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Variations in the magnitude of attentional capture:
Testing a two-process model
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Although large variations in the magnitude of attentional capture have been evidenced across a wide range
of studies and paradigms (see Burnham, 2007, for a review), the nature of these variations is unclear. In the
present study, we used a modified spatial cuing task to address two related issues. In the first experiment, we
explored the hypothesis that the magnitude of attentional capture varies systematically as a function of cue—
target similarity. Targets of a particular color were preceded by uninformative peripheral cues carrying varying
percentages of the target color. As was predicted, the magnitude of attentional capture varied directly with the
similarity between cue and target. In the second experiment, we explored whether these similarity effects reflect
a mixture of trials on which attention is fully captured and trials on which attention is not captured at all (i.e.,
a two-process model). A mixture analysis conducted on obtained reaction time distributions proved inconsistent

with a two-process model.

Given the informational demands of the visual environ-
ment, combined with limitations on attentional resources,
a crucial task of the visual perceptual system is to selec-
tively allocate limited attentional resources to elements of
the visual field that are most critical to current behavioral
goals. The hypothetical mechanism that accomplishes this
task is referred to as selective attention. One goal of re-
search on selective attention has been to characterize the
processes by which attentional resources are allocated.
This research has firmly established that attention alloca-
tion can result either from the voluntary push of atten-
tion to relevant locations or objects (e.g., Posner, 1980) or
from the involuntary pull of attentional resources by sa-
lient stimuli, a phenomenon known as attentional capture
(e.g., Jonides, 1981; Yantis & Jonides, 1984).

A number of paradigms have been developed to study
attentional capture. In the irrelevant singleton paradigm,
participants search for a target in a display that contains a
singleton in some feature property, such as abrupt onset or
color. Attentional capture is reflected in flat search slopes
for targets that happen to appear at the singleton location
(Yantis & Jonides, 1984). In the additional singleton para-
digm, participants search for a singleton target in displays
in which one of the nontargets is also a singleton in a dif-
ferent feature dimension. Capture is assumed if response
times (RTs) are longer in the presence of this distractor
than when no singleton distractor appears in the display
(e.g., Theeuwes, 1992). In the modified spatial cuing para-
digm, target search displays are preceded by a cue display
containing a singleton whose location is uncorrelated with
the location of the subsequent target. Capture is present if
there are shorter RTs when the target appears at the cued

location than when it appears at an uncued location (valid
and invalid cue trials, respectively; e.g., Folk, Remington,
& Johnston, 1992). Finally, capture has also been studied
using a rapid serial visual presentation (RSVP) paradigm,
in which participants search for a target in a stream of char-
acters appearing at fixation. Capture of spatial attention is
reflected in a reduction in the accuracy of target detection
associated with the presentation of irrelevant singletons in
the periphery (e.g., Folk, Leber, & Egeth, 2002).

The results of these different paradigms have not al-
ways converged, which has led to fundamentally different
theoretical perspectives with regard to issues such as the
degree to which attentional capture is cognitively penetra-
ble. Primarily on the basis of the results of the additional
singleton paradigm, some have argued that attention allo-
cation is prioritized in terms of a strict bottom-up salience
ranking (Theeuwes, 1992, 1994). For example, Theeuwes
(1992) found that irrelevant additional singletons slowed
search down only if they were more salient than the target
singleton. However, primarily on the basis of the results of
the modified spatial cuing paradigm, others have argued
that attentional capture can be modulated by top-down
attentional control settings. For example, Folk and Rem-
ington (1998) found that color singleton cues produced
evidence of attentional capture (i.e., significant cue valid-
ity effects) only when they matched the defining color
of the subsequent target. Results such as these support
the contingent attentional capture (CAC) hypothesis,
according to which the capture of attention by a stimu-
lus is contingent on the match between the top-down set
adopted by the observer and the defining features of the
eliciting stimulus (e.g., Folk et al., 1992; see Duncan &
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Humphreys, 1989, for a similar notion in the context of
visual search).

Another, relatively neglected way in which the results
from attentional capture experiments have tended to di-
verge is in terms of the magnitude of capture effects. In
all of the paradigms just mentioned, the capture of atten-
tion is measured in terms of a continuous metric (RTs or
accuracy) but is typically defined in terms of a significant
difference between discrete conditions. For example, the
spatial cuing paradigm defines capture as occurring when
nonpredictive cues produce significantly shorter RTs on
valid trials than on invalid trials (i.e., a cuing effect), the ad-
ditional singleton paradigm when distractor-present trials
produce significantly longer RTs than do distractor-absent
trials, and the RSVP paradigm when trials on which a pe-
ripheral distractor is present produce a significant decre-
ment in target report relative to no-distractor trials.

A recent review of the attentional capture literature
provided by Burnham (2007) demonstrates that the many
documented instances of captured attention vary consid-
erably in terms of the magnitude of measures used, both
across and within studies. For example, in the context of
the additional singleton paradigm, Theeuwes, De Vries,
and Godijn (2003) observed significant distractor effects
of 20 and 208 msec in a single study, using distractors de-
fined by either one or two randomly varying color values,
respectively. In the context of spatial cuing, Folk, Rem-
ington, and Wright (1994, Experiment 3) observed a 43-
msec cuing effect when the target and cues were defined
by apparent motion; however, when the target and cues
were defined by specific color values, a cuing effect of
more than twice that value was observed (Folk & Reming-
ton, 1998, Experiment 1). Using the RSVP paradigm and
arguing for the mediating role of stimulus-driven factors
in top-down attentional control, Lamy, Leber, and Egeth
(2004) reported two instances of captured attention that,
themselves, differed to a statistically significant degree.

What might account for such large variations in the
magnitude of capture effects, and to what extent might
these variations be theoretically meaningful? With respect
to the latter question, we note an analogous situation in the
visual search literature. In early work in which the visual
search paradigm was used, a significant display-size—RT
slope was taken as evidence of serial search and the lack
of a statistically significant slope as evidence of parallel
search (e.g., Treisman & Gelade, 1980). However, close
analysis of significant variations in slope across condi-
tions and experiments has led to significant theoretical ad-
vances, such as the guided search model of Wolfe, Cave,
and Franzel (1989). Thus, in the case of attentional cap-
ture, understanding variations in the magnitude of capture
may also yield important theoretical insights.

With respect to the question of what might account for
such variations, there are two related issues to consider.
First, there is the issue of what kinds of factors influence
the magnitude of attentional capture. For example, accord-
ing to strictly bottom-up, saliency-based models of cap-
ture (Theeuwes, 1992), one might expect the magnitude
of capture to vary with the relative salience of the eliciting

stimulus. Alternatively, according to contingency-based
models, one might expect the magnitude of capture to
vary with the similarity between the defining features of
the eliciting stimulus and the current top-down set of the
observer. Indeed, there is some evidence for such similar-
ity effects in attentional capture. For example, Ansorge
and Heumann (2003) found significant cue validity ef-
fects with cues that were similar to, but did not exactly
match, the target color. In addition, Pratt and McAuliffe
(2002) found significant cue validity effects with cues
that matched the target on a defining feature (e.g., color)
but differed from the target on a nondefining feature (i.c.,
whether it was an onset singleton). Thus, although the
cues did not exactly match the target, they nonetheless
produced evidence of capture. These previous research-
ers, however, did not directly compare the magnitude of
capture by similar versus matching cues, nor have they ex-
plored the effect of varying the degree of similarity on the
magnitude of capture. One purpose of the present study is
to provide a systematic exploration of such color similar-
ity effects in attentional capture.

A second issue to consider is the nature of the mecha-
nism by which such factors result in variations in the mag-
nitude of capture. Again, there would appear to be at least
two possibilities. The first is that factors such as salience
and similarity might produce continuous variations in the
amount of resources allocated to the eliciting stimulus,
such that more salient or more similar stimuli elicit more
attentional resources and thus produce a larger magnitude
of capture. In this sense, different degrees of the same pro-
cess occur consistently over trials. This can be termed a
continuous model of attentional capture. The second pos-
sibility is that the process by which attention is captured is
all or none, in that either all available resources are elicited
or none are, but the frequency (i.e., the percentage of tri-
als) with which these two alternatives occur varies with
changes in saliency or similarity. That is, variations in the
magnitude of attentional capture might reflect various
combinations of trials on which attention is captured and
trials on which attention is diffuse and not captured, result-
ing in mixture distributions. When attention is captured
relatively less often by a stimulus, the magnitude of at-
tentional capture (as measured by mean differences across
trials) will decrease proportionally. This can be termed a
two-process model of attention allocation (Jonides, 1983).
A second purpose of the present study is to distinguish
between continuous and two-process accounts.

The mixture distribution predicted by a two-process
model provides a basis by which to differentiate between
these continuous and two-process accounts. In order to
generate the predicted mixture distribution for each par-
ticipant, samples of trials on which attention is thought to
be maximally captured (i.e., captured on every trial minus
random variation) and trials on which attention is thought
to be completely diffuse (i.e., uncaptured) must first be
obtained. These are termed basis distributions (Yantis,
Meyer, & Smith, 1991). Then, an RT distribution whose
mean falls between the means of the basis distributions
(i.e., an intermediate distribution) must also be obtained.
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An iterative algorithm is then applied that systematically
samples mixture combinations from the basis distributions
to find the predicted mixture distribution that most closely
resembles the obtained intermediate distribution (i.e., that
minimizes y2). Statistical characteristics of this intermedi-
ate distribution can then be compared with the characteris-
tics of the best-fitting mixture distribution predicted from
the basis distributions. If the two differ significantly, the
two-process model is disconfirmed. For example, suppose
the mean variance of the obtained intermediate distribu-
tions across participants is significantly less than the mean
predicted variance. This would suggest that variations in
the magnitude of attentional capture across conditions do
not reflect different percentages of capture and no-capture
trials but, rather, reflect a continuous change in the nature
of attentional capture on each trial (e.g., variations in the
amount of resources allocated).

Previous researchers have successfully compared a two-
process model with a continuous model of attention allo-
cation in the context of voluntary shifts of attention. It is
well documented that the magnitude of cuing effects with
central or voluntary cues varies systematically with the
predictive validity of the cue, such that cues with greater
validity produce larger cuing effects (e.g., Eriksen & Yeh,
1985; Jonides, 1980). Maximally captured attention can
be defined as occurring in the context of a 100% valid
cue and diffuse attention when all possible target loca-
tions are simultaneously cued. Johnson and Yantis (1995)
used these two conditions to generate basis distributions
of fully focused and fully diffuse attention, respectively.
They also ran a condition in which the cue was 50% valid
in order to generate an intermediate distribution. When
the best-fitting mixture distribution was compared with
the observed intermediate distribution, a significant dif-
ference emerged across participants. Thus, the data were
inconsistent with a two-process model and the mixture
distributions that it predicts (note that Eriksen & Yeh,
1985, reached a similar conclusion).

In the context of involuntary attention allocation, there
has been only one published application of a mixture
analysis. Theeuwes (1990, Experiment 3) applied the
mixture analysis logic to data from the irrelevant single-
ton paradigm in which search slopes for targets appearing
inside an irrelevant form singleton were reduced relative
to control conditions in which no irrelevant singleton ap-
peared. Specifically, search performance in this condition
was modeled in terms of a mixture of trials on which the
singleton fully captured attention and trials on which it
did not capture attention at all. The results provided ten-
tative support for a two-process model, suggesting that
salient singletons may indeed result in capture that oc-
curs on a proportion of trials. However, there have been
no published studies in which a mixture analysis has
been applied to variations in capture magnitude associ-
ated with the similarity between cue and target, which
are generally assumed to reflect top-down modulation.
Thus, characterizing the mechanisms underlying such ef-
fects has important implications for modeling the mecha-
nisms by which top-down set modulates the capture of
attention.

Applying a mixture analysis to involuntary attention al-
location, however, is not as straightforward as in the case
of voluntary attention allocation. For example, in the con-
text of the spatial cuing paradigm, basis distributions can-
not be obtained by varying cue validity, because in order
to attribute cuing effects to involuntary attention alloca-
tion, cues must remain completely nonpredictive. Thus,
there must be some other means of producing systematic
variations in the magnitude of attentional capture that can
reasonably be attributed to maximally captured, fully un-
captured, and intermediate states.

Research on CAC suggests a means of obtaining the
necessary basis and intermediate distributions needed to
perform a mixture analysis. The CAC hypothesis posits
that a cue matching the target on a defining property pro-
duces the optimal circumstance for attention to be cap-
tured. Likewise, according to CAC, cues whose defining
feature value is orthogonal to the defining feature of the
target should produce no capture at all. Studies such as
Folk and Remington (1998) support these assumptions, in
that color singleton cues that matched the color of the tar-
get (e.g., red cue, red target) produced large (~100-msec)
and highly significant cue validity effects, whereas cues
that did not match the target (e.g., red cue, green target)
produced nonsignificant cue validity effects which hov-
ered around zero. Thus, varying the similarity between
the defining feature of the target and cue may provide an
appropriate intermediate RT distribution with which to
conduct a mixture analysis and thereby to assess whether
variations in the magnitude of attentional capture are best
accounted for in terms of a continuous model or a two-
process model.

The purpose of Experiment 1 was to test whether sys-
tematic manipulation of the similarity between cue and
target in the modified spatial cuing paradigm used by Folk
and Remington (1998) would indeed yield systematic
variation in the magnitude of attentional capture as mea-
sured by the size of cue validity effects. A target defined
by one of two possible colors (red or green) was paired
with cues that varied in similarity to the target in terms of
the percentage of the two colors (100% red/0% green, 66%
red/33% green, 50% red/50% green, 33% red/66% green,
and 0% red/100% green). It was predicted that the mag-
nitude of attentional capture would vary directly with the
percentage of target color present in the cue, such that the
two extremes could be used as basis distributions for max-
imally captured and fully uncaptured states and the mixed
cues as potential intermediate mixture distributions.

EXPERIMENT 1

Method

Participants. Twenty undergraduate students were recruited from
the Villanova University human participant pool. All were screened
for normal or corrected-to-normal visual acuity and color vision.
The participants were compensated for their time with credit toward
fulfillment of a class research requirement.

Apparatus. A Dell Workstation PSW370 equipped with E-Prime
software was used to present the stimuli on a Dell 2000FP monitor.
The participants viewed the monitor from a distance of approxi-
mately 50 cm, in a dimly lit room.
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Figure 1. Sequence of events and time course of a trial. Targets were
either red or green, manipulated between participants, and cues were
100% red, 66% red/33% green, 50% red/50% green,33% red/66% green,
or 100% green, manipulated within participants.

Stimuli. Each trial involved three different displays, which were
designed using MS Paint software. An example of each, along with
their sequence of presentation and time course, is shown in Figure 1.
The first display, the fixation display, consisted of a white fixation
square (0.34° X 0.34° RGB: 255, 255, 255; CIE [Yxy]: 100, .31, .33)
surrounded by four white peripheral boxes (1.15° X 1.15°) placed
4.1° above, below, to the left, and to the right of fixation on a black
background (RGB 0, 0, 0). The boxes remained on the screen
throughout the course of a trial.

The second display, the cue display, consisted of the appearance
of four sets of small circles (0.23° in diameter) surrounding each of
the four peripheral boxes in a diamond configuration. Three sets of
the circles were white, whereas the other set was one of five pos-
sible colors. The colors used were red (RGB: 255, 0, 0; CIE [Yxy]:
21.3, .64, .33); green (RGB: 0, 255, 0; CIE [Yxy]: 71.5, .30, .60);
and three blendings of these two colors containing 33% green and
66% red (RGB: 170, 85, 0; CIE [Yxy]: 15.0, .54, .41), 50% green
and 50% red (RGB: 127, 127, 0; CIE [Yxy]: 19.7, .42, .51), and
66% green and 33% red (RGB: 85, 170, 0; CIE [Yxy]: 30.7, .34,
.57). Note that in defining the various colors used for these stimuli,
luminance, as well as hue, varied substantially, with higher lumi-
nance for green than for red colors (see the Discussion section below
regarding this point).

The final display, the target display, consisted of the appearance
of an X or an = in each of the peripheral boxes. These characters
subtended approximately 0.57° in height and width. Like the circles,
three of the characters were white, whereas the other was colored.
Half of the participants saw red targets, and the other half saw green
targets.

Design. The experiment consisted of three blocks of 160 trials.
Within each block, all five cue colors were presented equally often.
Each target character (i.e., a colored X or =) appeared equally often
at each of the four possible locations within each condition, whereas
the identity of the nontarget characters were chosen randomly on
each trial, with the constraint that two of each character appear in
every trial. Like the target characters, the colored cue circles ap-
peared equally often at each of the four possible locations. In addi-
tion, the location of the cue was uncorrelated with the target loca-
tion. For each cue—target color combination, the cue appeared at the
same location as the target on 25% (8) of the trials and at a different
location on 75% (24) of the trials within a block. Finally, for trials
on which the cue location and the target location were different, the
cue appeared in each of the three nontarget locations equally often
for each possible target location.

Procedure. Each participant was tested individually over the
course of a single 50-min session. Each session took place inside a
dimly lit laboratory room. The experimenter familiarized all of the
participants with the task by providing written and oral descriptions
of the stimuli and procedures. The participants were instructed to re-
spond as quickly as possible, while minimizing errors. Maintaining
fixation on the central square was highly stressed, and the partici-
pants were told that failing to do so impairs overall performance. The
participants were also fully informed of the relationship between cue
location and target location and told to try to ignore the cue.

Each trial began with a 500-msec presentation of the fixation dis-
play. After this 500-msec period, the fixation square blinked off for
100 msec and then back on for a randomly varying foreperiod of
1,000, 1,100, 1,200, or 1,400 msec. The cue display then appeared
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Figure 2. (A) Mean response time as a function of cue validity and percentage of target color contained in the cue for green
and red targets in Experiment 1. (B) Mean cuing effects as a function of percentage of target color contained in the cue for green

and red targets in Experiment 1.

for 50 msec, followed by the fixation display for 100 msec. Finally,
the target display appeared for 50 msec, followed again by the fixa-
tion display. The next trial sequence was initiated 1,000 msec after
a response was made. Phenomenally, the four display boxes and the
fixation square appeared to remain on the screen for the duration of
each trial and intertrial interval. Contamination of RTs by eye move-
ment was unlikely, given that the stimulus onset asynchrony (SOA)
between the cue and the target was 150 msec.

The participants made a forced-choice target identification by
pressing the “Control” and the “Alt” keys on the right half of the key-
board for the X and = targets, respectively. Both of these keys were
appropriately labeled. The participants were asked to respond using
both hands, with the right index finger over the “Control” key and
the left index finger over the “Alt” key. RTs were measured from the

onset of the target display until a response was made or 1,500 msec
had passed. If a response was not made in this 1,500-msec period, the
trial was scored as an error and the next trial sequence was initiated.
The computer emitted a 500-msec buzzer sound to inform the par-
ticipant when an error was made. Error trials were followed by a buf-
fer trial, the parameters of which were randomly drawn from the set
for that block. RTs for error or buffer trials were not included in the
analysis. In addition, all RTs more than 3 SD above or below the mean
were trimmed in order to better control for the effects of outliers.

Results
Mean RTs for valid and invalid trials as a function of
target color and cue color are shown in Figure 2 and error
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Table 1
Error Rates (Percent) As a Function of Target Color (Green,
Red), Cue Color (100%, 66%, 50%, 33%, 0% of Target Color),
and Cue Validity (Valid, Invalid) in Experiment 1

Cue Color
Cue Validity 100% 66% 50% 33% 0%
Green Target
Valid 2.1 2.9 1.3 5.0 2.5
Invalid 3.8 33 33 3.5 2.5
Red Target
Valid 1.3 2.1 1.3 1.3 2.9
Invalid 2.9 3.6 3.1 3.5 2.5

rates in Table 1. These data were subjected to a 5 X 2
ANOVA, with cue color (100% target color, 66% target
color, 50% target color, 33% target color, and 0% tar-
get color) and cue validity (valid and invalid) as within-
subjects variables. Although the general pattern of results
was consistent across target colors, the three-way interac-
tion was, in fact, significant [F(4,72) = 6.274, p < .001].
Therefore, the results of both target colors are reported.
The main effect of cue validity was significant for both
green and red targets [F(1,9) = 23.239, p = .001, and
F(1,9) = 12.047, p = .007, respectively], as was the inter-
action between cue validity and cue color for both target
colors [F(4,36) = 20.862, p < .001, and F(4,36) = 6.695,
p < .001, respectively]. The significant interactions con-
firm what is evident in the figure: The magnitude of cue
validity effects varied as a function of the percentage of
the target color contained in the cue.

To explore this effect more fully, simple effects analyses
of cue validity were conducted on each cue color condition
for each target color. For green targets, significant validity
effects were found for the 100%, 66%, and 50% condi-
tions [#(9) = —5.136,p = .001; #(9) = —6.082, p < .001;
and #(9) = —3.542, p = .0006, respectively]. In addition, a
significant negative cue validity effect was found for the
0% target-color cue condition [#(9) = 3.984, p = .003].
For red targets, significant cue validity effects were found
only in the 100% and 66% conditions [#(9) = —7.277,
p <.001, and #(9) = —4.114, p = .003, respectively].

The differences in RTs between valid and invalid trials for
each cue color were also subjected to a linear trend analy-
sis, using proportion of the target color as a weight. This
analysis revealed a significant linear trend for both the green
and red target color conditions [F(1,45) = 58.160, p < .001,
and F(1,45) = 38.766, p < .001, respectively], meaning that
the participants showed increasingly smaller cuing effects as
the cue color contained less and less of the target color.

The same ANOVA was conducted on error rates to en-
sure that the results of the aforementioned analyses were
not contaminated by a speed—accuracy trade-off. This
analysis revealed no significant main effects or interac-
tions for either target color condition. Thus, there was no
evidence of a speed—accuracy trade-off.

Discussion
There are several important findings in Experiment 1.
First, consistent with previous findings concerning CAC,

a cue—target match (i.e., the 100% cue condition) produced
a strong cuing effect, whereas a discrete cue—target mis-
match (i.e., the 0% cue condition) produced no evidence
of capture. Also, consistent with the findings of Ansorge
and Heumann (2003), blended cue colors were found to
produce attentional capture as well. The present results go
further, however, to show that the magnitude of cue valid-
ity effects vary quite systematically with the similarity
between the cue and target, operationalized in terms of the
percentage of target color present in the cue. Although this
effect was strongest in the green target condition, the same
general pattern was observed for both target colors, as was
evidenced by a significant linear trend in both cases.

One might argue that, given that the colors used in this
experiment varied not only in terms of hue, but also in
terms of luminance, the variations in the magnitude of cap-
ture observed in the present experiment may be related to
bottom-up stimulus salience (driven by luminance) rather
than color similarity. The full pattern of data, however,
provides strong evidence against this possibility. Specifi-
cally, if capture were driven by the relative luminance of
the cues, cues with more green in them (i.e., of higher
luminance) should have always produced larger cuing ef-
fects. Instead, the order of the magnitude of cuing effects
associated with specific cue colors when paired with one
target color was generally reversed when the exact same
cues were paired with targets of the other color (note that
this reversal is not apparent in the figures, because cues
were coded in terms of the percentage of the target color
for that target condition). Thus, the obtained cuing ef-
fects must reflect variations associated with the similar-
ity between a given cue and the top-down set associated
with the target color, rather than the relative bottom-up
salience (i.e., luminance) of a given cue. This is not to
say that relative salience never influences the magnitude
of attentional capture, but simply that bottom-up salience
cannot account for the variations observed in the present
experiment.

Finally, note that for green targets, the 0% cue condi-
tion actually produced a significant negative cuing effect.
Although the precise nature of this effect and why it only
occurred in the green target condition is unclear, there is
some precedent in the literature for reverse cuing effects
in the modified spatial cuing paradigm (e.g., Folk & Rem-
ington, 2008; Lamy et al., 2004), and some have suggested
that it reflects a form of location-specific inhibition simi-
lar to inhibition of return.

In summary, the results of Experiment 1 establish that
the magnitude of attentional capture as measured by cue
validity effects in the modified spatial cuing paradigm
vary systematically as a function of the similarity between
the target color and cue color. In Experiment 2, we ad-
dressed the issue of whether these similarity effects can
best be accounted for in terms of a continuous or two-
process model, by applying a mixture analysis.

EXPERIMENT 2

As was stated previously, a mixture analysis assesses
the probability that a distribution falling intermediate be-
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tween two basis distributions represents a sampling of trials
from the basis distributions or a mixture of these distribu-
tions. When the probability falls below some criterion, such
as that for statistical significance, the null hypothesis that
the intermediate distribution and the predicted mixture dis-
tribution do not differ can be rejected. Such a result would
disconfirm a two-process model. One way to perform a
mixture analysis is to compare the variability predicted by
a mixture distribution with the observed variability of an
intermediate distribution using a paired-samples ¢ test. The
variability predicted by a mixture distribution follows logi-
cally from the means and variances of the basis distribu-
tions and the maximum likelihood mixing probabilities,
which are determined by an iterative algorithm (Yantis
et al., 1991). The maximum likelihood mixing probabili-
ties reflect the relative contribution of each basis distribu-
tion that produces a hypothetical mixture distribution most
closely resembling the observed intermediate distribution.
In short, the algorithm categorizes the observed intermedi-
ate RT distribution into bins and then iteratively generates
hypothetical distributions using adaptively varying mixing
probabilities until the y2 value between the observed and
predicted distribution is minimized. Evidence for the ef-
fectiveness of this algorithm in hypothesis testing has been
obtained through computer simulation (Yantis etal., 1991).
The mixing probabilities obtained from the iterative algo-
rithm provide the weights for the basis distributions, and
a weighted average of their variances is obtained. Then,
an inflation factor that takes into account the distance be-
tween the two basis distributions as a function of the mix-
ing probabilities is added to this weighted average. Given
two basis distributions, the variance predicted by a mixture
distribution is determined using the following equation, in
which a equals the relative contribution of basis distribu-
tion [, ] as represented by its mixing probability:

ozmixture = Otl()’% + aZO% + alaZ(:ul - ﬂ2)2-

For example, if the intermediate distribution of in-
terest was best represented by an equal contribution of
the two basis distributions, the variances of which were
10,000 msec? each and the means of which were 400 and
500 msec, the variance of the intermediate distribution
predicted by a mixture of the two basis distributions would
be as follows:

(.5)(10,000) + (.5)(10,000)
+ (.5)(.5)(500 — 400)2 = 12,500 msec2.

As would be expected, the variance predicted by a mix-
ture distribution is typically greater than the variance of
the two contributing basis distributions. Once determined,
the variance predicted by a mixture distribution can be
compared with the actual variance of the intermediate dis-
tribution for each participant using a paired-samples  test.
In the event that the actual variance is significantly lower
than the variance predicted by a mixture distribution, the
two-process model and the mixture distributions that it
predicts can be confidently rejected.

In a spatial cuing paradigm, the magnitude of attentional
capture is defined as the difference between the mean

RTs on valid and invalid trials. The distributions specific
to either the valid or the invalid trials that comprise this
mean difference can be used for a mixture analysis. This
is because both types of trials represent the influence of
attentional capture, just in different directions. That is, as
attentional capture increases as a function of cue—target
similarity, RTs on valid trials should decrease and RTs on
invalid trials should increase. Note that in Experiment 1,
the means of both of these types of trials produced system-
atic variation relative to cue—target similarity.

Several factors affect the statistical power of a mixture
analysis or its ability to discriminate between the pre-
dicted mixture distribution and the observed intermedi-
ate distribution (Yantis et al., 1991). The statistical power
of a mixture analysis is greatest when the intermediate
distribution is distinct or sufficiently separated from the
basis distributions. In this sense, the intermediate dis-
tribution should ideally fall equidistant between the two
basis distributions. Also, the statistical power of a mixture
analysis is greatest when the variability of the basis distri-
butions is minimized. Finally, as with all statistical tests,
more observations produce greater statistical power. The
maximum likelihood approach to mixture analyses is im-
portant, because it uses empirical, rather than theoretical,
means to determine the relative contribution of the basis
distributions and accounts for participant-by-participant
variation. Given this maximum likelihood approach, how-
ever, it is especially important to give attention to the cir-
cumstances optimal to maximizing statistical power.

Experiment 2 is a replication of Experiment 1 that was
designed to maximize the statistical power of the mixture
analysis. This was accomplished in several ways. First,
given that green targets produced more systematic varia-
tion in capture in Experiment 1, all of the participants
in Experiment 2 searched for green targets. In addition,
given that the 50% target-color cue condition produced
mean RTs that fell approximately halfway between the
100% and 0% target-color cue conditions, only this con-
dition was included as an intermediate target-similarity
condition. Finally, invalid trials were selected to be used
for the mixture analysis over valid trials for three reasons:
(1) Mean RTs on invalid trials were farther apart than the
means on valid trials, (2) invalid trials provide three times
as many observations, and (3) invalid trials are immune to
potential position-specific inhibitory effects that could in-
fluence RTs on valid trials (e.g., the reverse cuing effects
observed for the 0% cue condition in Experiment 1).

Method

Participants. Thirty-two undergraduate students were recruited
from the Villanova University human participant pool. All were
screened for normal or corrected-to-normal visual acuity and color
vision. The participants were compensated for their time with credit
toward fulfillment of a class research requirement. None of the par-
ticipants had participated in Experiment 1.

Apparatus and Stimuli. The apparatus and stimuli were identi-
cal to those used in Experiment 1, with two exceptions. Two cue col-
ors were removed, leaving only the 100%, 50%, and 0% target-color
cue conditions. In addition, only green targets were used.

Design and Procedure. The design and procedure were identical
to those in Experiment 1, with two exceptions. Only three cue colors
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Figure 3. (A) Mean response time as a function of cue validity
and percentage of target color contained in the cue in Experi-
ment 2. (B) Mean cuing effects as a function of percentage of tar-
get color contained in the cue for Experiment 2.

were used in each block, creating three different conditions. In addi-
tion, the experiment consisted of five blocks of 96 trials.

Results

Mean RTs for valid and invalid trials as a function of cue
color condition are shown in Figure 3 and the error rates in
Table 2. The data were subjected to a 3 X 2 ANOVA, with
cue color (100%, 50%, and 0% target color) and cue valid-
ity (valid and invalid) as within-subjects variables. Main
effects of cue validity and cue color [F(1,31) = 177.398,
p < .001, and F(2,30) = 7.489, p = .002, respectively],
as well as an interaction between validity and cue color
[F(2,30) = 77.93, p < .001], were observed.

Simple effects analyses of cue validity were conducted
for each cue color. These comparisons revealed that the
100% target-color and 50% target-color cues both cap-
tured attention [#(31) = —16.607, p < .001, and #(31) =
—12.311, p <.001, respectively]. The difference between
valid and invalid trials for the 0% target-color cue was also
significant, but as in Experiment 1, it was in the opposite
direction [#(31) = 2.370, p = .024]. The differences in
RTs between valid and invalid trials by cue color were also
subjected to a linear trend analysis, using proportion of the
target color as a weight. This analysis revealed a signifi-
cant trend [F(1,93) = 179.932, p < .001], replicating the
trend in Experiment 1.

The same ANOVA was conducted on error rates to
ensure that the results of the aforementioned analyses
were not contaminated by a speed—accuracy trade-off.
This analysis revealed only a main effect of cue validity
[F(1,31) = 16.506, p < .001].

Finally, the data were subjected to a mixture analysis,
which compared the statistical properties of an interme-
diate distribution with those predicted by a best-fitting
mixture of the basis distributions representing the discrete
capture and no-capture states. Consistent with contingent
involuntary orienting accounts, the 100% and 0% target-
color cue conditions were chosen to represent the two basis
distributions of maximally captured and diffuse attention,
respectively. The mean variance was 10,124 msec? for the
former and 9,577 msec? for the latter. The maximum like-
lihood mixing probabilities were then determined for the
50% target-color cue condition for each participant using
a computer program provided by S. Yantis (personal com-
munication, July 25, 2008) that executes the iterative al-
gorithm previously discussed. These mixing probabilities
were then used to generate the predicted variance for the
50% target-color condition for each participant according
to the formula described above. The predicted and observed
variance was then compared across participants using a
paired-samples ¢ test. This analysis revealed that the mean
observed variance was significantly less than the mean
variance predicted by a mixture distribution (11,073 vs.
12,374 msec?, respectively) [¢(31) = —2.422, p = .021].

As was noted by Yantis et al. (1991), an important as-
sumption for conducting a mixture analysis is that the ob-
servations that comprise the basis and intermediate distri-
butions are independent of one another. In the context of
the present experiment, this means that in order to avoid
systematic bias, the RT's for a trial with a given cue color
should be unaffected by the color of the cue on the previ-
ous trial. To confirm that the observations in the invalid
cue conditions used in the reported mixture analysis were
indeed independent, separate one-way ANOVAs were

Table 2
Error Rates (Percent) As a Function of Cue Color (100%, 50%, 0%
of Target Color) and Cue Validity (Valid, Invalid) in Experiment 2

Cue Color
Cue Validity 100% 50% 0%
Valid 2.0 2.7 38
Invalid 4.8 42 4.1




350 ANDERSON AND FOLK

conducted for each of the three cue colors (i.e., 100%,
50%, and 0% of target color) with previous cue color (i.e.,
cue color on trial n—1) as the single within-subjects vari-
able. In all three cases, there was no effect of previous cue
color (all Fs <1).

Discussion

The results of Experiment 2 replicate those of Experi-
ment 1 very closely with regard to the capture of attention.
The 100% cue produced a large cuing effect, the 0% cue a
small reverse cuing effect, and the 50% cue a cuing effect
that fell between these two extremes. In other words, there
was once again systematic variation in the magnitude of
the cuing effects associated with the similarity between
cue and target color. Most important, when the data were
subjected to a mixture analysis, the observed variance for
the intermediate cue condition was significantly less than
that predicted by a mixture model. Thus, the data from
Experiment 2 are inconsistent with a mixture distribution
and suggest that the two-process model is not an appropri-
ate characterization of involuntary attention allocation, at
least in the context of capture by color singleton cues.

GENERAL DISCUSSION

The purpose of the present experiments was twofold.
First, in these experiments, we sought to explore the ef-
fects of cue—target similarity on the magnitude of atten-
tional capture as measured by cue validity effects in the
modified spatial cuing paradigm. The second purpose was
to test a two-process model of involuntary attention allo-
cation, whereby variations in the magnitude of attentional
capture are assumed to reflect differences in the propor-
tion of trials on which attention is fully captured.

With respect to the influence of cue—target similar-
ity, the present results provide strong evidence that the
magnitude of attentional capture varies systematically as
a function of the percentage of the target color present in
the cue. Although previous studies have shown that cues
similar to a target can produce attentional capture (e.g.,
Ansorge & Heumann, 2003), the present study is the first
to demonstrate that the magnitude of attentional capture,
as measured by cue validity effects, varies systematically
as a function of parametric variations in similarity.

This type of systematic variation also provides the nec-
essary conditions for assessing the presence of a mixture
distribution, allowing the opportunity to test whether the
two-process model of attention allocation applies to in-
stances of attentional capture. Specifically, RTs for trials
on which the cue color exactly matches the target color
(and which show the largest cue validity effect) provide a
basis distribution reflecting maximal attentional capture,
whereas RTs for trials on which the cues carry none of the
target color (and which show no, or even a reverse, cue
validity effect) provide a basis distribution reflecting no
attentional capture. Finally, RTs for trials on which the cue
carries a percentage of the target color (and which show an
intermediate cue validity effect) provide a distribution with
which to test for the presence of mixture of capture and
no-capture trials. A mixture analysis applied to the results

of Experiment 2 showed that the obtained variance for the
intermediate distribution was significantly less than that
predicted by a mixture of capture and no-capture trials, dis-
confirming a two-process model. Thus, the present results
suggest that the variations in the magnitude of attentional
capture as a function of cue—target similarity found in the
existing literature are not accounted for by various com-
binations of fully captured and not-captured trials across
conditions, but, rather, reflect variations in the strength of
attentional capture that are consistent across trials.

If variations in the magnitude of attentional capture
reflect continuous variation that is relatively consistent
across trials, what is the nature of this continuous pro-
cess? One possibility, as was suggested above, is that cue—
target similarity affects the amount of spatial attentional
resources that are drawn to the eliciting stimulus. This is
similar to the findings of the literature on voluntary atten-
tion allocation, in which variations in the validity of an
informative cue yielded evidence of continuous variation
in the amount of resources allocated to the cued location
(Eriksen & Yeh, 1985; Johnson & Yantis, 1995). There is,
however, at least one other possibility. Instead of reflect-
ing variations in the amount of allocated resources, cue—
target similarity might produce continuous variation in
the speed with which attention is disengaged from the cue
(e.g., Theeuwes, Atchley, & Kramer, 2000). On this ac-
count, attention is captured by the cue on every trial (i.e.,
there are no contingencies in the actual shift of attention),
but the higher the percentage of target color contained in
the cue (i.e., the greater the similarity to the target), the
longer it takes to disengage from the uninformative cue.
Thus, variations in the magnitude of attentional capture
(i.e., cuing effects) would reflect the degree to which ob-
servers have recovered from capture by the time the target
display arrives. In terms of the mixture analysis, the basis
distributions would reflect fully engaged and fully disen-
gaged trials, and the intermediate distributions would re-
flect continuous variations in the state of disengagement.

Although continuous variations in the speed of disen-
gagement represent a logically plausible account of the
present results, there is mounting behavioral and electro-
physiological evidence against the underlying assump-
tion of this account—that attention is captured even by
cues that do not share the target property (Eimer & Kiss,
2008; Folk & Remington, 2006; Lien, Ruthruff, Goodin,
& Remington, 2008). For example, using behavioral mea-
sures, Folk and Remington (2006) found that prime char-
acters presented simultaneously and at the same location
as an uninformative cue produced significant cuing ef-
fects when the cue color matched the target color but not
when the cue color did not match the target color. Thus,
unless one assumes that attention is immediately disen-
gaged from the cue without any processing of the simul-
taneously presented prime, the lack of priming effects for
nonmatching cues suggests that spatial attention was never
allocated to such cues. Eimer and Kiss and Lien et al. pro-
vided electrophysiological evidence consistent with this
conclusion by showing that a significant N2pc, which is
an ERP component associated with shifts of spatial at-
tention (Kiss, Van Velzen, & Eimer, 2008), was obtained
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for cues that matched the target, but not for cues that did
not match the target. Several other studies have shown the
same pattern (i.e., the presence of an N2pc for distractors
that match the target and the absence of the N2pc for dis-
tractors that did not match the target) in the context of an
RSVP paradigm (Kiss, Jolicceur, Dell’ Acqua, & Eimer,
2008; Leblanc, Prime, & Jolicceur, 2008). Acknowledging
that the absence of an N2pc does not necessarily imply
that attention was not shifted to nonmatching cues, these
studies nonetheless provide strong converging evidence
against the notion that attention is allocated to cues that
do not carry the target property and would thus appear to
undermine the disengagement account.

Although the present results provide strong evidence
against a two-process account of attentional capture, it is
important to consider several potential limitations to this
conclusion. First, the mixture analysis used in the present
study involved comparing the predicted and observed vari-
ance for the intermediate distribution. There are, however,
other means of assessing the presence of a mixture distri-
bution. These include assessments of means, bimodality,
and a fixed crossover point, as well as a more powerful
technique called the multinomial maximum likelihood
mixture (MMLM) analysis, which takes into account the
overall shape of the distribution (see Yantis et al., 1991, for
a discussion of the various mixture analyses). The MMLM
analysis has an advantage over other mixture analysis
methods, in that it provides the most comprehensive as-
sessment. An appropriate circumstance for applying an
MMLM analysis, however, is narrowly defined and dif-
ficult to obtain. Indeed, very few researchers have ever
used an MMLM analysis with success. When the statisti-
cal power of an MMLM analysis was investigated using
the present data, the data were found to be inappropriate
for the analysis; the minimal statistical power suggested
by Yantis et al. was not obtained. Research suggests that
in the absence of the required statistical power for the
MMLM, a mixture analysis using variability provides the
best alternative. For example, Johnson and Yantis (1995)
looked at predicted and observed variability in conjunc-
tion with an MMLM analysis, and the two tests converged
on the same conclusion. Also, the advantage of the more
comprehensive assessment provided by an MMLM analy-
sis becomes particularly relevant when other, less broadly
focused methods fail to reject the null hypothesis. In the
present case, the null hypothesis was rejected, and there-
fore, the need for a more powerful test is obviated.

A second potential limitation on the conclusions of the
mixture analysis concerns the validity of the assumption
that the 100% and 0% target-color cue conditions reflect
fully captured and not captured trials, respectively. This
is especially true in the case of the 0% condition for sev-
eral reasons. As was discussed above, there is some debate
in the literature with respect to whether the lack of cue
validity effects in this condition mean that attention was
not captured or whether it reflects rapid disengagement
and recovery such that the effects of capture are no lon-
ger evident at the 150-msec SOA between cue and target
(Theeuwes et al., 2000). As was argued above, the litera-
ture would appear to provide strong evidence against the

rapid disengagement account. Moreover, even if the rapid
disengagement account were true, it does not invalidate
the mixture analysis (the primary purpose of the present
study), because the 0% condition would represent trials on
which attention has fully recovered from capture, which,
for the purposes of a mixture analysis, is functionally
equivalent to no-capture trials. Thus, even on a disengage-
ment account, the present results show that variations in
the magnitude of capture as a function of similarity do
not reflect a mixture of fully captured and fully recovered
trials, but, rather, reflect continuous variation in the speed
of attentional disengagement.

One may also question the assumption of no capture
in the 0% target-color cue condition on the basis of the
presence of the significant negative cue validity effect for
green targets in both experiments. Specifically, it might
be argued that a significant cue validity effect, in either
direction, implicates the allocation of spatial attention. Al-
though this possibility cannot be ruled out with the exist-
ing data, it has been argued in previous studies that rather
than reflecting the allocation of spatial attention, such ef-
fects may be a manifestation of top-down inhibitory pro-
cesses that aid in the prevention of involuntary attentional
allocation (Lamy et al., 2004). Nonetheless, given that the
present mixture analysis rests critically on the assumption
that the performance in the 0% target color reflects trials
on which the capture of spatial attention does not occur,
additional research is clearly needed to explore the precise
nature of negative cuing effects.

Finally, note that although the present results discon-
firm a two-process model in the context of color similar-
ity effects in the spatial cuing paradigm in which targets
and cues appear as singletons, it is unclear whether this
pattern would generalize to situations in which cue and
target displays are heterogenecous (see Bacon & Egeth,
1994). Similarly, it is possible that other factors influ-
encing the magnitude of attentional capture may operate
under different rules. For example, as was noted above,
Theeuwes (1990) found that variations in the magnitude
of capture associated with relative salience (rather than
similarity) may indeed conform to a two-process model.
Future research is needed to address these interesting
possibilities.
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