction [F(3,57) = 2.14, P = .11].
Separate analyses for each SOA condition were per

formed. With the 60-msec SOA, there was no main effect
ofprobe location (F < 1). With the l50-msec SOA, how
ever, there was a significant main effect ofprobe location

[F(3,57) = 3.95,p < .05]. A planned comparison showed
that the subjects responded to the probe more quickly at
the target location than at the other locations [F( I,57) =

11.34,p < .005].
A separate analysis was performed on the mean RTs

for the three probe locations (color singleton, target

color distractor positioned next to the color singleton,
and target-color distractor positioned far from the color
singleton) and for the two SOAs (60 and 150 msec) in

the target-absent condition (see Figure 4). The main ef
fects did not achieve significance, either for probe loca
tion (F < 1) or for SOA [F(I, 19) = 2.76,p = .11]. There

was no significant interaction [F(2,38) = 2.22,p = .12].
Contrary to the results from the target-present condition,

probe responses were not faster at the color singleton
distractor location, even with the early SOA (60 msec).

Discussion
In the early stage ofvisual processing (60-msec SOA),

the subjects could not allocate attention to the circle tar

get location. Instead, their attention went to the singleton

430

"'"' 150 msec SOAu
Q)

tJl

S 410......
tJl

E2
400Q)

.0
0
J-<

P-.
390

380

420

Color Singleton Near Distractors Far Distractor

Probe Location

Figure 4. Mean probe response times, organized by distance of the probe from the color
singleton, when the target was absent.
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distractor location, as long as it was not adjacent to the
target. Note that the subjects in Kim and Cave's (1995)

simple feature search task showed faster probe RTs at the
circle target location than at any of six square distractor

locations with a 30-, 60-, or 90-msec SOA when there was
no color singleton distractor. Thus, the absence ofa ben
efit in responding to the probe at the target location at the

short SOA in the present experiment suggests that the
existence of the color singleton distractor prevented the

subjects from allocating their attention to the target lo
cation early in visual processing.

Soon thereafter (150-msec SOA), the location of the

target more activated than the color singleton or any of
the other distractors, which implies that the top-down

component of attentional control can override the inter
ference from the color singleton distractor. In this sense,
these results appear to be in line with Theeuwes's (1995b)

finding, in which abrupt onsets interfered with searching
for a simple target before a 100-msec SOA, but not after

a 100-msec SOA.
As is shown in Figure 3, with a 60-msec SOA, the

color singleton drew attention to its location only when

it was located relatively far away from the target. This
pattern is the opposite of what might be predicted from
Theeuwes's (1995b) claim that attention gradually zooms

in on the target location, which would imply more atten
tion to distractors near the target. Nonetheless, the pattern
ofattention in this experiment might be explained by as

suming that the operations of the preattentive, parallel
stage are local. That is, the comparisons and competitions
to detect singletons might occur within a limited area.

(See Cave, in press, and Cave, Kim, Bichot, & Sobel,
1999, for a neural network model of visual selection that

relies on a parallel-distributed selection mechanism based
on local operations, as well as for earlier models by Koch
& Ullman, 1985, and Duncan & Humphreys, 1989.) The
bottom-up attentional mechanism might only allocate at

tention to a location if its features differ from the features
at nearby locations and if those surrounding features are
all uniform. Thus, when the color singleton is close to

the target, neither ofthem is locally salient enough to draw
attention. On the other hand, when they are far from each
other and, thus, locally surrounded by elements that are

similar to one another, attention can be allocated to a more
salient element-the color singleton first and then the tar
get (see, e.g., Theeuwes, 1992). Note that Theeuwes's
(1995b) singleton distractors were abrupt onsets, which
probably draw attention so readily that they are less af

fected by these local interactions.
This interpretation appears to be consistent, not only

with the results ofExperiment 1,but also with Theeuwes's
(1995a, 1995b) results, in which a singleton distractor pro

duced longer RTs (more interference) when it was posi
tioned near the target. When the singleton distractor is
located near the target, both the target and the singleton
distractor would produce less bottom-up activation, and
thus, spatial attention to the target location should be

weaker or develop more slowly than when the singleton

distractor is located farther away from the target.
The lack of attention to a singleton distractor near the

target might also be attributed to top-down inhibition of

distractor locations. Cave and Zimmerman (1997) found
that distractors near a visual search target were inhibited

more strongly than those farther from the target, although
that inhibition seemed to be linked to extended practice

of the search task. Caputo and Guerra (1998) reported a
similar finding. Even though the top-down mechanism is

not able to select the target location at the early SOA, it
might be able to inhibit the nearby distractor locations
enough to prevent them from being strongly activated.

Overall, subjects seem to find it necessary to select the
target when it is present, and they apparently cannot se
lect the target without first selecting the singleton dis

tractor. There is, however,an alternative account that must
be considered. Subjects might choose a response just by
counting the number of singletons. If only one is present,

it is the color distractor, and a no response is correct. If
there are two singletons, one is the target, and a yes re

sponse is correct. If there were no evidence of spatial se
lection in this experiment, the possibility of this alterna

tive strategy would be a cause for concern. However, the
differences in probe RTs in this experiment show that the
subjects are selecting the target location, indicating that
they are not relying on a preattentive singleton-counting

strategy. A singleton-counting strategy would have been
even easier in Kim and Cave's (1995) feature search, which
included search tasks, stimuli, and probe tasks similar to
those in Experiment 1. In that experiment, target-present

trials had one singleton, and target-absent trials had zero.
Yet,when the subjects searched for a circle target among
square distractors in that experiment, probe RTs showed

that they selected the target location in the course of the
visual search.

Nevertheless, the action of spatial attention in Exper
iment 1 and in Kim and Cave's (1995) feature search is

not necessarily relevant to the response, as it is in exper
iments such as Theeuwes's (1991,1992). It may be that
subjects base their responses solely on the number of

singletons they count, whereas the probe RTs reflect a
bottom-up allocation of attention that is beyond their
control or an automatic selection of the target after a re
sponse is generated. This conclusion, however, is incon

sistent with the general pattern of results from Kim and
Cave (1995), which demonstrated that spatial selection
occurs in some feature searches, but not in others. The
fact that subjects performed some searches without spa
tial selection shows that subjects employ spatial atten

tion only when they find it useful for the primary task.
Thus, we know that the subjects in Experiment 1 are re
lying on spatial selection in detecting and identifying the
shape target. Although Experiment 2 was motivated by
other concerns, it will also supply additional evidence that

the allocation of attention in this task is not automatic
and unavoidable and that the evidence for spatial selec-
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tion therefore indicates that selection plays an important

role in these searches. Thus, even though there may be a

strategy that would allow subjects to perform this task

without attention, the evidence shows that they are not

using it. Subjects are unable to detect the targets without

attention by counting singletons, they find the tasks easier

with attention, or they do not realize that the task could be

done without attention.

The data from the target-absent trials are also some

what surprising. If selection occurs in a purely bottom-up

fashion at the preattentive level, as Theeuwes claimed,

there should be a strong attentional capture by the color

singleton in the short SOA, which was not the case in the

target-absent condition. In Theeuwess (1992) experiment,

the singleton target was always presented; there was no

target-absent trial in his experiments. One block always

contained only the target singleton (no-distractor condi

tion), whereas the other block displayed both the target

and the singleton distractor. In contrast, the subjects of

the present experiment did not know beforehand whether

there would be one or two singletons in the display. Al

though the subjects did not use information about the

number ofsingletons to detect the target without attention,

they may have used it to determine when not to search.

Once they discovered that only one singleton (distractor)

was present on a trial, they might have exerted top-down

control to block the bottom-up activation ofdistractor lo

cations. Ofcourse, if subjects can determine that search is

unnecessary by counting singletons, they should also be

able to choose the correct response on the basis ofonly the

singleton count. Perhaps the count is inaccurate enough

that they will only decide that a target is present after se

lecting and identifying it.

As is shown in Figure 4, probe RTs in the target-absent

condition were somewhat slower than those in the target

present condition. These probe responses might be slower

because subjects are inhibiting all the distractor locations

when only one singleton appeared. Another possibility is

that a negative target response (no target) in the primary

task interferes with a positive probe response (yes probe)

and delays the probe response. A third possibility is that

subjects might engage in extra search effort (e.g., recheck

ing items) when they do not find a target. Any of these

effects would slow all the probe responses in the target

absent condition, regardless of probe location.

In the present experiment, there was a trend toward a

significant interaction between probe location and SOA

for both configurations, although it did not reach signif

icance in either case. Thus, it is not clear whether the al

location ofattention varies between these two SOAs. Ex

periment 2 will provide additional data to resolve this

issue. It also is conceivable that complete top-down con

trol might be possible after extended practice. The 25 prac

tice trials and 768 main trials that each subject received

in the present experiment might not be enough to de

velop a strong top-down selectivity. The subjects might

either inhibit the task-irrelevant bottom-up activation

and/or increase top-down selectivity toward the to-be

known target feature more effectively or more quickly after

practice. The next experiment will address this issue,

using the same task as that in the present experiment, but

with multiple sessions for extended practice.

EXPERIMENT 2

The Role of Practice in Visual Selection

Experiment I showed that attention is directed to the

color singleton distractor location in one type of display

configuration. Also, even in the other type ofconfigura

tion, the lack of attention at the target location with the

short SOA suggests that the color singleton interferes

with selecting the target location. However, this bottom

up interference might be diminished by practice with a

consistent mapping between stimuli and responses.

As was mentioned earlier, Theeuwes (1992) found that

the presence of a task-irrelevant color singleton distrac

tor interfered with simple feature search for a circle among

squares. Moreover, he showed that the interference ef

fect persisted even after extensive practice. In his study,

8 subjects searched for a green circle among square dis

tractors. In one half of the blocks, all the squares were

green. In the other half of the blocks, one of the squares

was red. The subjects received 1,728 experimental trials

after 288 practice trials. The experimental trials were di

vided into three sessions. He found no differences across

sessions and concluded that top-down selectivity is im

possible at the parallel preattentive stage (i.e., before

100 msec), even after extensive practice.

As was mentioned earlier, however, the longer RTs in

the color singleton distractor condition than in the no-sin

gleton distractor condition do not necessarily indicate a

complete lack of top-down selectivity. Adding the salient

color singleton distractor could cause a decrease ofthe bot

tom-up activations at the target location and an increase of

the bottom-up activations at the singleton distractor loca

tion. Thus, top-down activation may be working to block

the bottom-up effects ofthe singleton distractor but may be

unable to completely prevent it from interfering.

In the present experiment, we will further investigate

whether and how top-down control changes with consis

tent and extended practice. Extensive practice might en

able focal attention to be guided to the target location

more efficiently in the preattentive stage. If so, probe

RTs at the target location should become relatively faster

than at the other locations with more practice, even in

the short SOA condition. Also, practice might allow

bottom-up activations from the color singleton distractor

to be blocked more effectively in the preattentive stage.

If so, the probe RTs at the singleton distractor location

should equal probe RTs at other distractor locations.

The predictions above assume that spatial attention is

required to prevent distractors from interfering with tar

get processing, even after extensive practice. On the other

hand, practice may produce an ability to process and iden-
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tify stimuli without attention. Ifthis is true, spatial atten

tion should not be directed to the target location either.

In the present experiment, each subject performed the

same tasks as those used in Experiment I. Instead ofpar

ticipating in one session, however, they were in six ses

sions, one session per day.

Method
Subjects. Ten subjects (7 men and 3 women), ranging in age

from 21 to 54 years, participated as paid volunteers. All had normal

or corrected-to-normal visual acuity and normal color vision.

Apparatus, Stimuli, and Procedure. The apparatus, visual

stimuli, and task were identical to those in Experiment I. The only

difference between the two was that the subjects in this experiment

were run in multiple sessions, one session per day. All the subjects

were tested for six experimental sessions. Before data collection at

the first experimental session, each subject worked through more

than 300 practice trials. Each experimental session consisted of768

trials and took approximately 40 min. All the subjects finished all

the sessions within 10 days.

Results
Correct response rates were above 98% in the primary

task and above 98% in the probe task. RTs more than

3.5 SDs from the mean were trimmed iteratively. They

were fewer than 2% of all the observations.

The mean RTs from trials with both a correct primary

response and a correct probe response were subjected to

ANOVAs. As in Experiment I, the two different configura

tion conditions were analyzed separately, with probe lo

cation and session as factors.

Figure 5 shows the mean RTs to probes at each element

location when the target and the color singleton distrac-
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Figure 5. Mean response times to probes that appeared at the location occupied by

the target, a color singleton distractor, or target-color distractors, when the target and
the color singleton distractor were positioned far from each other.
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tor were positioned far from each other. The first ANOVA
included only data from the first session, to confirm the
results of the previous experiment (see Session I in Fig
ure 5). It included three levels of probe location (target,

color singleton distractor, or target-color distractor) and
two levels of SOA (60 or 150 msec) as factors. The analy

sis showed a significant main effect of probe location
[F(2,I8) = 5.70, p < .05] and a significant interaction
between SOA and probe location [F(2,I8) = 4.62, p <

.05]. The significant interaction confirms the conclusions,
from Experiment I, that the color singleton received
more attention at the early SOA and the target received

more attention at the later SOA.
For each SOA, the data from all six sessions were an

alyzed, with probe location and session as factors. In the
60-msec SOA condition (the top panel of Figure 5), there

was a significant main effect of session [F(5,45) = 3.27,
p < .05]; the subjects took longer to respond to the probe
in the first session than in the other sessions. There was

no main effect of probe location. More important, how
ever, there was a significant interaction between session
and probe location [F( 10,90) = 2.29, p < .05], suggest

ing that the relative attentional strength at each location
changed with practice. As is shown in the top panel of
Figure 5, the subjects showed faster probe RTs at the

color singleton distractor location than at any other lo
cations in the first session. In the later sessions, however,
probe RTs at the color singleton were not generally much

faster than those at the other locations. IndividualANOVAs
for each of the six sessions showed that there was a sig
nificant probe location effect only in Session I (p < .05),

and not in the other sessions.
In the 150-msec SOA condition (the bottom panel of

Figure 5), there was a highly significant main effect on
probe RT for both probe location [F(3,27) = 17.14,p <

.001] and session [F(5,45) = 6.86,p < .001]. There was
no interaction between the two: Probe RTs were faster
for the target location than for other locations through

out the sessions. The data were also analyzed separately
for each of the six sessions. In all the sessions, the sub
jects generally showed faster probe RTs at the target lo
cation than at the other locations, although only the first

four sessions reached significance (p < .05 for the first
four sessions; p < .1 for the last two sessions).

Separate ANOVAs were performed for the other con
figuration of search display in which the target and the
color singleton distractor were located next to each other.

Once again, an ANOVA with only the first session was
performed (see Session I in Figure 6). The analysis showed
no significant main effect for probe location [F(3,27) =

1.6, p = .21] or for SOA (F < I). However, there was a
marginally significant interaction between SOA and probe
location [F(3,27) = 2.53,p = .08]. In general, the results

were once again similar to those from Experiment I.
With all six sessions included, the data were analyzed

separately for each SOA condition. In the 60-msec SOA
condition (see the top panel of Figure 6), the subjects re-

sponded to the probe more quickly after the first session
[F(5,45) = 4.14,p < .OI]. With the data from all six ses
sions included, the ANOVA showed a main effect of
probe location [F(3,27) = 3.48, p < .05], which was not

found in Experiment I. Separate post hoc pairwise com
parisons showed faster probe RTs at the target and the
color singleton locations than at the far distractor loca

tion. However, these effects were not significant when
the data were analyzed separately for each session. There
was no significant main effect of probe location in any

of the sessions, except Session 4 [F(3,27) = 3.38, p <

.05], in which the subjects showed faster probe RTs at the
target and the color singleton distractor locations than at
near (not far) distractor locations. Thus, the significant

main effect of probe location with the data from all six
sessions may not represent a pattern that holds across all

six sessions. The interaction between session and probe
location was not significant.

In the 150-msec SOA condition (the bottom panel of
Figure 6), there were highly significant main effects on

probe RT from both probe location [F(3,27) = 23.0I,p <

.001] and session [F(5,45) = 9.45,p < .001]. There was

no interaction between the two. Contrary to the short SOA
condition, in this case, the main effect of probe location
was due only to faster probe RTs at the target location.

Also, the lack of an interaction indicated that consistent
practice did not change the relative attentional strength
at each location. The data were also analyzed separately

for each session. In all six sessions, the subjects showed
significantly faster probe RTs at the target location than

at the other locations.
Separate ANOVAswereperformed for the target-absent

condition. Once again, an ANOVA with only data from
the first session was performed, to confirm the results of
the previous experiment (see Session I in Figure 7). The

analysis showed no significant main effect for probe lo
cation [F(2, 18) = I.l, p = .37] or for SOA (F < I). There

was no significant interaction (F < I). These results were
the same as those from Experiment I, in that probe re
sponses at the color singleton distractor location were not
faster than those at the target-colored distractor locations

when the target was absent.
With all six sessions included, the data from the target

absent trials were analyzed separately for each SOA con
dition. In the 60-msec SOA condition (see the top panel

of Figure 7), the analysis showed that probe RTs were
slower in the first session than in the other sessions
[F(5,45) = 4.66,p < .01]. There was neither a significant
main effect for probe location (F < I) nor a significant in
teraction between probe location and session [F( 10,90) =
1.74, p > .08]. With the 150-msec SOA (bottom panel of
Figure 7), the subjects once again responded more
slowly to probes in the first session than in the other ses
sions [F(5,45) = 7.12, p < .00 I]. Even though there was
a significant main effect of probe location [F(2, 18) =
4.49,p < .05], the overall difference in mean RTs at each
location was very small (344 msec at singleton distrac-
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Figure 6. Mean response times to probes that appeared at the location occupied by
the target, a color singleton distractor, or target-color distractors, when the target and
the color singleton distractor were located next to each other.

tor, 349 msec at near distractor, and 350 msec at far dis
tractor). Separate ANOVAs for each session showed no
significant main effect for probe location. The inter

action between session and probe location was not sig
nificant (F < I).

Discussion
First ofall, the first sessions of the present experiment

confirm the somewhat surprising finding from the pre
vious experiment that the singleton distractor captured

attention at the short SOA when it was far from the tar
get, but not when it was next to it. In the long SOA, the
target location received more attention than did the other
locations, as in the previous experiment. Also, the first
session replicates the target-absent data ofExperiment I;

the color singleton did not draw attention to its location.

The present experiment was designed to understand
whether and how extended practice influences spatial at
tention in a visual search task, especially when asalient,

task-irrelevant distractor is presented along with a tar
get. First, the results from the 150-msec SOA condition
in both configurations show that spatial attention selects

the target location over distractor locations, even after
extended practice. These results are in line with Cave and
Zimmerman's (1997) finding that selection of the target
location over distractor locations was not diminished, even
after large amounts ofpractice (more than 80,000 trials).

Although probe RTs in the 150-msec SOA condition
showed that practice does not alter allocation of spatial
selection of the target location, the results from the 60
msec SOA condition suggest that changes did take place
in spatial attention with practice. As is shown in the top
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panel of Figure 5, the color singleton distractor posi

tioned far from the target drew more attention in the first

session, but not in the later sessions. That is, after the

subjects received a full session ofpractice, they were ap

parently able to ignore the salient, task-irrelevant color

singleton distractor more efficiently or more quickly.

Also, note that, with the 60-msec SOA, the color sin

gleton did not capture attention during any session in the

target-absent condition (see the top panel of Figure 7). In

the target-absent condition, the color singleton distractor

is the only singleton in the display. The color singleton is

the only item that has high bottom-up activation and,

thus, should capture attention. Nevertheless, the data

showed no indication of attentional capture by the color

singleton at the 60-msec SOA. These results suggest that

attention is not driven only by bottom-up factors at the

preattentive stage of processing.

The present experiment used only two SOAs to mea

sure spatial attention at the different stages of visual pro

cessing. If attentional capture occurs in a bottom-up
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fashion earlier than 60-msec SOA with more practice,

the present experiment could miss it. Nevertheless, con

sistent practice is producing more efficient selection in

one way or another. The extra practice might allow sub

jects to block out the task-irrelevant bottom-up activa

tion of the singleton distractor, increase the activation of

the target features in a top-down fashion, or both.

Interestingly, even though the present data suggested

that attentional capture by a salient singleton distractor

at the preattentive level (i.e., before the 100-msec SOA)

can be prevented by extended practice, they also showed

that attention is not directed to the target location more

quickly at the 60-msec SOA with practice in either con

figuration, which is consistent with Theeuwes's (\ 992)

data. Even after extended practice, the target location

was not selected at the short-SOA condition. Presum

ably, search efficiency can be measured by search accu

racy as well as search speed. Although it is not clear why

the extra practice did not produce any benefit for target

location over distractor locations at the short SOA, it

might increase search efficiency-accuracy-by limit

ing the interference from the color singleton distractor

in early visual processing.

The fact that the color distractor is not selected after

extended practice underscores the point raised after Ex

periment I, that attention to the color singleton is not au

tomatic and unavoidable. However, a new possibility

arises with Experiment 2: Perhaps the practice allows sub

jects to learn to detect the target by counting singletons

preattentively. In other words, perhaps attention is no

longer allocated to the color distractor location because

subjects have learned to eliminate the need for attention

by counting singletons. Under this account, however, it

is difficult to explain why subjects still select the target

location even after practice. One possibility, mentioned

earlier, is that the target location might always be selected,

even when selection is unnecessary for the task, but the

feature search results from Kim and Cave (1995) argue

against that explanation. Besides, even if subjects are

learning to determine the presence of the target by count

ing singletons, it is difficult to see how this knowledge

ofthe target's presence should allow practiced subjects to

select the target without first selecting the singleton dis

tractor, given that they were unable to select the target

first before they learned to count singletons.

In summary, it is possible, in theory, to perform these

tasks without attention, if subjects can detect and count

singletons preattentively. However, the probe RTs show

that subjects are performing the task in the manner sug

gested by the instructions: They are searching for the lo

cation with the target feature and selecting it.

GENERAL DISCUSSION

The present experiments were designed to examine

the nature of distractor interference in visual search and

the possibility of top-down selectivity early in visual pro

cessing. Using spatial probes, these experiments mea-

sured spatial attention at the location of each search ele

ment, including the target and a singleton distractor. The

probe RTs suggest that the interference from the single

ton distractor is the result of spatial selection of its loca

tion. The color singleton distractor captured attention to

its location soon after the stimulus appeared, but only

when it was located far from the target. This bottom-up

activation at the color singleton distractor location was

overridden by top-down attention some time later, indi

cating temporal changes in the influence of the two dif

ferent attentional components. This tendency to select

the target location over distractor locations occurred

even after extended practice.

Our previous study (Kim & Cave, 1995), without a

color singleton, showed that the target location was se

lected even at very short SOAs, such as 30 or 60 msec.

With a color singleton distractor, however, evidence of

selection ofthe target location arises only after a l50-msec

delay, and not after a 60-msec delay. Moreover, even

though the interference from the singleton distractor seems

to be blocked more efficiently with practice, there is no

indication that more practice speeds up target selection.

Whether or not the color singleton's location is actually

selected, its presence seems to delay selection of the tar

get even after extended practice, as would be expected,

given Theeuwes's (1992) results.

Although Theeuwes's (1992) experiments indicate

that a singleton distractor will draw attention automati

cally, other search experiments have shown no automatic

selection of singletons (Folk & Annett, 1994; Jonides &

Yantis, 1988; Yantis, 1995). Bacon and Egeth (1994)

tried to explain the apparent discrepancy between the

two positions by suggesting that, when subjects search

for a salient singleton target, they can go into singleton

detection mode, in which they attend to the singleton with

the highest saliency, regardless of feature dimension.

Since the subjects in our experiments searched for a

shape singleton target, they might be in singleton detec

tion mode, and thus, the color singleton could receive at

tention by a feature contrast detector. Although the pre

sent data are generally compatible with the singleton

mode account, they require an additional assumption,

that a singleton distractor draws attention less effectively

when it is near a singleton target.

These results shed new light on the questions about dis

tractor interference raised by Folk and Remington (1998).

After a series of spatial cuing experiments (see, also,

Folk & Annett, 1994; Folk & Remington, 1996; Folk,

Remington, & Johnston, 1992; Folk, Remington, &

Wright, 1994), they concluded that singleton distractors

were not automatically capturing spatial attention but

were adding to the filtering costs associated with select

ing a target among distractors, without receiving atten

tion themselves. The present experiments demonstrate

that, at least under some conditions, attention is allo

cated to a singleton distractor. In most of Folk et al.s ex

periments, the delay between the singleton distractor and

the target was 150 msec. If the dynamics of spatial se-
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lection is similar in the two tasks, the present results sug

gest that attention would already have been deallocated

from the singleton by that time. Even when Folk and

Remington (1998) used a delay of50 msec (Experiment 4),

however, they found no evidence of selection of the dis

tractor location. There may be some aspect of Folk and

Remington's (1998) cuing task that allows subjects to

block attention to a singleton distractor, or the test in their

Experiment 4 may not have been sensitive enough to de

tect the effects of spatial attention to the distractor. What

ever the explanation for the differences, our results are

still consistent with Folk et al.s conclusion that atten

tional capture can be affected by top-down factors.

Overall, our present findings show that, even at the

preattentive, parallel stage and with a search array that

covers a large portion of the visual field, visual selection

depends, in large part, on interactions within limited re

gions. The selection of a singleton distractor can be pre

vented by a nearby target, but not by a target that is farther

away. These data also suggest that top-down selectivity

is not completely impossible at the preattentive stage, de

spite the claims ofTheeuwes (1991,1992, 1995b). The ab

sence ofearly selection ofthe color singleton in the target

absent condition suggests that top-down components of

attention somehow exert control, perhaps through block

ing bottom-up activations of the color singleton. The fact

that practice also prevents the selection of the color sin

gleton provides further evidence for some degree of top

down control at the early stage ofvisual processing. If the

practice effects do reflect some top-down influence, how

ever, that influence is not strong enough to cause the target

to be selected early in the search. Further experiments

measuring how the allocation of spatial attention devel

ops over time will be necessary, to work out the inter

action between bottom-up and top-down mechanisms in

visual search.
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