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Mechanisms of priming of pop-out: Stored
representations or feature-gain modulations?
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Previous research has shown that repetition of a task-relevant attention-capturing feature facilitates pop-
out search. This priming of pop-out effect is due to some residual memory from recent trials. We explore two
possible mechanisms of priming of pop-out: a top-down attentional benefit from a memory of the previous
target representation that is stored in visual short-term memory (VSTM) and a bottom-up change of attentional
gains from perceptual features of the previously attended target. We manipulated participants’ ability to form a
memory trace in VSTM by occupying it with a distractor task and found that occupying VSTM did not interfere
with priming of pop-out. We next manipulated attentional gains associated with feature values by inserting an
irrelevant task between pop-out searches. We found that the color of the target from the intervening perceptual
task influenced pop-out search: The current pop-out search was facilitated when the intervening task’s target
matched the target color of the pop-out search. These results suggest that priming of pop-out might not be due
to a memory trace of the previous targets in VSTM but, rather, might be due to changes in attentional control
based on priming from relatively low-level feature representations of previously attended objects.

Because of its limited computational capacity, the
human brain does not fully process all of the information
in a visual scene. Selective attention compensates for lim-
itations on information processing capacity by filtering
the spatiotemporal stream of information. Many accounts
of attentional selection propose both bottom-up and top-
down mechanisms for directing attention to objects in a
visual scene. In addition to the often-discussed bottom-up
and top-down attentional control processes, attention is
also directed by past experience. Past experience affects
our current performance across a variety of domains and
experimental paradigms (see Fecteau & Munoz, 2003;
Mozer, Kinoshita, & Shettel, 2007; Mozer, Shettel, &
Vecera, 2006), and a prior deployment of attention influ-
ences how attention will subsequently be directed.

Several experimental results have demonstrated that
past experience affects visual attention in the context of
visual search, in which observers search for a known tar-
get among distractors. In a series of studies, Maljkovic
and Nakayama (1994, 1996, 2000; also see Hillstrom,
2000; Huang, Holcombe, & Pashler, 2004; and Olivers
& Humphreys, 2003) investigated the influence of past
experience in a simple feature search task. Observers saw

three diamond-shaped items with a chip off either the left
or right side. Two of the objects were the same color, and
the third was a unique color. The target was the uniquely
colored object in the display, and observers reported the
side of the chip on this singleton target. The goal of the
studies was to compare performance when the singleton
target remained the same from trial to trial (e.g., a red
target followed by a red target) with that when it changed
(e.g., a red target followed by a green target). The results
showed a clear benefit of the repetition of the singleton
feature: Reaction times (RTs) fell significantly when the
singleton feature had appeared on an earlier trial, and
this benefit extended to five or six previous trials. That
is, a same-colored target that appeared five trials earlier
(trial n—5) could produce faster RTs on the current trial
(trial n). Maljkovic and Nakayama (1994, 1996, 2000)
called this phenomenon priming of pop-out (PoP).

PoP does not passively encode all items appearing in
the visual field. In order to create a persistent memory
trace, the object in the visual field must be attended
(Goolsby & Suzuki, 2001), although there is also mem-
ory for the distractors’ identities. Distractor repetition
also decreases RTs, although not as much as does target
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repetition (Maljkovic & Nakayama, 1994). The memory
trace formed by the previously attended object, however,
does not seem to be under voluntary control. Maljkovic
and Nakayama (1996) presented targets in a predictable
order (e.g., green, green, red, red, green, green . . .) and
found PoP independent of observers’ knowledge of the
sequence. Because PoP appears to be involuntary and un-
affected by explicit knowledge, it is usually considered as
arising from a relatively short-lived memory of the target
from previous trials. Unlike other phenomena showing
longer-term memory effects on attentional search (e.g.,
contextual cuing; Chun & Jiang, 1998, 2003), PoP ap-
pears to be a short-term effect that lasts approximately
15-30 sec (Maljkovic & Nakayama, 2000).

With a mass of data indicating the presence of a short-
lived memory influence from previous experience on vi-
sual search, there is no consensus as to the memory sys-
tem that underlies PoP. Huang et al. (2004) suggested that
PoP arises from an episodic memory representation. They
presented displays whose items varied in color and size.
The target was defined as an oddball in size, and color was
irrelevant for the task. Repetition of target color facilitated
responses, but only if the target size was also repeated.
This result implies that the memory is not independent
of, but rather encodes, the configuration of features of
the target (i.e., an episodic trace). The facilitation of the
attentional process based on an episodic memory trace fits
well with current biased competition accounts of attention
(Desimone, 1998; Desimone & Duncan, 1995; Duncan,
1996, 1998; Harter & Aine, 1984). The memory of a pre-
vious trial’s target could act to guide search in a top-down
manner, possibly by maintaining a representation of the
target object in visual short-term memory (VSTM). This
memory trace of the previous target could be used to guide
attention to a similar target on a later trial.

Another potential account of the mechanism underly-
ing PoP has been proposed by Wolfe, Butcher, Lee, and
Hyle (2003). This account is based on the guided search
model (Wolfe, 1994; Wolfe, Cave, & Franzel, 1989), which
proposes that saliency at each location in the visual field is
defined by the sum of feature activations at that location,
where the contribution of features to the sum is modulated
by a gain or weight. The gains are set in a manner appro-
priate for the task. For example, if the task is to search for
a red vertical bar, the gains on the red and vertical feature
maps should be larger than gains on the green or horizon-
tal feature maps. In PoP, Wolfe et al. (2003) suggested that,
following each trial, the gains on the feature dimensions
of the current target are raised, resulting in increased gain
in an activation map and reduced response latency when
the target is repeated on the next trial. By this account,
memory of recent trial history is encoded in feature gains
(see Mozer et al., 2000).

To our knowledge, there has been no direct experimen-
tal test to distinguish the VSTM and feature-gain accounts
of PoP. One line of evidence that appears at odds with a
VSTM account and supports the feature-gain account is
that PoP is not affected by explicit knowledge of the trial
sequence. For example, Maljkovic and Nakayama (1994,

2000) reported that a predictable, alternating sequence of
target colors (red, green, red, green, etc.) did not abolish
the typical cost of switching target colors. Furthermore,
when asked to recall previous target features, observers—
the authors themselves—showed chance performance at
recalling the target color from two trials back or earlier.
Observers could recall features only on the most recent
trial (trial n—1). However, this lack of explicit memory on
PoP does not necessarily rule out a VSTM representation
account. First, the explicit trial sequence was presented
to participants verbally, and some studies suggest that the
guidance of attention by memory occurs only when it is
difficult to verbalize the memory content (Olivers, Meijer,
& Theeuwes, 2006). Second, because memory for previ-
ous trials was tested infrequently (after every 15-20 tri-
als), observers’ failure of explicit recollection of previous
targets might be due to subthreshold representations in an
explicit, episodic memory system. VSTM representations
might have failed to reach threshold for explicit report
because of proactive interference in the long runs of tri-
als: Across dozens of trials, the target and distractor colors
change frequently, possibly allowing proactive interfer-
ence from one trial to the next to reduce explicit memory.
Third, the correct response of previous trial targets’ color
required not only memory of the color but also binding of
target color and temporal position, which might be very
difficult and could easily exceed VSTM capacity.

In the present study, we directly examined whether the
priming of pop-out effect arises from a memory trace in
VSTM or from a feature-gain modulation. We first repli-
cated PoP using three Landolt C shapes (Experiment 1);
reliable PoP effects were observed for stimuli from the
previous three trials. We next asked whether the PoP effect
is due to a VSTM influence by using a dual-task situation
in which observers held four objects in visual memory
while performing a feature search task (Experiment 2);
PoP appeared even when VSTM was loaded at or near
capacity. Next, we conducted several control experiments
testing the validity of the manipulation of VSTM and the
perceptual (i.e., pop-out search) task. The VSTM manipu-
lation in the present experiments was demanding enough
to have an effect on another memory task. However, the
pop-out search task showed little influence on the memory
task. Finally, we demonstrated that PoP is consistent with
the notion of feature-gain modulation by demonstrating a
PoP effect from a secondary perceptual task that did not
involve visual search (Experiment 4), suggesting that fea-
tures of any attended object can be primed and can guide
attention on subsequent trials.

EXPERIMENT 1
Replication
Method

Participants. Ten University of lowa undergraduates with nor-
mal or corrected-to-normal vision volunteered in exchange for
course credit.

Stimuli. The stimuli were presented on a video monitor with a
black background. Red and green Landolt Cs were used. Three items
(one target and two distractors) were used in a search display. Each
item measured approximately 1° X 1° of visual angle with a viewing
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Figure 1. The results of Experiment 1. (A) Collapsed reaction times (RTs) for Tri-
als 1-3 and 4-11; (B) collapsed RTs for the PoP going-back trials. Error bars represent
within-subjects 95% confidence intervals on the same-repetition versus different-

repetition comparisons.

distance of 57 cm and had a 0.3° gap either on the left or on the right
side. The items were presented at randomized locations within a
4° X 4° display region with a minimum center-to-center distance of
1.5°. The display could appear at one of four quadrants in the display
with equal probability.

Procedure. Every trial started with a 500-msec fixation cross.
The search display was then presented. The target was defined by
the odd color, relative to the distractors, and was equally likely to be
red or green. The sequence of red or green singleton target color was
random. Observers were instructed to detect the odd-color target and
to report the gap location of the target as quickly and as accurately
as possible. Immediately following the response, either the fixation
cross or a “Wrong” feedback screen was presented for 500 msec, de-
pending on the correctness of the response. Each observer received
20 practice trials at the beginning of the experiment and did 240
experiment trials; the practice trials were not analyzed.

Results and Discussion

The overall accuracy for the search task was 95.4%.
Trimming long (>2,000-msec) and short (<150-msec)
RTs eliminated less than 1% of the data. Only trials with
correct responses for the search task were analyzed. Ob-
servers’ mean RTs were analyzed with a within-subjects
ANOVA with previous—current target color (same vs. dif-
ferent) and the position of previous trials (the 3 previous

trials—trials n—1, n—2, and n—3—vs. the 4th—11th pre-
vious trials—trials n—4 to n—11) as factors. The mean
RTs appear in Figure 1.

An ANOVA revealed a main effect of previous—current
target color [F(1,9) = 725.9, p < .001]. Targets following
a same-colored target were responded to faster than were
targets following a different-colored target. The main ef-
fect of the position of previous trials was also significant
[F(1,9) = 25.3, p < .001]. Finally, the interaction between
the previous—current target relation and the position of
previous trials was significant [F(1,9) = 24.5, p < .001],
indicating that the PoP was larger for the recent trials
(trials n—1 to n—3) than for the more distant trials (tri-
alsn—4 ton—11).

Planned comparisons showed that, on the three previ-
ous trials (trials n—1, n—2, and n—3), there was a signifi-
cantly faster response for the target whose color matched
with that of the previous target [#(9) = 5.4, p < .01]. How-
ever, in the more distant trials (trials —4 to n—11), there
was no difference between the conditions of previous—
current target color matching [#(9) = 0.5, p > .05].

The accuracy data were analyzed with a within-
subjects ANOVA with previous—current target color
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Figure 2. (A) Stimuli and order of events in Experiment 2A. Different patterns represent different colors. (B) Stimuli and order of

events in Experiment 4.

(same vs. different) and the position of previous trials
(the three previous trials—trials n—1, n—2, and n—3—
vs. the 4th—11th previous trials—trials n—4 ton—11) as
factors. There was no main effect of previous—current
target color [F(1,9) = 0.4, p > .05]. The main effect of
the position of previous trials was significant [F(1,9) =
6.1, p < .05]. The interaction between the previous—
current target relation and the position of previous tri-
als was marginally significant [F(1,9) = 4.6, p = .06].
Planned comparisons showed that, on the three previous
trials (trials n—1, n—2, and n—3), accuracy was signifi-
cantly higher for the target matched with the previous
target for color [#(9) = 2.4, p < .05]. However, in the
more distant trials (trials n—4 to n—11), there was no
difference between conditions of previous—current target
color matching [#(9) = 0.6, p > .05].

These results replicate the PoP effect originally found by
Maljkovic and Nakayama (1994). The previous trial affects
RTs on the current trial (see Figure 1B); we found that the
PoP goes back five trials, similar to the results in Maljkovic
and Nakayama (1994). However, only the first three previ-
ous trials showed a significant difference between previous—
current target color matching conditions.

EXPERIMENT 2A

In Experiment 2A, we directly asked whether the stored
VSTM representations of previous targets are the primary
factors for the PoP. In order to test the VSTM locus of PoP,

the colors of four squares were used as a memory load and
coupled with a simple pop-out search task. On each trial,
observers first saw a memory array with four objects to
store in visual memory. Next, a search array appeared, and
the observers responded to the singleton item. Finally, a
test array appeared and the observers indicated whether
the objects were the same as or different from those in the
memory array.

If stored VSTM representations underlie the priming
effect, in the memory load condition in which VSTM was
loaded at or near capacity, there should be an absent or
reduced priming effect, because the memory load would
prevent the current target from entering or being main-
tained in VSTM. Consequently, the target from the previ-
ous trial would be unable to affect search and recognition
in the current trial. However, if a VSTM representation
of the previous target is not the main factor of PoP, there
should be a priming effect from previous target colors
even when VSTM is occupied.

Method

Participants. Twenty-eight University of lowa undergraduates
with normal or corrected-to-normal vision volunteered in exchange
for course credit.

Stimuli. Search arrays were identical to those in Experiment 1.
Four colored squares were used as a memory array. The colors of the
squares were selected at random (without replacement) from a set of
six colors (white, yellow, gray, blue, purple, and brown). Each colored
square subtended 0.8° X 0.8° and was centered 1.1° from fixation—
one above, one below, one to the left, and one to the right.
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Procedure. Figure 2A illustrates the procedure and timing. Be-
fore starting the experiment, the participants were instructed to re-
peat “abc” during the experiment as an articulatory suppression task.
Every trial started with a 500-msec fixation cross. The four colored
squares were presented for 1,000 msec (memory array), and the ob-
servers were instructed to remember the colors for a later test. Next,
the pop-out search display was presented. The target was defined by
the odd color, relative to the distractors, and was equally likely to be
red or green. The observers were instructed to detect the odd-color
target and to report the gap location of the target as quickly and as
accurately as possible. Immediately following the response, either
the fixation cross or a “Wrong” feedback screen was presented for
500 msec, depending on the correctness of the response. Then four
color patches were presented as the test display. On half of the trials,
this test display was identical to the study display that the observers
remembered; on the other half of the trials, one color had changed
to another color that was not in the study display. The observers
made an unspeeded response to indicate whether the test display was
identical to the study display.

There were two conditions, depending on the relation between
the color of current trial’s target and that of previous trial’s target
(previous—current target color: same or different). The observers re-
ceived 20 unanalyzed practice trials at the beginning of experiment,
followed by 240 experiment trials.

Results and Discussion

The data from 8 participants were dropped because
of low performance (below 60% on the memory perfor-
mance or search performance).! The overall accuracy
was 94.3% for the search task and 74.6% for the change-
detection task. Trimming long (>2,000-msec) and short
(<150-msec) RTs eliminated less than 1% of the data.
Only trials with correct responses for both search and
memory tasks were analyzed. The observers’ mean RTs
were analyzed with a within-subjects ANOVA with
previous—current target color (same vs. different) and
the position of previous trials (the three previous trials—
trials n—1, n—2, and n—3—vs. the 4th to 11th previous
trials—trials n—4 to n—11) as factors. The mean RTs
appear in Figure 3A.
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We found a main effect of previous—current target color
[F(1,19) = 18.3, p < .05]. Same-colored targets were re-
sponded to faster than were different-colored targets. The
main effect of the position of previous trials was signifi-
cant [F(1,19) = 4.8, p < .05]. The interaction between
the previous—current target relation and the position of
previous trials was also significant [F(1,19) = 9.9, p <
.05]. Planned comparisons showed that, on the three pre-
vious trials (trials n—1, n—2, and n—3), there was a sig-
nificantly faster response for the target matched with the
previous target for color [£(19) = 3.9, p < .05]. However,
in the more distant trials (trials n—4 to n—11), there was
no difference between the conditions of previous—current
target color matching [#(19) = 1.9, p > .05]. The accuracy
data were not significant in any conditions.

These results replicate the PoP effect originally found by
Maljkovic and Nakayama (1994) and further suggest that
the priming of the pop-out target from one trial to the next
is not due to a VSTM representation of the previous trial’s
target. Loading VSTM does not appear to affect PoP.

Although the present results suggest that PoP was not
abolished when VSTM was loaded, the amount of prim-
ing was less strong than the priming effect found in Ex-
periment 1 (25 msec and 41 msec, respectively). It is pos-
sible that the representation of previous targets stored in
VSTM affects the priming effect of subsequent targets,
but loading VSTM only slows or weakens the priming ef-
fect. However, Experiment 2A also differed from Experi-
ment 1 in timing. The intertrial interval in Experiment 2A
was approximately double that in Experiment 1, because
of the presentation of the memory array, the test array,
and the response. It is also possible that the colors of the
to-be-remembered objects interfered with the feature rep-
resentations of the search array stimuli, thereby diluting
the PoP effect.

In order to determine whether the reduced priming ef-
fect that we observed in Experiment 2A was caused by
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Figure 3. (A) The results of Experiment 2A. (B) The results of Experiment 2B. Error bars represent within-subjects 95% confidence
intervals on the same-repetition versus different-repetition comparisons. The number on each bar represents the accuracy of each

condition. RT, reaction time.
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the VSTM load or by the increased time delay used in our
procedure, in Experiment 2B, we presented the partici-
pants with the same timing as that used in Experiment 2A.
In Experiment 2B, however, the participants did not need
to store the colored squares in VSTM. If a VSTM load
reduces the priming effects observed originally by Malj-
kovic and Nakayama (1994), performance in this no-load
experiment should produce priming effects significantly
larger than those observed in Experiment 2A. In contrast,
if the increased timing due to interspersing the change
detection task with search trials reduced the PoP effect,
the results from the present no-load experiment should be
similar to those observed in Experiment 2A.

EXPERIMENT 2B

Method

Participants. Twenty University of lowa undergraduates with
normal or corrected-to-normal vision volunteered in exchange for
course credit.

Stimuli. The displays were identical to those in Experiment 2A.

Procedure. The procedure used in Experiment 2B was identical
to that used in Experiment 2A but with two exceptions. In Experi-
ment 2B, the memory array and the test array were replaced with a
fixation cross and a blank display, respectively. The blank display
was presented for 1,635 msec, which was the mean response dura-
tion for memory displays for Experiment 2A.

Results and Discussion

The general accuracy was 96.9% for the search per-
formance, and trimming long (>2,000-msec) or short
(<150-msec) RTs eliminated less than 1% of the data. As
in Experiment 2A, observers’ mean RTs were analyzed
with a within-subjects ANOVA with previous—current tar-
get color (same vs. different) and the position of previous
trials (the previous three trials vs. the 4th—11th previous
trials) as factors. The mean RTs appear in Figure 3B.

As in the previous experiments, we again found a main
effect of previous—current target color [F(1,19) = 39.9,
p < .05]. Targets following a same-colored target were re-
sponded to faster than were targets following a different-
colored target. The main effect of the position of previous
trials was not significant [F(1,19) = 1.8, p > .05]. The
interaction between previous—current target color and the
position of previous trials was significant [F(1,19) = 14.6,
p < .05]. Planned comparisons showed that, in the three
previous trials (trials n—1, n—2, and n—3), there were
faster responses when the current target’s color matched
that of the previous target than when these colors were
mismatched [#(19) = 5.8, p < .05]. However, in the more
distant trials, there was no difference between the condi-
tions of previous—current target color matching [#(19) =
1.3, p > .05]. The accuracy data were not significant
across any of the conditions.

To examine the magnitude of the priming effect across
load and no-load conditions, we conducted an additional
mixed-model ANOVA, with previous—current target
color (same vs. different) on the three previous trials
as a within-subjects factor and load (Experiment 2A—
load—vs. Experiment 2B—no load) as a between-

subject’s factor. There was no main effect of experiment
[F(1,38) = 0.48, p > .1]. However, there was a numeric
difference, in that Experiment 2B (no-load condition)
showed faster RTs (788 msec) than did Experiment 2A
(load condition, 818 msec). There was a main effect of
previous—current target color condition [F(1,38) = 40.5,
p < .01]. Most important, the interaction between exper-
iment and previous—current target color was not signifi-
cant [F(1,38) < 1, n.s.]. In short, the size of the priming
effects was similar across Experiments 2A and 2B, sug-
gesting that a VSTM load does not affect the magnitude
of priming in a pop-out search. VSTM does not appear
to be the source of the priming effects observed in the
PoP phenomenon.

With timing identical to that in Experiment 2A, Experi-
ment 2B showed an almost identical priming effect with-
out VSTM load. These results suggest that the reduced
priming effect in Experiment 2A relative to those found
in previous reports was because of the time delay between
trials. Again, the results of Experiments 2A and 2B, taken
together, suggest that VSTM is not responsible for the PoP
effect. A feature search can be primed even when VSTM
is occupied with four objects.

The present experiments have demonstrated that
VSTM load does not affect the PoP effect, suggesting
that PoP might be based on the feature-level attentional-
gain change rather than on the memory representation in
VSTM. However, this conclusion is based on the assump-
tion that there is no VSTM capacity remaining during the
load condition. If this assumption is incorrect and another
item—namely, the pop-out target—entered VSTM rela-
tively easily, the results of Experiment 2 could be due to
storage of the pop-out target in visual memory. Although
VSTM capacity for colored squares is typically estimated
at 3—4 objects (e.g., Luck & Vogel, 1997), it is possible
that there was still enough room in VSTM to squeeze in
the pop-out target, because the target’s color and shape did
not overlap with, and possibly did not interfere with, the
items already in VSTM.

In order to examine these possibilities, we conducted
a series of control experiments. The aims of these experi-
ments were to ensure (1) that holding the colors of four
squares in VSTM filled memory to capacity and impaired
performance on another memory task and (2) that the tar-
get of a pop-out search does not automatically enter visual
memory and interfere with items already stored there.

In Experiments 3A and 3B, we asked observers to per-
form two memory tasks: the standard four-color memory
task used in Experiment 2 and a memory task to remem-
ber the location of the gap on a singleton target. The gap
memory task used the same pop-out search displays used
in Experiment 2. On some trials, the participants had to
remember both the gap location of a singleton and the col-
ors of four squares in VSTM (the dual-task condition). On
other trials, the participants remembered either the colors
of the four squares (Experiment 3A) or the singleton’s gap
location (Experiment 3B) but not both. If there was room
left in VSTM for the pop-out target when memory was
loaded with four colors, the participants should remember
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Figure 4. (A) Stimuli and order of events in Experiments 3A and 3B. In the dual-task condition, observers were instructed to remem-
ber four colors and the gap location of a singleton target. In the single-task condition of Experiment 3A, observers were instructed to
remember only the four colors. In the single-task condition of Experiment 3B, observers were instructed to remember only the gap
location of a singleton target. (B) Stimuli and order of events in Experiment 3C. In the dual-task condition, observers were instructed to
remember four colors and to perform a singleton target discrimination task. In the single-task condition, observers were instructed

to remember only the four colors.

the singleton’s gap as accurately when it is remembered
alone as when it is remembered along with the four col-
oreds. However, if holding the colors of four squares fully
occupies VSTM capacity, the participants should be more
accurate in reporting the singleton’s gap location when
memory is not loaded with the colors than when memory
is loaded with them.

Finally, we asked whether the target of a pop-out search
automatically enters visual memory. In Experiment 3C,
we asked observers to perform a pop-out search while
they were holding the four colors in VSTM. The pop-out
search was identical to that used in Experiment 2. The ob-
servers attended and responded to the pop-out target with-
out the explicit goal of remembering it. On some trials, the
observers performed the pop-out search while holding the
four colors in VSTM (the dual-task condition). On other
trials, the observers only remembered the colors of four
squares (the single-task condition). If the pop-out target
automatically squeezes itself into VSTM, there should be
an accuracy drop in memory recall in the dual-task condi-
tion relative to the single-task condition, in which observ-
ers only performed the visual memory task.

EXPERIMENTS 3A-3C

Method

Participants. For each experiment, 10 University of lowa under-
graduates with normal or corrected-to-normal vision volunteered in
exchange for course credit.

Stimuli. Stimuli were identical to those in Experiment 2A with
one exception. The pop-out display was always presented at the cen-
ter instead of at one of four randomly selected quadrants.

Procedure. Figure 4 illustrates the procedure and timing of Ex-
periments 3A, 3B, and 3C. Before starting the experiment, the observ-
ers were instructed to recite the alphabet during the experiment as an
articulatory suppression task. Every trial started with a 500-msec fixa-
tion cross. In Experiment 3A, four colored squares were presented for
1,000 msec (memory array). The observers were instructed to remem-
ber the colors for a later test. Next, the pop-out display was presented
for 1,000 msec. The target was defined by the odd color, relative to the
distractors, and was equally likely to be red or green. In some trials,
the observers were instructed to remember the gap location of the tar-
get (the dual-task condition). Then, four color patches were presented
as the color-test display. On half of the trials, this color test display
was identical to the memory array that the observers remembered; on
the other half of the trials, one color had changed to another color that
was not in memory array. The observers made an unspeeded response
to indicate whether the color-test display was identical to the memory
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Table 1
Results of Experiments 3A, 3B, and 3C

Dual-Task Condition Rule

Single-Task Condition Rule

Experiment  Color Memory  Gap Memory  Color Memory  Gap Memory
3A 71.7 80.7 85.0 -
3B 67.8 72.3 - 90.8
3C 76.8 - 82.7 -

array. Following the response, the pop-out display was presented as
the gap memory test display. On half of the trials, the gap location of
the target was changed. In the dual-task condition, the observers made
an unspeeded response to indicate whether the gap location was iden-
tical to the original location. In the single-task condition, observers
ignored the gap test display. The gap test display was presented either
until a response was made (in the dual-task condition) or for 1 sec (in
the single-task condition). For each response, either the fixation cross
ora “Wrong” feedback screen was presented for 500 msec, depending
on the correctness of the response.

Experiments 3B and 3C were identical to Experiment 3A, except
for the task instructions. In Experiment 3B, in the single-task condi-
tion, the observers ignored the colors and remembered the target
gap location only. The color-test display was presented either until
a response was made (in the dual-task condition) or for 1 sec (in
the single-task condition). In Experiment 3C, the observers were
instructed to report the gap location of the target as quickly and
as accurately as possible (i.e., a pop-out search task instead of the
target gap memory task). In the single-task condition, the observ-
ers ignored the pop-out display and remembered the colors of only
the four squares. The pop-out display was presented either until a
response was made (in the dual-task condition) or for 1 sec (single-
task condition).

Results and Discussion

The mean accuracies for color memory and gap
memory (or gap localization) appear in Table 1. In Ex-
periment 3A, we conducted a planned comparison of the
color memory accuracies between the single- and dual-
task conditions. The results revealed a significant accu-
racy difference between single- (85%) and dual- (71.7%)
task conditions [#(9) = 5.6, p < .01]. The gap memory
accuracy in the dual-task condition was 80.7%. These
findings indicate that the colors of the four squares
filled VSTM adequately. When the observers needed to
remember the gap on a singleton target for a later report,
memory for the colors declined significantly, indicating
that there was insufficient room in VSTM for both the
colors of the four squares and the singleton target.

In Experiment 3B, we conducted a planned comparison
of the gap memory accuracies between single- and dual-
task conditions. The results showed that there was a sig-
nificant accuracy difference between the single- (90.8%)
and dual- (72.3%) task conditions [#(9) = 6.6, p < .01].
The color memory accuracy in the dual-task condition
was 67.8%. These findings show that, when the observ-
ers needed to remember the colors of four squares for a
later report, memory for the gap on a singleton declined
significantly, indicating that there was insufficient room
in VSTM for both the colors of the four squares and the
singleton target.

In Experiment 3C, we conducted a planned comparison
of the color memory accuracies between dual- and single-

task conditions. The results showed that there was a small,
but significant, accuracy difference between the single-
(82.7%) and dual- (76.8%) task conditions [#(9) = 2.6,
p < .05]. This latter result initially appears to suggest that
the targets of a pop-out search automatically enter VSTM
and interfere with objects already stored in memory. How-
ever, it is also possible that the accuracy decrement that we
observed in Experiment 3C was due to a general dual-task
decrement that arose because the observers were perform-
ing two tasks (color memory and singleton search), not
because the singleton item entered VSTM.

In order to test whether the color memory accuracy
drop in the dual-task condition was due to the pop-out
target’s entering memory or due to more general dual-task
interference, we asked whether the memory interference
that we observed in Experiment 3A differed from that
observed in Experiment 3C. Experiment 3A represents
a situation in which a new item in memory (the pop-out
target) interferes with the storage and maintenance of the
colors of the four squares. If the interference observed
in Experiment 3C was due to memory interference, we
should observe the same accuracy decrement between
Experiments 3A and 3C. However, if the accuracy drop
in Experiment 3C was due to a more general dual-task
decrement, the accuracy drop in Experiment 3C should be
smaller than that observed in Experiment 3A.

To address this issue, we conducted an additional
mixed-model ANOVA, with load condition (dual task
vs. single task) as a within-subjects factor and memory
condition (Experiment 3A—gap memory—yvs. Experi-
ment 3C—gap localization) as a between-subjects factor.
There was no main effect of memory condition [F(1,18) =
0.195, p > .05]. The main effect of load was significant
[F(1,18) = 34.8, p < .01]. Most important, there was a
significant interaction between load and memory con-
dition [F(1,18) = 5.2, p < .05]. The difference in color
memory accuracy between the dual- and single-task con-
ditions was significantly larger in the gap memory dual-
task condition (Experiment 3A, 13.2%) than in the gap
localization dual-task condition (Experiment 3C, 5.8%).
These findings suggest that the small performance drop
in Experiment 3C was likely due to a general dual-task
decrement and not to a pop-out target entering VSTM (as
was required in Experiment 3A).

The results of Experiments 3A and 3B demonstrated
that the VSTM manipulation used in Experiment 2 (re-
membering four colors) filled VSTM to capacity or near
capacity. Asking the observers to remember one gap lo-
cation in addition to the four colors drastically impaired
the four-color memory performance (Experiment 3A).
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Asking the observers to remember four colors in addi-
tion to one gap location also drastically impaired the gap
memory performance (Experiment 3B). Experiment 3C
demonstrated that the target of the perceptual task did not
appear to be stored automatically in VSTM. Instead, these
results showed that responding to the perceptual feature of
the singleton item while maintaining four colors did not
impair VSTM performance as much as did storing mul-
tiple items in VSTM (Experiment 3A). The lower VSTM
accuracies when the observers held the four colors in
memory and performed pop-out search in Experiment 3C
were likely due to dual-task interference instead of to in-
terference from memory of perceptual target squeezed
into VSTM.

The results of Experiments 1-3 replicated the PoP phe-
nomenon and suggest that this priming effect can be ob-
served when VSTM is occupied. PoP, therefore, appears
to arise from changes to feature-based weights or gains,
not from the representation of previous targets in VSTM.
In our final experiment, we sought additional support for
a feature-based gain account by asking whether a feature
search could be primed by a simple perceptual task that
did not require VSTM but did involve visual features that
were shared between a prime display and a feature search
display.

EXPERIMENT 4

Our previous experiments demonstrated that loading
VSTM with the colors of four squares did not affect the
PoP effect. If stored VSTM representations of previous
targets were not causing the priming effect on pop-out
search, then the other plausible mechanism of PoP is
gain modulation of features contributing to the activity
map (Wolfe et al., 2003). To evaluate the contribution of
feature-gain modulation to PoP, we interleaved the pop-
out search task with a simple shape-discrimination task
that did not require any attentional selection. For the
shape-discrimination task, one red or green house-shaped
object (see Figure 2B) was presented, and the observers’
task was to indicate the direction of the pointed end of the
shape. This task did not require search, because there was
only one object. Also, the shape-discrimination task did
not involve color as a task-relevant feature. However, at-
tending to the object’s shape should also select the object’s
color, permitting the representation of color features.
Furthermore, because this simple shape-discrimination
task was not related to the pop-out search and because the
stimuli for the tasks differed, performance on the shape-
discrimination task target should not influence any epi-
sodic memory trace of previous pop-out targets. Thus, if
PoP is due to stimulus or task similarity, we would expect
to see little priming from one trial to the next (i.e., from
a house stimulus to the search task). In contrast, if PoP
is due to increasing the attentional gains of the simple
features of attended shapes, we should see trial-to-trial
priming because a simple feature—color—was shared
across the two tasks. That is, when attending to the shape
of the house-shaped object in the shape-discrimination

task, its color would also be selected, allowing color in-
formation to be primed and to influence the subsequent
search display.

Method

Participants. Thirty University of lowa undergraduates with
normal or corrected-to-normal vision volunteered in exchange for
course credit.

Stimuli. Stimuli for the pop-out search were identical to those in
Experiment 2. For the shape-discrimination task, either a red or a
green house-shaped object was used. The house-shaped object con-
sisted of a rectangle, which subtended 2.2° X 2°, and a triangular
shape, which subtended 2.2° wide X 0.2° tall, pointing either upward
or downward.

Procedure. Two pop-out search tasks sandwiched a shape-
discrimination task, and this sandwich comprised one trial (see
Figure 2B). Every trial started with a 1-sec fixation point followed
by pop-out search array (as in Experiment 2). After a 500-msec
feedback screen regarding search performance, the discrimination
task object was presented at the center of screen until a response
was made. The observers were instructed to report the direction of
the pointed end of the object. After 500 msec of feedback for the
shape-discrimination task, another search array was presented. After
500 msec feedback for the second search task, a mask display ap-
peared; the mask was composed of a mixture of target and distractor
items and extended across the area occupied by the search array. The
mask was presented for 1 sec.

The main interest of this experiment was the RT to the second
search task based on the color of the target in the first search task
and the color of the shape-discrimination task stimulus. We used
a factorial manipulation of the relation between the status of the
search target colors between the first and second search displays
(the target colors were the same or different) and between that of the
shape-discrimination task target color and that of the second search
target color (the same or a different color). The observers received
20 unanalyzed practice trials at the beginning of experiment, fol-
lowed by 256 experimental trials.

Results and Discussion

The overall accuracies were 97.6% for the search task
and 98.4% for the shape-discrimination task. Trimming
long (>2,000-msec) or short (<150-msec) RTs eliminated
less than 1% of the data. Observers’ mean RTs to the sec-
ond search display were analyzed with a within-subjects
ANOVA with target color compared with the first search
array (same vs. different) and the shape-discrimination
task target color (same as vs. different from the search
target color) as factors. The mean RTs appear in Figure 5.
There was a main effect of search target color [F(1,29) =
36.3, p <.01]. Singleton targets following a singleton tar-
get of the same color were responded to faster than single-
ton targets following a singleton target of a different color.
The main effect of the shape-discrimination task’s target
color was also significant [F(1,29) = 11.8, p < .01], with
faster responses when the house-shaped object had the
same color as the singleton target. The interaction be-
tween the colors of the search and shape-discrimination
targets was not significant [F(1,29) = 1.4, p > .05]. The
accuracies for the search and shape-discrimination tasks
were high (over 97%) and were not significant in any
condition.

The influence of the first pop-out search target on the
subsequent search task was present regardless of the in-
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Figure 5. The results of Experiment 4. Error bars represent within-
subjects 95% confidence intervals on the pop-out target same-color
repetition versus different-color repetition comparisons. The number
on each bar represents the accuracy of each condition. RT, reaction

time.

termediate shape-discrimination task target color. Planned
comparisons revealed that there was a significant effect
of the first search task’s target color in both intermediate
shape-discrimination task target color conditions [same,
1(29) = 4.3, p < .01; different, #(29) = 4.9, p < .01].
The influence of the shape-discrimination task on the
subsequent search task was present, regardless of the pre-
vious search display’s target color. Planned comparisons
revealed that there was a marginally significant effect of
the shape-discrimination task’s target color when succes-
sive search displays had same-colored targets [#(29) =
1.9, p = .07]. There was also a significant effect of the
shape-discrimination task’s target color when successive
search displays had different-colored targets [#(29) = 3.7,
p <.01].

Although we did not find an interaction between the
color of the previous pop-out target and that of the per-
ceptual task, there was a trend toward this interaction.
Specifically, there was a tendency for faster responses
when the previous pop-out target color matched the cur-
rent pop-out target color than when the perceptual-task
target color matched the current pop-out target color. This
finding suggests that the color of the house-shaped object
did not produce as large of a feature-gain change as did the
color of the previous pop-out target. The reason for this
trend is likely that there is some priming from the shapes
of the stimuli. Although the colors were the same for the
pop-out targets and the house-shaped object, the shapes of
these stimuli differed. There might have been shape and
color priming from the previous pop-out search on the
current pop-out search, but there was only color priming
from the perceptual task on the current pop-out search
task. We would hasten to add, however, that any shape
priming was rather small, because the relevant interaction
was not statistically significant, even after we added addi-
tional participants to the present experiment. The primary
conclusion that we draw from Experiment 4 is that feature
priming can occur between two tasks that involve stimuli

that are only superficially similar (i.e., similar on one fea-
ture, such as color in the present experiment).

GENERAL DISCUSSION

The goal of these experiments was to investigate the
locus of the PoP search. There are at least two different
accounts that could explain the guidance by PoP: one
based on a VSTM representation of previously selected
targets and another based on priming of features of previ-
ously attended targets. Our results indicate that the benefit
from previous trials does not come from a VSTM repre-
sentation of the previous trial’s target; instead, our results
are more consistent with the notion that PoP arises from
attentional-gain modulation of features belonging to tar-
gets on recent trials. In Experiments 2A and 2B, interrupt-
ing memory capacity with another memory load did not
change the pattern of PoP. Experiment 4 showed that task-
irrelevant features that belong to a single attended shape
can affect pop-out search efficiency. Because the shape-
discrimination task targets were perceptually distinct from
the search targets and because there was no explicit goal
of remembering the target, the priming effect on pop-out
search might not be from a VSTM representation in mem-
ory, but from some type of feature-level trace. Control ex-
periments confirmed that the VSTM load used in the pres-
ent study filled in the VSTM capacity and did not allow
another object to squeeze into VSTM (Experiments 3A
and 3B). Also, the target representation of the perceptual
task was not stored in VSTM (Experiment 3C).

Our results are in agreement with the results by Wolfe
et al. (2003) suggesting that carryover effects from previ-
ous trials are due to the adjustment of weights (i.e., fea-
ture gains). For example, Wolfe et al. (2003) compared
RTs of various blocked conditions. There were three types
of feature searches: search for a pop-out in color, size,
or orientation. In one condition, all the feature searches
were blocked (the blocked condition); in another condi-
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tion, all three feature searches were intermixed in one
block. The mixed condition had two difficulties of color
search: easy and hard. In the easy color condition, the
target and distractors were either red or green, and, in the
hard color condition, the target and distractors were either
red or orange, which were more difficult to discriminate.
Response RTs were the fastest in the blocked condition;
most important, the RTs in the fully mixed easy condition
were shorter than those in the fully mixed hard condition.
Wolfe et al. (2003) reasoned that the blocked condition
generates the fastest RT because it is possible to increase
attentional gains along only one feature dimension. In
other words, there is a strong signal on one dimension
and little interference from the other dimensions, leading
to fast RTs. In the fully mixed condition, every feature
is equally likely to be a target feature. So, every dimen-
sion receives comparable attentional-gain modulations,
and the signal-to-noise ratio is roughly equal for all tar-
get types. In the fully mixed hard condition (e.g., a red
target among orange distractors), the color dimension
receives extra weighting—unlike in the fully mixed easy
condition—in order to boost color feature performance
and to reduce the noise. As a result, when a target with
an orientation or size singleton appears, responses are
slowed, because of the added noise from the color di-
mension (see also Muller, Heller, & Ziegler, 1995, and
Muller, Reimann, & Krummenacher, 2003, for a dimen-
sional weighting account).

Our results can be understood in the same architecture
as that in Wolfe et al. (2003), such that, when the display
is presented, a set of basic attributes along different di-
mensions (e.g., color, orientation, size) are extracted in
parallel. The activation of each dimension is computed in
parallel, and then these signals are summed onto a master
map. Attention is directed to the location with the most
activation on the master map (Wolfe, 1994, 1998). Our
results suggest that, in attending to a target, the target’s
features will be detected and (implicitly) deemed salient
on subsequent trials. These salient features might alter the
activation across a master map of locations, allowing at-
tention to visit locations containing features that match
the features of the previous target.

Priming effects from task-irrelevant features and the
interaction between task-relevant and task-irrelevant
feature repetition (e.g., Huang et al., 2004) can be easily
explained in the same architecture. Once attended, all fea-
tures of the attended item might get processed and change
the corresponding attentional gains associated with the
object’s features, not only of the task-relevant feature, but
also of the task-irrelevant features. In short, attentional
gains might be altered on the basis of objects. That is, the
features of an attended object might be bound together to
form an object, and changes to any of the features in a later
display might minimize priming because the object has
changed. For example, repetition of a big red target coacti-
vates features for red and big. If a small red target appears
after the repetition of a big red target, red carries weakly
over to the next trial, if at all, because the other feature
(size) mismatches; the targets across these two trials are

treated differently because they are different objects (i.e.,
one is large and the other small).

Interestingly, although attentional-gain modulations
may underlie PoP, these gain modulations are likely modu-
lated by task relevance (Fecteau, 2007; Folk & Reming-
ton, 2008). Fecteau presented observers with displays
containing two feature singletons: a color singleton and
a shape singleton. One of these singletons was task rel-
evant and was cued at the beginning of the trial. PoP was
found only for singletons that were task relevant. That is,
if a color singleton was selected on trial n—1, features
of this singleton affected responses on trial z only if the
color singleton was again selected. Features from the task-
irrelevant shape singleton in trial n—1 did not affect re-
sponses to targets in trial #, even when the task on trial n
involved selecting the shape singleton.

On the surface, Fecteau’s (2007) result appears at odds
with those of our Experiment 4, in which we found that
a shape-discrimination task could prime pop-out search.
However, the shape-discrimination task used in Experi-
ment 4 contained a single shape that, itself, would have
popped out of the display. Attentional control (a la Folk,
Remington, & Johnston, 1992) might be set broadly to
search for a singleton target, allowing for priming to occur
between the shape-discrimination task and the pop-out
search task, despite the differences between these two
tasks. Because the two singletons in Fecteau’s displays
would have competed for attention, a more precise control
setting (e.g., search for a color singleton) might have been
used to guide attention and produce priming effects.

The present study focused on the mechanisms of a
target-driven intertrial effect. However, there are also in-
tertrial effects driven by distractors, known as the color-
salience aftereffect (Goolsby, Grabowecky, & Suzuki,
2005) and the distractor preview effect (Ariga & Kawa-
hara, 2004; Lleras, Kawahara, Wan, & Ariga, 2008). In
those studies, the color oddball pop-out task trials were
interspersed with target-absent trials, which consisted of
three same-colored items (i.e., all distractors). The pop-
out task RTs were analyzed by the item color of the previ-
ous target-absent trial. The results showed that, when the
target color of the current pop-out task was the same as
the item color of the previous target-absent trial, their RTs
were about 50—100 msec slower than when the distractor
color of the current pop-out search task was the same as
the item color of the previous target-absent trial.

Consistent with the present study, the color salience
and distractor preview aftereffects can be understood as
attentional phenomena that reflect a change of feature
gains based on previous experience (Lleras et al., 2008).
The color of items in target-absent trials receives a nega-
tive attentional gain, because the search for a target failed.
If the subsequent pop-out target shares a color with the
previous distractors, the pop-out target performance
gets impaired because of the attentional setting against
the target color. In the same vein, if the subsequent dis-
tractors share a color with the previous distractors, the
pop-out target performance gets enhanced because of
the attentional setting against the distractor color. Lleras
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et al. showed that the distractor preview aftereffect is
present only if the task requires focal attention (see also
Goolsby et al., 2005, and Ariga & Kawahara, 2004, for a
perceptual-suppression account of this aftereffect). The
difference between the present results and these afteref-
fects might be that the present results showed a positive
attentional bias to the attended item and the aftereffect
tasks show a negative attentional bias to the attended
item.

The present results are broadly consistent with our
recent efforts to provide a computational account of at-
tentional priming (Mozer et al., 2006). Our account ex-
plains attentional priming phenomena by proposing that
the visual system creates a probabilistic model of the
environment based on past experience (i.e., previous tri-
als). The environmental model updates the probabilities
for certain target occurrences on the basis of previous
trials; that is, following a red target, the environmen-
tal model is updated to expect that red targets are more
probable than other targets, much as an attentional-gain
account proposes. The other, task-irrelevant features of
the target are also updated in the environmental model,
which is necessary to allow our account to explain re-
sults from studies in which the task-irrelevant features
of a target facilitate RTs (Huang et al., 2004), but the
updating of these features is dependent on the value of
the task-relevant feature.

One relevant question concerns the mechanism that
allows a previous trial to influence attention in the cur-
rent trial. Perceptual-level gain modulations probably do
not influence attention on the basis of perceptual sensi-
tivity; that is, a primed target color does not make that
color more perceptible and, therefore, more likely to be
attended. Rather, PoP based on attentional-gain modula-
tions can be understood as acting to guide or prioritize
attention toward the primed feature (see Huang et al.,
2004). For example, other work from our lab sandwiched
a vernier offset discrimination task between two pop-out
searches (Lee & Vecera, 2007). The color of the vernier
discrimination task’s target could be either the same as
or different from the previous search target color. The re-
sults showed that the repetition of the target color did not
change vernier acuity performance (a test of perceptual
sensitivity). Thus, PoP, mediated by feature priming, may
prioritize the deployment of attention but not affect the
quality of perception.

In summary, the present experiments suggest that the
implicit influence from previous trials is achieved via
attentional-gain modulations. The implicit priming based
on attentional-gain modulations appears to be different from
attentional guidance based on a visual-memory representa-
tion (e.g., Bundesen, 1990; Desimone & Duncan, 1995).
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NOTE

1. The same patterns of results were found with inclusion of these
8 participants’ data. There was a significantly faster response for the
target matched with the previous target for color only on the 1-3-back
condition [#(26) = 3.0, p < .01]. However, in the more distant trials,
there was no difference between the conditions of previous—current tar-
get color matching [#(26) = 1.1, p > .05].
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