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Deciding Where to Attend: Priming of Pop-Out Drives Target Selection
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With attention and eye-movements humans orient to targets of interest. This orienting occurs faster when
the same target repeats: priming of pop-out (PoP). While reaction times (RTs) can be important, PoP’s
real function could be to steer where to orient, a possibility underexposed in many current paradigms, as
these predesignate a target to which to orient. In a novel procedure we intermixed pop-out trials (one
oddball target, two identical distractors) with choice trials (one item of each kind) where observers freely
chose an item to attend to. Pop-out trials strongly drove subsequent choice: observers typically chose the
preceding target. Conversely, choice trials affected subsequent pop-out RTs. Conventional PoP measures
correlated positively with our choice measures among observers, suggesting common mechanisms. Our
results support PoP accounts centered on altered target priority, and underscore PoP’s importance for

visual exploration.
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Humans move their eyes about three times each second (Rayner,
1998), yet we can easily go for days (hundreds of thousands of eye
movements) without giving any thought to the question where to
look next. Similar automaticity characterizes covert attention shifts
made without accompanying eye movements. These facts are
especially remarkable, given the vital importance of these covert
and overt attention shifts, in a visual world that contains more
information than we can ever hope to process. Our visual system
relies, not on inordinate processing capacity, but on an exquisite
ability to dedicate its limited capacity to the right input (Chun &
Nakayama, 2010; Kristjansson & Campana, 2010). How does the
visual system achieve this?

In priming of pop-out (PoP) observers respond to a pop-out
target presented among distractors (e.g., a red item among green
distractors), in a task that requires directing attention (Maljkovic &
Nakayama, 1994; Maljkovic & Nakayama 1996) or gaze (Bichot
& Schall, 2002; McPeek, Majkikovic, & Nakayama, 1999) to the
target. When the same target and distractor features repeat, re-
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sponse times are strongly reduced, compared to trials where the
target and distractors reverse roles (Kristjdansson & Driver, 2008;
Lamy, Antebi, Aviani, & Carmel, 2008). Several ecological inter-
pretations of PoP suggest that it could aid visual exploration by
facilitated orienting to elements important for behavior in the
recent past (Chun & Nakayama, 2010; Kristjansson, 2006; Maljk-
ovic & Nakayama, 2000). Remarkably, however, the typical PoP
paradigm does not actually test directly whether PoP influences
where people orient next. The correct target on each trial is instead
predetermined and experimenters measure how fast observers re-
spond to this item, rather than leaving target choice to the observer
and measuring which item they select.

Existing conceptualizations of PoP vary in the degree to which
they would predict an influence of PoP on the choice of where to
orient. Some conceptualizations build on the notion of a “salience
map” (Fecteau & Munoz, 2006; Itti & Koch, 2001; Nothdurft,
2010; Wolfe, 1994), construed as a neural representation of the
relative priorities of display elements that guides attention and eye
movements so that the element of highest priority is selected.
According to these conceptualizations the observed RT benefit for
selecting a repeating target item stems from the increased priority
of that item which arises when it is first selected, as well as from
a decrease in the priority of the distractors. Together, these influ-
ences shorten the time required for selecting the same item again
(Becker, 2008; Fecteau & Munoz, 2003; Findlay & Gilchrist,
2005; Lee, Mozer, & Vecera, 2009). Because, by definition, the
item with the highest priority in the salience map tends to be
selected, it is reasonable to infer on the basis of such conceptual-
izations that the same process could also influence the choice of
which item to select, even if RT benefits do not show this directly.
Some empirical support for this inference comes from eye move-
ments studies: during pop-out trials where oddball and distractor
features are switched relative to the previous trial observers make
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more erroneous eye movements to distractors, presumably because
distractors have a relatively high priority on those trials (Becker,
2008; Becker & Horstman, 2009; Bichot & Schall, 2002; McPeek
et al., 1999).

Other conceptualizations, however, would not necessarily pre-
dict that PoP would influence the choice of where to orient. For
instance, Hillstrom (2000) proposes that PoP influences how fast
the priorities of display elements are determined, yet without
altering the priorities themselves. Such a process would result in
RT changes in selecting an item, but it does not follow that the
choice of which item to select would also be affected, because this
is determined by the items’ priorities, which remain unchanged.
Lamy, Carmel, Egeth, and Leber (2006), in turn, suggest that PoP
influences how quickly attention (or gaze) is directed to an item,
but only after the item has already been selected as a target. Again,
given that this scenario would place the effect of PoP downstream
of the selection process itself, the outcome of this selection process
should remain unaltered and only the RT should change. We will
address the empirical support for these conceptualizations in the
Discussion section.

The aim of the current study was to assess the role that PoP
plays in target selection. We introduce a new procedure that
directly assesses target choice by interspersing pop-out trials with
free-choice trials where there is no designated target and observers
choose on which item to report (see Figure 1).

Experiment 1: Pop-Out Influences Subsequent
Target Choice

In Experiment 1 we investigated the role PoP plays in deter-
mining where to direct attention. On every trial observers viewed
a set of diamonds, each either red or green and each with one of its
four corners cut off (see Figure 1). Observers reported which
corner of one of the diamonds had a notch, a task requiring focal
attention. On standard pop-out trials, the target item for report was
defined by having a different color than the other two items,
termed distractors (Figure 1A). As a novel aspect of our approach,
we intermixed “choice” trials (Figure 1B), where there was no
predesignated target. On those trials the observers were simply
asked to perform the notch task on either one of two presented
diamonds, one of each color, leaving target choice to the observer.

Method

Colored diamonds (2 deg diameter) were presented on a black
background (0.22 cd/m?) on an imaginary ring (8 deg radius)
around a white fixation spot (86 cd/m?). The diamonds occupied
random, yet equally spaced positions on the ring (at 120 or 180
degree intervals on pop-out trials and choice trials, respectively).
Red luminance was 18.1 cd/m?, and each observer’s subjectively
equivalent green luminance was determined using flicker photom-
etry (mean 17.7 cd/m®). Notch sides were chosen randomly, but
each diamond on a given trial had a notch at a different corner.
This enabled us to identify the elected target on choice trials by the
reported notch side.' Seven naive observers reported the notch side
of the target diamond using their dominant hand on four keyboard
keys, while keeping fixation. They were asked to respond as
quickly as possible while maintaining a low error rate. Observers
were informed beforehand that trials with three items and a des-

ignated target would form the majority of trials, with trials with
only two items making up a smaller proportion. Observers were
also told that, when there were only two items, they were entirely
free to select whichever one they wanted, neither being wrong.
Stimuli stayed on the screen until response, and following a
random delay (1.5 to 2 s) a new trial started. Pop-out trials
appeared in runs of repeating target color. One-third of these runs
were followed by a run of opposite target color; the remaining
two-thirds were followed by a single choice trial. Each choice trial
was again followed by a pop-out run of random target color.
Pop-out runs lasted 1, 3, or 6 trials, randomly selected. This
yielded about 700 pop-out trials and 60 choice trials per session.

Results and Discussion

RTs on pop-out trials (excluding 4% incorrect responses) re-
vealed conventional PoP (Figure 2A). RTs were shorter when
pop-out target color repeated relative to the preceding pop-out trial
(M = 682 ms) than when it switched (M = 724 ms; two-tailed
paired ¢ test #(6) = 3.74, p < .01). Also, RTs progressively
shortened across pop-out trials within a run of repeating target
color (dark curve in Figure 2A; repeated-measures ANOVA with
trial number as an across-subject factor, F(4, 24) = 7.1, p < .001;
Spearman test on individual observers, p = .21, two-sided p <
.01). Conversely, RTs on pop-out trials progressively increased as
the length of an immediately preceding run of opposite color
pop-out targets was longer (light curve in Figure 2A; repeated-
measures ANOVA with trial number as an across-subject factor,
F(2,12) = 7.5, p < .01; Spearman test on individual observers,
p = .34, two-sided p < .001). This confirms that our paradigm
induced the standard RT patterns that characterize PoP.

Figures 2B and 2C show across-observer results on choice trials,
discounting error responses.' Every choice trial was preceded by
one, three or six consecutive pop-out trials with a given target
color. A single pop-out trial (Figure 2B, leftmost bars) strongly
biased subsequent target choice, with 68% of choices for the
diamond with the earlier pop-out color (two-tailed 7 test testing
against 50%, #(6) = 3.7, p < .01). This bias increased with the
length of the pop-out run (Figure 2B, repeated-measures ANOVA
with run length as an across-subject factor, F(2, 12) = 124, p <
.01; Spearman test on individual observers, p = .60, two-sided p <
.01). Following six-trial pop-out runs, target choice was almost
fully determined, with observers choosing the prior pop-out color
88% of the time.

To further characterize the effects of trial history on the process
of selecting a target, Figure 2C shows RTs on choice trials. Trials
where observers chose a target that repeated the preceding pop-out
color yielded faster RTs than trials where they did not (repeated-
measures ANOVA with across-subject factors “color repeat” vs.

'On 2% of choice trials observers reported a corner where neither
diamond had a notch. These trials were rejected. This low percentage
confirms that we can reliably infer target choice from reported cut-off side:
on choice trials where observers make a mistake reporting the cut-off side
of their selected target, their response is expected to correspond to neither
diamond 2/3 of the time, and to the nonselected diamond 1/3 of the time
(there being four possible reports in total). The 2% figure thus indicates
that occasions where an observer’s report caused us to incorrectly infer
which diamond was chosen amounted to only about 1% of the trials.
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A. Pop-out trial

&

Figure 1.
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B. Choice trial

®

Schematic depiction of our stimuli. A. On pop-out trials three diamonds were presented, and

observers reported the position of the notch on the odd-colored target diamond. B. On choice trials one diamond
of each color was presented, and observers freely selected a diamond for which to perform this task.

“color switch” and run length, F(1, 6) = 44.2, p < .001) Like the
bias in target choice itself (Figure 2B), this RT effect increased
with preceding run length (same ANOVA, F(2, 12) = 19.7,p <
.001; Spearman test on the difference in RTs for individual ob-
servers, p = .58, two-sided p < .05).

Experiment 2: Target Choice Is Still Affected When
Targets Are Unpredictable

We next asked whether the pattern of results of Experiment 1
depends on observers’ explicit expectations of upcoming trials, or
whether they can arise independent of conscious anticipation.
Considering that directing attention and gaze in daily life usually
do not involve conscious planning, a potential role of the present
priming effects in these processes requires that these effects occur
automatically. Note that “automatic” here does not mean that
conscious effort could not interfere with target choice in principle,
but only that it does not account for the pattern of results here. To
be sure, one can consciously decide where to look if so inclined,
even though most eye movements proceed without such explicit
decisions. In other words, by “automatic” we mean that the prim-
ing process occurs, at least in part, outside of conscious awareness.

In Experiment 1 we showed that both choice bias and RT
change progressively as a function of the number of preceding
repetitions of the same target color (see Figure 2). This suggests
that explicit strategies do not account for the observed results
because observers are generally unable to explicitly recall target
color further than about one trial back (Maljkovic & Nakayama,
2000). Moreover, it is known that conventional PoP does not rely
on conscious strategies, and even occurs when it is pitted against
observers’ intentions (Maljkovic & Nakayama, 1994, Experiment
4; see also Kristjansson & Nakayama, 2003). Still, the design of
our Experiment 1 differed from the designs used in several existing
studies, in that target color in Experiment 1 remained constant and,
in principle, predictable during streaks of several repetitions, ren-
dering a role of explicit expectation more plausible. We, therefore,
repeated Experiment 1 while randomly varying target color from
trial to trial, to determine whether this unpredictability would

eliminate the sequential RT effects and choice bias effects seen in
Figure 2.

Method

We used the same stimuli as Experiment 1 but now single
choice trials were alternated with PoP trial sequences that could be
either 3, 4, or 5 trials in length. This length was determined
randomly for each sequence. This yielded about 600 pop-out trials
and 150 choice trials per session. Target color was randomly set to
either red or green on each individual PoP trial. The reason for
choosing three as the minimum length of a sequence of PoP trials
was that we wanted to efficiently measure priming effects accu-
mulated during up to three preceding PoP trials, and we randomly
varied the number of PoP trials per sequence so that the occurrence
of a choice trial would be unpredictable. Six naive observers
participated, none of whom had previously run in Experiment 1.
Instructions were the same as in Experiment 1.

Results and Discussion

Figure 3 shows across-observer averaged results on choice
trials, discounting error responses (3% of trials). As in Experiment
1, observers were more likely to choose the target that had the
same color as the preceding pop-out target (Figure 3A). This effect
was already significant after a single pop-out target of a given
color (62% chance of choosing the preceding target color; two-
tailed ¢ test testing against 50%, #(5) = 3.01, p < .05) and it grew
as the number of preceding same-color pop-out targets increased
(repeated-measures ANOVA with run length as an across-subject
factor, F(2, 10) = 14.7, p < .01; Spearman test on individual
observers, p = .43, two-sided p < .05).

As in Experiment 1, RTs were significantly shorter on choice
trials when observers selected the diamond that shared the preced-
ing pop-out target’s color, and this effect grew stronger with the
length of the preceding same-color pop-out run (Figure 3B; a
repeated-measures ANOVA with across-subject factors “color re-
peat” vs. “color switch” and run length shows a main effect of
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A. RT on pop-out trials
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B. Target selection on choice trials
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Figure 2. Experiment 1. A. Standard PoP during pop-out trials: RT on the
current trial is faster if target color is repeated relative to preceding pop-out
trials. B. Target choice on choice trials (same color or different color than
preceding pop-out target) following pop-out runs of various durations.
Preceding pop-out targets prime this choice. C. RT on choice trials
depending on whether observers chose the target or distractor color from
the preceding pop-out trial. RTs are faster when target color is repeated.
Error bars show standard errors of the sample mean (SEM).

color repetition, F(1, 5) = 21.7, p < .1, as well as an interaction
between color repetition and run length, F(2, 10) = 17.3, p < .01.
A Spearman test on the difference in RTs for individual observers
confirms the effect of run length: p = .55, two-sided p < .05).
In sum, Experiment 2 replicates the effects of trial history
observed in Experiment 1 using a randomized design that mini-
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mizes a potential role of explicit expectations. This indicates that
the priming effects we observe can arise in the absence of explicit
strategies.

Reanalysis of Experiments 1 and 2: Correlations
Between Classic PoP and Choice Effects

The above results show how pop-out trials influence subsequent
target choice. Do these choice effects reflect the same priming
mechanisms which result in RT benefits in conventional PoP, or
are these unrelated phenomena? In principle, it is possible that
these choice effects show a form of priming that occurs alongside
standard PoP effects, while drawing on different mechanisms. To
clarify this issue we investigated whether individual observers in
Experiments 1 and 2 who experienced larger RT benefits in
conventional PoP also tended to display a larger effect of preced-
ing pop-out trials on subsequent target choice. If these two effects
have an overlapping neural substrate, such a correlation is pre-
dicted.

Method

For each observer we quantified their conventional PoP effect as
the difference between their average RT on pop-out trials that

A.Target selection on choice trials
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Chosen target different than during preceding run
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Figure 3. Experiment 2. Replication of Experiment one using random
sequences of pop-out targets. The effects of prior pop-out trials on target
selection (A) and on the speed of target selection (B) are maintained in an
experiment where pop-out target color varies randomly.
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followed a pop-out trial with the same target color as the current
trial, and their average RT on pop-out trials that followed a pop-out
trial with the opposite target color. Analogously, the effect of trial
history on target choice was quantified as the probability that an
observer chose that same color as on the immediately preceding
pop-out trial.

Results

Figure 4 shows the result of this analysis, with each dot repre-
senting a single observer. Both in Experiment 1 (panel A) and in
Experiment 2 (panel B) there was a significant positive correlation
between interobserver variation in the strength of target choice
effects and the strength of conventional PoP effects (Spearman
test, p = .82, two-sided p < .05 for Experiment 1, and p = 1,
two-sided p < .01 for Experiment 2). Recall that there was no
overlap between these experiments’ observer pools, implying that
this is a general result. For a fairer interobserver comparison
Figure 4 expresses RT effects as a proportion of each individual
observer’s average RT; however, we find similar correlations
regardless of this normalization step. These results show that
observers differ in a correlated fashion in both the strength of
conventional PoP and the strength of the choice effects we de-
scribe, consistent with the idea that the two phenomena have at
least partially shared underlying mechanisms.

Experiment 3: Target Choice Induces RT Benefits

If conventional PoP and our present choice effects are indeed
two manifestations of the same cognitive operations, then it should

A. Experiment 1

o
s~ 03
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c O 7 o
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5& “
A 0.05
0.5 0.95

Strength choice effect

B. Experiment 2
0.3

Strength conventional PoP
(proportion of mean RT)
B\o

0.05 =
0.5 0.95
Strength choice effect

Figure 4. Correlations between conventional PoP and choice effects. A.
Interobserver variations in the extent to which target choice is biased by
preceding pop-out trials is correlated with interobserver variations in the
strength of conventional PoP, both in Experiment 1 (A) and in Experiment
2 (B).
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be possible to turn Experiments 1 and 2 around, asking whether
target selection on free choice trials influences subsequent RT on
pop-out trials. In other words: Do free choice trials result in the RT
benefits that characterize conventional PoP, or does PoP only build
up if the target is predetermined?

Method

Single pop-out trials (with random target color) were inter-
spersed between longer runs of 4, 6, or 8 choice trials each
(randomly selected). This strongly increased the proportion of
choice trials, to about 650 choice trials and 100 pop-out trials per
session. Ten naive observers reported the notch position on the
oddball diamond on pop-out trials, and on a freely selected dia-
mond on choice trials. Six of these observers had previously
participated in Experiment 1, but all our results remain qualita-
tively the same when analyzing only the four observers who had
not (data not shown). Instructions were the same as in the previous
experiments, but observers were notified that free-choice trials
would make up the majority of trials this time.

Results and Discussion

All observers were balanced in the color of their chosen target
on choice trials (average imbalance 57% / 43%), indicating no
overall color preference. More interestingly, RTs on pop-out trials
were faster when target color was the same as on the immediately
preceding choice trial than when it switched (Figure 5; two-tailed
paired ¢ test, #(9) = 2.9, p < .05). Moreover, this effect of choice
trials on subsequent pop-out RT depended on run length; that is, on
the number of consecutive choice trials on which a given-color
target was chosen preceding the current pop-out trial (Figure 5;
repeated-measures ANOVA with run length and same vs. opposite
color as across-subject factors, interaction between both factors
F(3,27) = 152, p < .001; a Spearman test on individual observers’
differences between mean “same” RT and mean “opposite” RT
falls just short of significant, at p = .30, two-sided p = .06).

Compared to conventional PoP that results from preceding
pop-out trials, the effect of preceding choice trials in Figure 5 is
both qualitatively similar and similar in size (cf. Figures 2 and 3)
which supports the notion that the robust effect associated with
free choices arises from the same process that underlies conven-
tional PoP. Evidently, the buildup of PoP does not require a
pop-out target; the mere selection of a target suffices to induce
PoP.

General Discussion

We introduced a new procedure to study attentional priming,
where target choice, rather than RT, is the main dependent vari-
able. Our results indicate that priming can strongly influence what
observers attend to (Figures 2 and 3), and that priming develops
whenever elements receive attention, even without a pop-out target
(see Figure 5). These results underscore the importance of priming
in automatically guiding where to orient during natural vision
(Chun & Nakayama, 2010; Kristjansson & Campana, 2010; Maljk-
ovic & Nakayama, 2000), along with other factors such as feature
contrast and top-down control (Findlay & Gilchrist, 2005; Itti &
Koch, 2001; Wang, Kristjdnsson, Nakayama, 2005; Wolfe &
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RT on pop-out trials
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Figure 5. Target choice affects RT on subsequent pop-out trials. Pop-out
RT is shorter when target color repeats relative to preceding choice trials,
an effect that accumulates across choice trials with repeated target color.

Horowitz, 2004). The fact that the effect of priming on target
choice and conventional PoP are correlated on an observer-to-
observer basis (see Figure 4) supports the notion that traditional
PoP paradigms probe mechanisms that overlap, partially or fully,
with the mechanisms that cause altered target choice in our exper-
iments, consistent with fMRI findings that PoP is associated with
activation in brain areas related to attention deployment (Kristjans-
son, Vuilleumier, Schwartz, Macaluso, & Driver 2007). Our re-
sults are consistent with the view that, like conventional PoP,
choice priming occurs automatically in the sense that no conscious
recollection or strategies are required. The implicit, yet powerful,
nature of the effect of priming on target choice is highlighted by
our observers’ subjective impressions during choice trials. One
mentioned “a clear intuition which one to choose, with hardly ever
any doubt,” and another found himself “already attending to one
diamond, only then to realize that there was no pop-out target.”

Our results highlight the value of free choice designs for probing
attention allocation, a value also indicated by previous work where
observers freely inspected a display for about a second and were
then asked which items they had noticed (Pashler & Harris, 2001).
Free choice designs complement experiments that focus on reac-
tion time and have the benefit of staying close to natural situations,
where scenes are often cluttered with many elements, none of
which counts as a “target”.

We have consistently interpreted changes in the reported target
following priming as changes in attention allocation. It is worth
noting that we never measured attention allocation directly (e.g., in
terms of performance on a visual task) and that notch report is an
indirect measure of attention allocation. Nevertheless, we believe
it is reasonable to infer from our results that priming influences
attentional selection. An alternative scenario, that priming leaves
attention allocation unaffected but instead modulates observers’
decision of whether to report on an attended item, would predict
that priming would increase the number of trials where observers
first attend to the unprimed item without reporting its notch, before
redirecting attention to the other item and providing a report. This
would result in increased reaction times associated with stronger
priming, but we found that reaction times were actually reduced,
arguing against this possibility (see Figure 2). This supports the
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notion that our experiments indeed measured the effects of priming
on attentional selection.

Our results do not distinguish between whether priming effects
arise from a reduced potential to attract attention on the part of the
distractors or from an increased potential of the target. In our
design target and distractor colors could either stay the same or
switch roles, so such distractor inhibition and target facilitation
would always co-occur. Other studies have shown that both ef-
fects, in fact, contribute jointly to conventional PoP (Geyer, Ze-
hetleitner, & Miiller, 2010; Kristjdnsson & Driver, 2008; Lamy et
al., 2008;Wang et al., 2005). It, therefore, seems likely that our
results reflect a joint outcome of these two factors as well, but
further research would be required to verify this.

Our results support and extend findings from eye movement
studies showing that the identity of the target on previous trials
influences which items observers foveate during the current trial
before fixating on the target (Becker, 2008; Becker & Horstman,
2009; Bichot & Schall, 2002; McPeek et al., 1999). In those
studies effects of trial history on selection behavior were evident in
increased numbers of erroneous saccades to nontargets during
trials where target features switched relative to the preceding trial,
compared to when they stayed the same. Here we extend these
findings and demonstrate that priming of attentional selection
shows similar patterns to priming of eye movements.

One question that arises from this work regards the finding that
free choice trials leave a similar priming trace as pop-out trials (see
Figure 5). This indicates that endogenous attention allocation on
choice trials and partly exogenous attention allocation on pop-out
trials do not differ strongly in their influence on how attention is
subsequently distributed. An interesting objective for future work
would be to see if this same conclusion holds when the pop-out
target is made more salient, so that the balance during pop-out
trials is shifted even more toward exogenous attention. One indi-
cation that this shift would, in fact, reduce the strength of priming
is that increasing distractor numbers, which increases the oddball
target’s salience, reduces priming strength (Geyer et al., 2010).

This study was in part motivated by work on implicit memory
for ambiguous stimuli: the tendency to perceive a reappearing
ambiguous image in the same way it was perceived before (Pear-
son & Brascamp, 2008). Whereas many mnemonic functions differ
from this “perceptual memory” in elementary properties such as
their timescale or whether conscious recollection is involved, PoP
stands out by sharing its implicit nature, its timescale and the
ability to accumulate across trials (Brascamp et al., 2008), along
with more general parallels between attentional selection and am-
biguous perception (Kristjdnsson, 2009; Leopold & Logothetis,
1999; Mitchell, Stoner, & Reynolds, 2004). One apparent differ-
ence was that “perceptual memory” alters the (perceptual) choice
between two percepts, whereas PoP entails an RT benefit. The
present work, however, indicates that PoP, similarly, alters (atten-
tional) choice. Moreover, the buildup of priming during trials
without a predesignated target (see Figure 5) indicates that priming
arises from internal choices, regardless of external confirmation.
This is also seen for “perceptual memory,” where neither percep-
tion is “correct”. Our work thus lends credence to the idea of a
potential relation between these two functions.

Our results have implications for theories of PoP, arguing
against conceptualizations which assume that PoP does not affect
target selection directly. Specifically, Hillstrom (2000) proposed
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that PoP does not change the priorities of display elements that
determine where attention is allocated, instead attributing the RT
effects to changes in the speed at which those priorities are
determined. Without modification this idea cannot explain our
findings, because unaltered priorities would mean unaltered target
selection on free choice trials, at odds with our findings (Figures 2
and 3). On the same grounds, our results are inconsistent with the
suggestion that PoP may act downstream of the point where a
target is selected, modifying the speed at which attention is sub-
sequently allocated to that target (Lamy et al., 2006).

Given the present evidence that PoP biases target selection, it is
important to recall what empirical findings gave rise to the notion
that it does not. Hillstrom (2000) reached the conclusion that
search priorities are unaltered following priming based on the
observation that repeating target features in a conjunction search
task reduced search times but did not alter the “search function”
curve relating search time to the number of distractors in the
display. The slope of the search function is thought to depend, in
part, on how many distractors the observer attends to before
selecting the target: the larger the number of attention allocations
to distractors, the steeper the search function. This interpretation of
the search function underlies the view that an observed lack of
effect of target feature repetition on the slope of the search func-
tion indicates a lack of effect on target priority, because increased
target priority would be expected to reduce the probability of
orienting to distractors instead (Hillstrom, 2000). One possibility is
that priming effects are manifested in the shape of the search
function after all, yet that this is not evident in all experimental
designs due to, for instance, statistical power. Indeed, more recent
work has shown the expected effects of priming on the search
function (Becker & Horstmann, 2009). In addition, that same study
discusses reasons why the shape of the search function may not
always be the most sensitive measure of changes in attentional
priorities, one potential reason being that experimental manipula-
tions such as priming, in addition to affecting priorities, may have
other effects that also influence the search function. In that case
more pure and direct measures of attentional priority, such as
selection behavior on our choice trials, are preferable.

Lamy et al. (2006) based their argument that PoP may not
influence target priority on the observation that repeating target
features reduced RTs in an oddball search task but did not reduce
interference from an irrelevant oddball distractor that was ran-
domly included on some trials, as measured by RT. Their reason-
ing is similar to the one above: If priming increases the priority, or
salience, of the target, then an irrelevant distractor should have a
reduced potency of attracting attention at the target’s expense,
leading to reduced interference. One option is that priming may in
principle reduce distractor interference, but that this effect was
small in the Lamy et al. study and, therefore, overlooked. Partic-
ularly, the use of a highly salient color singleton as an irrelevant
distractor may have rendered priming-related modulations of the
salience of the shape-defined target modest in comparison, and an
effect on distractor interference may surface in experiments that
use a less powerful distractor. An indication that this may be the
case is that the RT cost of distractor interference in the Lamy et al.
study was as large or larger than the RT benefit of repeating the
target features, suggesting that the oddball distractor was quite
salient. It is worth noting that Pinto, Olivers, and Theeuwes (2005)
and Lamy and Yashar (2008) reported exactly the reduction in
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distractor interference through priming that one would expect if
priming alters priority. This result is limited, however, to certain
paradigms where distractor presence is predictable, and has not
been observed when distractors are included unpredictably (Lamy
& Yashar, 2008; Lamy et al., 2006).

Our results fit well with the notion that target selection is based
on relative priorities of display elements, such as those laid out in
“salience maps” (Fecteau & Munoz, 2006; Itti & Koch, 2001;
Nothdurft, 2010; Wolfe, 1994), and that selection history alters
these priorities (Becker, 2008; Fecteau & Munoz, 2003; Findlay &
Gilchrist, 2005; Lee et al., 2009). On pop-out trials the goal of
selecting the oddball largely dictates where to attend, and history
effects are restricted to RTs. On choice trials no such goal is
provided, and priming becomes the dominant determinant of target
selection, pointing to a similarly important role in natural explo-
ration.
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