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The issue whether attentional capture is determined by top-down factors or can be stimulus-driven remains
unsolved. To examine this, we used a spatial cueing paradigm with set size four and eight in which a color
target is preceded by an uninformative cue (color or onset) that either matches or does not match the target-
defining feature. The critical manipulation lies in adding no-cue trials to make the subsequent first with-cue
trial unexpected, which reveals the stimulus-driven component. For the onset cue, the first-trial analysis
indicated attentional capture at set size four and eight, whereas results from the average data indicated
attentional capture at set size eight but not at set size four. For the color cue, attentional capture was found in
the average data but not in the first trial, regardless of set size. These results can be explained by the
interactive processing of early stimulus-driven activation followed by top-down modulation.
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Our visual world consists of various stimuli, and attention helps us
concentrate on the task at hand. While we often use our voluntary
control to orient attention toward the current behavioral goal,
involuntary orienting to certain kinds of stimuli occasionally occurs.
For example, when we are reading an article on the computer screen,
a sudden onset of a window containing a calendar reminder or a
banner advertisement may capture our attention—at least, that is the
designer's goal. Although distracting us from the current task (e.g.,
reading), the consequence could be beneficial if the message on
screen brought us important information.

Whether attentional capture by task-irrelevant stimuli is deter-
mined by top-down factors or can be purely stimulus-driven is hotly
debated. For example, concerning the question whether an onset
distractor captures attention, proponents of the contingent capture
hypothesis (e.g., Bacon & Egeth 1994; Folk, Remington, & Johnston
1992; Gibson & Kelsey 1998) would say “no,” because they propose
that only when the target is defined by an onset can the onset capture
attention. That is, attention is captured only by stimuli that share the
same feature as the target (i.e., under the same attentional control
setting). In contrast, proponents of the stimulus-driven capture
hypothesis (e.g., Theeuwes 1992, 2010; Yantis & Jonides 1984)
would say “yes,” because they propose that attentional capture
depends on the stimulus property per se, and salient stimulus can
capture attention regardless of its match with the target feature.

Over the past two decades, researchers in both camps have gained
accumulated evidence to support their hypotheses. For example, a
task-irrelevant onset stimulus has been shown to capture attention
regardless of the attentional control settings (e.g., Franconeri, Simons,
& Junge 2004; Theeuwes 1995; Turatto & Galfano 2000; Yantis &
Jonides 1984), supporting the stimulus-driven capture hypothesis.
Nevertheless, it has also been shown that onset fails to capture
attention when the current goal is to search for a color target (e.g.,
Folk et al. 1992; Folk, Leber, & Egeth 2002; Folk & Remington 1998,
1999). Under this circumstance, only a color stimulus that matches
the feature of the target (and thus is consistent with the attentional
control setting) can capture attention, and this is in line with the
contingent capture hypothesis.

Instead of seeking a “yes” or “no” dichotomy answer to this debate,
it is time to reframe the question by asking under what conditions each
hypothesis is held, and then develop a theoretical framework to
reconcile the discrepancies in past results. Indeed, recent studies have
addressed the issue towards this direction. For example, stimulus-
driven capture is shown to increase with enhanced stimulus salience
by increased set size (Theeuwes 2004; Yeh & Liao 2008) or decreased
likelihood of its occurrence (Geyer, Muller, & Krummenacher 2008;
Mueller, Geyer, Zehetleitner, & Krummenacher 2009; Neo & Chua
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2006; Sayim, Grubert, Herzog, & Krummenacher 2010). Likewise, the
strength of stimulus-driven capture decreases with an enhanced
attentional control setting such as adopting a feature search mode (as
compared with a singleton detection mode, see Lamy & Egeth 2003)
or with higher task difficulty (Lu & Han 2009). These studies provide
excellent seeds for an integrated framework that stresses the
interaction between stimulus-driven and top-down processes in
attentional capture, rather than negating either stimulus-driven or
top-down (also see Belopolsky, Schreij & Theeuwes, 2010; Hickey, van
Zoest, & Theeuwes 2010; Hochstein & Ahissar 2002; Lamme &
Roelfsema 2000; Theeuwes 2010; VanRullen & Koch 2003; van Zoest
& Donk 2004; van Zoest, Donk, & Theeuwes 2004).

In this study, we showed results in accordance with the integrated
framework by demonstrating a pattern of dissociation between purely
stimulus-driven and interaction of stimulus-driven and top-down
processes. Unlike the above studies using different paradigms, we
intend to do so in a single paradigm and examine the interactive
processing by analyzing the data in different ways. For the stimulus-
driven process, visual stimulus causes activation based on its property;
the higher its salience, the higher the activation. The top-down
processes in attentional capture include at least two types: attentional
control setting and top-downmodulation. The attentional control setting
is for the specific feature that defines the to-be-searched target (e.g., the
color target), and the top-down modulation is operative on the task-
irrelevant stimulus (e.g., an onset distractor). While participants'
attentional control is set for the task-relevant feature, the top-down
modulation starts to operate after the task-irrelevant stimulus has been
presented once so that its appearance is included in the task
configuration. We hypothesize that the occurrence of attentional
capture relies on the interactive process of the stimulus-driven
activation and the top-down processes. The top-down modulation on
the task-irrelevant distractor can be either facilitatory or inhibitory
depending on its match or mismatch with the attentional control
setting respectively. Behavioral measurement of attentional capture,
especially through hundreds of repeated trials in the laboratory, usually
reflects the averaged outcome of this interactive process.

Accordingly, a dissociation of attentional capture caused by the
purely stimulus-driven activation and the interaction of stimulus-
driven and top-down modulation can be observed by results from the
first unexpected stimulus and the average data, respectively. For stimuli
that do not share the same feature as the target—that is, not contingent
with attentional control setting—it is predicted that they can capture
attention only if they are salient enough when they first appear
unexpectedly, yet their ability to capture attention is inhibited at later
trials due to top-downmodulation on them. In contrast, for stimuli that
are contingent with attentional control setting, it is predicted that their
ability to capture attention should increase over the course with similar
presentations since they are facilitated by the top-down modulation
due to their match with attentional control setting.

If there is no such interactive process, the same pattern of capture
effect should be observed in the first trial and the average data. If this
were the case, the result pattern for attentional capture then would
depend on the particular hypothesis. The stimulus-driven capture
hypothesis (e.g., Theeuwes 1992, 2010) predicts attentional capture
regardless of whether a stimulus shares the same feature as the target,
as long as the stimulus is salient enough. However, the contingent
capture hypothesis (e.g., Folk et al. 1992; Folk & Remington 2008)
predicts attentional capture only by a stimulus that shares the same
feature with the target. The interactive framework, by definition,
would predict an interaction pattern for results of the first trial
analysis and the average data.

1. Experiment 1

To test this hypothesis, we adopt a spatial cueing paradigm that
has been used extensively to show evidence supporting the
contingent capture hypotheses (e.g., Atchley, Kramer, & Hillstrom
2000; Folk & Remington 1998, 1999; Folk et al. 1992; Folk, Remington,
& Wright 1994; Gibson & Kelsey 1998; Rauschenberger 2003; cf.
Belopolsky, Schreij & Theeuwes, 2010; Schreij, Owens, & Theeuwes
2008; Schreij, Theeuwes, & Olivers 2010; Yeh & Liao 2008). An
uninformative cue – a color singleton or an abrupt onset – preceded
the target, which was defined by a specific color feature, and this
determined the attentional control setting held by the participants.
The critical manipulation in the current study is to add the no-cue
trials to make the very first with-cue trial unexpected. In this way,
after participants' familiarization with the task, the very first trial can
be analyzed to compare with the results from the average data.
According to the interactive framework, a dissociation of the capture
effect between the first trial and the average data is expected. While
the onset cue is expected to capture attention at the very first
presentation, this capture effect should diminish in the average data
since an onset does not match the attentional control setting and is
inhibited by top-down modulation. For the color cue, however, a
reverse pattern is expected (i.e., a larger capture effect for the average
data than for the first trial), since the color cue matches the
attentional control setting and is facilitated by top-down modulation
due to the feature contingency between the cue and the target.

1.1. Method

1.1.1. Participants
Fifty-eight undergraduates at National Taiwan University partic-

ipated in this study. All were naïve about the purpose of the
experiment.

1.1.2. Stimuli, design, and procedure
The stimuli were presented on a 20-inch ViewSonic monitor,

controlled by the DMDX software (Forster & Forster 2003). There
were four kinds of displays: fixation, onset cue, color cue, and target
display. A gray dot (0.6° diameter; CIE (.302, .302), 1.47 cd/m2) served
as a fixation point in each display. In the fixation display, four gray
boxes appeared at the 11.2° eccentric locations of 0°, 90°, 180°, and
270° relative to the horizontal midline. In the onset cue display, four
white dots (0.5° diameter; CIE (.284, .300), 31.7 cd/m2) surrounding
one of the four gray boxes served as the cue. In the color cue display,
one of the four gray boxes in the fixation display was surrounded by
four red dots (CIE (.610, .345), 5.71 cd/m2), and the other three boxes
were each surrounded by four white dots. In the target display, four
signs (2° length×2°width) were inside the four gray boxes; half were
“×” and half were “=” signs. One of the signs was red and defined as
the target; the other signs were white.

The experiment consisted of three kinds of trials: no-cue, onset-
cue, and color-cue trials. In the no-cue trial, the fixation display was
presented for 1150 ms followed by the target display for 50 ms. After
the target display, the fixation display was presented until the
participant made a response. In the onset-cue and color-cue trials
(Fig. 1), the sequence was: fixation display (1000 ms), onset or color
cue display (50 ms), fixation display (100 ms), the target display
(50 ms), and the fixation display (until response).

Two within-subject factors were manipulated: cue type (color or
onset) and cue-target location (valid or invalid). The cue appeared at
the four different locations with equal probability, and the possibility
that the target would appear at the same location as the cue was at
chance level (i.e., cue validity was 25%). The color-cue and onset-cue
trials (64 each) were presented in different blocks, each preceded by
32 no-cue trials to make the first with-cue trial unexpected. The
sequence of the two blocks was counter-balanced among the
participants. Four practice no-cue trials preceded the 192 formal trials.

Participants were instructed to discriminate, as accurately and
quickly aspossible,whether the red signwas a “×”or an “=”bypressing
the “z” or “/” key, respectively. No description about the cue was given,
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Fig. 1. Procedure of the with-cue trial (not-to-scale). In the experiment, the fixation
point and boxes were gray on a black background. Other black dots and signs were
white, and the gray dots and signs were red. Participants were required to discriminate
whether the red sign was a “×” or an “=”.
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Fig. 2. Mean reaction times of target discrimination in (A) Experiment 1 and (B)
Experiment 2. Error bars represent one standard error from themean. Asterisks indicate
statistically significant differences between the valid and invalid locations (i.e., the
validity effect, pb .05).
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and the participants did not know that a cuewould appear until the first
with-cue trial. Accordingly, no information about the cue validity was
provided. The next trial began immediately after the response; if no
response was madewithin 2.5 s, the current trial would self-terminate;
this was to encourage participants to maintain their attention on the
task. Participants were allowed to take short breaks between the blocks.

1.2. Results

Attentional capture was inferred by the presence of the validity
effect; that is, shorter reaction times (RTs) when the target appeared
at the validly cued location than at invalidly cued locations. Two kinds
of analyses were conducted: the first with-cue trial and the average
data from all trials. Results are shown in Fig. 2(A).

For the first trial analysis, participants were separated into two
groups depending on the cue-target validity of the first with-cue trial
(i.e., whether the target was presented at the validly or invalidly cued
locations), when these trials were presented in a randomly mixed
sequence. In the onset cue condition, 14 participants conducted the
valid trials and44 conducted the invalid trials. In the color cue condition,
12 conducted the valid trials and 46 conducted the invalid trials. Errors
weremade onlywhen the target appeared at the invalidly cued location
(9.09% for onset cue and 6.52% for color cue), but not at the validly cued
location; however, the difference in error rates between the valid and
invalid trials did not reach statistical significance (χ2=1.37, pN .2 for
onset cue and χ2=.83, pN .3 for color cue). These erroneous trials were
removed from further analysis. A planned comparison on RTs (see the
left panel of Fig. 2A) using Welch's t-test1 with degree of freedom
1 Welch's t-test is proved to be suitable for between-subject comparison with the
possibility of unequal variances between the two samples (Welch 1947).
adjusted by Welch-Satterthwaite equation showed that the validity
effectwas significant for onset cue [t(37)=1.73, pb .04, Cohen's d=.43]
but not for color cue [t(14)=.44, pN .3, Cohen's d=−.19].

For the average data (the right panel of Fig. 2A), RTs deviating from
the mean with three standard deviations were excluded (1.25% trials
in Experiment 1 and 1.06% in Experiment 2 were removed). As
expected, mean RTs of no-cue trials did not differ significantly in the
onset-cue and color-cue blocks [575 ms vs. 580 ms, t(1,57)=0.36,
pN .7, Cohen's d=.04], and these data were not included in further
analysis. A repeated-measure ANOVA on RTs of with-cue trials with
the factors of cue type (onset, color) and cue-target location (valid,
invalid) was conducted. There were the main effect of cue-target
location [F(1,57)=47.55, MSe=36587.47, pb .0001] and the two-
way interaction of cue type×cue-target location [F(1,57)=29.85,
MSe=28325.83, pb .0001], but not the main effect of cue type
[F(1,57)=3.52, MSe=14108.49, pN .06]. Further analysis of the two-
way interaction showed that the validity effect was found only for
color cue [F(1,114)=75.25, MSe=64649.37, pb .0001], but not for
onset cue [F(1,114)=0.31,MSe=263.94, pN .5]. RTs were shorter for
the onset cue than the color cue at the invalid location [F(1,114)=
16.62, MSe=41208.03, pb .0001], whereas the two kinds of cues did
not lead to different RTs at the valid location [F(1,114)=0.50,
MSe=1226.30, pN .4].

Analysis of error rates (Table 1) revealed a similar pattern as the RT
data. The mean error rate for the no-cue trials did not differ between
the onset-cue and color-cue blocks [t(1,57)=1.76, pN .08, Cohen's
d=−.24]. ANOVA showed the main effect of cue-target location
[F(1,57)=4.80,MSe=0.01, pb .04] and the two-way interaction of cue-
target location and cue type [F(1,57)=7.14, MSe=0.02, pb .01], but
not the main effect of cue type [F(1,57)=0.14, MSe=0.00, pN .7]. The



Table 1
Mean error rates (%) under each condition in Experiment 1 and 2. Numbers in parentheses are standard errors.

Onset cue Color cue

No cue Valid Invalid No cue Valid Invalid

Experiment 1 7.61 (0.96) 6.43 (0.86) 6.14 (0.88) 6.00 (0.80) 4.96 (0.81) 8.30 (0.94)
Experiment 2 6.25 (1.08) 5.90 (1.14) 6.42 (0.57) 6.65 (1.20) 5.56 (1.16) 7.22 (0.73)
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validity effect was found for color cue [F(1,114)=11.79, MSe=0.03,
pb .001] but not for onset cue[F(1,114)=0.09, MSe=0.00, pN .7]. No
speed-accuracy trade-off was suggested here.
1.3. Discussion

The results demonstrated a dissociation of attentional capture by
the first trial analysis and the average data with the two kinds of cues
that either matched or not with the target-defining feature. In search
for a color target, an uninformative onset cue captured attention in the
first trial but not in the average data. On the contrary, a color cue
captured attention in the average data but not in the first trial. Taken
together, these results can be explained by the interactive framework
that suggests early stimulus-driven capture by salient property of the
stimulus, which is revealed by analyzing the very first with-cue trial,
and late top-downmodulation on the task-irrelevant stimulus – based
on the match with the attentional control setting for the target-
defining feature – which is revealed by the average data.

The onset cue has the characteristic of not matching the target-
defining feature (i.e., color). Our finding that it captured attention in
the first trial but not in the average data indicates that it can exert its
effect to capture attention when appearing unexpectedly, which is
presumably a stimulus-driven component because it was not contin-
gent on the attentional control setting and the top-down inhibition
has yet to modulate its capturing effect. On the other hand, the
absence of attentional capture in the average data indicates that top-
down modulation has inhibited the capture effect induced by the
onset cue. The difference between the first trial and the average data
clearly reveals the fact that the absence of attentional capture by onset
in search for a color target in previous studies using the same cueing
paradigm (e.g., Folk et al. 1992; Folk & Remington 1999) is due to a
later modulation on the initial stimulus-driven component rather
than the failure of the onset cue to grab attention involuntarily.

In contrast, the color cue that matches the target's defining feature
showed attentional capture in the average data but not in the first
trial. Assuming that the first trial data reveals the effect of stimulus-
driven component without top-down modulation, as argued above, it
is reasonable to infer that the color cue cannot capture attention in a
stimulus-driven fashion (also see Theeuwes 1995, Yeh & Liao 2008,
2010, cf. Belopolsky, Zwaan, Theeuwes & Kramer, 2007; Theeuwes
1992). However, the same color cue showed the capture effect in the
average data. This can be explained by its match with the attentional
control setting and, thus, its possibility of capturing attention is
enhanced through time by top-down facilitatory modulation. In other
words, the finding of capture effect by color cue in the average data –

but not in the first trial – suggests that the color cue captures attention
through top-down modulation that could be feature-based enhance-
ment which was accumulated over the course of experimental trials,
but not through initial stimulus-driven activation2 (cp. Belopolsky et
al. 2010).

However, there are several other possible explanations of the
failure of color cue in capturing attention in the first trial. First, there
2 An alternative explanation of the capture effect by color cue is the inter-trial
priming (Belopolsky et al. 2010) in which the prior exposed target feature enhances
the cue that shares the feature. However, had this been the case, the color cue should
have robustly elicited its capture effect in the first trial since the feature of the cue had
been presented repeatedly in the previous no-cue trials with the target.
may be confusion between the color cue and the target when the cue
was first presented since it shares the same feature as the target.
Therefore, it might have taken more time for the participants to
discern whether it was a cue or a target (Hickey, McDonald, &
Theeuwes 2006; Theeuwes 2010). This is backed up by the data: The
RTs in general slowed down about 115 ms (comparedwith the no-cue
trials) when the color cue was first presented but not in the case for
the onset cue. Second, while scrutinizing the first trial color-cue data,
a larger variance in RTs is observed at the valid location, illustrating
unstable responses among participants. Therefore, onemay argue that
the color cue did capture attention for some participants but not for
others. In any case, it is not as reliable as the capture effect shown by
the onset cue for the first trial. Finally, failure of color cue in capturing
attention in the first trial could be due to less salience of the color cue,
resulting in the lack of attentional capture. In the next experiment, we
will further increase the stimulus' salience by increasing set size to
test this hypothesis.
2. Experiment 2

Yeh and Liao (2008, Experiment 4) replicated the finding of Folk
et al. (1992): In search for a color target, an onset cue could not
capture attention; however, this is true at set size four but not at set
size eight. The authors suggested that increasing set size increases
stimulus salience and, thus, stimulus-driven capture is more easily
revealed. Therefore, a natural follow-up in the current study would
be the use of set size eight in this experiment to accomplish two
goals: First, by adopting the same design and procedure as those in
Experiment 1 but changing set size from four to eight, it is expected
that onset cue captures attention not only in the first trial but also in
the average data since it is now more salient, so the activation of the
stimulus-driven component should be higher and thus more difficult
to be suppressed. Second, this will allow us to examine whether
Experiment 1's failure of attentional capture by the color cue in the
first trial is due to its lack of salience. If so, a color cue is expected to
capture attention in the first trial as well, when a larger set size is
used to increase its salience.
2.1. Method

2.1.1. Participants
Thirty-six students at National Taiwan University, as previously

described, participated in this experiment.
2.1.2. Stimuli, design, and procedure
The stimuli, design, and procedure were the same as those in

Experiment 1 with the following exceptions: First, set size was
increased to eight. Four additional gray boxes were presented in the
45°, 135°, 225°, and 315° position, and the eight boxes were located in
an imagery circle. Second, in the color cue display, there were seven
gray boxes instead of three, surrounded by the four white dots. Third,
in the target display, eight signs were shown within the eight gray
boxes; one was red and seven were white. Fourth, there were eight
practice trials instead of four. Finally, in each block, there were 128
with-cue trials instead of 64 trials as those in Experiment 1.
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2.2. Results

Results are shown in Fig. 2(B). The same analyses as those in
Experiment 1 were conducted. For the first trial, in the onset cue
condition four participants conducted the valid trials and 32
conducted the invalid trials. In the color cue condition, five
participants conducted the valid trials and 31 conducted the invalid
trials. Errors were made only when the unexpected color cue
appeared at the invalid location (3.32%), but the difference between
valid and invalid trials did not reach statistical significance (χ2=.17,
pN .6). No error was made for the onset cue. The planned comparison
on RTs (the left panel of Fig. 2B) showed that the validity effect was
significant for onset cue [t(18)=2.85, pb .01, Cohen's d=.66], but not
for color cue [t(10)=.70, pN .2, Cohen's d=.22].

For average data (the right panel of Fig. 2B), as expected,meanRTs of
no-cue trials did not differ in the onset-cue and color-cueblocks [580 ms
vs. 570 ms, t(1,35)=0.68,pN .4, Cohen's d=.11]. For thewith-cue trials,
the ANOVA revealed the main effect of cue-target location [F(1,35)=
51.48, MSe=33566.79, pb .0001] and the two-way interaction of cue
type×cue-target location [F(1,35)=5.49, MSe=3611.95, pb .03], but
not themain effect of cue type [F(1,35)=3.93,MSe=20019.26, pN .05].
Further analysis of the two-way interaction showed that the validity
effect was found for both onset and color cues [F(1,70)=11.57,
MSe=7578.40, pb .01 and F(1,70)=45.19, MSe=29600.33, pb .0001,
respectively]; RTs were shorter for the onset cue than the color cue at
the invalid location [F(1,70)=7.07, MSe=20319.04, pb .01], whereas
the two kinds of cues did not lead to different RTs at valid locations
[F(1,70)=1.15,MSe=3312.17, pN .2]. Mean error rates (Table 1) of no-
cue trials did not differ in the onset-cue and color-cue blocks [t(1,35)=
0.26, pN .7, Cohen's=.06]. The ANOVA on error rates of with-cue trials
did not reveal any effects [Fsb2, psN .1].
2.3. Discussion

The results showed that by increasing the set size to eight items in
the display, onset cue captured attention not only in the first trial but
also in the average data, and the result of the average data replicated
that in Yeh and Liao (2008). In contrast, the color cue captured
attention in the average data but still failed to do so in the first trial.3

That is, while increasing stimulus salience by increasing set size, color
cue still could not capture attention when it was first presented,
whereas onset cue could capture attention as shown in the first trial
and the average data.

According to the interactive framework that stressed early
stimulus-driven activation followed by top-down modulation, the
first trial analysis reveals the stimulus-driven activation, and the
average data reveal the outcomes of the interactive processes. The
results of the first trial replicated the finding in Experiment 1 that only
the onset cue – but not the color cue – captured attention, suggesting
that onset has more privilege in stimulus-driven capture than color
does. The asymmetry of attentional capture by onset and color can be
explained by several theories that address the uniqueness of abrupt
onset in capturing attention, including the new object hypothesis
(Jonides & Yantis 1988; Yantis & Jonides 1984), the transient
hypothesis (Franconeri et al. 2004; Franconeri, Hollingworth, &
Simons 2005), and the salience hypothesis (Theeuwes 1992, 1995).

The reason the capture effect by onset could be observed at large
set size in the average data may be attributed to the following two
reasons: First, it could be due to the increase of stimulus-driven
component by increasing salience with larger set size and, thus, the
3 We cannot exclude the possibility that the failure of capture by color in the first
trial is due to the confusion of the color cue and the target. However, confusion
between the color cue and the target cannot account for the different results between
the analyses of first trial and average data. Had it been confusion, there should have
been no capture effect in the average data.
possibility of capturing attention. Assuming that the unexpected first
trial reveals the effect of stimulus-driven component, a larger capture
effect at set size eight than four (126 ms vs. 73 ms) provides an
evidence supporting this argument. Second, it could be that any top-
down strategy available at set size four is less applicable at set size
eight; that is, top-down modulation becomes less effective when
there are more items in the visual field. Assuming that attention and
visual short-term memory share common mechanisms (Awh &
Jonides 2001; Chou & Yeh 2008; Munneke, Heslenfeld, & Theeuwes
2010), the capacity limit in visual short-term memory (Cowan 2001;
Luck & Vogel 1997; Vogel, Woodman, & Luck 2001) may cause the
top-downmodulation to be less effective with increasing items in the
display.

The failure of attentional capture by color in the first trial suggests
that the color singleton cannot capture attention in a pure stimulus-
driven manner, even with attentional control setting for color. It is
consistent with the evidence that a feature which matches with the
attentional control setting does not automatically capture attention.
For example, Lamy and Tsal (1999) showed that in a visual search task
wherein the target was defined as a conjunction of color and shape
(e.g., green O), neither color (e.g., green X) nor shape (blue O)
singleton attracted attention. They showed that the salient feature
singleton captured attention only when there was no target in the
display. This could be due to participants' taking longer time to decide
whether the salient feature singleton was the target or not, suggesting
that the salient feature receives processing priority through feature-
based enhancement. The results are consistent with our interactive
framework that while a salient color singleton does not capture
attention in a stimulus-driven manner (see also Yeh & Liao 2008,
2010), it may capture attention when the color feature is enhanced by
top-down modulation.

3. General discussion

To conciliate the two mainly debated hypotheses in the field of
attentional capture – stimulus-driven vs. contingent capture –we test
the interactive framework and in two experiments successfully show
the dissociated pattern of results in the first trial and the average data.
In search for a color target, Experiment 1 showed that at set size four,
the onset cue but not the color cue captured attention in the first trial
analysis, whereas the average data revealed that the color cue but not
the onset cue captured attention. Experiment 2 showed that at set size
eight, the first trial analysis showed the same result pattern as those in
Experiment 1: capture by onset but not color. However, unlike
Experiment 1, the average data showed that both onset and color cue
captured attention. The results that onset which does not match the
target-defining feature could still capture attention in the first trial (in
both experiments) and average data at set size eight (in Experiment
2) support the stimulus-driven capture hypothesis. In contrast, the
results at set size four that only color but not onset captures attention
in the average data replicate previous studies using the same
paradigm and show evidence for the contingent capture hypothesis
(e.g., Folk et al. 1992; Folk et al. 1994; Folk & Remington 1999; Yeh &
Liao 2008). The two contrasting hypotheses – stimulus-driven and
contingent – both hold partly true but also need to be modified as to
the modulating factors of the involvement of top-down modulation
(e.g., first trial vs. average data) and set size (four vs. eight) to explain
the results adequately.

3.1. The interactive framework

The overall pattern of results cannot be explained by either the
stimulus-driven hypothesis or the contingent hypothesis, but instead
can be adequately explained by the interactive framework. The result
in the first trial analysis shows that onset captures attention, revealing
the stimulus-driven process in attentional capture. The average data
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instead reflects the interactive process of stimulus-driven activation
and top-down modulation that is affected by set size. While the top-
downmodulation is more effective with small set size, onset cue does
not capture attention since the top-downmodulation inhibits the cue
more effectively. In contrast, as items in the display increases to
increase the stimulus salience (e.g., Todd & Kramer 1994) and make
top-down strategy less applicable, top-down modulation is less
effective in inhibiting any task-irrelevant cues and, thus, the onset
cues which does not match the attetional control setting still capture
attention, as indicated by the average data.

This study has contribution in finding a way to reveal the pure
stimulus-driven component by adding the no-cue trials and analyzing
the data of the first with-cue trials. Such a first trial analysis has the
advantage to isolate the stimulus-driven components, since the cue in
the first with-cue trial has not yet been facilitated or inhibited by top-
down modulation based on the absence of the representation of the
cue from the previous trials. During the no-cue trials in search for the
color target, the attentional control setting is for red, but the top-
down modulation on the cue starts only after the cue appears.
Otherwise, how could one expect what to modulate? In most
circumstances, the final outcome of task performance is a mixture of
top-down and bottom-up components developed over the course of
the whole experiment, and it is difficult to tease them apart. However,
by applying the no-cue trials procedure and conducting the first trial
analysis, the stimulus-driven component can be isolated and revealed.

Isolating the stimulus-driven component from the top-down
modulation helps us investigate how other factors interact with the
two components. Compared with the two experiments in the current
study, the task-irrelevant onset does not capture attention with small
set size but is able to do so with large set size as shown in the average
data (also see Yeh & Liao 2008). By comparing the capture effect by
the first trial between the two set sizes, the stimulus-driven activation
is inferred to be smaller with the smaller set size. Not exclusively, top-
downmodulation may be more effective with the smaller set size due
to the limited items which have to be modulated. An alternative
explanation is proposed by Theeuwes and colleagues (Belopolsky et
al. 2007; Theeuwes 2004, 2010; cp. Leber & Egeth 2006) that with
smaller set size, the size of attentional window is narrower, which
prevents stimulus-driven capture because capture is assumed not to
occur outside the attentional window.

There are several theories with the spirit of interaction between
stimulus-driven and top-down processes (e.g., Bundesen 1990;
Hochstein & Ahissar 2002; Lamme & Roelfsema 2000; Theeuwes
2010; VanRullen & Koch 2003), but few specifically accounts for
attentional capture or providing the data to confirm the interactive
framework. Furthermore, in the literature of attentional capture,
stimulus-driven capture is mostly supported by studies using an
additional singleton in the visual search task (e.g., Jonides & Yantis
1988; Theeuwes 1991, 1992, 1994, 1995, 2004; Theeuwes & Burger
1998; Turatto & Galfano 2000; Yantis & Egeth 1999; Yantis & Jonides
1984), whereas the contingent capture hypothesis is mostly
supported by evidences coming from spatial cueing paradigm (e.g.,
Atchley et al. 2000; Chen &Mordkoff 2007; Folk & Annett 1994; Folk &
Remington 1998, 1999, 2006, 2008; Folk et al. 1992; Gibson & Kelsey
1998; also see review of Rauschenberger 2003). In this study, we used
the spatial cueing paradigm but instead showed stimulus-driven
activation and its interaction with top-down modulation.

3.2. Stimulus-driven capture hypothesis

In a recent review, Theeuwes (2010) added the later top-down
processing through massive recurrent feedback to his model,
although still asserting that pure stimulus-driven capture exists at
an early time course and is intact until 150–175 ms when the top-
down influence exerts its effect. The issue whether the initial
stimulus-driven activation is intact and resistant to top-down process,
as suggested by Theeuwes, or could be modulated by top-down
process immediately after the first presentation of the unexpected
stimulus, as suggested by the current interactive framework, remains
unclear. One thing is clear: according to Theeuwes' framework,
stimulus-driven capture is expected to be observed regardless of
stimulus repetition. However, in the current study, we showed a
dissociation of attentional capture between the first trial and the
average data. The overall results suggest that once the stimulus is
presented with expectation after the first unexpected trial, stimulus-
driven activation is then susceptible to top-down modulation—not
remaining intact.

Can the results in this study be explained by variations of stimulus-
driven capture hypothesis? Theeuwes, Atchley, and Kramer (2000)
proposed the rapid recovery theory, which states that any salient
stimulus captures attention and, depending on whether the stimulus
shares the same feature as the target or not, attention slowly or
rapidly disengages from the stimulus (but see Chen &Mordkoff 2007;
Folk & Remington 2006); stimulus contingency on attentional control
setting renders slower speed in disengagement. In the spatial cueing
paradigm, as used in this study, due to a 150 ms time delay of the
target followed by the cue, the onset cue may have captured
attention; however, since it does not share the same defining-feature
as the target, attention rapidly disengages from the cued location and
back to the fixation, resulting in the absence of the capture effect.
Instead, for the color cue which matches with the target defining-
feature, attention is less effective to disengage from the cue, resulting
in the observed capture effect. In other words, the presence of
attentional capture by the cue that matches the attentional control
setting and the absence of it that does not match are due to the slow
and fast disengagement of the two kinds of cues, respectively, as
revealed by RT cost or no cost at the invalidly cued location.

The rapid recovery theory can explain only the results of average
data at set size four, specifically, but not at set size eight. The result at
set size four that the color cue led to slower response than the onset
cue at the invalid location (pb .0001) but no difference in RT was
found at the valid location (pN .4) is consistent with this theory.
However, controversial evidence was found at set size eight. Though
the same pattern of results as at set size four – that is, slower RTs for
the color cue than the onset cue at the invalid location but not at the
valid location – is shown to be seemingly consistent with the rapid
recovery theory, the result that not only the color cue but also the
onset cue captured attention is inconsistent with this theory since the
onset cue that does not match the target-defining feature is expected
not to capture attention. Under the condition of the same spatial
cueing with the same time delay between the cue and the target,
onset is expected to elicit the same effect of attentional disengage-
ment, regardless of set size. However, the results that showed
different patterns of attentional capture by onset at different set
sizes cannot be explained by the rapid recovery theory accordingly.

The rapid recovery theory neither explains the results of the first
trial data at both set sizes, which showed that attentional capture by
onset but not color. Under the condition with the attentional control
setting on color throughout the whole experiment, the rapid recovery
theory predicts attentional capture by color instead of onset,
regardless of whether the stimulus is presented unexpectedly or
over repetition. However, the first trial results contradict the rapid
recovery theory.

3.3. Contingent capture hypothesis

Originated from the contingent capture hypothesis of Folk et al.
(1992), there are variants of attentional control settings in the
literature to account for the seemingly stimulus-driven capture
phenomenon (for a review, also see Burnham 2007). These include
contingent capture hypotheses based on singleton detection mode
(Bacon & Egeth 1994; Leber & Egeth 2006; cf. Lamy & Egeth 2003;
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Theeuwes 2004) or display-wide setting (Atchley et al. 2000; Gibson
& Kelsey 1998; Johnson, Hutchison, & Trammell 2001; cf. Yeh & Liao
2010). For example, although we assumed that participants in our
experiments were searching for a “red” target in the display, they
might rather search for a “singleton” instead. If this is the case, the
capture effect by onset observed in this study could be explained by its
contingency with the attentional control setting on “singleton” rather
than stimulus-driven capture. Nevertheless, if the participants did
adopt the singleton detection mode rather than searching for the
“red” letter, we would expect that both onset and color cues elicited
the same capture effect since both cues were “singletons.” The first
trial result in both experiments that only onset but not color cue
captured attention is obviously not the case.

Gibson and Kelsey (1998) proposed another kind of attentional
control setting: the display-wide setting which states that all the
features signaling the target display could be incorporated into
attentional control setting. In the current study, since all the letters in
the target display appeared from an empty space as a visual onset,
“onset” could be incorporated into attentional control setting and,
thus, the capture effect by onset could be explained by its contingency
on the display-wide features. We do not agree that the capture effect
by onset observed in this study is due to display-wide setting for the
following reasons: the display-wide setting account is tested
whenever there is no defining-feature of the target (Atchley et al.
2000; Gibson & Kelsey 1998; Yeh & Liao 2010), and in Folk and
colleagues' series of studies, the onset cue never captures attention
when the target is defined by color (Folk et al. 1992; Folk et al. 1994;
Folk & Remington 1999). It suggests that with amore strict attentional
control setting for specific target defining feature, the display-wide
setting may not work, as the condition in the current study. In
addition, Yeh and Liao (2010) directly examined the generality of the
display-wide setting account and showed that onset still captures
attention when there is no display-wide setting on onset. The authors
suggest that attentional capture by onset is mainly stimulus-driven.
Further, the dissociation pattern of results at set size four that onset
captured attention in the first trial but not in the average data could
not be explained by the display-wide setting account either. If capture
by onset is due to display-wide setting for onset, a more reliable
capture effect is expected in the average data than in the first trial,
since attentional control setting is held throughout the whole
experiment. However, the results showed contradictive evidence
that onset captured attention in the first trial but not in the average
data, suggesting that attentional capture by onset is stimulus-driven
rather than contingent on attentional control setting.

3.4. The surprise-attention hypothesis

The surprise-attention hypothesis (Horstmann 2002, 2005, 2006;
Horstmann & Becker 2008; Olst 1971; Schutzwohl 1998) states that
an unexpected surprising event receives priority of attention to
prepare for adequate response. Can our results be explained by this
surprise-attention hypothesis? There has been controversy over
whether surprising color singleton captures attention (e.g., Gibson &
Jiang 1998; Horstmann 2002); however, no other visual features were
examined (cf. Godijn & Kramer 2008). Here, we examined both onset
and color cues and showed that only surprising onset cues but not
color cues captured attention, suggesting that a surprising event itself
did not produce the same effect of receiving priority of attention.
Thus, the surprise-attention hypothesis cannot explain our results
here because it would predict that both onset and color cues that
appear in the first trial should capture attention.

Alternatively, the finding that the onset cue captured attention
only for the first trial but not for repeated trials could be due to
decreased salience of the surprising onset over repetition. Salience can
be defined in the following two ways. One is stimulus contrast in the
display: The higher the contrast, the higher the salience (Itti & Koch
2001). According to this definition, the stimulus salience should not
change since the cue stays the same without changing its contrast
throughout the experiment. The other definition is more psycholog-
ical: The repeatedly presented stimulus is habituated over time and
thus its salience is decreased. Had this been the case, we should have
observed a gradual decrease of the capture effect by onset over time
until the end of all trials, whereas linear regression analyses of the
capture effect by onset as a function of trial sequence for all trials
showed no such trend in both experiments (R2sb .01, psN .9). The
overall results suggest that the habituation account cannot explain
our data.

Another relevant issue here is that one may criticize the first trial
analysis that we relied on the one trial which may be affected by
confounding factors such as lack of familiarization with the task,
alerting, and so on, resulting in noisy data. However, alternative
thinking is that with such noisy data, attentional capture by onset
occurring in the first trial is observed consistently in two experiments,
further providing stronger evidence of the existence of the stimulus-
driven capture by onset. In fact, past studies using the first trial
analysis have revealed important findings (Gibson & Jiang 1998;
Horstmann 2002; Jingling & Yeh 2007; Lo & Yeh 2008; Mack 2003;
Mack & Rock 1998; Moore & Egeth 1997; Moore, Grosjean, & Lleras
2003; Moore, Lleras, Grosjean, & Marrara 2004; Rock, Linnet, Grant, &
Mack 1992).

3.5. Conclusion

By comparing the results from the first trial with those in the
average data, an interaction of stimulus-driven orienting and top-
down modulation is illustrated in the current study. The interactive
framework in which stimulus-driven orienting exists but is sequen-
tially modulated by top-down processes explains the current results
better than either the stimulus-driven capture hypothesis or the
contingent capture hypothesis. While attention can be captured by an
unexpected salient stimulus, it also must be modulated by top-down
processes, since appropriate response to a stimulus – such as a
computer screen pop-upmessage – is important for survival and daily
activities in modern life.
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