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No capture outside the attentional window
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A recent study has proposed that attentional window determines when the color singletons capture
visual attention (Belopolsky, Zwaan, Theeuwes, & Kramer, 2007). The present study used the additional
singleton paradigm of Theeuwes (1992) and showed that capture was abolished when the size of the

attentional window was reduced by focusing on RSVP stream in the center of the screen. Narrowing of
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attentional window also resulted in increase in search slope even in such a simple task as the pop-out
detection. These findings suggest that attentional window plays a crucial role in visual selection and in
the occurrence of attentional capture.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

When driving along a city road, the sudden appearance of a
child from behind a parked car may grab our attention. Did this
event grab your attention because you were set for it (watching
the road looking out for unexpected events) or was your attention
captured in a bottom-up automatic fashion? This example
illustrates one of the most debated issues in the study of visual
attention: can visual stimuli capture attention automatically inde-
pendent of the observer’s goals, beliefs or intentions? (for recent
reviews see Burnham, 2007; Theeuwes (in press); Theeuwes,
Olivers, and Belopolsky (in press); Van der Stigchel, Belopolsky,
Peters, Wijnen, Meeter, and Theeuwes (2009)). Goal-directed or
top-down control of selection refers to the ability to select those
areas, objects, feature attributes and events that are needed for
our current tasks. Stimulus-driven or bottom-up selection refers
to the capacity of certain stimulus attributes to attract our atten-
tion, irrespective of our goals and beliefs.

In the early nineties Theeuwes (Theeuwes, 1991, 1992, 1994b)
developed the so-called additional singleton task which has been
instrumental in the debate regarding top-down and bottom-up
control of selection. In this visual search task two salient singletons
were simultaneously present, and participants were required to
search for the target singleton, while ignoring the distractor single-
ton. The target shape that participants searched for was a singleton
because it was the only green diamond presented among a variable
number of green circles. In the distractor condition, an irrelevant
color singleton was also present in the display (i.e., one of the cir-
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cles was red). Time to find the shape singleton increased when
such irrelevant color singleton was present, even though partici-
pants knew they had to search for the shape singleton (the single
green diamond). It was shown that selectivity depended on the rel-
ative salience of the stimulus attributes: when the color singleton
was made less salient (by reducing the color difference between
the target and the non-target elements), the color singleton no
longer interfered with search for the shape singleton. It was con-
cluded that attention was captured automatically and involun-
tarily by the most salient singleton in the display regardless of
top-down control settings.

Even though the basic finding of Theeuwes has been replicated
many times in different labs (Bacon & Egeth, 1994; Belopolsky,
Kramer, & Godijn, 2008; Geyer, Miiller, & Krummenacher, 2008;
Kim & Cave, 1999; Kumada, 1999), with different dependent mea-
sures (d-prime): (Theeuwes & Chen, 2005; Theeuwes, Kramer, &
Kingstone, 2004), saccadic eye movements: (Belopolsky, Kramer,
& Theeuwes, 2008; Theeuwes, Kramer, Hahn, & Irwin, 1998; The-
euwes, Kramer, Hahn, Irwin, & Zelinsky, 1999), the results are
not consistent with experimental paradigms that show that static
singletons are not prioritized over non-singletons. Studies of Yantis
and colleagues (Jonides & Yantis, 1988; Yantis & Egeth, 1999; Yan-
tis & Jonides, 1984) have shown that unlike abrupt onsets, static
singletons do not have the ability to capture attention in an auto-
matic fashion.

In a recent study, Belopolsky et al. (2007) provided a solution
for this apparent inconsistency in the literature. Based on the idea
first proposed by Theeuwes (Theeuwes, 1994a, p. 436) that
“top-down control over visual selection can be accomplished by
endogenously varying the spatial attentional window” (see also
Theeuwes, 2004), they suggested that such attentional window
adopted by observers could be one of the factors explaining why
salient color singletons fail to capture attention in some studies
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(as in Jonides & Yantis, 1988) while in other studies they do
capture attention (as in Theeuwes, 1992). Belopolsky et al.
(2007) adopted the original Jonides and Yantis (1988) paradigm,
in which participants had to serially search for a target letter,
which could have had a unique color at chance level. The size of
the attentional window was manipulated by asking participants
to detect either a global (diffuse attention) or a local shape
(focused attention) before starting the search for a non-singleton
target. The results showed that when attention was initially
focused in the center (focused attention condition) the salient col-
or singleton was examined just as frequently as the other ele-
ments in the display. This result was similar to the “classic”
finding of Jonides and Yantis (1988); (see also Folk and Annett
(1994); Franconeri and Simons (2003)). However, when attention
was initially diffused over the global stimulus arrangement (dif-
fuse attention condition), attention more frequently went to the
location of the color singleton, which was evidenced by faster re-
sponses and a significantly reduced search slope when the colored
element happened to be the target. It was concluded that the size
of the attentional window plays a crucial role in attentional cap-
ture: when the window is wide salient stimuli capture attention,
but when it is small salient stimuli falling outside of the window
can be ignored (see also Hernandez, Costa, and Humphreys
(2010)).

Up till now it has been demonstrated that increasing the size of
attentional window leads to attentional capture during difficult
search. However, if the window plays a crucial role, the reverse
should also be true and focusing attention during parallel search
should preclude attentional capture. In addition, if focusing atten-
tion affects computation of salience outside of attentional window
then it should also render visual search for a pop-out target less
efficient. Although the necessity of attentional involvement in
pop-out search remains highly controversial (Braun & Sagi, 1990;
Luck & Ford, 1998; Miiller, Reimann, & Krummenacher, 2003; Red-
dy, Moradi, & Koch, 2007; Treisman, 1988), several studies have
suggested that attention is necessary for pop-out detection (Ghor-
ashi, Smilek, & Di Lollo, 2007; Joseph, Chun, & Nakayama, 1997;
Nothdurft, 1999; Theeuwes, 1992; Theeuwes, Kramer, & Atchley,
1999; Theeuwes, Van Der Burg, & Belopolsky, 2008). If attention
is required for pop-out detection, one could expect that narrowing
of attentional window should lead to a less efficient search even for
a pop-out target.

These two questions were investigated in the present study by
using the classic additional singleton paradigm of Theeuwes
(1992). This search task was combined with a task that required
either the focusing or spreading of attention. Based on the atten-
tional window hypothesis (Belopolsky et al., 2007; Theeuwes,
1994a, 2004) we expected attention to be captured only during
the diffuse, but not during focused attention (Experiments 1 and
2). In addition, in Experiment 2 we varied the number of elements
in the display and expected narrowing of attentional window to re-
sult in increased search slope.

2. Experiment 1

To force the observers into spreading their attention in the so-
called diffuse attention condition, they had to start searching only
when the elements that made up the search display were arranged
in a circle. This manipulation was similar to the one used in Belo-
polsky et al. (2007) which was effective in spreading attention. In
the focused attention condition, observers had to attend to a cen-
trally presented RSVP stream and had to start searching for the sin-
gleton target as soon as they detected the letter “K” in the central
stream. This manipulation ensured that attention was focused in
the center of the display (see Joseph et al., 1997; Santangelo &

Belardinelli, 2007). We expected to find the classic attentional cap-
ture effect in the diffuse, but not in the focused condition.

2.1. Method

2.1.1. Participants

Ten volunteers (six females) from the Vrije Universiteit Amster-
dam were paid to participate in a 30 min session. Their age varied
between 17 and 23, with a mean age of 20. They all had normal or
corrected to normal visual acuity and normal color vision.

2.1.2. Stimuli

The stimuli were presented against a black background and
consisted of a central RSVP stream and a search display presented
around it. The RSVP stream consisted of 15 letters (sampled ran-
domly from the pool of 18 letters, all letters of the alphabet except
forI, 0, W, Z, G, M, Q, R). Each letter was gray (6.5 cd/m?) and sub-
tended 1.4° x 1.9°, and was presented for 80 ms, followed by an-
other 80 ms blank interval. The search display was positioned
around the RSVP stream and consisted of 8 display elements (3 pix-
els wide) that were equally spaced around it in a layout of either of
an imaginary circle (radius of 6.7°) or square (9.5° x 9.5°). Each
search display contained a diamond element (3.8° in diagonal) pre-
sented among circles (2.8° in diameter). The diamond, which
served as the target contained a gray line segment (1.4°) that
was oriented either horizontally or vertically, which determined
the response (“z” key for vertical and “/” key for horizontal). Each
circle contained a gray line segment that was tilted 22.5° to either
side of horizontal or vertical plane. The orientations of the line seg-
ments inside the circles were chosen randomly. All search ele-
ments were green (CIE:0.3/0.6; 9.3 cd/m?), except for the trials in
the distractor present condition on which one of the circles had a
red color (CIE:0.6/0.3; 10 cd/m?).

2.1.3. Design

The experiment consisted of two main conditions: the diffuse
attention condition and the focused attention condition, which
were manipulated within-subjects (see Fig. 1). Both conditions
had similar displays, but had different instructions. In the diffuse
attention condition participants had to start searching only when
the display elements made up a circle (Go trials) and to withhold
their response when the display elements made up a rectangle
(No-Go trials). They had to ignore the RSVP stream in the center
of the screen. In the focused attention condition participants had
to start searching only when they detected a letter “K” in the RSVP
stream (Go trials) and to withhold their response when the letter
“K” was absent (No-Go trials). The letter “K” could occur equally
likely either at the 4th or 8th position in the RSVP stream. In both
conditions the No-Go trials occurred on 1/3 of all trials.

The appearance of the search display was always synchronized
with the letter occurring at the 4th or 8th position in the RSVP
stream. To minimize the confusion between instructions in the
two conditions, in the diffuse attention condition the letter “K”
was always absent from the RSVP stream. Similarly, in the focused
attention condition only the circular layout of the display elements
was used.

On half of the trials, a salient distractor was present in the dis-
play. Its location was chosen randomly, with a constraint that the
salient distractor could never be directly adjacent to the target ele-
ment. The order of attention conditions was counterbalanced
across participants with half of the participants completing the dif-
fuse attention condition first and the other half completing the fo-
cused attention condition first. Within each attention condition all
types of trials were mixed. Both diffuse and focused attention con-
dition contained 96 trials (divided in two blocks of 48 trials), 192
trials in total.
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Fig. 1. Examples of the stimulus displays used in the Experiment 1. In the focused condition participants had to start searching for a shape singleton only once they have
detected the letter “K” in the RSVP stream in the center of the screen. In the diffuse condition participants had to start searching for a shape singleton only when the global

shape was a circle.

2.1.4. Procedure

Participants were seated approximately 75 cm from the screen.
They were instructed to search for a diamond element and to
determine the orientation of the line segment inside it. They could
start searching only when a Go signal (which was different for the
diffuse and focused attention condition) was present. They were
also told that one of the circles in the display could be uniquely col-
ored, but is irrelevant to the task and therefore should be ignored.
The trial started with a fixation cross, which stayed on the screen
for 500 ms. It was followed by an onset of the RSVP stream. At
either 4th or 8th letter position a search display appeared, and
depending on the Go signal participants either had to start search-
ing or to withhold their response. The search display stayed on un-
tii a response was detected, otherwise it disappeared
simultaneously with the last letter in the RSVP stream. Error trials
were followed by an appropriate visual feedback (text saying:
“Incorrect response”, “No response detected” or “No response re-
quired”) presented for 1500 ms. Participants also received feed-
back about their accuracy and reaction time after every block of
48 trials. They were motivated to respond quickly and accurately.

Before the start of each condition the participants received a sam-
ple block of 48 practice trials.

2.2. Results

Trials in which participants responded faster than 150 ms or
slower than 1200 ms were excluded from the analysis. This led
to a loss of 2.3% of the trials.

The reaction times (RTs) for the diffuse and focused conditions
are presented in Fig. 2. A within-subject ANOVA with condition
(diffuse or focused) and distractor (present, absent) showed a main
effect of condition (F(1,9)=18.85 p<.005) and of distractor
(F(1,9)=10.29, p <.05). More importantly the interaction between
condition and distractor was significant (F(1,9)=8.43, p <.05),
suggesting that the distractor had a different effect in the diffuse
versus the focused condition. Planned comparisons showed that
in the diffuse attention condition the presence of the distractor
had a marked effect on performance: participants were 33 ms
slower when the distractor was present relative to when it was ab-
sent (t(9)=3.73, p<0.005). However in the focused condition,
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Fig. 2. Mean correct reaction times as a function of attentional window size and the
presence of a color singleton distractor in Experiment 1. Error bars represent
standard error of the mean for within-subject designs normalized for estimating the
effect of distractor presence in each condition.

there was no effect of the distractor whatsoever (t(9)=0.52,
p=.62).

As is clear from Fig. 2, participants were significantly slower in
the focused condition than in the diffuse attention condition. This
is to be expected because focusing brings attention in a state in
which search is relatively inefficient (as in Jonides & Yantis,
1988). However, this data pattern provides a potential problem
for our interpretation because it may suggest that it is not neces-
sarily the size of the attentional window that is crucial for the color
singleton to capture attention, but simply the general speed of
responding. Previous research have shown that bottom-up capture
by salient stimuli is short-lived (Hickey, van Zoest, & Theeuwes,
2010; Theeuwes, Atchley, & Kramer, 2000; van Zoest, Donk, & The-
euwes, 2004) and the salience information could have dissipated
by the time the participants started searching in the focused atten-
tion condition. Alternatively, the absence of capture in the focused
attention condition could also be explained by higher perceptual
load in that condition, since on average it took participants longer
to complete it than the diffuse attention condition (Lavie, 1995).
According to the perceptual load theory, when processing demands
are high there is no capacity left for processing of irrelevant infor-
mation. Both the salience dissipation and the perceptual load ac-
counts predict that attentional capture would depend on the
overall processing time and not on the size of the attentional win-
dow. To address these alternative explanations we divided the RTs
in each condition into the four quartiles and examined attentional
capture in each condition as the function of quartile. If the capture
by the irrelevant color singleton was simply a function of the speed
of responding, we would expect that the distracting effect of the
singleton would appear in the focused attention condition as the
RT becomes shorter.

Fig. 3 illustrates the results of this analysis. For the diffuse
attention condition an ANOVA with distractor (present, absent)
and quartile as factors showed that there was a main effect of dis-
tractor (F(1,9)=13.88, p <.01), indicating that the distractor cap-
tured attention. The effect of the quartile was also significant
(F(3,27)=120.08, p <.001). The interaction between the distractor
and the bin was marginally significant (F(3,27)=2.86, p =.06),
demonstrating a trend for capture to be larger in the slower bins.
Such a result has been previously reported in a typical additional
singleton paradigm (Hickey et al., 2010) and might seem counter-
intuitive at first. However, the reason that capture effects increase
with RT is that in this paradigm the selection of distractor is mea-
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Fig. 3. Mean correct RT in focused and in diffuse attention condition as the function
of RT quartile and the presence of a color singleton distractor in Experiment 1. Error
bars represent standard error of the mean for within-subject designs normalized for
estimating the effect of distractor presence within each quartile and condition.

sured indirectly, i.e. based on the delayed manual responses to the
target. Therefore, the slower bins tend to contain more trials on
which selection of the distractor has taken place.

For the focused attention condition the same ANOVA showed
only a main effect of the quartile (F(3,27)=161.31, p <.001). There
was neither main effect of distractor (F(1,9) = 0.27, p = .62) nor the
interaction between the distractor and the quartile (F(3, 27)=1.03,
p=.39), indicating that the distractor did not capture attention in
any of the quartiles. Altogether, the RT distribution analysis shows
that whether salient distractor captured attention was not deter-
mined by the speed of responding per se, but by whether attention
was in a diffuse or focused state.

To further illustrate that in the focused condition attentional
capture was not determined by the overall speed of responding
we took 50% of the slowest RTs in the diffuse attention condition
and compared them to the 50% fastest RTs in the focused condition.
Fig. 4 illustrates the results of this analysis. An ANOVA with condi-
tion (diffuse or focused) and distractor (present, absent) showed
that for the chosen subsets of RTs there was a main effect of con-
dition, but now participants were slower in the diffused attention
condition than the focused attention condition (825 vs. 738 ms;
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Fig. 4. Mean 50% fastest correct RT in focused condition and 50% slowest RT in
diffuse condition as the function of the presence of a color singleton distractor. Error
bars represent standard error of the mean for within-subject designs normalized for
estimating the effect of distractor presence within each condition.
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F(1,9)=9.87, p<.05). The main effect of the distractor was also
significant (F(1,9)=9.82, p <.05), indicating that the distractor
captured attention. Moreover, the interaction was also significant
(F(1,9)=18.24, p <.005), demonstrating that the distractor cap-
tured attention only in the diffuse attention condition (49 ms ;
p <0.005), but not in the focused condition (-9 ms ; p =.2). This
analysis shows that even on trials when the overall RT in the dif-
fuse condition was slower than in the focused condition, salient
distractor captured attention only in the diffuse, but not in the fo-
cused condition. Taken together, the additional analyses argue
against the general speed of responding or perceptual load as the
explanations of the present results.

Overall, participants were quite accurate. They made only 3% of
false alarms in No-Go condition and 0.3% misses in Go-trials. Fur-
thermore, they made only 3% of errors in orientation judgment in
Go-trials. For the Go-trials the mean percentage of errors in orien-
tation judgment for each condition are presented in Table 1. ANO-
VA on percentages of errors in orientation judgment showed no
significant effects or interactions.

2.3. Discussion

Experiment 1 showed that only when attention was spread
across the search display, the presence of a color singleton inter-
fered with the search and captured attention. However, when right
before the search started attention was focused in the center by
means of attending to the RSVP, no attentional capture by the color
singleton was observed. Additional analysis of RT distribution
showed that this effect was due to the size of the attentional win-
dow and not to a simple increase in reaction time during the fo-
cused attention condition. Specifically, the attentional capture
was observed for both fast and slow responses in the diffuse atten-
tion condition, but was never observed in the focused attention
condition.

3. Experiment 2

Although the results of Experiment 1 were quite straightfor-
ward, one might wonder if they were due to the difference be-
tween the diffuse and focused tasks that were unrelated to the
manipulation of the size of the attentional window. For example,
the focused attention task required selection of a target letter from
a stream of rapidly presented distractors, while the diffuse atten-
tion task had to do with discrimination between a circle and a
square. In Experiment 2 we controlled for such differences by using
essentially the same tasks, but presented in different modalities.

In the focused attention condition the task was basically the
same as in Experiment 1: participants had to detect the target let-
ter in RSVP at the fixation. However, simultaneously with the vi-
sual stream a rapid serial auditory presentation letter stream
(RSAP) was presented, which participants were asked to ignore.
In the diffuse attention condition, participants had to do the oppo-
site: they had to ignore the RSVP and to detect the target letter in
the auditory letter stream. Although we did not explicitly ask par-
ticipants to spread their attention, we assumed that attention
would be diffuse just as it is assumed to be diffuse in the typical
additional singleton search task (Theeuwes, 1992).

Table 1
Errors in orientation judgment (percent) by condition and distractor presence in Go-
trials in Experiment 1.

Diffuse Focused
Distractor present 3.1 2.8
Distractor absent 2.2 4.7

To provide further evidence that the size of the attentional win-
dow was affected by the task instruction, we manipulated the
number of elements in the search display. According to the atten-
tional window hypothesis (Belopolsky et al.,, 2007; Theeuwes,
19944, 2004) reducing the size of the attentional window should
result in more serial processing of the visual display. Therefore, if
our manipulation of the size of the attentional window is success-
ful, we expect to find less efficient search in the focused attention
condition than in the diffuse attention condition.

3.1. Method

3.1.1. Participants

Sixteen volunteers (eight females) from the Vrije Universiteit
Amsterdam participated for monetary pay or in exchange for credit
in 1,5 h session. Two participants were replaced due to a large error
rate (>10%). The age of the participants varied between 17 and 23,
with a mean age of 21. They all had normal or corrected to normal
visual acuity, normal color vision and Dutch was their first language.

3.1.2. Stimuli, design and procedure

The experiment was very similar to Experiment 1. The RSVP
stream again consisted of 15 letters, but was now sampled ran-
domly from the pool of 22 letters (all letters of the alphabet except
for I, 0, W, Z) and the letters were made slightly smaller (1° x 1.2°).
The search display was positioned around the RSVP stream and
consisted of either 6 or 9 display elements that were equally
spaced around it in layout of an imaginary circle. Another impor-
tant difference from Experiment 1 was the diffuse attention
manipulation. Instead of processing the overall stimulus layout
the participants were asked to attend to the rapid serial auditory
presentation stream (RSAP), presented synchronously to the visual
stream (sounds were presented into headphones). The RSAP con-
sisted of 15 letters sampled from the same pool of 22 letters as
the RSVP. Note that the letters for the RSAP were sampled indepen-
dently from the letters sampled for the RSVP, therefore the identi-
ties of the spoken and visual letters very seldom coincided. The
letters were spoken in Dutch and the duration of each spoken letter
was 90 ms. The onset of the each spoken letter in the RSAP was
synchronized with the onset of each visual letter in RSVP.

Both RSVP and RSAP streams were presented in both diffuse and
focused attention conditions. In the diffuse condition participants
were instructed to attend to the auditory stream and to ignore
the visual stream of letters. They were instructed to start searching
only when they detected the letter “K” in the RSAP stream (Go tri-
als) and to withhold their response when the letter “K” was absent
(No-Go trials). In the focused condition participants were in-
structed to attend to the visual stream and to ignore the auditory
stream of letters. As in Experiment 1 they were instructed to start
searching only when they detected the letter “K” in the RSVP
stream (Go trials) and to withhold their response when the letter
“K” was absent (No-Go trials). In both conditions the letter “K”
could occur equally likely either at the 4th or 8th position in the
streams. To minimize the confusion between instructions in the
two conditions, in the diffuse attention condition the letter “K”
was always absent from the RSVP stream. Similarly, in the focused
attention condition the letter “K” was always absent from the RSAP
stream. In both diffuse and focused conditions the No-Go trials oc-
curred on half of all trials.

Half of the participants performed the diffuse attention condi-
tion first and the other half performed the focused attention condi-
tion first. For each condition all types of trials were mixed. Both
diffuse and focused attention condition contained 320 trials (di-
vided in ten blocks of 32 trials), 640 trials in total. Before the start
of each condition the participants received five blocks of 32 prac-
tice trials.
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3.2. Results

Trials in which participants responded faster than 150 ms or
slower than 1350 ms were excluded from the analysis. This led
to a loss of 1.5% of the trials.

The reaction times (RTs) for the diffuse and focused conditions
are presented in Fig. 5. A within-subject ANOVA with condition
(diffuse or focused) and distractor (present, absent) and number
of elements in the display (6 or 9) showed a main effect of condi-
tion (F(1,15)=40.39, p<.001) and no main effect of distractor
(F(1,15)=0.99, p = .34). Importantly, the interaction between con-
dition and distractor was significant (F(1, 15) =4.99, p <.05), sug-
gesting that the distractor had a different effect in the diffuse
versus focused condition. Moreover, there was a significant inter-
action between condition and the number of elements in the dis-
play (F(1,15)=4.87, p<.05), indicating that the reaction times
increased more as the number of elements increased in the focused
attention condition (2.7 ms/item) than in the diffuse attention con-
dition (—3.7 ms/item). No other main effects or interactions were
significant.

Planned comparisons showed that in the diffuse attention con-
dition the presence of the distractor marginally slowed the re-
sponses to the target (F(1,15)=3.93, p=0.07). However in the
focused condition, there was again no effect of the distractor
(F(1,15)=0.17, p = 0.69).

Since the presence of capture by the distractor can cloud the
estimation of the search slopes, we further compared the slopes
between the focused and diffuse conditions when the distractor
was absent. The results showed that search was less efficient in
the focused attention condition than in the diffuse attention condi-
tion (5.5 ms/item vs. —3.0 ms/item, respectively; t(15)=2.36,
p <.05). Furthermore, the search slope in the focused condition
was also significantly different from zero (t(15)=2.43, p<.05,
two-tailed), but it was not in the diffuse condition (t(15)=1.22,
p = .24, two-tailed).

Overall, participants were quite accurate. They made only 1.5%
of false alarms in No-Go condition and 1.4% misses in Go-trials.
Furthermore, they made only 6.5% of errors in orientation judg-
ment in Go-trials. For the Go-trials the mean percentage of errors
in orientation judgment for each condition are presented in Table 2.
ANOVA on percentages of errors in orientation judgment showed
no significant effects or interactions.
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Fig. 5. Mean correct reaction times as a function of attentional window size,
number of elements in the display and the presence of a color singleton distractor in
Experiment 2. Error bars represent standard error of the mean for within-subject
designs normalized for estimating the effect of distractor presence within each
condition and the number of elements in the display.

Table 2
Errors in orientation judgment (percent) by condition, number of elements in the
display and distractor presence in Go-trials in Experiment 2.

Diffuse Focused

6 elements 9 elements 6 elements 9 elements
Distractor present 5.5 6.7 5.9 7.7
Distractor absent 6.1 6.3 7.3 6.9

3.3. Discussion

Experiment 2 clearly showed that even when the tasks used to
manipulate the size of the attention window were made similar
there was still capture by the color singleton only in the diffuse,
but not in focused attention condition. Importantly, consistent
with the assumptions of the attentional window hypothesis even
in the classic pop-out search task the search became less efficient
when attention was focused, suggesting that fewer elements in
the visual field were processed in parallel.

4. General discussion

The present study shows that in a diffuse attentional state, we
obtain the classic attentional capture effect as reported by Theeu-
wes (1992): the presence of an irrelevant color singleton slows
search for a shape singleton. When attention was spread over the
display the most salient singleton captures attention, causing an
increase in time to find the target singleton. This effect was dem-
onstrated when participants were explicitly asked to spread their
attention by detecting the overall layout of the stimuli (Experiment
1) and was slightly smaller when no such explicit instruction was
given (Experiment 2). However, this very same capture effect was
abolished when just before the presentation of the display atten-
tion was in a focused state (Experiments 1 and 2). If attention is
not spread over the display, but focused in the center, the presence
of an irrelevant singleton no longer captures attention. Further-
more, we provide direct evidence that when attention is brought
into a focused state before the search begins, the search becomes
less efficient, just as proposed by the attentional window hypoth-
esis (Belopolsky et al., 2007; Theeuwes, 1994a, 2004). This clearly
illustrates why attentional capture by the color singleton is re-
duced: when the color singleton falls out of the narrow attentional
window it fails to compete for selection with the singleton target.

The results are consistent with those of Belopolsky et al. (2007)
who showed the opposite of what we show here: in the classic Jo-
nides and Yantis (1988) paradigm in which there is usually no cap-
ture, capture was reinstated when participants spread their
attention across the visual field. Together with these findings, the
present findings show that the extent to which spatial attention
is divided across the visual field plays a crucial role in attentional
capture. The notion of the attentional window as a determining
factor in the occurrence of attentional capture provides a frame-
work for understanding previous findings on capture.

The current findings are consistent with a study by (Proulx and
Egeth (2006)). They showed that the distraction caused by an irrel-
evant feature (a bright singleton) was modulated by target-non-
target similarity. With increasing target-non-target similarity
search became more difficult, and with increasing search difficulty,
the effect of the presence of the irrelevant bright singleton was re-
duced. These findings are fully consistent with the idea that when
search becomes more difficult, the attentional window needs to be
smaller, causing a reduced effect of the irrelevant distractor on
search (see also Lu and Han (2009)). The same reasoning holds
for the findings reported by Bacon and Egeth (1994). After replicat-
ing Theeuwes (1992) original capture effect, they added different
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shapes to the display such as triangles and squares. Since the dis-
play was no longer homogenous, the task to find the shape single-
ton became more difficult, which abolished the distracting effect of
the singleton. When the target salience was increased by adding
several non-target circles (Theeuwes, 2004), search became fully
parallel again, rendering flat search times of near zero ms/item.
Importantly because observers were now dividing their attention
across the visual display in order to find the target, the irrelevant
color singleton captured attention and caused a large RT interfer-
ence effect.

Even though the results of Proulx and Egeth (2006) and Bacon
and Egeth (1994) can be explained in terms of search difficulty
and the assumed decrease in the size of the attentional window,
it should be noted that typically the absence of a capture effect
have been explained in terms of feature and singleton detection
search mode (Bacon & Egeth, 1994; Leber & Egeth, 2006). These
search modes are thought to be under top-down control, and allow
participants to either engage in a singleton detection mode in
which they choose to direct attention to the location having the
largest feature contrast (highest salience) or in a feature search
mode, in which they choose to direct their attention to a particular
feature. If participants adopt a singleton detection mode, all irrele-
vant singletons capture attention. However, if participants choose
a feature search mode, irrelevant singletons no longer capture
attention. As we have suggested before (Belopolsky et al., 2007;
Theeuwes, 2004) the size of the attentional window provides a
way to reconcile different views on the extent of top-down control,
without assuming different unintentional search modes.

Specifically, we suggest that top-down control over attentional
capture is restricted solely to the spatial domain (see Theeuwes
and Van der Burg (2007)). When attention is spread, visual search
may be conducted in parallel across all items in the visual field (as
in the additional singleton task of Theeuwes, 1991, 1992, 2004), at
the expense that an irrelevant salient singleton would also be se-
lected automatically. However when the attentional window is
set to a smaller size, irrelevant singletons that fall outside of the
attentional window will not capture attention. We propose that
salience computations that are performed during the first sweep
of information are restricted to the attentional window of the ob-
server. Our claim is that while the size of the attentional window is
under top-down control, within the attentional window top-down
control cannot preclude attention from being captured by the most
salient feature.

Leber and Egeth (2006) challenged the attentional window
hypothesis in a study employing heterogenous displays forcing
participants to use a feature search mode. After an extensive train-
ing phase with such displays and the instruction to search for a
specific feature (a circle), participants were able to avoid capture
by the salient singleton even though search slopes were basically
flat. On the surface this finding seems problematic for the window
hypothesis because it represents a case of non-serial search with-
out capture by the salient distractor singleton. In that same study,
Leber and Egeth (2006) also had a group of observers trained in
singleton search. These data showed the classic interference by
the salient distractor. Importantly, observers in this group re-
sponded faster in the distractor absent condition than observers
in that very same condition that had learned to search for a feature.
In footnote 3, Leber and Egeth (2006) speculate that the distractor
interference effect in the feature search group may be have been
concealed by slower responding of observers that have learned to
use the feature search mode. Consistent with our claims, by slow-
ing down search (possibly by setting a smaller attentional window)
the effect of the distractor should disappear. Also, note that in Le-
ber and Egeth (2006) the search slopes were compared between
groups of participants, which makes a small increase in the search
slope difficult to detect. In our Experiment 2 we were able to show

a small increase in the search slope when the size of the attentional
window was manipulated within-subjects.

The finding of less efficient search during a classic pop-out task
has also important implications for the current theories of visual
attention. The distinction between preattentive and attentive
stages of processing is a fundamental question of visual selection
and has a long history in cognitive psychology. While many
researchers suggested that attention is not needed for detection
of pop-out of simple features (Braun & Sagi, 1990; Luck & Ford,
1998; Miiller et al., 2003; Reddy et al., 2007; Treisman, 1988), other
researchers argued that all visual information has to pass through a
limited-capacity stage before being detected (Ghorashi et al., 2007;
Joseph et al., 1997; Nothdurft, 1999; Theeuwes, 1992, 1999, 2008).

For example, Joseph et al. (1997) measured the accuracy of ori-
entation pop-out detection while participants were engaged in a
RSVP task in the center of the screen. They showed that pop-out
detection was severely impaired when it was presented within
the attentional blink and was recovered when it was presented out-
side of the attentional blink. It was proposed that performance in all
tasks, even the tasks requiring detection of simple featural differ-
ences is contingent upon availability of attentional resources. This
argues against the classic preattentive/attentive dichotomy. Ghor-
ashi and colleagues (2007) have replicated the findings of Joseph
etal. (1997) using RTs, but they failed to show increase in the search
slope when the search task was placed inside the attentional blink.
Note, however, that the impairment of pop-out detection within
the attentional blink has also been interpreted as a result of a
post-selection processes, having nothing to do with attention
needed for selection of the pop-out (see Luck & Ford, 1998).

The present study extends the previous results by showing an
increase in search slope in a pop-out task during focused attention.
This suggests that decrease in the size of the attentional window
directly affects selection, with search even for the simple feature
becoming more serial. Note that since a very small amount of
attention is needed for pop-out detection (Joseph et al., 1997) only
a modest search slope was expected and observed in the focused
attention condition of our study (5.5 ms/item). Typically, the slope
of 5.5 ms/item would have been considered to represent preatten-
tive search, since it is smaller than the commonly used but arbi-
trary chosen criterion of 10 ms/item. However, such absolute
measure might be inaccurate, since in a pop-out task search slopes
tend to decrease as the number of search elements increases be-
cause the salience of the target increases as more homogenous dis-
tractors are added to the display (Bravo & Nakayama, 1992;
Ghorashi et al., 2007; Wolfe, Butcher, Lee, & Hyle, 2003). Therefore,
including the diffuse attention condition as a baseline allowed us
to demonstrate a significant relative increase in the search slope
(from —3.0 ms/item to 5.5 ms/item, total of 8.5 ms/item) when
attention was focused.

To summarize, our results showed that the size of the atten-
tional window plays an important role in visual selection and in
attentional capture. When attentional window is wide all items
are processed in parallel across the visual field and all salient ele-
ments capture attention irrespective of a top-down goal. However,
when attentional window is small search becomes less efficient,
even in a classic pop-out search task. Such narrowing of the atten-
tional window excludes processing of irrelevant singletons and
precludes attentional capture. Therefore, attentional capture oc-
curs only within attentional window, but there is no capture out-
side the attentional window.

Acknowledgments
We thank Bradley Gibson for his comments on the manuscript.

This research was funded by grants from Human Frontier Science
Program (HSFP-RGP39/2005) to J.T. and from the Netherlands



2550 A.V. Belopolsky, ]. Theeuwes / Vision Research 50 (2010) 2543-2550

Organization for Scientific Research (NWO-Veni Grant 451-08-
017) to A.V.B.

References

Bacon, W. F., & Egeth, H. E. (1994). Overriding stimulus-driven attentional capture.
Perception and Psychophysics, 55, 485-496.

Belopolsky, A. V., Kramer, A. F., & Godijn, R. (2008). Transfer of information into
working memory during attentional capture. Visual Cognition, 16(4), 409-418.

Belopolsky, A. V., Kramer, A. F., & Theeuwes, ]. (2008). The role of awareness in
processing of oculomotor capture: Evidence from event-related potentials.
Journal of Cognitive Neuroscience, 20(12), 2285-2297.

Belopolsky, A. V., Zwaan, L., Theeuwes, ]J., & Kramer, A. F. (2007). The size of an
attentional window modulates attentional capture by color singletons.
Psychonomic Bulletin and Review, 14(5), 934-938.

Braun, J., & Sagi, D. (1990). Vision outside the focus of attention. Perception and
Psychophysics, 48(1), 45-58.

Bravo, M. J., & Nakayama, K. (1992). The role of attention in different visual-search
tasks. Perception and Psychophysics, 51, 465-472.

Burnham, B. R. (2007). Displaywide visual features associated with a search
display’s appearance can mediate attentional capture. Psychonomic Bulletin and
Review, 14(3), 392-422.

Folk, C. L., & Annett, S. (1994). Do locally defined feature discontinuities capture
attention? Perception and Psychophysics, 56, 277-287.

Franconeri, S. L., & Simons, D. J. (2003). Moving and looming stimuli capture
attention. Perception and Psychophysics, 65(7), 999-1010.

Geyer, T., Miiller, H. J., & Krummenacher, J. (2008). Expectancies modulate
attentional capture by salient color singletons. Vision Research, 48(11),
1315-1326.

Ghorashi, S. M. S., Smilek, D., & Di Lollo, V. (2007). Visual search is postponed during
the attentional blink until the system is suitably reconfigured. Journal of
Experimental Psychology - Human Perception and Performance, 33(1), 124-136.

Hernidndez, M., Costa, A., & Humphreys, G. W. (2010). The size of an attentional
window affects working memory guidance. Attention Perception and
Psychophysics, 72, 963-972.

Hickey, C., van Zoest, W., & Theeuwes, ]. (2010). Time-course of exogenous and
endogenous control of covert attention. Experimental Brain Research, 201,
789-796.

Jonides, J., & Yantis, S. (1988). Uniqueness of abrupt visual onset in capturing
attention. Perception and Psychophysics, 43, 346-354.

Joseph, J. S., Chun, M. M., & Nakayama, K. (1997). Attentional requirements in a
‘preattentive’ feature search task. Nature, 387(6635), 805-807.

Kim, M. S., & Cave, K. R. (1999). Top-down and bottom-up attentional control: On
the nature of interference from a salient distractor. Perception and Psychophysics,
61, 1009-1023.

Kumada, T. (1999). Limitations in attending to a feature value for overriding
stimulus-driven interference. Perception and Psychophysics, 61, 61-79.

Lavie, N. (1995). Perceptual load as a necessary condition for selective attention.
Journal of Experimental Psychology: Human Perception and Performance, 21,
451-468.

Leber, A. B., & Egeth, H. E. (2006). It’s under control: top-down search strategies can
override attentional capture. Psychonomic Bulletin and Review, 13(1), 132-138.

Ly, S., & Han, S. (2009). Attentional capture is contingent on the interaction between
task demand and stimulus salience. Attention Perception and Psychophysics,
71(5), 1015-1026.

Luck, S. J., & Ford, M. A. (1998). On the role of selective attention in visual
perception. Proceedings of the National Academy of Sciences of the United States of
America, 95(3), 825-830.

Miiller, H. J., Reimann, B., & Krummenacher, J. (2003). Visual search for singleton
feature targets across dimensions: Stimulus and expectancy-driven effects in
dimensional weighing. Journal of Experimental Psychology: Human Perception
and Performance, 29, 1021-1035.

Nothdurft, H. C. (1999). Focal attention in visual search. Vision Research, 39(14),
2305-2310.

Proulx, M. J., & Egeth, H. E. (2006). Target-nontarget similarity modulates stimulus-
driven control in visual search. Psychonomic Bulletin and Review, 13(3), 524-529.

Reddy, L., Moradi, F., & Koch, C. (2007). Top-down biases win against focal attention
in the fusiform face area. Neuroimage, 38(4), 730-739.

Santangelo, V., & Belardinelli, M. O. (2007). The suppression of reflexive visual and
auditory orienting when attention is otherwise engaged. Journal of Experimental
Psychology-Human Perception and Performance, 33(1), 137-148.

Theeuwes, J. (1991). Cross-dimensional perceptual selectivity. Perception and
Psychophysics, 50, 184-193.

Theeuwes, ]. (1992). Perceptual selectivity for color and form. Perception and
Psychophysics, 51, 599-606.

Theeuwes, J. (1994a). Endogenous and exogenous control of visual selection.
Perception, 23(4), 429-440.

Theeuwes, J. (1994b). Stimulus-driven capture and attentional set: Selective search
for color and visual abrupt onsets. Journal of Experimental Psychology: Human
Perception and Performance, 20, 799-806.

Theeuwes, ]. (2004). Top-down search strategies cannot override attentional
capture. Psychonomic Bulletin and Review, 11(1), 65-70.

Theeuwes, ]. (in press). Top-down and bottom-up control of visual selection. Acta
Psychologica.

Theeuwes, J., Atchley, P., & Kramer, A. F. (2000). On the time course of top-down and
bottom-up control of visual attention. In S. Monsell & ]J. Driver (Eds.). Attention
and performance (Vol. 18). Cambridge: MIT Press.

Theeuwes, J., & Chen, C. Y. D. (2005). Attentional capture and inhibition (of return):
The effect on perceptual sensitivity. Perception and Psychophysics, 67(8),
1305-1312.

Theeuwes, ]., Olivers, C. N. L., & Belopolsky, A. V. (in press). Stimulus-driven capture
and contingent capture. Wiley Interdisciplinary Reviews Cognitive Science

Theeuwes, J., Kramer, A. F., & Atchley, P. (1999). Attentional effects on preattentive
vision: Spatial precues affect the detection of simple features. Journal of
Experimental Psychology: Human Perception and Performance, 25, 341-347.

Theeuwes, ]., Kramer, A. F., Hahn, S., & Irwin, D. E. (1998). Our eyes do not always go
where we want them to go: Capture of eyes by new objects. Psychological
Science, 9, 379-385.

Theeuwes, J., Kramer, A. F., Hahn, S., Irwin, D. E., & Zelinsky, G. J. (1999). Influence of
attentional capture on oculomotor control. Journal of Experimental Psychology:
Human Perception and Performance, 25(6), 1595-1608.

Theeuwes, J., Kramer, A. F., & Kingstone, A. (2004). Attentional capture modulates
perceptual sensitivity. Psychonomic Bulletin and Review, 11(3), 551-554.

Theeuwes, J., & Van der Burg, E. (2007). The role of spatial and nonspatial
information in visual selection. Journal of Experimental Psychology-Human
Perception and Performance, 33(6), 1335-1351.

Theeuwes, ]., Van Der Burg, E., & Belopolsky, A. (2008). Detecting the presence of a
singleton involves focal attention. Psychonomic Bulletin and Review, 15(3),
555-560.

Treisman, A. M. (1988). Features and objects: The fourteenth bartlett memorial
lecture. The Quarterly Journal of Experimental Psychology, 40A, 201-237.

Van der Stigchel, S., Belopolsky, A. V., Peters, ]. C., Wijnen, J. G., Meeter, M., &
Theeuwes, J. (2009). The limits of top-down control of visual attention. Acta
Psychologica, 132, 201-212.

van Zoest, W., Donk, M., & Theeuwes, ]. (2004). The role of stimulus-driven and goal-
driven control in saccadic visual selection. Journal of Experimental Psychology:
Human Perception and Performance, 30, 746-759.

Wolfe, ]J. M., Butcher, S. ]., Lee, C., & Hyle, M. (2003). Changing your mind: On the
contributions of top-down and bottom-up Guidance in visual search for feature
singletons. Journal of Experimental Psychology, 29(2), 483-502.

Yantis, S., & Egeth, H. E. (1999). On the distinction between visual salience and
stimulus-driven attentional capture. Journal of Experimental Psychology: Human
Perception and Performance, 25, 661-676.

Yantis, S., & Jonides, J. (1984). Abrupt visual onsets and selective attention: Evidence
from visual search. Journal of Experimental Psychology: Human Perception and
Performance, 10, 601-621.



