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Abstract It is well known that observers can implicitly learn
the spatial context of complex visual searches, such that future
searches through repeated contexts are completed faster than
those through novel contexts, even though observers remain at
chance at discriminating repeated from new contexts. This
contextual-cueing effect arises quickly (within less than five
exposures) and asymptotes within 30 exposures to repeated
contexts. In spite of being a robust effect (its magnitude is over
100 ms at the asymptotic level), the effect is implicit:
Participants are usually at chance at discriminating old from
new contexts at the end of an experiment, in spite of having
seen each repeated context more than 30 times throughout a
50-min experiment. Here, we demonstrate that the speed at
which the contextual-cueing effect arises can be modulated by
external rewards associated with the search contexts (not with
the performance itself). Following each visual search trial (and
irrespective of a participant’s search speed on the trial), we
provided a reward, a penalty, or no feedback to the participant.
Crucially, the type of feedback obtained was associated with
the specific contexts, such that some repeated contexts were
always associated with reward, and others were always asso-
ciated with penalties. Implicit learning occurred fastest for
contexts associated with positive feedback, though penalizing
contexts also showed a learning benefit. Consistent feedback
also produced faster learning than did variable feedback,

though unexpected penalties produced the largest immediate
effects on search performance.
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Human vision is very sensitive to regularities in the environ-
ment (Purves, Wojtach, & Lotto, 2011; Simoncelli, 2003).
Furthermore, we use learned regularities about the environ-
ment to guide our behavior, a well-known example being the
phenomenon known as contextual cueing (Chun & Jiang,
1998). Contextual cueing refers to the finding that searching
for a target occurs faster if the target appears within the same
spatial context and at the same location as on previous search
instances (old display), as compared to when the target appears
within a completely novel spatial context (new display).

Contextual cueing emerges quite quickly: On average, after
as few as five repetitions, search reaction times become sig-
nificantly shorter on old-display than on new-display trials
(Chun & Jiang, 1998; Tseng & Li, 2004). In addition, perfor-
mance in contextual-cueing experiments also asymptotes after
about 30 exposures to old displays. That is, further repetitions
of old displays provide no additional search time advantage.
Figure 1a illustrates the emergence and asymptoting charac-
teristics of this phenomenon (Brockmole & Henderson, 2006;
Chun, 2000; Chun & Jiang, 1998, 2003; Jiang & Wagner,
2004; Schankin, Hagemann, & Schubö, 2011).

In spite of its robustness and large magnitude, the
contextual-cueing effect is an entirely implicit effect (Chun
& Jiang, 1998, 2003): Even though participants find targets
faster in old than in new contexts, and even though they may
see the same set of repeated contexts as many as 30 times in
a given experimental session, participants remain at chance
at discriminating old from new spatial contexts in an explicit
old-versus-new discrimination task at the end of the exper-
iment (Chun & Jiang, 1998, 2003; Tseng & Li, 2004). This
finding has been widely accepted as reflecting a case in
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which implicit learning affects the attentional system: The
learned implicit spatial context guides attention toward the
target location (Chun & Jiang, 1998, 1999; Chun &
Nakayama, 2000; van Asselen & Castelo-Branco, 2009).
This finding has been supported by eye movement studies
(Manginelli & Pollmann, 2009; Peterson & Kramer, 2001;
Tseng & Li, 2004; van Asselen, Sampaio, Pina, & Castelo-
Branco, 2011) and electrophysiological studies (Olson, Chun,
& Allison, 2001; Schankin & Schubö, 2009). Furthermore,
the contextual-cueing effect is impenetrable to awareness, and
knowledge of the repetition of displays in an experiment
changes little with regard to the observed effects. For example,
in Chun and Jiang (2003) participants were informed that half
of the display configurations would repeat throughout the
experiment and that each time a configuration repeated, the
target would be at the same location. Awareness of the repe-
tition of displays did not improve performance, and partici-
pants still remained at chance at discriminating old from new
contexts at the end of the experimental session.

Although contextual cueing is implicit and cognitively
impenetrable, one might be able to modulate this effect
through motivational manipulations. Here we tested one such
motivational manipulation that has successfully produced
strong modulations of the effect: Implementing a reward
schedule associated with the spatial contexts. A number of
previous studies have demonstrated that motivational rewards
can facilitate selective attention and visual search (e.g.,
Hickey, Chelazzi, & Theeuwes, 2010a, 2010b, 2011; Kiss,
Driver, & Eimer, 2009; Della Libera & Chelazzi, 2006, 2009;
Navalpakkam, Koch, & Perona, 2009).

For example, Kiss et al. (2009) found that reward-
associated targets elicit earlier and larger N2pc components

in a singleton-search task, which has been taken as evidence
that the deployment of attention is biased toward reward-
associated targets. Similarly, Raymond and O’Brien (2009)
found that reward-associated images are easier to detect in
RSVP streams and are less vulnerable to the attentional
blink (Raymond & O’Brien, 2009). Furthermore, in a series
of studies looking at the effects of reward on priming during
visual search, Hickey and colleagues (Hickey et al., 2010a,
2010b, 2011) demonstrated that attention is more likely to
be guided toward high-reward-associated objects; that is,
objects that contain visual features that have been consis-
tently associated with high-magnitude rewards draw atten-
tion to themselves more readily than do those containing
visual features associated with low-magnitude rewards.
Also, Kristjánsson, Sigurjónsdóttir, and Driver (2010) found
that rewards can modulate the target-color repetition effect
known as priming of pop-out (i.e., in a color pop-out task,
repeating the target color across successive trials speeds up
search performance). The authors found the magnitude of
rewards can modulate the strength of this intertrial priming,
with larger color priming being observed in conditions with
larger rewards. And furthermore, Hickey, Chelazzi, and
Theeuwes (2010b) found that the magnitude of this modu-
lation of reward on priming was predicted very well by
personality characteristics: Individuals who had large effects
of rewards on color priming also scored high on the Behavioral
Activation System scale (Carver &White, 1994), a personality
test that is thought to reflect the extent to which an individual
engages in reward-driven behaviors. In other words, a seem-
ingly automatic behavior (color priming) is actually modulated
by situational motivational factors (relative rewards within the
experiment), as well as by more general personality traits.

a

b c

Fig. 1 a Emergence and
asymptoting characteristics of
the contextual-cueing learning
effect (modified from Chun &
Jiang, 2003). b Hypothesis that
associated reward modulates
the strength of the contextual
guidance effect. c Hypothesis
that associated reward
accelerates the acquisition
of a given context
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In Hickey and colleagues’ experiments (Hickey et al.,
2010a, 2010b) the reward-associated feature was color, but
target status was determined within the shape dimension: The
targets were shape singletons. These findings suggest that
rewards modulate the impact that irrelevant features can have
in a search task by presumably changing the visual represen-
tation (salience) of the reward-associated feature, and there-
fore facilitate visual search. Here, we extended this logic to
contextual cueing by modulating the reward associated with
each search context. If searching through a set of old contexts
reliably triggered a reward, more so than did searching
through a second set of old contexts, one would expect that
the guidance observed from the former contexts would be
stronger than the guidance observed from contexts that did
not trigger a reward, or that even induced a penalty (e.g.,
Fig. 1b). Alternatively, it could be that rewards do not change
the strength of guidance, but rather alter the speed of acquisi-
tion of a given context. That is, rewarding contexts (i.e.,
reward-associated contexts) may be learned faster (because
of reinforcement) than nonrewarding contexts, yet, asymptot-
ically, all contexts may end up producing equivalent levels of
guidance (once learned), irrespective of the level of reward
obtained during the learning phase (e.g., Fig. 1c).

In sum, we were interested in exploring whether rewarding
spatial contexts would alter the implicit-learning process that
gives rise to the contextual-cueing effect: If participants are
unaware that they are searching through an old context, yet they
receive a reward at the end of the trial, will that reward change
the manner in which participants implicitly learn the old con-
text? To answer this question, we looked at the time of occur-
rence of the contextual-cueing effect as well as at the degrees of
guidance across different manipulations of the rewards (and
penalties) associated with repeated and novel contexts.

General method

Participants

Undergraduate students from the University of Illinois at
Urbana Champaign participated for course credit. They
were 18–22 years old, had normal or corrected-to-normal
vision, and were naïve as to the purpose of the experiment.
Informed consent was obtained from all participants before
the experiments were conducted. A total of 32 participants
were recruited for Experiment 1, and 20 participants were
recruited for Experiment 2.

Contextual configuration and stimuli

We used the spatial contextual-cueing paradigm that was
first introduced by Chun and Jiang (1998), in which partic-
ipants search for a target T among distractor Ls and report

the T’s orientation. The key manipulation is spatial context:
Unbeknownst to participants, 12 of the contexts are repeated
throughout the experiment (12 distinct associations between
a specific layout of items in the display and a corresponding
target location). These contexts are intermixed with new
contexts, which are randomly generated, never repeat, and
provide no predictive information regarding the target loca-
tion. The contextual-cueing effect is the response time (RT)
advantage for finding targets faster on repeated-context as
compared to new-context trials.

Here, we assigned a level of outcome (reward [R], pen-
alty [P], or no outcome [N]) to every context in the exper-
iment. The outcome was in the form of points, which were
important to the participants because they had been told that
the experiment would end once they had reached either
1,800 (Exp. 1) or 3,600 (Exp. 2) points. The participants
saw the points after completing each trial, and the points
were not associated with their search speeds. Experiments 1
and 2 differed in the manners in which outcomes were
assigned to different contexts. To prevent participants from
arbitrarily responding throughout the experiment, errors in
target identification were penalized by taking away 25
points from the participants’ total number of points. This
incentive worked well: Most participants had very high
accuracy rates, although in each experiment some partici-
pants had to be discarded because of overly low accuracy.

The stimuli were presented in an invisible 8 × 6 (0 48-
cell) grid (approximately 53.2° × 39.9°). They were ran-
domly jittered to prevent collinearities with other stimuli.
The background color of the search display was gray, and
the search stimuli were colored blue, green, orange, or red.
The stimuli were about 3.1° × 3.1° in size (see Fig. 2a).

The target was a T rotated 90° to the right or left.
Participants were to report the orientation of the T. The
distractors were L stimuli presented randomly in one of four
orientations (0°, 90°, 180°, and 270°). A target was always
present among 11 distractors in a search display. The target
orientation was chosen randomly on each trial so that there
would be no correlation between a given context and the
identity of the target in that context.

Each block consisted of 24 trials (12 repeated, old con-
texts and 12 new contexts). The locations of the targets in
these 24 displays did not overlap and were arranged in an
equiprobable fashion among the 48 cells in the display grid,
between the old and new conditions.

Trial sequence and procedure

Each trial started with a fixation point that lasted 700 ms,
followed by a visual search display presented until a re-
sponse was made or until 4,000 ms had elapsed. A feedback
display immediately followed, showing two numbers: the
outcome points for the trial and the running total of all points
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earned until that time. If the response was incorrect, an error
message was displayed for 1,000 ms. After 500 ms, the next
trial started. At the end of the experiment, the participants
were shown a screen containing two search displays: a ran-
domly chosen old display and a newly generated new display.
They were asked to judge which of the two displays was more
familiar. The recognition test (forced choice) is a simple way
of testing for the implicit nature of memory (Frensch &
Rünger, 2003; Tseng & Li, 2004).

Data analysis

We pooled the RTs into six five-block epochs (Chun & Jiang,
1998).We computed mean RTs for the three types of repeated
contexts (R-old, P-old, and N-old) in each of the six epochs.
The RTs on new-context trials were collapsed into a single
mean, irrespective of their level of reward, since the reward
occurred after the response and new displays were never
repeated. We only analyzed data from participants who aver-
aged at least 90% correct performance in the task, tominimize
the effects of errors on performance and to make sure that all
of our participants were at a similar point in the speed–accu-
racy trade-off function. This led us to discard seven of the 32
participants in Experiment 1 and two of the 20 participants in
Experiment 2. This somewhat strict criterion ensured that we
obtained similar numbers of observations in all search con-
ditions and across participants. For example, in Experiment 1,
16 of the participants had fewer than one error per data point
(i.e., per cell in the design), and the average number of errors

per data point was 0.88. Not a single participant had more than
three errors in any cell of our design.

Given the number of points required to reach the goal in
each experiment, all participants completed at least six
epochs (30 blocks of trials). Because the participants made
relatively few errors, after Epoch 6 they required only a
relatively small number of additional trials to complete the
experiment. Epoch 7 was never completed by any of the
participants included in the analysis, and the data from these
“catch-up” trials were not analyzed. It should be noted that
all of the participants who performed the experiment for the
full 50-min period allotted by the Institutional Review
Board were stopped at the 50-min mark, given credit for
participation, and allowed to leave. This was the case for
two participants in Experiment 1, who both ended up being
excluded from the analysis (one of the participants had 231
errors in the first 720 trials, and the other, 364 errors). The
other five excluded participants completed the experiment in
less than 50 min but were still discarded because they did
not meet our inclusion criterion.

Experiment 1: Effects of rewarding contexts
on the emergence of contextual cueing

Outcome manipulation

Among the 12 repeated contexts displays, six of the contexts
gave participants 10 points (rewarding contexts, R-old),

a

c

bFig. 2 a Schematic search
displays. b Context–outcome
assignments in Experiment 1:
Consistently, six of the contexts
were associated with 10 points,
three with −10 points, and the
other three with no reward
outcome. c Context–outcome
assignments in Experiment 2:
Eight of the contexts were
associated with variable
rewards (indicated by two sets
of 8, 10, 12, or −10 points) from
one block to another, and four
contexts were consistently
associated with 5-point
rewards. Note that 12 new dis-
plays were also presented in
each block, with reward distri-
butions similar to those in each
experiment. The 24 search dis-
plays were mixed within each
block
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three gave them −10 points (penalizing contexts, P-old), and
the final three contexts did not give points nor was any
outcome shown to the participants1 (no-outcome contexts,
N-old). The outcome of each repeated context was consis-
tent throughout the experiment (Fig. 2b). Therefore, on a
given block, participants could gain as much as 30 points
from old displays. The 12 new displays had the same reward
frequency distribution: On each block, six of the new dis-
plays produced 10 points, three took 10 points away, and
three yielded no outcome; therefore, participants could earn
30 points from new displays as well. In total, the participants
could earn 60 points per block. Importantly, the reward
levels were constant for each old display, and for both new
and old displays, the reward levels were entirely indepen-
dent of RTs. The experiment ended once participants had
gathered 1,800 points, forcing them to complete at least 30
blocks (720 trials). Participants were given a 24-trial prac-
tice block with only new displays, and they were not in-
formed of the outcome manipulation during practice.

Results

Figure 3a illustrates correct mean RTs as a function of epoch
for each search condition. A two-way repeated measures
ANOVA was performed with Search Condition and Epoch
as factors. Search condition had a significant main effect, F(3,
72) 0 55.133, p < .001, ηp

2 0 .697: Pairwise comparisons
showed that the RTs in all three old displays were faster than
RTs on new trials (all ps < .05), replicating the contextual-
cueing effect. Moreover, the average RTs on rewarding con-
text trials were shorter than those on penalizing context and
no-outcome context trials (all ps < .01). The RTs on penalizing
context trials were not significantly faster than those on no-
outcome context trials (p 0 .227). These results showed that a
learned reward (here, a “points” reward) can improve search
performance exclusively for contexts that are implicitly asso-
ciated with a positive valence. We also verified that none of
these patterns were due to differences in accuracy across the
conditions: No reliable effects of search display on accuracy
were observed, as can be seen in Fig. 3b.

Time of occurrence of guidance Epoch had a significant
main effect on RTs, F(5, 120) 0 13.894, p < .001,
ηp

2 0 .367, reflecting learning throughout the experiment.
Crucially, we found a significant interaction between search
condition and epoch, F(15, 360) 0 11.223, p < .001,
ηp

2 0 .319, implying that learning varied by search condi-
tion. Planned paired-samples t tests were conducted to com-
pare the mean RTs between each pair of search conditions at

each epoch. The contextual-cueing effects were computed
separately for R-old, P-old, and N-old trials by subtracting
their RTs from the RT of the new condition. Figure 3 illus-
trates how quickly participants learned the rewarding con-
texts, or more precisely, how quickly the rewarding contexts
started to influence search behavior: A strong and reliable
contextual-cueing effect for rewarding contexts emerged as

1 We ran a different experiment in which we used an “X” symbol as the
feedback on no-outcome context trials. We obtained the same pattern
of results as in the present experiment.

a

b

c

Fig. 3 Mean search performance in the new-display, no-outcome old-
context, penalizing old-context, and rewarding old-context conditions
in Experiment 1. a Mean correct search response times (RTs), plotted
as a function of epoch (average of five blocks). b Mean error rates
plotted as a function of epoch. c Mean correct search RTs plotted as a
function of block in the first epoch. Contextual cueing is the RT
difference between the new-display and each of the old-context con-
ditions (N 0 25)
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early as the first epoch and remained significant across the
experiment (mean contextual-cueing effects: 122, 140, 159,
183, 196, and 167 ms in Epochs 1–6, respectively; all ps <
.001). Contextual cueing on P-old context trials only became
significant starting at the third epoch [77 ms in Epoch 3, t(24)
0 2.575, p 0 .017; 95 ms in Epoch 4, t(24) 0 2.745, p 0 .011;
133ms in Epoch 5, t(24) 0 4.490, p < .001; 178ms in Epoch 6,
t(24) 0 6.480, p < .001], and contextual cueing on N-old
context trials only emerged at the fourth epoch [87 ms in
Epoch 4, t(24) 0 2.230, p 0 .035; 90 ms in Epoch 5, t(24) 0
3.099, p 0 .005; 107 ms in Epoch 6, t(24) 0 3.617, p 0 .001].

Because we observed a significant contextual-cueing effect
in the R-old condition as early as Epoch 1, we did a follow-up
analysis, consistent with previous studies (Chun & Jiang,
1998; Jiang & Chun, 2001; Jiang &Wagner, 2004): We broke
down the data and looked at them separately for each block of
trials within Epoch 1 (see Fig. 3c). Significant contextual
cuing was observed only for R-old contexts within this first
epoch, as evidenced by faster RTs in Blocks 2–5: t(24) 0
−4.347, p < .001; t(24) 0 −2.388, p 0 .013; t(24) 0 −2.992,
p 0 .003; and t(24) 0 −2.378, p 0 .013, respectively. Crucially,
we found no difference in Block 1 RTs by reward condition,
which ensures that all of the displays were initially equated in
terms of search difficulty [new vs. R-old, t(24) 0 −0.831, p 0
.207; new vs. P-old, t(24) 0 0.359, p 0 .639; new vs. N-old, t
(24) 0 −0.517, p 0 .305; R-old vs. P-old, t(24) 0 0.252, p 0

.598; R-old vs. N-old, t(24) 0 −1.268, p 0 .108; P-old vs. N-
old, t(24) 0 −0.623, p 0 .270].

Asymptote of guidance The results of paired-samples t tests
showed that rewarding contexts provided a greater degree of
guidance than penalizing contexts in Epochs 1–5 [t(24) 0
3.273, p 0 .003; t(24) 0 2.671, p 0 .013; t(24) 0 3.12, p 0
.005; t(24) 0 2.328, p 0 .029; and t(24) 0 2.103, p 0 .046,
respectively]. However, the contextual-cueing effects
among rewarding, penalizing, and no-outcome contexts
were equal by the 6th epoch (all ps > .1). These results
suggest that the overall degree of guidance of a spatial
context is not increased by the reward manipulation after
the context is fully learned, but rather that the speed at
which the repeated context is learned (and begins to exert
an effect on search behavior) is what changes. This differ-
ence in learning rates produces effects on performance that
appear earlier in the experiment in the R-old context trials
than on either P-old or N-old context trials.

Implicit guidance The results of our forced choice context
recognition test (old vs. new discrimination) also showed that
participants were no more familiar with the repeated displays
than with new displays (10 participants selected an old display
and 15 participants selected a new display, p 0 .424, binominal
test). Furthermore, participants were no more familiar with
reward- than with penalty-associated contexts, either (11 of

the participants selected a reward-associated context, and 14
participants selected a penalty-associated context, when they
were forced to chose in a display showing a pair of a reward-
associated context and penalty-associated context p 0 .69,
binominal test). In verbal interviews, none of our participants
reported any familiarity with the cued displays.

Discussion

The results of Experiment 1 showed that the outcome
that we associate with repeated experiences with a dis-
play can strongly modulate our response to that display
in the future, even when we are not aware of the learn-
ing that is taking place (i.e., the learning remains implic-
it). Experiment 2 was in part designed to replicate this
finding. However, before proceeding, it is worth discus-
sing one aspect of our results: the finding of a
contextual-cueing condition as early as Block 2 in the
rewarded-old display condition. While at first this result
may be surprising, it is worth noting that a number of
published reports on contextual cueing have presented
similar results. For instance, in the original Chun and
Jiang (1998) article, which reported the existence of
contextual cueing for the first time, the authors found a
significant cueing effect as early as Epoch 1 in their
Experiment 4. This is a valid comparison, given that
here we used the same task and stimuli that they had
used in that investigation (a search task in which partic-
ipants were asked to find an oriented T among 11 ran-
domly oriented L stimuli). In their Experiment 4, the RTs
to new and old displays were significantly different as
early as Epoch 1 (p 0 .005 for set size 12 and p 0 .01
for set size 16). Chun and Jiang (1998) further analyzed
the data as a function of block within Epoch 1 and
found, as we did, that a single repetition of a search
display can suffice to produce significant cueing effects:
Contextual cueing was significant at both the 12- and 16-
item set sizes as early as Block 2, p 0 .008 and .01,
respectively. Lleras and Von Mühlenen (2004) also found
that the contextual-cueing effect can occur in the first
epoch (Exp. 3). Other studies have also shown that
significant contextual-cueing effects can be found with
fewer than five repetitions (i.e., as early as the first
epoch; see Jiang & Chun, 2001; Jiang & Wagner,
2004). Although Peterson and Kramer (2001) did not
calculate statistics to directly investigate contextual cue-
ing within Epoch 1, their data still showed a clear
contextual-cueing effect as early as Epoch 1. In sum,
our findings are not out of line with previous studies
on contextual cueing, but simply replicate the finding
that, under the right conditions, this effect can emerge
as early as within the first epoch of an experiment.
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Furthermore, it is worth noting that we only found this “quick”
emergence of contextual cueing in one of our three display
repetition conditions: Contextual cueing took longer to
emerge with penalizing and no-outcome old displays.

Experiment 2: Expected versus obtained rewards

We propose that the arousal elicited by the feedback display
alters the consolidation process of implicit memory of the
spatial context. In Experiment 2, we investigated this pos-
sibility by manipulating reward expectations: If participants
have come to expect that a positive reward will be associat-
ed with a given context (call it context V), even if that
expectation is implicit, we predicted that unexpectedly pre-
senting a penalty after a search through context V would
create a state of high arousal that would further accelerate
the learning of this context and increase its impact on
performance on its next occurrence in the experiment. To
do so, we created two types of contexts: those with consis-
tent reward outcomes (same outcome on every trial), distin-
guished from other contexts with varying levels of reward
outcomes. The outcome of the latter group was varied on a
probabilistic basis, while maintaining the same overall
expected value as the contexts with consistent reward out-
comes. This manipulation allowed us to separately measure
the effects due to the overall expected outcome when a
repeated context was reencountered, as distinct from the
more immediate consequences of having recently obtained
a given level of reward associated with a repeated context.
Most interestingly, it also allowed us to investigate the
scenario in which a clear violation of expectations would
occur: Participants would (implicitly) expect a positive re-
ward from a task environment, and yet obtain a penalty. We
hypothesized that contexts that produced unexpected penal-
ties should have a higher impact on performance (in terms of
larger contextual-cueing effects) than would contexts that
produced outcomes consistent with expectations, because of
the surprising and therefore arousing nature of such events.

Outcome manipulation

We manipulated two reward assignments: a consistent and a
variable one. Four repeated contexts had consistent rewards
(i.e., participants always received 5 points at the end of a
trial with one of those contexts; C-old), and eight repeated
contexts had variable rewards (i.e., participants received one
of four possible outcomes at the end of a trial with one of
those contexts; V-old). For these eight repeated contexts, in
an arbitrary fashion on each block, two of the old displays
were assigned 8 points, two were assigned 10 points, two
were assigned 12 points, and two were assigned −10 points
(Fig. 2c). Therefore, the expected value throughout the

experiment of a variable-reward context would be 5 points
[(8 + 8 + 10 + 10 + 12 + 12 − 10 − 10)/8 0 5]. Importantly,
the variable-reward manipulation ensured that the expected
values of both consistent-reward and variable-reward con-
ditions were the same. Thus, in the long run, participants
earned as many points from consistent-reward contexts than
from variable-reward contexts. The assignment of a given
reward level to a given context in this condition was done
anew on each block of trials through a pseudorandom per-
mutation of the possible reward values (8, 8, 10, 10, 12, 12,
−10, −10), with the only constraint being that the overall
point assignments for the current set of variable-reward
contexts had to be different from the point assignments on
the previous block of trials. Finally, we set the 12 new
displays on each block to have a similar reward distribution,
so that participants could not identify new from old displays
on the basis of the outcome of a given trial. Participants
could earn (12 old + 12 new) × 5 0 120 points per block.
The experiment was completed when participants reached a
total of 3,600 points, corresponding to 30 blocks of trials.
Finally, to allow us a comparison to Experiment 1, it should
be noted that across both experiments, participants experi-
enced similar frequencies of penalizing trials (six out of 24
trials, including both the old and new conditions, were
penalizing in Exp. 1, whereas four out of 24 produced
penalties in Exp. 2). The value of the penalties was the same
across the two experiments (loss of 10 points), although,
admittedly, the impact of such a loss was less in Experiment
2 than in Experiment 1, insofar as it comprised a smaller
percentage of the overall point goal (Exp. 2 ended after
participants had garnered 3,600 points, but only 1,800
points were required in Exp. 1).

Results and discussion

Consistent versus variable rewards A two-way repeated
measures ANOVA was performed with search condition
(new, C-old, and V-old) and epoch (1–6) as within-subjects
variables. Both search condition and epoch had significant
main effects on RTs, F(2, 34) 0 15.322, p < .001, ηp

2 0 .474,
and F(5, 85) 0 19.63, p < .001, ηp

2 0 .536, respectively,
reflecting that RTs were shorter to old than to new displays
and that RTs decreased as a function of epoch. The interaction
between search condition and epoch was also significant, F
(10, 170) 0 3.775, p < .001, ηp

2 0 .182, demonstrating that the
emergence rates of contextual cueing differed across the dif-
ferent contexts.

Figure 4 illustrates that variable-reward contexts were
learned more slowly than consistent-reward contexts:
Whereas contextual-cueing effects were observed as early
as Epoch 1 for consistent-reward contexts (and indeed,
contextual cueing was present for all epochs; all ps < .01),
this effect was initially absent in the variable-reward
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condition: RTs in that condition were identical to RTs to the
new displays in Epoch 1, t(17) 0 −0.53, p 0 .603. That said,
contextual-cueing effects did not differ between the two
types of rewarding contexts beginning in Epoch 2 (all ps >
.05 in Epochs 2–6), reflecting that the magnitude of the
overall contextual-cueing effect was likely driven by the
expected reward of a context. In addition, when we looked
separately at contextual cueing for each block within Epoch
1 (see Fig. 4c), significant contextual cuing was observed
only for the consistently rewarding old contexts, as
evidenced by faster RTs in Blocks 2–5, t(17) 0 −1.816,
p 0 .043; t(17) 0 −2.370, p 0 .015; t(17) 0 −3.358, p 0 .002;
and t(17) 0 −2.041, p 0 .029, respectively. Crucially, we found
no difference in the Block 1 RTs by reward condition, which
ensured that all displays were initially equated in terms of
search difficulty [new vs. C-old, t(17) 0 −0.226, p 0 .412; new
vs. V-old, t(17) 0 −0.572, p 0 .287; C-old vs. V-old,
t(17) 0 −1.504, p 0 .073]. The fast emergence of contextual
cueing in the consistent-reward condition provides a nice
replication of the fast emergence (one trial) of contextual
cueing that we observed in the reward condition of
Experiment 1.

These results suggest that experiencing inconsistent
rewards that include penalties—particularly, early in the
learning process—can defer the learning of the contexts as
compared to experiencing consistent levels of reward.
Importantly, once learned, the overall magnitudes of the
contextual-cueing effects were identical for the variable-
reward and consistent-reward contexts, suggesting that the
magnitude of the overall effect tracks the expected value of
repeated contexts.

Expected versus obtained outcomes The obtained outcome
after a trial with a given context might have a direct impact
on the next search through that same context, above and
beyond the effect of the expected outcome for that context
on the current trial. That is, although participants may im-
plicitly expect to obtain on average of 5 points on any given
trial, the effect of this expected outcome might differ if, on
the last search through the current context, an unexpected
(and penalizing) outcome had been obtained. For ten of the
12 old contexts in each block, searching through the context
normally led to positive reward points (e.g., 5, 8, 10, or 12
points), but occasionally (i.e., two of 12 trials) it would
result in a penalty. Given this outcome distribution, we
could ask the question, Does an unexpected negative out-
come alter learning of the spatial context that it was paired
with? To answer this question, search performance was
analyzed exclusively on two types of variable-reward con-
texts: most recently rewarding contexts (+10 points, gray
bars) and most recently penalizing contexts (−10 points,
black bars). In this analysis, we ignored rewarding contexts
for which the outcome was other than 10 points, in order to

equate the magnitudes of the outcomes obtained across
these two conditions. On any given block of trials, there
were only two occurrences of each of these types of trials
(see Fig. 2c). We also compared performance on these trials
to performance on a randomly chosen two of the consistent-
reward contexts (out of the possible four). To obtain more
stable data points, we also combined RTs from Epochs 1 and
2, 3 and 4, and 5 and 6.

a

b

c

Fig. 4 Mean search performance in the new-display, consistent-reward
old-context, and variable-reward old-context conditions in Experiment
2. a Mean correct search RTs plotted as a function of epoch. b Mean
error rates plotted as a function of epoch. c Mean correct search RTs
plotted as a function of block in the first epoch. Note that the
consistent-reward contexts and the variable-reward contexts had the
same expected reward, 5 points (N 0 18)
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Figure 5 shows the contextual-cueing effect as a function
of the reward that was most recently associated with the
current context. Our analyses showed that, consistent with
the overall results observed in Fig. 4, the consistent-reward
context produced consistent contextual-cueing effects at all
epochs (Epochs 1–2, 135 ms, p < .01; Epochs 3–4, 83 ms,
p < .05; Epochs 5–6, 119 ms, p < .01), and they also provide
a replication of Experiment 1. More interesting are the
results observed for the two variable-context conditions
(see Fig. 5). Looking first at the variable-reward contexts
(these are contexts that were last rewarded with +10 points
but had an expected outcome of +5 points), contextual
cueing took longer to emerge and only became significant
at Epochs 5–6 (Epoch 5–6, 87 ms, p < .05). In contrast,
contexts that were expected to deliver a positive reward but
that, on their most recent occurrence, had surprisingly been
associated with a point penalty were learned faster and
showed consistent contextual-cueing effects throughout the
experiment (Epochs 1–2, 110 ms, p 0 .057; Epochs 3–4,
157 ms, p < .001; Epochs 5–6, 115 ms, p < .05). Note that
the contextual cueing effect in Epoch 1–2 is only marginally
significant. Directly comparing these two conditions, we
found that the contextual-cueing effect induced by the most
recently penalty-associated contexts was greater than the
one induced by recently rewarding contexts in Epochs 1–2
( p < .05) and 3–4 ( p < .05), though by the end of the
experiment, all three types of contexts produced identical
cueing effects. In sum, our results show that experiencing an

unexpected point penalty (when a reward is expected) can
immediately accelerate the learning of the associated context.

General discussion

The spatial contextual-cueing effect, which is driven by
implicit memory of the consistent spatial relationship be-
tween the target and distractors, often develops very quickly
and gradually reaches asymptotic levels after a few repeti-
tions (Chun, 2000; Chun & Jiang, 1998, 2003; Jiang &
Wagner, 2004; Schankin et al., 2011; Tseng & Li, 2004).
Previous work has suggested that this implicit guidance of
visual search is not influenced by explicit instructions (Chun
& Jiang, 2003). Here, in two spatial contextual-cueing
experiments, we manipulated the outcomes of the spatial
contexts and found for the first time that the outcomes
associated with spatial contexts can accelerate implicit
learning of the repeating contexts. The different time
courses of the contextual-cueing effect across outcome con-
ditions that we found in Experiment 1 show that the learning
process (how quickly people learn the repeated contexts and
how quickly the repeated contexts come to influence search
performance) is clearly mediated by valence, with rewarding
contexts accelerating implicit learning of the repeated con-
texts (Fig. 3a and c).

Interestingly, it appeared that although penalizing contexts
were learned more slowly than rewarding contexts, they were
learned slightly faster than no-outcome contexts (Exp. 1). This
finding is not necessarily surprising, as participants were prob-
ably aroused by the negative outcome on those trials. As a
result, it is likely that the outcome-related arousal on those
trials made the learning of those trials slightly faster than when
no outcome was received at all. In Experiment 2, we further
investigated the effect of rewards on contextual cueing by
manipulating the expectation of reward associated with each
context. When controlling for the overall expected outcome of
a context (i.e., howmany points on average a participant would
receive from a given context), our results showed that contexts
having consistent reward levels produced contextual-cueing
effects earlier in the experiment than did those contexts with
inconsistent reward levels (Fig. 4). Note that in consistent-
reward display trials, the expectation of a specific reward
(5 points) was never violated, and these displays were learned
the quickest. Regarding variable-reward contexts, our results
also suggested that unexpected penalties had a large impact on
the learning rates of repeated displays: Unexpectedly penalized
displays were responded to faster on their next occurrence than
were displays that were expectedly rewarded.

On the other hand, our results also show that once the
guiding effect of a context has reached an asymptotic level,
the overall magnitude of the contextual-cueing effect can

Fig. 5 Contextual-cueing effect (mean search RT of new displays −
mean search RT of old displays) for consistent-reward contexts and for
two types of variable-outcome contexts: (1) old contexts that were last
associated with a reward of +10 points and (2) old contexts that were
last associated with a penalty of −10 points. That is, the graph shows
contextual-cueing effects measured on block n as a function of the
outcome associated with a given repeated context on block n – 1. Due
to the lower number of observations per condition (only two data
points per block), the data were averaged across Epochs 1 and 2,
Epochs 3 and 4, and Epochs 5 and 6. Asterisks indicate statistically
significant contextual-cueing effects, and error bars represent SEMs
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not be modulated further by its outcome. Experiment 1
showed that the asymptotic magnitude of the contextual-
cueing effect was not affected by the reward or penalty
associated with that context. Experiment 2 further suggested
that the asymptotic magnitude of contextual guidance was
not altered by whether participants had received an expected
or unexpected outcome the last time that they had searched
through that context.

Our results also suggests that the reward/penalty manip-
ulation did not impact the level of awareness of the learning
taking place in the task: The learning remained implicit.
This is consistent with previous studies, which have repeat-
edly shown that contextual cueing is cognitively impenetra-
ble (Chun & Jiang, 1998, 2003; Tseng & Li, 2004).
However, contrary to suggestions in the literature (Chun &
Jiang, 2003), we suggest that the learning of a context may
be accelerated by motivational manipulations like rewards,
and that it can also be slowed down when the outcome value
is consistently negative (Exp. 1) or inconsistently positive
(Exp. 2). This means that participants not only learn an
association between a spatial context and the position of a
target within that context, but also learn the relation between
a spatial context and the subsequent level of reward that
becomes associated with that context.

Previous studies have suggested that rewarding an act of
selection can modulate the visual representation of the
reward-associated feature, such that, for example, visual
search is facilitated (e.g., Hickey et al., 2010a, 2010b,
2011; Kiss et al., 2009; Della Libera & Chelazzi, 2006,
2009; Navalpakkam et al., 2009). There were two critical
differences between those studies and ours. First, we did not
find that the reward manipulation (at the asymptotic level)
fundamentally altered (neither increased nor decreased) the
level of guidance provided by a repeated context. This is an
important difference. A second difference between our study
and prior research on the relation between attention and
rewards was “what” was rewarded: Whereas in prior studies
the reward was most often associated with a simple act of
selection (e.g., select one of two shapes), here the “rewarded
action” was much more complex: Our displays were not
“pop-out” displays (i.e., participants could not immediately
tell where the target was). Instead, they had to actively
search each display to find the target, and what was
rewarded, in a way, was the complete search behavior.
Thus, perhaps a crucial difference between our results and
previous studies was the complexity of the rewarded action.
Finally, it should be noted that in our methodology, the
reward was the same whether participants took 500 or
2,500 ms to find the target in a given context, and in this
way, our rewards were clearly dissociated from specific
behaviors.

Our results further suggest that the effects of reward on
search in this paradigm were implicit, given that participants

could not discriminate old from new contexts. This is not
entirely surprising, given the extensive literature showing
that contextual cueing is itself an implicit effect. Yet the fact
that rewards impacted the learning rate of this implicit effect
seems to us interesting in several ways: The outcome of a
trial was known only after the spatial context that was being
learned was no longer visible, yet it appears that this post-
facto information could accelerate the rate of learning of that
context, probably by strengthening the consolidation of that
spatial context information into memory. Furthermore, it is
worth noting that, although participants might not be able to
consciously distinguish an old from a new context, upon
seeing a given context on the current trial, their visual
systems had an implicit memory trace of the most recent
outcome associated with that specific context. Access to this
information occurred sufficiently quickly to affect behavior
on the current trial (Exp. 2), particularly during the learning
stages of the experiment. Finally, comparing the results of
penalty trials across Experiments 1 and 2, we could isolate
the effect of surprise on learning. Learning seemed most
sensitive to unexpected penalties: Receiving an unexpected
penalty after completing a search through a given context on
block n produced faster search performance through the
same context on block n + 1, when a positive outcome
was expected (Exp. 2); when a penalty was expected, con-
textual cueing actually took longer to emerge for penalizing
contexts (Exp. 1). Note that penalties occurred at similar
rates in both experiments. We propose that this “surprise”
effect on learning might be mediated by arousal: Receiving
an expected penalty is likely to be less arousing that receiv-
ing a penalty when a reward is expected. Indeed, it has long
been known that high states of arousal at encoding lead to
greater long-term memory of the encoded events (for a
classic review of the relationship between arousal and mem-
ory, see Eysenck, 1976). In other words, even though par-
ticipants may have been penalized after searching through a
given context, their consolidation of the context into mem-
ory was likely enhanced by the arousing unexpected out-
come obtained shortly after the end of the trial. Because
information that is encoded at high arousal levels is also
more easily retrieved, it is then easy to see why unexpect-
edly penalizing contexts could go on to have large
contextual-cueing effects the next time that the participant
is faced with searching through such a context. Further
research will be needed to determine whether the inverse
result is also true: Will a context associated with an expected
penalty be learned faster if it is unexpectedly associated with
a reward? We believe that it will be. Finally, it is worth
underscoring the implicit nature of these effects: Our partic-
ipants were unable to discriminate old from new contexts
and showed no overt sensitivity to either the valence of the
reward associated with a given context (rewarding old con-
texts were not discriminated from either penalizing old or
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new contexts). Yet, performance was clearly affected by the
Context × Outcome binding.

As for the larger literature on learning, although much
work has focused on the effects of rewards and penalties on
associative and instrumental learning, little is known about
how positive and negative rewards alter implicit learning
(see, e.g., Wächter, Lungu, Liu, Willingham, & Ashe,
2009). That said, some things are known. A growing liter-
ature is showing that positive and negative rewards (in
general) are processed by different brain circuits (see the
meta-analysis by Liu, Hairston, Schrier, & Fan, 2011), so in
fact our results showing different effects for these two types
of outcomes fit well with this neurological literature.
Regarding implicit learning more specifically, Wächter et
al. showed that implicit procedural learning was accelerated
by rewards (though not by penalties). This result is well in
line with the results of our Experiment 1, in which we only
found a small difference in learning speed between penaliz-
ing and no-outcome old displays, yet a great improvement
for rewarding old displays. Recently, Lam, Wächter,
Globas, Karnath, and Luft (2012) studied implicit learning
using a classification task. Their results (a) showed better
learning of positively than of negatively rewarded informa-
tion and, using fMRI, (b) showed increased activity in
several brain regions (including the nucleus accumbens,
the sensorimotor and premotor cortices, and the cingulum)
during the feedback part of a trial for positive versus nega-
tive feedback. In particular, they showed that people remem-
bered a larger number of implicitly learned associations
when those associations were rewarded in a positive manner
(a smiley face presented after the trial) rather than a negative
manner (a frowny face presented after the trial). Overall, our
results are in line with this emerging literature: Our partic-
ipants showed faster implicit learning for positive (reward-
ing contexts) than for negative (penalizing contexts)
rewards. The greater brain activation when processing pos-
itive feedback suggests that our results were probably due to
better (or more in-depth) encoding of the rewarding than of
the penalizing contexts.

One final point is worth discussing about our results: In
both experiments, we consistently found evidence of one-
trial learning that was specific to the reward condition. This
type of one-trial learning effect is not unique to this study.
For example, Cook and Fagot (2009) showed that animals
could learn hundreds of picture–response pairs after a single
exposure and, more critical to our finding, that this form of
one-trial learning was more robust when the to-be remem-
bered pair was followed by a reward rather than by a mild
penalty (Cook & Fagot, 2009). In contrast, our findings do
differ from previous studies on associate learning that have
found one-trial learning to be boosted by negative outcomes
(Armstrong, DeVito, & Cleland, 2006; Bardo & Bevins,
2000). One critical difference, though, between the latter

studies and ours (as well as Cook & Fagot, 2009) was the
number of learned associations. Whereas only one associa-
tion was learned in the latter studies, in ours, 12 complex
associations were learned between a target location and the
surrounding distractor context. In Cook and Fagot’s study,
even more associations were learned. Together, this evidence
suggests that positive rewards can have a very fast accelerat-
ing effect on the speed of learning complex associations (even
implicit ones)—to the point that a single trial may suffice for
learning—and that this accelerating effect seems to be more
pronounced than that of negative outcomes.

Conclusion

Our findings suggest that contextual learning is greatly
sensitive to both the arousal and valence of context–
outcome associations. Implicit learning, though cognitively
impenetrable, is heavily modulated by external rewards
associated with the search interaction. It is worth emphasiz-
ing that the learning process itself is what is modulated:
Learning is accelerated, to the point that it might sometimes
occur as quickly as after a single exposure. These results
show that the outcomes of our interactions with the envi-
ronment (both positive and negative) are remembered, and
that these outcomes can exert strong implicit influences on
our future behavior, not only by affecting the memory trace
of the object or goal of our actions (which has been shown
before), but also by affecting the memory representations of
the contexts in which our actions take place.
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