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What variety of attention is
automatically captured by peripheral cues?

STEVEN J. LUCKand STEPHENJ. THOMAS
University of Iowa, Iowa City, Iowa

Previous studies have shown that the voluntary allocation of attention to a location in space can in
fluence accuracy in two ways. First, additional processing resources can be allocated to the attended
location, leading to an improvement in perceptual quality for objects presented at that location. Sec
ond, decision processes can be restricted to information arising from the attended location, which im
proves accuracy without influencing the perceptual representation. The present study examined the
operation of these two attentional mechanisms when nonpredictive peripheral cues were used to cap
ture attention automatically. Experiment 1 showed that, like predictive cues, nonpredictive cues in
fluence accuracy by summoning perceptual resources and also by influencing decision processes.
However,both the cues and the targets in this experiment were defined by luminance increments, mak
ing it possible that the cuing effects were mediated by a task-controlled attentional set rather than
being fully automatic. Experiments 2 and 3 examined this possibility by using luminance-defined cues
and color-defined targets; evidence was again obtained for both perceptual-level and decision-level at
tention effects. The capture of attention by a nonpredictive peripheral cue thus appears to influence
both perceptual resource allocation and postperceptual decision processes.

Research on selective attention has typically focused
on two fundamental issues, the control of attention and
the effects of attention. Studies ofattentional control ex
amine the principles that determine which sources of in
formation are attended at a given moment, and studies of
the effects of attention examine differences in informa
tion processing that occur as a consequence of the alloca
tion of attention. The present study addresses the inter
section ofthese two issues by examining the nature ofthe
attention effects produced by a specific type ofattentional
control mechanism. Specifically, this study examines
whether the automatic capture of attention produced by
nonpredictive peripheral cues reflects the allocation of
perceptual processing resources to the cued location, as is
commonly assumed, or whether automatic attention ef
fects can be explained by changes in decision processes
that yield more accurate discrimination performance with
out influencing the quality of the perceptual representa
tion. Previous studies have shown that both ofthese types
of attention effects may be present when attention is di
rected voluntarily (Henderson, 1996; Lappin & Uttal,
1976; Luck, Hillyard, Mouloua, & Hawkins, 1996; Shiu

SJ.T. is now at EEG Systems Laboratories, San Francisco. This
study was supported by Grant 95-38 from the McDonnell-Pew Program
in Cognitive Neuroscience and by a Grant-in-Aid of Research from the
National Academy of Sciences, through Sigma Xi, the Scientific Re
search Society. The authors would like to thank Steve Yantis and Jim
Johnston for their excellent comments and suggestions on a previous
version of the manuscript. Correspondence should be addressed to S. 1.
Luck, Department of Psychology,Universityof Iowa, II Seashore Hall E,
Iowa City, IA 52242-1407 (e-mail: steven-luck@uiowa.edu).

& Pashler, 1994), but this issue has never been explicitly
examined in the case of exogenous attentional control.

We will begin our presentation of this issue by de
scribing previous studies of resource allocation and de
cision effects, and we will then discuss how these effects
might be influenced by endogenous and exogenous atten
tional control mechanisms.

Resource Allocation and
Uncertainty Reduction Models

Across a wide variety of contexts, stimuli presented
within the focus of attention are typically found to be
processed more quickly and accurately than stimuli pre
sented outside the focus ofattention. This has been stud
ied most commonly with the spatial cuing paradigm, in
which a cue stimulus is used to direct attention to a par
ticular location and a target stimulus is then presented at
either the cued location or an uncued location. Target dis
crimination is typically found to be faster or more accu
rate when the target appears at the cued location (i.e., on
valid trials) than when the target appears at an uncued lo
cation (i.e., on invalid trials), and effects of this nature
have been found across a wide variety of experimental
conditions (see, e.g., Cheal & Lyon, 1991; Eriksen &
Hoffman, 1974; Hawkins, Shafto, & Richardson, 1988;
Jonides, 1981; Reinitz, 1990). These effects are usually
explained in terms of resource allocation models, which
propose that attention is used to distribute a limited pool
ofperceptual processing resources among multiple loca
tions for the purpose ofmaximizing overall performance
(see, e.g., Kahneman, 1973). Inmost cuing experiments,
the targets usually appear at the cued location and only
rarely appear at an uncued location, and the allocation of
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Figure l. Example ofa cuing experiment in which the location ofthe target is diffi
cult to perceive because of the presence of multiple masks (A) or easy to perceive be
cause of the presence of a single mask (B).

resources to the cued location is therefore useful for max
imizing performance. When peripheral luminance tran
sients are used as cues, however, attention may be allo
cated to the cued location even if the target is unlikely to
appear at that location. This would not maximize perfor
mance in an artificial experimental context, but it may be
useful in the natural environment, where luminance tran
sients often signal important events such as the appear
ance of a new object (Egeth & Yantis, 1997).

Although resource allocation models are commonly
used to explain cuing effects, several investigators have
proposed an alternative account that is based on decision
factors rather than changes in perceptual processing (see,
e.g., Eriksen & Hoffman, 1974; Lappin & Uttal, 1976;
Shaw, 1984; Sperling & Dosher, 1986). A particularly
forceful description of this model was provided by Shiu
and Pashler ( 1994), who argued that the discrimination
ofalphanumeric characters does not require access to any
limited-capacity resources and that the effects ofattention
on accuracy for such stimuli can be explained by decision
factors that would be present even in an ideal observer
with unlimited capacity. As an example of their argument,
consider the cuing experiment illustrated in Figure IA,
in which each trial consists ofa sequence of three events,
an arrow that points to one offour locations as a cue, fol
lowed by a digit at one of the four locations that serves as
a target, and finally a set of # symbols at all four loca
tions that serve as masks that bring accuracy away from
ceiling. In such an experiment, the presence of masks at
all four locations may make it difficult to be certain which
location contained the target stimulus; consequently, the
observer's discrimination may be influenced by noise
arising from all four locations in addition to the signal at
the location of the target. For example, the observer may
have a faint perception ofa 6 at the location of the target
due to the presence ofthe target at that location, but he/she
may also have a faint perception ofa 4 at another location
due to a combination of neural noise, environmental

noise, and the shape of the masking stimulus. To perform
the discrimination task, the observer must decide which
of the two faint percepts should be reported, and this de
cision is obviously very important in determining whether
the observer's response will be correct or incorrect.

According to the argument of Shiu and Pashler (1994),
cues operate solely by influencing which of the percepts
will be reported. Specifically, ifthe cue stimulus correctly
indicates the location of the subsequent target stimulus
on the majority of trials, then the observer can maintain
a higher level of accuracy by always reporting the per
cept arising from the cued location and disregarding per
cepts arising from the uncued locations.' This will lead
to much greater accuracy on valid trials, because the ob
server will report the percept arising from the location of
the actual target and will disregard noise-induced per
cepts arising from the other locations. However, this will
lead to very inaccurate performance on invalid trials, be
cause the observers will be reporting a noise-based per
cept arising from the cued location rather than the per
cept arising from the actual target. We refer to this as the
uncertainty reduction model to denote the proposed role
of the cue stimulus in reducing the observer's uncertainty
about which location contains the target.

It is important to note that the uncertainty reduction
model posits that the quality of the target representation
is not changed in any way by attention: Attention merely
influences the way in which the observer uses the repre
sentations to make a response. This contrasts with resource
allocation models, which propose that the quality of the
target representation is improved when additional re
sources are available for processing the target.

Testing the Resource Allocation
and Uncertainty Reduction Models

Shiu and Pashler (1994) tested the uncertainty reduc
tion model by determining whether attention effects
would be eliminated if observers could easily determine
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which location contained the target stimulus. This was
accomplished by comparing a condition in which the lo
cation of the target was obscured by the presence ofmasks
at all four locations, as in Figure lA, with a condition in
which the location ofthe target was made obvious by pre
senting a mask only at the target location, as in Figure 1B.
Ifcues operate solely by influencing which location is re
ported and do not lead to the allocation ofprocessing re
sources to the cued location, then the cues should be in
effective when the location of the target is obvious. In
other words, if the target is followed by a single mask at
the same location, there is no uncertainty regarding the
target location, and observers will report the percept aris
ing from the target location whether it was cued or not.
Shiu and Pashler predicted that discrimination accuracy
would be equal on valid and invalid trials in the single
mask condition, in which the location of the target was
obvious. In accord with this prediction, they found
greater accuracy on valid trials than on invalid trials in
the multiple-mask condition, but no effects of cue valid
ity in the single-mask condition. They also reviewed a
large number of previous studies in which accuracy was
measured as a function ofcue validity, and they concluded
that significant cue validity effects were observed only in
experiments in which the location of the target was not
obvious. Many studies have shown significant validity
effects on reaction time in the absence of location un
certainty, but Shiu and Pashler attributed these results to
speed-accuracy tradeoffs.? In sum, they concluded that
attention does not lead to improved discrimination of al
phanumeric characters by increasing the availability of
perceptual processing resources, but instead operates by
influencing decision processes.

Although Shiu and Pashler (1994) provided strong ev
idence that cue validity effects can be caused by a modu
lation of decision processes, subsequent studies demon
strated that such effects can also arise due to changes in
resource allocation (Cheal & Gregory, 1997; Henderson,
1996; Luck et aI., 1996). For example, Luck et al. (1996)
demonstrated that significant cue validity effects could be
obtained under a variety ofconditions with a single target
and mask and, hence, no uncertainty about target location
(see also Hawkins et aI., 1990; Luck et aI., 1994). Thus,
the voluntary allocation ofattention to a location in space
leads to changes in both perceptual-level resources and
decision-level processes.

Exogenous Versus
Endogenous Attentional Control

A great many studies have examined the automatic
orienting of attention produced by peripheral luminance
transients (e.g., Jonides, 1981; Posner & Cohen, 1984;
Yantis & Jonides, 1990). However, none of these studies
has addressed the issue of whether automatic attentional
orienting leads to changes in perceptual resource alloca
tion or to changes in postperceptual decision processes.
In fact, almost all studies of purely automatic orienting
have focused on reaction time, and we are aware of only

one study demonstrating that nonpredictive peripheral
cues lead to greater accuracy on valid than on invalid tri
als (Henderson & Macquistan, 1993). This one study
used multiple masks, making it impossible to determine
whether the observed validity effects resulted from an al
location ofresources to the cued location or a modulation
of decision processes. Thus, the nature of the attention
effects produced by nonpredictive peripheral cues is cur
rently an open question.

It seems natural to suppose that an automatic attentional
control mechanism would influence early, perceptual,
processes rather than later, decision, processes. However,
the fast time course ofperipheral cuing suggests that the
automatic capture of attention operates at least partly at
the decision level. Specifically, reaction time studies have
indicated that nonpredictive peripheral cues may yield
large attention effects even when the cue-target stimulus
onset asynchrony (SOA) is as brief as 0 msec (Posner &
Cohen, 1984); it is likely that resource allocation requires
a substantial period of time between the cue and the tar
get (Luck et aI., 1996), whereas decision effects could
occur even if the cue followed the target display (as in the
partial-report procedure developed by Sperling, 1960, to
study iconic memory). It therefore is plausible to suppose
that at least some of the attention effects produced by
nonpredictive peripheral cues reflect uncertainty reduc
tion at the level of a decision process that occurs after
perceptual coding is complete.'

EXPERIMENT 1

Experiment I was an attempt to differentiate between
the resource allocation model and the uncertainty reduc
tion model in the context of nonpredictive peripheral
cues by comparing a single-mask condition in which
only the target location was masked and the location of
the target was very obvious with a multiple-mask condi
tion in which all four locations were masked and it was
difficult to determine which location contained the target.
Because there was no uncertainty about the location ofthe
target in the single-mask condition, any attention effects
observed in this condition can be attributed to resource
allocation. Attention effects observed in the multiple
mask condition may reflect a combination ofresource al
location and uncertainty reduction, and as a first approx
imation we assume that the contribution of uncertainty
reduction in the multiple-mask condition can be esti
mated by subtracting the attention effect observed in the
single-mask condition from the attention effect observed
in the multiple-mask condition. For example, if invalid
cues lead to a 40% impairment relative to valid cues in the
multiple-mask condition and a 10% impairment in the
single-mask condition, we will assume that there is a 10%
effect due to resource allocation in both conditions and
an additional 30% effect due to uncertainty reduction in
the multiple-mask condition. This approach assumes that
the effects ofperceptual-level resource allocation are not
influenced by the presence of noise at the nontarget 10-
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Figure 2. Example trial sequences for Experiment I. Note that, for the purpose of visibility, the letters and masks are drawn
much larger here than they appeared in the experiment; in reality, the location marker boxes were approximately five times as
large as the letters. This sequence represents a valid trial, in which the cue (the white box) was at the same location as the tar
get (the letter E). In the multiple-mask condition, the foil letter H appeared at the three locations not occupied by the target,
and all four locations were subsequently masked. In the single-mask condition, no foils were presented and only the target lo
cation was masked.

cations, which is likely to be true under the conditions of
the present study, in which the targets were relatively sim
ple and the locations widely spaced. There may be con
ditions under which this assumption is false, however,
such as when the locations are close together and illusory
conjunctions are likely to occur in the absence of atten
tion (see Cohen & Ivry, 1989, 1991).

In most previous comparisons of resource allocation
and uncertainty reduction, target location uncertainty was
created by presenting a target at one location and masks
at all locations (e.g., Luck et aI., 1996; Shiu & Pashler,
1994). Although the presence ofmultiple masks may make
target localization somewhat difficult, this procedure
only partially obscures the location of the target. In the
present study, we increased the difficulty of target local
ization even further by presenting nontarget foil stimuli
simultaneously with the target stimulus in the multiple
mask condition (Figure 2). Thus, the multiple-mask con
dition differed from the single-mask condition in terms
of the presence of foils as well as the presence of multi
ple masks, but both ofthese differences were designed to
achieve the same goal, namely target location uncertainty.

In addition to varying the presence or absence oflocation
uncertainty, we also varied the cue-target SOA in this ex
periment to assess the time course of the attention effects.

Method
Subjects. The subjects consisted of 12 University of Iowa stu

dents who received a combination of course credit and monetary
compensation. All subjects were between the ages of 18 and 30 and
reported normal or corrected-to-normal visual acuity.

Stimuli. The stimuli used in this experiment are illustrated in
Figure 2. A fixation point and four location markers were continu
ously visible on a gray background (2.6 cd/m-) throughout each trial
block. Each location marker consisted of a 2.0° X 2.0° black outline
ofa square, centered 4.2° from fixation at equal distances (3.0°) from
the vertical and horizontal meridians. A location was cued by chang
ing the location marker at that location from black «0.00 I cd1m2)

to white (22.8 cd/rn-). The target stimulus was centered within one
of the four boxes and was a white letter (22.8 cd/rn-; 0.3° wide and
0.4° high), selected at random on each trial from the set of E, F, I,
or 1. In the multiple-mask condition, the remaining three boxes
contained the letter H, which served as a foil. In the single-mask
condition, the target letter appeared without any simultaneous foil
stimuli.

The target display was followed by a mask display, which con
sisted of a set of randomly oriented lines covering the area of each
letter. In the single-mask condition, only the location of the target
letter was masked. In the multiple-mask condition, all four loca
tions were masked.

Procedure. Each trial began with a 2,000-msec fixation display,
during which only the fixation point and location-marker boxes
were present. This was followed by a brightening of the location
marker at one of the four locations, which served as the cue. After
an SOA of either 50 or 200 msec, the target display was presented
for a duration of 50 msec. The target display was then replaced by
the mask display, which was visible for 500 msec. The cue box was
changed from white back to black at the offset of the mask display.
After a 2,000-msec delay, feedback was provided to the subject. The
feedback consisted of the target letter presented at the location of
the fixation point for 500 msec. The subject was required to press
one offour buttons to indicate the identity of the target, and this re
sponse had to occur before the onset of the feedback display. The
next trial began immediately after the offset of the feedback display.

The target stimulus appeared at the cued location on 25% oftri
als and at each of the three uncued locations on 25% of trials. Thus,



Figure 3. Mean accuracy (percent correct) as a function of
masking condition and stimulus onset asynchrony (SOA) for Ex
periment I. Error bars indicate :':: 1 SEM.

the cue provided no information about the location of the target.
However, for purposes of comparison with studies using predictive
cues, we use the term valid to describe trials on which the target ap
peared at the cued location and the term invalid to describe trials on
which the target appeared at an uncued location. The main experi
mental manipulations in this experiment were therefore cue valid
ity (valid or invalid), masking condition (single mask or multiple
mask), and cue-target SOA (50 or 200 msec).

The single-mask and multiple-mask conditions were run in sep
arate tnal blocks, with 64 trials per block and five blocks for each
condition. Each subject thus received 40 valid and 120 invalid tri
als at each SOA in each condition. Single-mask and multiple-mask
blocks were alternated; half of the subjects received a single-mask
block first and the others received a multiple-mask block first. Each
subject served in a single session consisting of a series of practice
blocks followed by the experimental blocks. The practice blocks
were used to adjust the contrast between the letter stimuli and the
masks so that each subject's performance on valid trials in the single
mask condition yielded an accuracy of70%-80% correct. The con
trast was also adjusted during the experimental blocks if accuracy
in the single-mask condition began to deviate substantially from the
70%-80% level. Adjustments were made only after a pair of single
mask and multiple-mask trial blocks, however, so that mean contrast
was always matched across conditions. These adjustments were nec
essary for only a small number of subjects.
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Eye movements were monitored WIthan ISCAN RK-410 pupil
tracking system. Off-line analysis of the eye movement data was
used to eliminate trials on which eye movements occurred during
the time between the onset of the cue and offset of the target. Fewer
than 15% oftrials were rejected in this manner for each subject, and
these trials were excluded from all analyses. Across-trial averages
of the eye movement records were also computed for each subject,
and these averages were used to eliminate subjects whose averages
showed eye movements in excess of 0.25° in the direction of the
cued location; I subject was replaced for this reason.

Results
Figure 3 shows accuracy as a function of cue validity

for the single-mask and multiple-mask conditions. In
this figure and all analyses reported below, the data were
collapsed across the four possible target positions. In the
single-mask condition, accuracy was approximately 6~o

greater on valid trials than on invalid trials, and accuracy
generally increased with increasing SOA. In the multiple
mask condition, valid-trial accuracy was approximately
15% greater than invalid-trial accuracy, but there was lit
tle change as a function ofSOA. Thus, cue validity effects
were observed in both the single-mask and multiple
mask conditions, but the magnitude ofthe effect was more
than twice as large in the multiple-mask condition as it
was in the single-mask condition.

A three-factor repeated measures analysis of variance
(ANOYA) was conducted on the accuracy data with fac
tors ofSOA (50 vs. 200 msec), validity (valid vs. invalid),
and masking condition (single mask vs. multiple mask).
This ANOYA revealed a significant main effect ofmask
ing condition [F( 1,11) = 16.30,p < .01], due to the over
all greater accuracy observed in the single-mask condi
tion. There was also a significant validity main effect
[F(l, 11) = 18.18, p < .01], reflecting the greater accur
acy on valid trials than on invalid trials. However, there
was also a significant interaction between masking con
dition and validity [F(l, 11) = 7.83, p < .05], due to the
larger size of the validity effect in the multiple-mask
condition. A significant main effect of SOA was also ob
tained [F(I,11) = 24.14,p < .01], due to overall greater ac
curacy at the 200-msec SOA. The SOA effect was primar
ily present in the single-mask condition, which led to a
significant interaction between masking condition and
SOA [F(l,II) = 13.42,p < .01]. The three-way interaction
was not significant, however. These analyses confirm the
main observations of this experiment-namely, that ac
curacy was generally greater on valid than on invalid tri
als and that the validity effect was larger in the multiple
mask condition than in the single-mask condition.

To determine whether a significant validity effect was
present in each masking condition, planned comparisons
were conducted in which the data from each condition
were analyzed in separate ANOYAs. In the single-mask
condition, this analysis yielded a significant main effect of
validity [F(l, II) = 5.92,p < .05], along with a significant
main effect of SOA [F(l,II) = 38.30, p < .001]. In the
multiple-mask condition, only the main effect of validity
was significant [F(l,II) = 18.22,p < .01]. Thus, signif-



icant validity effects were observed for both the single
mask and multiple-mask conditions, although this effect
was significantly larger in the multiple-mask condition.

Discussion
The presence ofa significant cue validity effect in the

single-mask condition of this experiment indicates that
nonpredictive peripheral cues may attract processing re
sources, just as in the case of predictive cues (Cheal &
Gregory, 1997; Henderson, 1996; Luck et aI., 1996). In
addition, the finding ofsubstantially larger effects in the
multiple-mask condition than in the single-mask condi
tion suggests that peripheral cues also automatically in
fluence decision processes, biasing the subjects to report
information presented at the cued location even though
this information is no more likely to reflect the target than
information at the uncued locations. This second conclu
sion is somewhat less certain than the first conclusion,
however, because it is based on the assumption that the ef
fects of resource allocation are the same in the single
mask and multiple-mask conditions. However, even if
this assumption is violated to some extent, it seems unlikely
that resource allocation differences between the single
mask and multiple-mask conditions could explain the very
large difference in the size of the attention effects across
these conditions. Thus, as in the case of predictive cues,
nonpredictive peripheral cues appear to influence both
resource allocation and decision processes.

In the single-mask condition, accuracy was somewhat
greater at the longer cue target SOA than at the shorter
cue-target SOA, but there was no such effect in the
multiple-mask condition. We have no explanation for this
difference. However, SOA did not interact with cue valid
ity in either condition, nor was there a significant three
way interaction between SOA, masking condition, and cue
validity, so this effect does not appear to reflect differences
in the time course of cue-directed attention.

On the basis ofprevious reaction time experiments with
nonpredictive peripheral cues, one might expect to ob
serve larger cue validity effects at the 50-msec SOA than
at the 200-msec SOA. There are two likely explanations
for the absence of this pattern in the present study. First,
although some attention-related modulations ofprocess
ing may have similar effects on both reaction time and
accuracy, other attention effects may not. For example,
faster reaction times on valid trials may be partially
caused by a reduction in the amount of information that
is accumulated before a response is triggered (i.e., a lower
response threshold), but this sort of attentional mecha
nism would lead to lower accuracy on valid trials rather
than greater accuracy. Thus, the finding ofgreater cue va
lidity effects at short SOAs in reaction time experiments
but not in accuracy experiments may be a result of the
presence of multiple attentional mechanisms that operate
at different stages (Handy, Kingstone, & Mangun, in
press; Luck, 1995).

A second possible explanation for the lack of a larger
cue validity effect at the shorter SOA is that this experi-
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ment was designed to minimize inhibition of return,
which may be responsible for the decline in cue validity
effects typically observed at longer SOAs when uninfor
mative cues are used. Specifically, previous research has
shown that inhibition ofreturn is initiated by the offset of
the cue rather than its onset (Tassinari, Aglioti, Chelazzi,
Peru, & Berlucchi, 1994), and the cues in the present ex
periment did not offset until 500 msec after target offset.
Thus, the constant size of the cue validity effect at the 50
and 200-msec SOAs may simply reflect a lack of inhibi
tion of return.

EXPERIMENTS 2 AND 3

Although the cues in Experiment I provided no infor
mation about the location of the target, the observed va
lidity effects may not have been completely automatic,
because nothing about the experimental design discour
aged the subjects from orienting attention to the cues. Folk
and colleagues have argued that the automatic capture of
attention by a stimulus depends on the observer's "atten
tional control settings," which may be biased toward or
away from a given stimulus type (Folk, Remington, &
Johnston, 1992, 1993; Yantis, 1993). When observers
search for color-defined targets, for example, luminance
transients no longer automatically capture attention. Folk
et al. (1992, 1993) also proposed that the human visual
system may have default settings that are sensitive to stim
uli such as the luminance transients used as cues in Ex
periment I, which would explain why such cues capture
attention even when luminance increments are not a target
defining feature. Further, although they proposed that
the capture ofattention is contingent upon task demands,
they also posited that once an observer's attentional control
settings have been configured for a given task, stimuli that
match the control settings will cause an involuntary ori
enting of attention. This proposal is therefore called the
contingent involuntary orienting hypothesis.

Folk et al. (1992) tested this hypothesis by factorially
combining color-defined and onset-defined nonpredictive
cues with color-defined and onset-defined targets, pre
dicting that cue validity effects would be observed only
when the cue and target were defined by the same stim
ulus dimension. Onset cues consisted of the appearance
of four dots around one of the possible target locations,
and color cues consisted of the simultaneous appearance
offour red dots around one ofthe possible target locations
and four white dots around the remaining locations. The
onset target consisted ofa single X or an = character, and
the color target consisted ofa red X or an = character ac
companied by three white X or = characters that served as
nontarget foils. Reaction times were measured for the
discrimination between the X and = target alternatives,
and the observers were found to be faster on valid trials
than on invalid trials, but only for the onset-cue/onset
target and color-cue/color-target conditions (see espe
cially Experiment 3 of Folk et aI., 1992). No significant
cuing effects were found with a luminance cue combined
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with a color-defined target or with a color-defined cue
combined with a luminance-defined target, consistent
with the hypothesis that the observer's task-defined at
tentional set influences the capture ofattention by a non
predictive cue stimulus.

It is important to note that there was no uncertainty
about the location of the target for either onset-defined
or color-defined targets in the Folk et al. (1992) study;
the onset-defined targets were the only target-like stimuli
in the display, and the color-defined targets could be lo
calized very easily by their distinctive color. This design
therefore provided no opportunity to observe decision
level attention effects, leaving open the possibility that
decision-level attention effects might be fully automatic,
operating even when the cue is defined by a luminance
change and the observers are searching for color-defined
targets. In addition, Folk et al. (1992) focused on reaction
time, and it is possible that an entirely different pattern
of results would have been observed if the experimental
design had focused on accuracy. The purpose of Exper
iment 2 was to evaluate these possibilities and to more
fully assess the automaticity ofthe attentional capture ob
served in Experiment 1.

In Experiment 2, the subjects were encouraged to adopt
a bias toward color, thus overriding any default biases to
ward the luminance increments that defined the cues.
However, it was not possible simply to use a target ofone
color and foil stimuli of another color, as in the study of
Folk et al. (1992), because this eliminates uncertainty
about which stimulus is the target. Instead, we used a mix
ture of trial types, some of which had a distinctively col
ored target and others of which did not. For example, in
some trial blocks the subject was told that the target would
be a red item; on 50% oftrials, the target was red and the
foils were green (singleton trials), and on the remaining
trials the target and the foils were all red (homogeneous
trials). Because the singleton and homogeneous trials
were randomly intermixed, the subjects were expected to
maintain an attentional bias toward uniquely colored items,
thus overriding any default biases that might cause at
tention to be captured by the luminance-defined cues.
This manipulation also made it possible to assess the ef
fects of attention both with and without location uncer
tainty. On singleton trials, the target's distinctive color
made its location very obvious, just as in the single-mask
condition ofExperiment 1. On homogeneous trials, how
ever, the location ofthe target was not obvious, just as in
the multiple-mask condition ofExperiment 1. Thus, cue
validity effects on singleton trials may be attributed to re
source allocation, whereas cue validity effects on homo
geneous trials may reflect a combination of resource al
location and location uncertainty reduction.

The target was presented in a singleton color on only
50% oftrials in Experiment 2, and it is possible that this
was not sufficient to engender a strong bias toward color
singletons and to override any default biases toward lu-

minance onsets. Experiment 3 was conducted to examine
this possibility. Experiment 3 was exactly the same as Ex
periment 2, except that the singleton and homogeneous
trials were presented in separate blocks rather than being
mixed. In the singleton blocks, therefore, the target was
always a color singleton, which should have led to a strong
bias to attend to the color singleton and to ignore lumi
nance increments, just as in the study ofFolk et al. (1992).
If the use ofa mixture ofsingleton trials and homogeneous
trials in Experiment 2 did not engender a strong bias to
ward the color singletons, one would expect a stronger
effect of the luminance cues in that experiment than in
Experiment 3. If, however, the luminance cue produces
equivalent effects in Experiments 2 and 3, then it would
be difficult to argue that the cuing effect in Experiment 2
was due to the fact that only 50% ofthe targets in that ex
periment were color singletons.

An additional methodological change was also made
in these experiments. Yantis and his colleagues have pro
vided evidence indicating that it is the appearance of a
new object rather than an increment in luminance that is
the cause of automatic attentional capture (Hillstrom &
Yantis, 1994; Yantis & Hillstrom, 1994), but the cue used
in Experiment 1 consisted ofa brightening ofa preexist
ing location marker rather than the appearance of a new
object. In Experiments 2 and 3, the cue appeared as a new
object rather than as an increment in the luminance of a
preexisting object, thus optimizing the automatic capture
of attention.

Method
Subjects. The subjects consisted of 24 University of Iowa stu

dents, 12 in Experiment 2 and 12in Experiment 3. All subjects were
between the ages of 18 and 30, reported normal or corrected-to
normal visual acuity, and were paid to participate.

Stimuli and Procedure. The stimuli and procedure for Expen
ments 2 and 3 were the same as those used in the multiple-mask
condition of Experiment I, with the following exceptions. The tar
get was red (u' = .444, v' = .526) for half of the trial blocks and
green (u' = .137, v' = .556) for the remaining blocks (the subjects
were informed of the target color prior to each block). On homoge
neous trials, the foil items were drawn in the same color as the tar
get item; on singleton trials, the foil items were drawn in the color
that was not used for the target. The mask for a given letter was
drawn in the same color as that letter. The location markers in these
experiments were reduced in size to 1.3° X 1.3°, but the cue re
mained unchanged at 2.0° X 2.0°. Thus, the cue was a white outline
square drawn on the gray background of the screen, surrounding
one of the black location markers. This is illustrated in Figure 4.

Each trial block consisted of 64 trials, and each subject received
12blocks, halfwith red as target and halfwith green as target. Red
target and green-target blocks were alternated, and the starting
color was counterbalanced across subjects. In Experiment 2, Sin
gleton and homogeneous trials were randomly intermixed within
each trial block. In Experiment 3, one half of each block consisted
entirely of singleton trials and the other half consisted entIrely of
homogeneous trials: singleton trials came first for half of the sub
jects and homogeneous trials came first for the other half. The sub
jects were informed of the type of trials that would be presented at
the beginning of each half-block.
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Fixation Display
2,000 msec

-

Target Display
50 msec
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Homogeneous
Trial

Singleton
Trial

Figure 4. Example trial sequences for Experiment 2. As in Figure 2, the digits are drawn larger here than they actually ap
peared in the experiment. The letters and masks were drawn in red and green rather than in the black and white shown here.

Each session began With a series of practice blocks in which the
brightness of the masks was adjusted so that each subject's overall
accuracy was approximately 80% correct. Brightness was adjusted
independently for the red and green masks. Mask brightness was
also adjusted during the experimental blocks If accuracy began to de
viate substantIally from the 80% level. Adjustments were made only
after a pair of red-target and green-target blocks, however, so that
mean mask brightness was always matched across conditions. These
adjustments were necessary only for a small number of subjects.

Eye movements were monitored by means of electrooculogram
(EOG) recordings. The EOG was recorded as a bipolar signal from
electrodes located adjacent to the external canthi for monitoring
horizontal eye movements and from electrodes above and below the
left eye to monitor vertical eye movements. Off-line analysis of the
eye movement data was used to eltminate trials on which eye move
ments occurred during the time between the onset of the cue and the
offset of the target. Fewer than 15% of trials were rejected in this
manner for each subject, and these trials were excluded from all
analyses. Across-trial averages of the eye movement records were
also computed for each subject, and these averages were used to
eliminate subjects whose averages showed eye movements in ex
cess of 0.25° in the direction of the cued location; 2 subjects were
replaced for this reason in Experiment 2, and 3 were replaced in
Experiment 3.

Results
Figure 5 shows accuracy as a function ofcue validity for

singleton and homogeneous trials in Experiments 2 and
3. The cue validity effects were virtually identical across
Experiments 2 and 3, and they were also quite similar to
those found in Experiment I. For both singleton and ho
mogeneous trials, accuracy was greater on valid trials than
on invalid trials, independent of SOA. In addition, the
validity effect was approximately twice as large for ho
mogeneous trials as for singleton trials.

Experiment 2 analyses. The accuracy data from Ex
periment 2 were analyzed with a three-factor repeated
measures ANOVA,with factors ofSOA (50 vs. 200 msec),

validity (valid vs. invalid), and trial type (singleton vs. ho
mogeneous). The main effect of validity was highly sig
nificant [F(l, II) = 29.16, p < .00 I], and the larger size
of the validity effect on homogeneous trials led to a signif
icant interaction between trial type and validity [F(I,II) =

8.20, p < .02]. Accuracy was also generally higher for
singleton trials than for homogeneous trials, leading to a
significant main effect of trial type [F( I ,II) = 21.93, p <
.001]. In addition, accuracy tended to be greater at the
200-msec SOA than at the 50-msec SOA, leading to a sig
nificant main effect of SOA [F(l, II) = 16.58, p < .002],
but this effect did not interact significantly with trial
type or cue validity.

To assess the effects ofattention for singleton and ho
mogeneous trials separately, planned comparisons were
performed in which the data for each trial type were an
alyzed in separate ANOVAs with factors of validity and
SOA. For both singleton and homogeneous trials, the
greater overall accuracy on valid trials than on invalid tri
als led to a significant main effect of validity [F(I,II) =

13.36,p < .005, and F(l,II) = 31.77,p < .001, respec
tively]. The main effect of SOA was also significant for
both singleton and homogeneous trials [F( I,ll) = 22.75,
p < .001, and F(l,II) = 5.07, p < .05, respectively].
SOA and validity did not interact significantly for either
trial type, however.

Experiment 3 analyses. The same analyses were also
conducted for Experiment 3, and the results were nearly
identical. The main effect of validity was highly signifi
cant [F(l,II) = 63.86, p < .001], and the larger size of
the validity effect on homogeneous trials led to a signifi
cant interaction between trial type and validity [F( I, II) =

7.00, p < .03]. Accuracy was also generally higher for
singleton trials than for homogeneous trials, leading to a
significant main effect oftrial type [F( I, II) = 15.34,p <
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Figure 5. Mean accuracy (percent correct) as a function of trial type and stimulus onset asynchrony (SOA) for Ex-

periments 2 and 3. Error bars indicate ::': 1 SEM.

.005]. In addition, accuracy tended to be greater at the
200-msec SOA than at the 50-msec SOA, leading to a
significant main effect of SOA [F(1,II) = 20.11, p <
.00 I], but this effect did not interact significantly with
trial type or cue validity.

In a set ofplanned comparisons, the greater overall ac
curacy on valid than on invalid trials led to a significant
main effect of validity for both the singleton trials
[F(1 ,II) = 24.50, p < .001] and the homogeneous trials
[F(1 ,11) = 32.92,p < .001]. The greater accuracy at the
200- relative to the 50-msec SOA led to a significant main
effect of SOA for both singleton and homogeneous trials
[F(1,II) = 14.71,p < .005, andF(1,II) = 8.05,p < .02,
respectively]. SOA and validity did not interact signifi
cantly for either trial type, however.

Comparison of Experiments 2 and 3. To determine
whether blocking the singleton and homogeneous trials in
Experiment 3 yielded different results from those obtained
in Experiment 2, the data from both experiments were

entered into a single mixed-design ANOYA, with a
between-subjects factor ofexperiment and within-subjects
factors of SOA, validity, and trial type. Neither the main
effect of experiment nor any of the interactions involving
experiment approached significance (p > .30 in all cases).
Thus, it is very unlikely that the subjects in Experiment 2
failed to be biased toward the color singletons due to the
fact that only halfof the targets were singletons, because
this was not a possibility in Experiment 3 and yet the re
sults were statistically indistinguishable.

Discussion
The finding of significant validity effects in Experi

ment 2 indicates that nonpredictive cues can capture at
tention even when the cue is defined by a luminance in
crement and the subjects are encouraged to be biased
toward a distinctive color. This suggests that the attentional
capture produced by a luminance increment has a rela
tively high level ofautomaticity. In addition, the finding



ofa reliable validity effect for the singleton trials and an
even larger validity effect for the homogeneous trials
suggests that the automatic capture ofattention influences
both resource allocation and decision processes. That is,
the validity effects observed on singleton trials probably
reflect the allocation ofresources to the cued location, and
the larger validity effects observed on homogeneous tri
als probably reflect both the allocation of resources and
an effect ofuncertainty reduction. Thus, Experiments 1,2,
and 3 all indicate that the automatic capture of attention
leads to changes in both resource allocation and decision
processes.

These findings appear to conflict with the results re
ported by Folk et al. (1992), who found no validity effects
when the cue was defined by a luminance onset and the
target was defined by its distinctive color (comparable to
the singleton trials of the present experiment). There are
several possible explanations for this discrepancy. First,
the Folk et al. (1992) study examined reaction time for
unmasked stimuli rather than accuracy for masked stim
uli, and these measures may be differentially influenced
by attention (possibly due to differences in strategy; see
Handy et aI., in press). Moreover, this may have been ex
acerbated by the fact that Folk et al. (1992) used condi
tions that were analogous to the singleton trials of the
present experiment, which yielded significantly smaller
validity effects than the homogeneous trials.

It is also possible that the use of singleton targets in
Experiment 2 failed to bias the subjects toward color sin
gletons and away from luminance onsets. However, there
are several reasons why this is unlikely. First, the fact that
the target was a singleton on only half of the trials in Ex
periment 2 cannot easily explain a lack ofbias toward the
color singletons, because the effects were no different in
Experiment 3, in which all of the targets were singletons
over a period of many trials. Second, the subjects were
clearly using the information provided by the distinctive
color of the target on singleton trials, because perfor
mance was significantly better on singleton trials than on
homogeneous trials. Third, the stimuli and procedures
used in these experiments were quite similar to those used
by Folk et al. (1992), except that the targets were masked
and accuracy was stressed rather than speed. Thus, the
singleton trials in Experiments 2 and 3 should have led
to the same level ofbias toward singletons as in the study
of Folk et al. (1992). Ofcourse, it is always possible that
some yet-to-be-specified changes in procedure could yield
a stronger singleton bias and therefore a smaller effect of
the luminance onset cues, but the present results indicate
that under at least some conditions, luminance onsets will
capture attention even when the stimuli and task are de
signed to bias subjects toward color singletons and away
from luminance onsets.

GENERAL DISCUSSION

From these experiments, three main conclusions can
be drawn about the nature ofthe attention effects produced
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by nonpredictive peripheral cues. First, the automatic at
tention effects produced by these cues can influence ac
curacy and not just reaction time. Surprisingly, we have
been able to find only one previous study showing a sig
nificant improvement in accuracy on valid trials relative
to invalid trials with nonpredictive peripheral cues (Hen
derson & Macquistan, 1993), even though it is theoreti
cally important to know whether nonpredictive cues in
fluence accuracy as well as reaction time.

A second conclusion that can be drawn from this study
is that nonpredictive peripheral cues may influence the
allocation oflimited perceptual processing resources, re
sulting in improved perceptual quality for stimuli pre
sented at the cued location. This conclusion is based on the
finding ofgreater accuracy on valid trials than on invalid
trials in the single-mask condition ofExperiment 1and on
the singleton trials in Experiments 2 and 3. According to
the logic developed by Shiu and Pashler (1994), precues
should have no effect on decision-level processes under
such conditions, and these results can therefore be attrib
uted to resource allocation. Moreover, these cuing effects
appear to be highly automatic, because they were obtained
even on the singleton trials of Experiment 3, in which
subjects were presumably highly biased toward color sin
gletons rather than luminance increments.

The third conclusion that can be drawn from this study
is that the automatic capture of attention produced by
nonpredictive peripheral cues leads to a modulation of
decision-level processes that are interposed between per
ceptual and motor processes. This conclusion is based
on the finding oflarger cue validity effects when the ob
servers could not easily ascertain the location ofthe target
than when the target's location was clearly marked (i.e.,
larger effects in the multiple-mask condition of Experi
ment I and the homogeneous trials of Experiments 2 and
3 than in the single-mask condition and singleton trials).
It would be very difficult for a perceptual-level model of
attention to account for this very large difference in the
magnitude of the cuing effects. The only difference be
tween the single-mask and multiple-mask conditions in
Experiment I was the presence of irrelevant information
at the nontarget locations in the multiple-mask condition,
and given the wide spacing between locations, there is
no reason to suspect that the presence of this irrelevant
information would greatly alter the effects ofperceptual
level attentional mechanisms. Moreover, stimuli were pre
sent at the irrelevant locations on both the singleton and
homogeneous trials in Experiments 2 and 3, making it
even less likely that the larger cuing effect in the homo
geneous condition was due to an interaction between at
tention and sensory factors. Furthermore, there is no rea
son to suspect that the presence ofa singleton color should
have caused a reduction in the perceptual-level effects of
the nonpredictive luminance onset cues in Experiments 2
and 3. These results therefore indicate that nonpredictive
peripheral cues automatically bias decision processes so
that stimuli presented at cued locations are more likely to
be reported than stimuli presented at uncued locations,
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even if the cued and uncued stimuli are represented with
equivalent perceptual quality.

Throughout this article, we have contrasted the allo
cation ofperceptual processing resources with decision
level attention effects, but it is important to note that
decision-level effects can potentially be combined with
changes in postperceptual resource allocation. In partic
ular, the finding of larger cue validity effects for the
multiple-mask condition and homogeneous trials than
for the single-mask condition and singleton trials can be
explained by a model in which attention operates to se
lect which perceptual representations are transferred into
a limited-capacity working memory system. According to
this model, transferring information about a single stim
ulus into working memory requires several hundred mil
liseconds (see, e.g., Giesbrecht & Di Lollo, 1998;
Shapiro & Raymond, 1994), and it is therefore impossible
to transfer the perceptual information from all four loca
tions into working memory without substantial decay.
Performance on valid trials in the multiple-mask condition
and homogeneous trials would therefore be greatly en
hanced by always transferring the information from the
cued location into working memory, although this would
result in poor performance on invalidtrials due to the decay
of information that was presented at uncued locations.
For the single-mask condition and singleton trials, how
ever, it seems likely that only the information from the tar
get location would be transferred into working memory,
regardless of whether the target was validly or invalidly
cued. Thus, the presence ofcapacity limitations in work
ing memory may be partially responsible for the finding
oflarger attention effects in the multiple-mask condition
than in the single-mask condition. This could still be
viewed as a special case ofthe decision-level model, how
ever, because the cue is assumed to influence a postper
ceptual decision about the stimuli (i.e., which stimuli to
retain in working memory) rather than influencing the
initial analysis oftarget identity. This model also provides
an explanation for an apparent conundrum: Ifwe assume
that decision processes are controlled in a top-down man
ner, it seems odd that they would be influenced by bottom
up nonpredictive cues. However,given that working mem
ory is highly limited, the likely importance ofluminance
increments in the natural world makes it reasonable to
suppose that such objects would have priority for trans
fer into working memory and for decisions that are based
on the contents of working memory.
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NOTES

I. More precisely, the decision process is weighted in a continuous
manner so that information presented at the cued location is given
greater weight than information presented at uncued locations. Thus,
an observer may occasionally report the percept arising from an uncued
location if that percept is exceptionally strong.

2. For the sake of simplicity, this article pnmarily discusses cuing
studies that examined accuracy rather than reaction nme as the primary
dependent variable. Accuracy is simpler for two reasons. First, speed
accuracy tradeoffs frequently complicate the interpretation of reaction
time effects, but are generally irrelevant when accuracy is measured
without time pressures. Second, reaction time effects may be caused by
a wider variety ofprocessing stages than accuracy effects (e.g., changes
in motor preparation are unlikely to influence accuracy in the absence
of time pressures).

3. As discussed by Shiu and Pashler (1994), attention may influence
decision processes that occur during perception as well as postpercep
tual decision processes. However, most investigators assume that the
decision stage follows perception (Palmer, Ames, & Lindsey, 1993;
Sperling & Dosher, 1986), and we will also adopt this assumption (al
though it has little effect on our conclusions).
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