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Abstract

Visual search for a target is faster when the spatial layout of nontarget items is repeatedly encountered, illustrating that
learned contextual invariances can improve attentional selection (contextual cueing). This type of contextual learning is
usually relatively efficient, but relocating the target to an unexpected location (within otherwise unchanged layouts) typically
abolishes contextual cueing. Here, we explored whether bottom-up attentional guidance can mediate the efficient contextual
adaptation after the change. Two experiments presented an initial learning phase, followed by a subsequent relocation phase
that introduced target location changes. This location change was accompanied by transient attention-guiding signals that
either up-modulated the changed target location (Experiment 1), or which provided an inhibitory tag to down-modulate the
initial target location (Experiment 2). The results from these two experiments showed reliable contextual cueing both before
and after the target location change. By contrast, an additional control experiment (Experiment 3) that did not present any
attention-guiding signals together with the changed target showed no reliable cueing in the relocation phase, thus replicating
previous findings. This pattern of results suggests that attentional guidance (by transient stimulus-driven facilitatory and

inhibitory signals) enhances the flexibility of long-term contextual learning.

Introduction

Attentional orienting in visual search is often supported by
statistical regularities in the natural environment (Bar, 2004;
Oliva & Torralba, 2007, for reviews). For instance, visual
search for a target object (e.g., a loaf of bread) is faster when
it is associated with a related scene context (e.g., a kitchen
scene) rather than with an unrelated context (e.g., a front
yard, Palmer, 1975; see also Davenport & Potter, 2004;
Conci & Miiller, 2014; Draschkow & Vo, 2017). However,
even though objects may occur in some environments but
not in others, thus providing predictive cues for behaviour,
changes to an object might nevertheless occur at any time.
If observers already have a memory representation of the
contextual information that undergoes some kind of change,
learned associations would have to be updated to achieve a
continued benefit from statistical regularities for efficient
orienting in the environment (see Conci, Zellin, & Miiller,
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2012). For example, if the loaf of bread is relocated from
its usual location to a new location in a familiar kitchen
scene, then previously established contextual associations
would have to be relearned, or adapted, to include the new
target position. In this study, we examined whether redirect-
ing attention can speed such updating, to incorporate the
changed target in a given learned memory representation
efficiently.

Previous studies have shown that observers implic-
itly learn spatial relations between an invariant context of
nontargets and a given target location, which facilitates
visual search for that target location on subsequent encoun-
ters (contextual cueing; Chun & Jiang, 1998). In a typical
experiment, observers search for a target letter “T” amongst
a configuration of eleven nontarget ‘Ls’ (see Fig. 1) and indi-
cate the orientation of the target (left vs. right). Unknown
to the observers, some of the search displays are repeatedly
presented with invariant spatial configurations of the target
and nontargets (old contexts) throughout the experiment.
Results show faster response times (RTs) to old contexts
than search in a condition of randomly generated, new con-
texts. This ‘contextual-cueing effect’ indicates that attention
is (incidentally) guided to the target location by the learned
associations in old contexts. Thus, the repeated context
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(A) Experiment 1
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(B) Experiment 2
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(C) Experiment 3
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Fig.1 Examples of old-context displays illustrating the changes
across experimental phases in Experiments 1 (a), 2 (b) and 3 (c).
Search displays were initially paired with fixed, unique target loca-
tions in the learning phase (T1, red circle). Subsequently, in the relo-
cation phase, targets were repeatedly presented at novel, previously
empty positions (T2, green circle). The change in target location was
accompanied by an attentional guidance signal, which either consti-
tuted a a transient T2 brightness enhancement, or b a repositioning

provides some predictive cues that are learned and thereby
help to detect the target more quickly on future occasions
(Zinchenko, Conci, Miiller, & Geyer, 2018).

While changes in the objects’ identities do not seem to
affect spatial contextual cueing (Chun & Jiang, 1998), a
permanent change of the target location typically leads to a
rather pronounced reduction of contextual cueing (Annac,
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Relocation - Bright T2
Epoch 4-8

Relocation - Distractor at T1
Epoch 4-8

Transfer
Epoch 9-10

Transfer
Epoch 9-10

Relocation - Baseline
Epoch 4-10

of a distractor L to the location of the previous T1 target (blue cir-
cle). Experiment 3 ¢ served as a baseline, and was identical to Experi-
ments 1 and 2, except that the change of the target location was not
accompanied by a concurrent guidance signal. A final transfer phase
(in Experiments 1 and 2) then presented the novel T2 target without
additional guidance signals. The coloured circles were not shown in
the actual displays, but illustrate the location changes of the target
(and of the nontarget in Experiment 2)

Conci, Miiller, & Geyer, 2017; Conci, Sun, & Miiller, 2011;
Conci & Miiller, 2012; Makovski & Jiang, 2010; Manginelli
& Pollmann, 2009; Zellin, Conci, von Miihlenen, & Miil-
ler, 2013a). For example, in the study by Manginelli and
Pollmann (2009) repeated spatial contexts were paired with
unique target locations and repeatedly presented in an initial
learning phase, thus revealing a typical contextual-cueing
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effect. Subsequently, targets were relocated within their spa-
tial contexts, and this change of the target location in turn
reduced contextual cueing. Even though targets appeared
repeatedly at the new locations, contextual cueing did not
recover (instead, the repeated context still provided a bias to
the initially learned target location, see Zellin et al., 2013a).
This general pattern of results was also replicated in a recent
meta-analysis (Annac et al., 2017) that combined the results
from 85 participants pooled across 7 previous (own) experi-
ments. These combined results revealed a reliable 131-ms
RT benefit for old contexts (relative to new layouts) in the
initial learning phase, which was, however, reduced (by
97%) to a non-reliable 4-ms cueing effect after the target
location change. This indicates that contextual cueing is ini-
tially rather efficient to extract invariant statistical regulari-
ties. Yet, a subsequent change of the target location within
an otherwise unchanged nontarget layout largely abolishes
contextual cueing. A reliable benefit for relocated targets
was only evident when observers completed an intensive
training with relocated targets, where observers were trained
on 4 consecutive days with the changed target location (Zel-
lin, von Miihlenen, Miiller, & Conci, 2014). Such extended
training with the changed target resulted eventually in con-
textual cueing for both target locations: observers actually
learned both the initial target locations and the relocated
targets. However, efficient relearning (if present at all) is
usually rather slow and effortful to eventually incorporate
associations between a single context and multiple (i.e., two)
target locations that are associated with it.

When observers are faced with a changed target location
in otherwise repeated contexts, of which they already main-
tain a memory representation, old associations are likely to
intrude and proactively interfere with learning of changed
associations (Zellin et al., 2013a; see also Lustig & Hasher,
2001; Mednick, Makovski, Cai, & Jiang, 2009; Anderson
& Neely, 1996, for an overview). For instance, it has been
shown that old contexts guide visual attention to initially
learned target locations (Johnson, Woodman, Braun, &
Luck, 2007; Ogawa, Takeda & Kumada, 2007). However,
after a change of the target location, the old context still
provides an automatic attentional bias signal towards the
original target location, thereby interfering with efficient
relearing (Zinchenko, Conci, Tollner, Miiller, & Geyer,
2020). This indicates that once established, a persisting
association leads to some form of ‘misguidance’ (Mang-
inelli & Pollmann, 2009) to a single, initially learned target
location (Zellin, Conci, von Miihlenen, & Miiller, 2011)
that probably results from a lack of updating predictions
in attentional control structures in frontal cortex (Pollmann
& Manginelli, 2009; Zinchenko, Conci, Taylor, Miiller, &
Geyer, 2019). In the current study we therefore aimed to
facilitate the updating of a previously established contextual
cue—by providing bottom-up signals that can potentially

help to incorporate the changed target in an already—estab-
lished memory representation.

Bottom-up signals that guide attention can, for example,
be revealed in cases where an object is more salient than
the surrounding objects. For instance, salient items may
increase the attentional priority of that item and thereby
reveal an influence upon performance (e.g., Theeuwes, 1992;
Horstmann, 2002; von Miihlenen & Conci, 2016; Ruthruff,
Faulks, Maxwell, & Gaseplin, 2020). Moreover, when
observers performed a contextual cueing experiment with
displays that contained a salient red nontarget item (among
otherwise uniform grey items), overall response latencies
were increased and the mean contextual-cueing effects were
reduced in comparison to displays that presented unicol-
oured search items (Conci & von Miihlenen, 2009). In addi-
tion, presenting a target among a group of items that appear
in a salient colour results in a larger contextual-cueing effect,
as compared to a situation where the target is presented
in a group of non-salient items (Conci & von Miihlenen,
2011). This indicates that saliency may—at least to a certain
extent—attract attention in a stimulus-driven manner, and
thus modulate the efficiency of contextual learning.

Contextual learning can also, in itself, modulate the
priority of the individual search items. For instance, it has
been shown that contextual cueing leads to a facilitation of
the invariant target locations (Brady & Chun, 2007; Geyer,
Zehetleitner, & Miiller, 2010). Ogawa, Kumada and Takeda
(2007) in turn showed that contextual cueing also leads to
the inhibition of nontarget locations, that is, nontargets in old
contexts are more effectively “ignored” (see also Makovski
& Jiang, 2010). An inhibitory bias towards nontarget items
may also be revealed in both efficient and inefficient searches
(e.g. Klein, 1988; Miiller, von Miihlenen, & Geyer, 2007)
irrespective of statistical learning. For instance, attentional
guidance in visual search has been assumed to be driven
in part by some inhibitory mechanism that tags nontarget
locations to prevent that these irrelevant items are repeat-
edly (re-)visited. Together, these findings indicate that basic
visual search (and contextual cueing) may be affected by
two orthogonal operations, namely from the facilitation of
the target location, and from the inhibition of (irrelevant)
nontargets, thereby optimizing search performance.

In the present study, we tested whether the bottom-up
modulation of attention by facilitatory and inhibitory signals
can facilitate the updating of learned contextual associations
after a change of the target location. Previous studies have
shown that observers need time-consuming training to adapt
contextual associations to changed target locations (Zellin
et al., 2014). This lack of an efficient contextual adaptation
presumably occurs because observers are not necessarily
aware that they have learned a certain environmental regu-
larity, and therefore, the previously learned (old) context
still biases attention towards the initial target locations in an

@ Springer



Psychological Research

automatic manner (Zinchenko et al., 2020), thus constrain-
ing efficient relearning. Here, we tested whether guidance to
initial target locations can be reduced by providing bottom-
up signals in the search displays that improve the adaptation
towards changed target locations.

We present three experiments that all started with a learn-
ing phase, in which invariant context-target configurations
were repeatedly presented, thus establishing a typical con-
textual-cueing effect (see Fig. 1). Subsequently, targets were
relocated and repeatedly presented at new, previously empty,
locations within their respective contexts (e.g., Manginelli &
Pollmann, 2009; Zellin et al., 2013a). To potentially facili-
tate relearning during this relocation phase, in Experiment
1, relocated targets were presented with increased brightness
to make the changed target locations more salient than the
surrounding context of nontargets (Fig. 1a). Such an increase
in salience should guide attention to changed target locations
more efficiently (e.g. Itti & Koch, 2001). In Experiment 2,
rather than increasing the salience of the changed target,
a (non-salient) nontarget was placed at the initial target
location (Fig. 1b). Task-irrelevant nontargets are typically
inhibited (e.g., Klein, 1988) to avoid that the nontarget’s
location is repeatedly re-visited. Now, presenting a nontar-
get at the initial target location should therefore lead to an
inhibitory signal, and this should increase the incentive to
avoid this location and rather incorporate the relocated target
in the existing memory representation. The last phase of
both experiments (transfer) tested whether the attentional
modulation in the relocation phases would result in success-
ful, sustained adaptation of contextual associations to relo-
cated targets. For instance, displays were presented with the
relocated targets, but with the same salience as nontargets
(Experiment 1), or without the inhibitory nontarget at the
initial target location (Experiment 2). Finally, Experiment
3 was performed to obtain a baseline measure, to replicate
the typical lack of adaptation subsequent to a target location
change in an experiment that was directly comparable to
Experiments 1 and 2 (except for the additional, attention-
guiding signals in the relocation phase; Fig. 1c). Thus, if
the attentional modulation towards the relocated targets (in
Experiments 1 and 2) was successful, then the contextual
associations from the learning phase should increase the
chances for the efficient updating after the change (but such
updating should not be evident in Experiment 3 where no
attention-guiding signal was presented).

Experiment 1

The aim of Experiment 1 was to facilitate the adaptation
towards a previously learned but subsequently changed
target location by transiently increasing the salience of
the changed target relative to the surrounding context
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of nontargets. Salient objects in a visual search display
typically attract attention (Itti & Koch, 2001), and as a
result, modulate contextual cueing (Conci & von Miih-
lenen, 2009). A salient target should therefore lead to
more effective guidance to the salient, relocated targets in
Experiment 1, and this attention-guiding signal should in
turn facilitate the updating of the memory representation
to incorporate the changed target location.

Methods
Participants

In Experiment 1, we tested a sample of 18 adults (10
women, mean age: 29.7 years). All observers reported nor-
mal or corrected-to-normal visual acuity and were right-
handed. They received either payment (10 €) or course
credits for their participation. The study was approved by
the ethics committee of the Department of Psychology
at LMU Munich, and all participants provided written
informed consent prior to the experiment. As in several
previous studies (e.g., Annac et al., 2017; Conci et al.,
2011; Kunar & Wolfe, 2011; Olson, Chun, & Allison,
2001; Zellin et al., 2014), only observers who showed con-
textual cueing [RT(new)-RT(old)] larger than zero in the
initial learning phase were included in the analysis. Given
that the current study aimed to investigate how a change
in target locations affects previously acquired contextual
associations, observers who failed to learn the repeated
contextual layouts in the first part of the experiment had
to be excluded. Overall, a total of 32 observers needed
to be tested in Experiment 1, to obtain a sample of 18
observers that revealed larger-than-zero cueing effect in
the initial part of the experiment. The same procedure was
also adopted in the subsequent experiments.

The estimation of the required sample sizes was
informed by previous contextual-cueing studies that also
compared contextual learning and (the lack of) adaptation
across sequential phases (e.g., Zellin et al., 2013a, 2014;
Zinchenko et al., 2019). On the basis of the number of
participants tested in and statistical measures provided by
these studies, a sample size of 12—14 participants suffices
to detect a lack-of-adaptation effect with a power of 0.8 in
a single experiment. That is, on the basis of these previous
studies, one would expect that the cueing effect should
vanish after the target-location change, which would be
evidenced by a significant two-way context by phase inter-
action (alongside with a corresponding reduction in con-
textual cueing). We further increased our sample to N=18
observers (“learners”) to ensure sufficient statistical power
in our analyses.
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Apparatus and stimuli

Stimulus presentation and response collection was controlled
by an IBM-PC compatible computer using Matlab Routines
and Psychophysics Toolbox extensions (Brainard, 1997;
Pelli, 1997). A standard mouse was used as the response
device. Stimuli subtended 0.7°x0.7° of visual angle and
were presented in dim (8.5 cd/m?) or bright (178 cd/m?)
grey against a black background (0.2 cd/m?) on a 17" CRT
monitor. Search displays consisted of 12 items, one of which
was a T-shaped target rotated randomly by 90° either to the
left or right. The 11 remaining items were L-shaped nontar-
gets rotated randomly in one of four orthogonal orientations.
Search displays were generated by placing the target and
nontargets randomly in the cells of a 6 X 8 matrix, with an
individual cell size of 2.5°x2.5°. Nontargets were jittered
horizontally and vertically in steps of 0.1°, within a range
of +0.6°. Example search displays are shown in Fig. la.
Observers were seated in a dimly lit room with an unre-
strained viewing distance of approximately 57 cm from the
computer screen.

Trial sequence

Each trial started with the presentation of a fixation cross
at the centre of the screen for 500 ms. Then, a search dis-
play appeared and remained visible until participants made
a speeded response by pressing one of two mouse buttons
(with the left- and right-hand index finger, respectively).
Observers were instructed to search for the rotated “T” and
decide as quickly and accurately as possible whether the
stem of the T was pointing to the left or the right. In case
of a response error, a minus sign appeared on the screen for
1000 ms. An inter-stimulus interval of 1000 ms separated
one trial from the next.

Design and procedure

Experiment 1 used a repeated-measures design, with the
(within-subject) factors Context (old, new) and Epoch
(1-10). A set of 12 old-context displays with an invariant
arrangement of nontarget items was generated for each
observer and repeated throughout the experiment. For new
contexts, the configuration of nontarget items was gener-
ated randomly on each trial. Each old- and new-context
display was paired with two different target locations. Dif-
ferent sets of target locations were selected for old and
new contexts, such that overall, 48 possible target loca-
tions were used. These 48 possible locations (arranged
in a 6 X 8 matrix) in the search display were divided into
3 regions (i.e., rings around fixation), where 8 locations

in the display centre would directly surround the fixation
cross, another 16 locations would be presented with an
intermediate distance from fixation, and the remaining
24 locations would be presented with the largest distance
from central fixation. Now, for each of the 2 distinct target
locations in each of the old/new context display sets, 2
target locations would be randomly selected from the inner
region, 4 target locations from the intermediate region and
6 from the outer display region. This measure ensured that
there was no systematic difference in eccentricity across
conditions (see also Jiang & Sisk, 2019), while also pre-
senting unique target locations for each individual display
(i.e., to avoid a possible interaction due to global statisti-
cal learning, see Zellin, von Miihlenen, Miiller, & Conci,
2013b; Wang et al., 2020). The orientation of the target
was random on each trial, whereas nontarget orientations
were constant in old contexts. The second factor Epoch
divided the experiment into ten equally sized consecutive
bins (each bin consisted of 120 trials averaging trials from
5 consecutive blocks).

The experiments started with a practice block of 24
randomly generated displays. All subsequent experimen-
tal blocks consisted of 24 trials, 12 with old- and 12 with
new-context displays presented in random order.

An example sequence of the three experimental phases
in Experiment 1 is presented in Fig. la. Displays were
presented with initial target locations (T1) in the first 15
blocks (aggregated into 3 epochs; initial learning phase).
In 25 subsequent blocks (epochs 4-8; relocation phase)
displays were presented with relocated targets (T2), with
T2 being much brighter than the initial target (T1) in the
learning phase. The presentation of the relocated targets
continued in a final transfer phase (10 blocks, epochs
9-10), but now the luminance of the target was again the
same as in the learning phase. That is, in the final transfer
phase, the target was presented at the relocated position
(T2), not at its original position (T1). After each block,
subjects took a short break and continued with the experi-
ment at their own pace. In total, subjects completed 1224
trials. The overall experiment took about 1 h to complete.

Recognition test

After the search task, observers completed 24 trials, in
which they had to decide via mouse button responses
whether a particular display had been shown previously
(old) or not (new). Old and new contexts were presented
with the initial target locations because one would expect
explicit recognition of a given old context (if existent at
all) to be stronger for more reliably learned context-target
relations. The response was non-speeded and no error
feedback was provided.
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Results
Search task

Individual mean error rates were calculated for each variable
combination. Overall, observers made relatively few errors
(2.5%). A repeated-measures analysis of variance (ANOVA)
with context (old, new) and Epoch (1-10) as within-sub-
ject factors was performed on the mean error rates. Note
that Greenhouse—Geisser corrected values are reported in
cases in which Mauchley’s test of sphericity was significant
(p <0.05). This analysis yielded a main effect of context,
F(1,17)=4.9, p<0.05, ;72=0.22, but no other significant
main or interaction effects (ps>0.07). The context main
effect showed that, somewhat more errors were made in new
(2.7%) as compared to old (2.2%) context searches. This
pattern of errors thus essentially corresponds to the results
found for the analysis of the mean RTs (see below).

Next, individual mean RTs were calculated for old and
new contexts separately for each epoch. Error trials and RTs
faster than 300 ms and slower than 3000 ms were excluded
from the analyses. This outlier criterion led to the removal of
relatively few trials (0.5%); the same procedure also resulted
in comparable exclusion rates in the subsequent experiments.

Individual mean RTs were computed for old and new
contexts in each phase (learning, relocation, transfer) and
epoch. Figure 2 presents RTs for old and new contexts
across phases and epochs. An overall ANOVA with the
factors Context (old, new) and Phase (learning, reloca-
tion, transfer) was performed to investigate whether
contextual cueing changed in the different phases of the
experiment. This analysis yielded significant main effects
of context, F(1, 17)=61.9, p<0.001, ;72 =0.78, and
of phase, F(1.33, 22.67)=147.4, p<0.001, n* = 0.89,
showing an overall contextual-cueing effect of 58 ms
and overall faster RTs in the relocation phase (588 ms)
as compared to the learning and transfer phases (1071 ms
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and 1045 ms, respectively, p’s <0.001). There was also
a significant interaction between context and phase,
F(1.31,22.21)=5.46, p <0.03, n* = 0.24, which showed
that contextual cueing was overall comparable in the learn-
ing (80 ms) and transfer (85 ms) phases (p =0.87), but
these cueing effects were (marginally) larger than in the
relocation phase (11 ms, p’s <0.06).

An additional analysis was also performed on all 32
observers (i.e., including the 14 observers that did not
show an above-zero contextual-cueing effect in the learning
phase). We have previously shown that observers who do not
exhibit initial contextual learning tend to develop reliable
contextual cueing in later parts of the experiment (Zellin
et al., 2013a). Thus, the selection of observers with above-
zero contextual cueing may lead to an “artificial” increase
of the overall contextual-cueing effect during initial learn-
ing, but conversely, the complete sample of observers may
in turn camouflage possible costs during adaptation due
to some observers exhibiting a pattern of “late learning”
(Zellin et al., 2013a). The 14 excluded observers in Experi-
ment 1 also showed some evidence for late contextual learn-
ing with mean contextual-cueing effects of —8 ms, 14 ms
and 94 ms in the learning, relocation and transfer phases,
respectively. The inclusion of these 14 late learners in the
overall analysis (with now 32 observers in total) therefore
reduced the initial cueing effect. However, the basic pattern
of results nevertheless remained comparable: there were sig-
nificant main effects of context, F(1,31)=21.55, p<0.001,
n*=0.41, and phase, F(1.36, 42.38)=208.93, p <0.001,
n*=0.87, which again were due to an overall cueing effect
of 37 ms and a reduction of the mean RTs during the reloca-
tion phase (583 ms) relative to the learning (1073 ms) and
transfer (1028 ms) phases. Finally, the interaction was also
significant, F(1.40, 43.49)=8.79, p <0.03, 5 =0.22, which
revealed a larger cueing effect of 90 ms in the transfer phase,
as compared to the learning (9 ms, p=0.006) and relocation
(13 ms, p<0.001) phases.
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Fig.3 Vincentized, cumulative reaction time (RT) distributions for
old and new contexts in Experiment 1 during the relocation phase,
depicting a small but nevertheless reliable benefit for repeated, old
context displays—as evidenced by a leftward shift of the entire RT
distribution

In a subsequent step, additional analyses were performed
separately for each phase (on the sample of N=18 learn-
ers). For the learning phase (initial target location, T1), an
ANOVA with the factors Context (old, new) and Epoch (1-3)
yielded significant main effects of context, F(1, 17)=16.82,
p<0.002, ;72 =0.49, and of epoch, F(1.47, 25.04)=20.41,
p<0.001, n””=0.54. RTs were on average 80 ms faster for
old contexts as compared to new contexts and decreased by
103 ms across epochs. The interaction did not reach signifi-
cance (p>0.48), indicating that subjects already showed a
robust contextual-cueing effect in epoch 1. To show that con-
textual cueing was due to actual learning and thus developed
in the first epoch, additional pairwise comparisons between
RTs for old and new contexts in the first ten blocks were
computed, which revealed the first significant difference
between RTs of old and new contexts already in block 3,
1(17)=2.46, p <0.03, which is in line with previous reports
of a quick onset of the contextual-cueing effect (e.g., Conci
& von Miihlenen, 2009).

For the relocation phase (relocated target, T2), a further
ANOVA with the factors Context (old, new) and Epoch (4-8)
revealed a significant main effect of context, F(1, 17)=15.36,
p<0.04, 7*=0.24, which was due to a small (but reliable)
RT benefit of 11 ms for old relative to new contexts. Thus
contextual-cueing still remained efficient, even though the
increase in brightness of the relocated target substantially
expedited the overall search RTs (by 490 ms, see also Geyer
et al., 2010). The main effect of epoch and the interaction
between context and epoch were not significant (ps > 0.43).
As in the learning phase, we again computed additional
pairwise comparisons between RTs in old and new contexts
across the first ten blocks to determine the point in time at
which contextual cueing re-emerged after the change. These
comparisons revealed the first significant difference to occur

in the fourth block of the relocation phase, #(17)=2.21,
p <0.05. Thus, the onset of relearning (in block 4 of the
relocation phase) was roughly comparable to the onset of
initial learning, which was evident from block 3 onwards.

Given the relatively small size of the cueing effect, the
distribution of RTs in the relocation phase was further
analysed to examine whether contextual cueing occurred
throughout all trials, or only for a subset of responses (e.g.,
particularly for slow responses; see Johnson et al., 2007). To
this end, individual RTs for old and new contexts in the relo-
cation phase were ranked in ascending order, and quantiles
(5 bins for each observer) were computed (vincentized RT
distributions; Ratcliff, 1979) resulting in a group RT distri-
bution (see Fig. 3). A repeated-measures ANOVA with the
factors Context (old, new) and Bin (1-5) was computed and
revealed significant main effects of context, F(1, 17)=6.11,
p<0.03, n*=0.26, and bin, F(1.06, 18.03)=149.47,
p<0.001, ;72 =0.89. Most importantly, the interaction
between context and bin was not significant (p > 0.2), which
means that contextual cueing occurred across faster as well
as slower RTs, even when search was particularly fast over-
all. This indicates that contextual cueing shifted the entire
RT distribution and not just a proportion of (e.g., relatively
slow) responses. !

Finally, in the transfer phase (relocated target, T2), an
ANOVA with the factors Context (old, new) and Epoch
(9-10) revealed a significant main effect of context,
F(1, 17)=18.31, p<0.002, 172 =0.51, reflecting faster RTs
for old contexts in comparison to new contexts (85 ms). This
shows that relocated targets were successfully associated
with old contexts even when the attention-guiding bright-
ness signal was removed from the target. No further effects
were significant (ps > 0.46).

Recognition test

The mean accuracy of recognizing old and new contexts was
50%. Categorization of old contexts as old (50.4% hits) did
not differ significantly from identifying new contexts as old
contexts (48.6% false alarms), #(17)= —0.63, p=0.53. Thus,
observers were not aware of the repeated displays, mirroring
previous findings (Chun & Jiang, 1998).

Discussion
In Experiment 1, we examined whether observers would be
able to update contextual associations and incorporate the

changed target locations, if the relocated target is rather
salient (i.e., brighter) as compared to the surrounding

! We would like to thank Torsten Schubert for suggesting this RT
distribution analysis.
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context. We found that visual search for the bright, relo-
cated target was overall much faster (by more than 400 ms)
than search in the initial learning phase, thus showing that
attention was successfully guided by the salient bottom-up
signal. Interestingly, a small, but consistent, contextual-
cueing effect was observed for the salient targets in the
relocation phase (this benefit was also evidenced by a
shift of the complete RT distribution). Moreover, the time
course of relearning was found to mirror the time course
of initial learning, with a contextual-cueing effect emerg-
ing quickly after only ~ 3 repetitions in both the learning
and relocation phases. Contextual cueing also continued
for relocated targets in the transfer phase when the bright-
ness manipulation was removed and relocated targets were
as salient as the other items in the display. This suggests
that the bottom-up guidance of attention to changed target
locations facilitated the updating of the previously learned
contextual associations (to incorporate the changed tar-
get). This updating led to a persistence of the relearned
contexts. Thus, the old contexts continued to guide visual
search beyond the salience manipulation.

However, an alternative account to explain efficient
contextual cueing for the relocated target would be related
in particular to the salient brightness enhancement of the
target. That is, the relocated target was not only salient,
but it also predicted the target location (with 100% valid-
ity), thus possibly serving as an additional cue to facilitate
relearning. However, it should be noted that the salient
brightness enhancement was not specific to a particular
(invariant) display, but instead the target-predictive bright-
ness information was present in every single (old and new)
display. The additional cue could therefore be exploited
to facilitate learning in both old and new displays to a
similar extent (because the enhanced brightness predicted
the invariant target location in all displays, not just in the
old layouts). Given this, the predictability of the bright-
ness cue cannot explain why there was a benefit, which
occurred in particular for the repeated (old) contexts.
Rather, the results seem to be consistent with the above-
mentioned account that assumes that the salience of the
relocated target helps to overcome the attentional misguid-
ance signal from the initially learned target location (see
also Zinchenko et al., 2020).

Also, in general, spatial contextual cueing is usually
not affected by changes of particular features in the search
items themselves (e.g., Chun & Jiang, 1998; Ehringer &
Brockmole, 2008), and adding a predictive feature to
invariant search displays does usually not improve con-
textual learning (Conci & von Miihlenen, 2009; Kunar,
John, & Sweetman, 2014). This indicates that the spatial
configuration primarily reflects an effect of spatial lay-
out rather than perceptual learning of the low-level image
properties in the display.
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Although the presentation of the salient, relocated
target in the relocation phase was found to speed search
quite considerably—and rendered learning of contextual
cues rather redundant—observers nevertheless seemed
to be additionally guided by the invariant contexts. This
finding is consistent with previous reports that indicate
that contextual cues still exert guidance on visual search
despite reliable bottom-up signals (see also Geyer et al.,
2010; Schankin & Schubo, 2010), that—in itself—may
already provide optimal attentional guidance (Harris &
Remington, 2017). Together, these results show that a
selection bias due to acquired, contextual cues may influ-
ence performance in addition to a bias that arises from
salient items that attract attention in a bottom-up manner.
Thus, attention might be guided both by past experience
and by salient information in the display.

Experiment 2

To optimize visual search, attention may enhance process-
ing of the target, but it may also inhibit concurrent (task-
irrelevant) nontargets (Desimone & Duncan, 1995; Klein
1988). Moreover, statistical learning appears to increase
these opposing biases even further. For instance, in contex-
tual cueing, learning of repeated spatial layouts leads to an
enhanced priority of the target, and conversely a decreased
priority of the nontargets (Makovski & Jiang, 2010; Ogawa
et al., 2007). The aim of Experiment 2 was to exploit the
latter, inhibitory component of contextual cueing (relating to
the nontargets) to potentially facilitate the updating of con-
textual memory after target relocation. Such an inhibitory
signal was established in the relocation phase by placing a
(to-be-inhibited) nontarget at the initial target location. In a
final transfer phase, the relocated target was still presented,
but the (inhibitory) nontarget was moved from the initial tar-
get location back to its original position (such that the initial
target location was then empty, see Fig. 1b). If nontargets are
indeed inhibited in contextual cueing, then moving a non-
target to the initial target location should therefore ease the
adaptation towards the relocated target. That is, rather than
facilitating relearning by providing a salient attention-guid-
ing signal to the novel target location (as in Experiment 1),
in Experiment 2, orienting towards the previously relevant
target location was discouraged by presenting an inhibitory
signal (i.e., a non-salient, but to-be-avoided nontarget L) at
this location. Thus, the idea of this (essentially rather subtle)
change in the display was that the presence of a nontarget
at the previous target location should lead to inhibition at
the initial target location, and this inhibitory signal should
in turn facilitate the disengagement from that location. This
should then ultimately trigger more flexible learning of the
novel target location.
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Methods

Apparatus, stimuli, design, and procedure were similar
to Experiment 1, except that all stimuli were always pre-
sented with the same luminance throughout the experi-
ment, and instead, a nontarget was placed at the initial
target location in the relocation phase. In the initial learn-
ing phase (epoch 1-3), (old and new) search layouts were
presented with a first target location (T1) to establish a
reliable contextual-cueing effect. Subsequently, the tar-
gets were presented at a novel, previously empty position
(T2) in the relocation phase (epoch 4-8). Together with
this relocated target, one nontarget from the eleven non-
targets in a given display was randomly selected in each
old-context layout and was placed at the initial target loca-
tion of the respective context (see Fig. 1b)—the idea being
that this nontarget would provide an inhibitory signal at
that location (see e.g., Ogawa et al., 2007). Note, that a
change to a single nontarget item should leave contextual
cueing essentially unaffected (Conci & Miiller, 2012), even
though changes to nontargets that are closer to the actual
target could be expected to reveal somewhat more interfer-
ence with cueing than nontargets that are located further
away (see Brady & Chun, 2007; Sisk, Remington, & Jiang,
2019). However, such a systematic bias is unlikely to influ-
ence the results given the random selection of the changed
nontarget and the large variability of possible locations
in the display. In the final transfer phase (epoch 9-10),
relocated targets were still presented, but the initial target
location was empty (i.e., the ‘inhibitory’ nontarget was
again presented at the original position). In other words,
during transfer, all nontarget positions were identical to
the initial learning phase, while the target was presented
at the changed location.

In Experiment 2, we again aimed to collect data from 18
“learners” (with an above-zero cueing effect in the learning
phase). To achieve this target sample, the data from a total

Epoch

of 23 observers were collected. The final sample in Experi-
ment 2 thus consisted of 18 adults (13 women, mean age:
22.3 years), and only 5 observers needed to be excluded.
All observers reported normal or corrected-to-normal
visual acuity and all but one observer were right-handed.
They received either payment or course credits for their
participation.

Results
Search task

Individual mean error rates were calculated for each variable
combination. Overall, observers made relatively few errors
(2.8%). A repeated-measures ANOVA with context (old,
new) and epoch (1-10) as within-subject factors revealed
a significant main effect of epoch, F(3.55, 60.35)=2.68,
p<0.05, 712=O.14, which indicated that errors increased
to some extent with the duration of the experiment (i.e.,
there was a slight, linear increase by 2.1% from epochs 1 to
10). However, there were no significant main or interaction
effects that included the factor context (ps > 0.08).

Next, individual mean RTs were computed for old and
new contexts in each phase (learning, relocation, trans-
fer) and epoch. Figure 4 shows the mean RTs for old and
new contexts in each epoch (across phases). An overall
ANOVA on the mean RTs with the factors context (old,
new) and phase (learning, relocation, transfer) revealed sig-
nificant main effects of context, F(1, 17)=17.26, p <0.002,
112 =0.50, and of phase, F(2, 34)=24.44, p<0.001,
n%=0.59, but no significant interaction between context and
phase (p > 0.2). Thus, contextual cueing was not modulated
to a significant extent across the experimental phases (see
Fig. 4). Mean overall contextual cueing was 65 ms, and RTs
were reduced by 147 ms from the initial learning to the final
transfer phase.
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Once again, we also performed an overall RT analysis
on all 23 observers tested in Experiment 2. This analysis
also showed significant context, F(1, 22)=11.06, p <0.004,
#*=0.34, and phase, F(2, 44)=23.06, p <0.001, #*=0.51,
main effects but no reliable interaction (p >0.9). The mean
overall contextual-cueing effect was 49 ms and RTs were
speeded by 133 ms from the learning to the transfer phase.
This shows that the results for all 23 observers were essen-
tially comparable to the results obtained for our subsample
of N=18 “learners”. Next, separate analyses follow on the
18 “learners” to further explore the dynamics of contextual
cueing in each phase.

In the learning phase (initial target location, T1), RTs
were on average 90 ms faster for old contexts than for new
contexts, and RTs decreased overall by 118 ms from epochs
1 to 3 (main effect of context, F(1, 17)=29.99, p <0.001,
772: 0.64, main effect of epoch, F(1.27, 21.64)=12.43,
p<0.01, ;72=O.42, no interaction between context and
epoch, p>0.7). To demonstrate once again the develop-
ment of contextual cueing, additional pairwise compari-
sons between RTs for old and new contexts were computed
in the first ten blocks. As in Experiment 1, these com-
parisons again showed a rather quick onset of contextual
cueing: the first significant difference between old and new
context RTs was already evident in block 2, #(17) =2.34,
p<0.04.

A comparable pattern again emerged in the relocation
phase (relocated target, T2), which revealed a contex-
tual-cueing effect of 49 ms and an overall RT reduction
by 105 ms from epochs 4 to 8 (main effect of context,
F(1,17)=4.47, p=0.05, r]2 =0.21, main effect of epoch,
F(4,68)=15.85, p<0.001, ;12 =0.48, no interaction between
context and epoch, p>0.4). Additional pairwise compari-
sons between RTs in old and new contexts across the first
ten blocks of the relocation phase were then again computed
to determine when contextual cueing re-emerged after the
change. For these comparisons, the first significant differ-
ence occurred somewhat later, in block 9 of the relocation
phase, #(17) =2.33, p < 0.04. Thus, effective relearning in
Experiment 2 (from the ninth block of the relocation phase
onwards) took somewhat longer than initial learning, which
was as fast as in Experiment 1 and occurred already from
block 2 onwards.

In the final transfer phase (relocated target, T2), mean
contextual cueing for the relocated targets was again of
comparable magnitude (56 ms) and there was a somewhat
smaller reduction of the overall RTs of 34 ms from epochs
9 to 10 (main effect of context, F(1, 17)=5.01, p<0.04,
;12=().23, main effect of epoch, F(1, 17)=6.56, p<0.03,
112 =0.28, no interaction between context and epoch,
p>0.4). Overall, this shows that contextual cueing was reli-
able both in the initial learning phase and after the target
relocation.
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Recognition test

Mean accuracy in the recognition test was 51%. The number
of hits (52.2%) did not differ from the rate of false alarms
(53.6%), t(17)=0.55, p=0.6, which indicates that observ-
ers were not aware of the display repetitions, mirroring the
results of Experiment 1.

Discussion

The results of Experiment 2 revealed a reliable contextual-
cueing effect in all phases of the experiment, even though
the target location changed from epoch 4 onwards. This
indicates that the target location change was successfully
incorporated into the previous context representation, which
contrasts with findings from previous studies where the tar-
get location change was not accompanied by an additional
inhibitory cue, and where the location change led to a sub-
stantial reduction of cueing (e.g., Zellin et al., 2013a; 2014).
However, it should be noted that relearning was somewhat
slower than initial learning (see the blockwise analysis
above). Moreover, the overall cueing effect during the relo-
cation phase was significant, yet (at least numerically) some-
what smaller than the cueing effect observed during initial
learning (49 ms and 90 ms, respectively). Such a reduction
might have occurred because cueing to a relocated target
potentially incorporates associations to multiple (i.e., two)
target locations (see also Conci et al., 2011 for a comparable,
numerical reduction of cueing). These differences between
learning and relearning might indicate that the updating of
previously acquired contexts was indeed effortful. Never-
theless, the current results indicate that the inhibition of the
initial target location (by a nontarget) was successful and
facilitated relearning as reflected by robust contextual cueing
in both the relocation and transfer phases. Since reliable con-
textual-cueing effects were found throughout both phases,
the inhibition of the initially learned target location by the
nontarget appears to have promoted a persistent updating of
the changed contextual associations.

The results from Experiment 2 might also be relevant
when considering an alternative account to explain efficient
contextual cueing during the relocation phase. For instance,
when considering the results from Experiment 1 alone, one
might conclude that relearning was facilitated by the per-
ceptual change that was inserted across phases in the target.
That is, the change of the target (in terms of its brightness)
might have caused some “reset” that could have promoted
novel learning. Indeed, perceptual “resetting” might—to
some extent—explain why relearning was faster in Experi-
ment 1 (where a perceptual segmentation occurred between
phases), as compared to Experiment 2 (where the target was
perceptually always the same). However, Experiment 2 nev-
ertheless revealed efficient relearning even though there was
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no perceptual segmentation between phases. Moreover, in a
study by Conci et al. (2011) a non-salient perceptual change
of the target identity (that occurred together with the target
location change) did also not facilitate relearning. This sug-
gests that attentional guidance rather than some form of per-
ceptual “resetting” was the major driving factor to promote
efficient relearning.

Experiment 3

Experiments 1 and 2 demonstrated that both facilitatory
and inhibitory attention-guiding signals can result in a more
flexible and persistent updating of contextual cueing after a
target location change. Experiment 3 was in turn performed
to provide a baseline measure, to assess how contextual
cueing would recover after a target location change when
there is no attentional signal to facilitate the adaptation of
the relocated target. To this end, an experimental setup was
used that was identical to the previous two experiments (see
Fig. 1c), except that there was no facilitatory (Experiment
1) or inhibitory (Experiment 2) bias that accompanied the
target location change (in the relocation phase). That is, the
experiment was essentially comparable to several previous
studies, which showed that without additional guidance the
updating of contextual cueing after a change is rather slow
and inefficient (Manginelli & Pollmann, 2009; Zellin et al.,
2013a; 2014).

Methods

Apparatus, stimuli, design, and procedure were compara-
ble to Experiment 1, except that all stimuli were always
presented with the same luminance throughout the experi-
ment. During an initial learning phase (epoch 1-3), old and
new search contexts were presented with a first target loca-
tion (T1) to establish a reliable contextual-cueing effect.

Epoch

Subsequently, the targets were presented at a novel, previ-
ously empty position (T2) in the relocation phase (epoch
4-10; see Fig. 1c). It should be noted that the results from
this experiment were in part already presented in a previous
study (Experiment 1B in Zellin et al., 2013a), where N=12
observers with reliable (above-zero) contextual cueing were
tested. To present a sample that consisted of 18 “learners”
(as in Experiments 1 and 2 of the current study), 11 addi-
tional observers were tested. Five of these newly tested
observers needed to be excluded (because they revealed a
negative cueing effect during the initial learning phase),
while the other six observers were included in the sample of
learners. The final sample of learners in Experiment 3 thus
consisted of 18 adults (11 women, mean age: 26.1 years).
All observers reported normal or corrected-to-normal visual
acuity and all were right-handed. They received either pay-
ment or course credits for their participation.

Results
Search task

Individual mean error rates were calculated for each vari-
able combination. Overall, relatively few errors (2.4%)
were made, and a repeated-measures ANOVA with the
within-subject factors context (old, new) and epoch (1-10)
did not result in any significant main or interaction effects
(ps>0.25).

Next, individual mean RTs were computed for old and
new contexts in the initial learning and in the subsequent
relocation phase, separately for each epoch. Figure 5
shows the mean RTs for old and new contexts in each
epoch (across phases). An overall ANOVA on the mean
RTs with the factors context (old, new) and phase (learn-
ing, relocation) revealed significant main effects of con-
text, F(1, 17)=48.19, p<0.001, 172=0.74, and of phase,
F(1,17)=18.60, p<0.001, #*=0.52, as well as a significant
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interaction between context and phase, F(1, 17)=6.259,
p<0.03, 7*=0.27. There was an overall contextual-cueing
effect of 50 ms, and RTs were reduced by 96 ms from the
initial learning to the subsequent relocation phase. Moreo-
ver, the significant interaction showed that contextual cue-
ing was only evident in the initial learning phase (86 ms,
p <0.001), but not in the relocation phase (14 ms; p=0.34).

We also performed an overall RT analysis on all 23
observers tested in Experiment 3 (i.e., also including the
5 observers who had to be excluded due to non-zero cue-
ing effects). This analysis also showed significant con-
text, F(1, 22)=43.76, p <0.001, 112 =0.67, and phase,
F(1,22)=25.13, p<0.001, 172=O.53, main effects but no
reliable interaction (p > 0.4). The mean overall contextual-
cueing effect was 46 ms and RTs were 93 ms faster dur-
ing relocation as compared to the initial learning phase.
This shows that while contextual cueing was reliable in the
whole sample, a reduction of cueing after the target loca-
tion change was only evident when observers learned the
initially presented invariant configurations (see also Zellin
et al., 2013a). Next, separate analyses were performed on
the 18 “learners” to further explore the dynamics of con-
textual cueing in each phase.

In the learning phase (initial target location, T1),
RTs for old contexts were on average 86 ms faster than
for new contexts, and across epochs 1-3 the mean RTs
decreased overall by 77 ms (main effect of context,
F(1,17)=25.26, p<0.001, 112 =0.59, main effect of epoch,
F(1.44,24.54)=9.08, p <0.004, 712 =0.34, no interaction
between context and epoch, p > 0.6). To again analyse
the development of contextual cueing, additional pair-
wise comparisons between RTs for old and new contexts
were computed in the first ten blocks. These comparisons
revealed the first significant difference between RTs in old
and new context in block 5, #(17)=4.86, p <0.001, thus
once again showing that contextual cueing usually devel-
ops within the first epoch of a given experiment.

In the relocation phase (relocated target, T2), there
was only a main effect of epoch, F(2.54, 43.26)=12.87,
p<0.001, 172: 0.43, which indicated that RTs decreased
from epoch 4 (1052 ms) to epoch 10 (945 ms). However,
there was no main effect of context (p =0.34), nor an inter-
action between context and epoch (p > 0.08). Overall, this
shows that contextual cueing was reliable in the initial
learning phase but this benefit for old contexts vanished
after the change of the target location, thus replicating
previous findings (Manginelli & Pollmann, 2009; Zellin
et al., 2013a; 2014).

Recognition test

Mean accuracy in the recognition test was 51%. The number
of hits (58.3%) did not differ from the rate of false alarms
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(56.5%), t(17)=0.43, p=0.7, thus again indicating as in the
previous experiments that observers were not aware of the
display repetitions.

Cross-experiment comparison

A final analysis was performed to compare the cueing effects
for the initial and relocated targets in Experiments 1 and
2 (which both provided a bottom-up guidance signal to
facilitate the adaptation of the relocated target) to Experi-
ment 3 (which served as a baseline and did not present any
additional guidance signal in the relocation phase). To this
end, the mean contextual-cueing effects in the learning and
transfer phases of Experiments 1 and 2 were compared to the
mean contextual-cueing effects in the learning and relocation
phase of Experiment 3. Note that, using the data from the
transfer phase in Experiments 1 and 2 ensured that all search
displays were perceptually identical, that is, the comparisons
could not be related to the additional guidance signal (that
was presented in the relocation phase). As we had a-priori
hypotheses about the direction of effects (we predicted that
the guidance signal should improve contextual adaptation),
one-tailed independent samples t-tests were used for post
hoc comparisons.

First, an ANOVA which compared the cueing effects
in the learning phase of all three experiments, showed no
significant difference, F(2, 53)=0.08, p=0.92, 172 <0.01:
contextual cueing was overall comparable during initial
learning across all three experiments (80 ms, 90 ms and
86 ms, in Experiments 1 through 3, respectively). In addi-
tion, a second ANOVA was performed to compare contex-
tual cueing at the end of the learning phase (in epoch 3) with
contextual cueing at the beginning of the relocation phase
(in epoch 4) in the three experiments. This analysis showed
that cueing was substantially reduced after the change of the
target location (91 ms vs. 37 ms), F(1, 51)=9.08, p <0.005,
7*=0.15, and this reduction after the change was statistically
comparable across all three experiments—as evidenced by a
non-significant epoch by experiment interaction (p =0.093).
Next, a third ANOVA, which compared contextual cueing
for the (now) relocated targets showed a significant differ-
ence across the three experiments, F(2, 53)=3.23, p <0.05,
7n*=0.11. To determine the source of this significant dif-
ference, a series of posthoc comparisons were performed,
which are theoretically of major interest to decide whether
the additional guidance signals in Experiments 1 and 2
indeed facilitated relearning. These comparisons showed
that contextual cueing during transfer was statistically com-
parable in Experiment 1 (85 ms) and Experiment 2 (54 ms),
1(34)=0.92, p=0.18. However, contextual cueing during
transfer in the two experiments with an additional guidance
signal was significantly larger (mean cueing in Experi-
ments 1 and 2: 69 ms) than cueing for the relocated target
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in Experiment 3 (14 ms), #(52)=2.24, p <0.015. Moreover,
a significant difference was also revealed when comparing
the relocated targets during transfer in Experiment 1 with
Experiment 3, #(34)=2.84, p <0.005. Finally, cueing was
also (marginally) larger in the transfer phase of Experiment
2 as compared to Experiment 3, #(34)=1.42, p =0.08.2 Thus,
these analyses show (i) efficient learning initially and (ii) a
substantial drop of learning after the target location change
in all three experiments, whereas (iii) the updating of a pre-
viously acquired contextual memory was indeed facilitated
by bottom-up guidance signals (in Experiments 1 and 2).
This support of memory updating by means of guidance
signals was particularly successful in Experiment 1, where
the salience of the relocated target was increased.

Discussion

Experiment 3 served to establish a baseline measure to
determine memory updating in contextual cueing subse-
quent to a target location change when there is no accom-
panying attentional bias to facilitate the adaptation of the
relocated target. The results revealed a reliable contextual-
cueing effect of 86 ms in the initial learning phase of the
experiment, but after the target location change, no reliable
contextual-cueing effect (14 ms) was evident in epochs 4-10.
This shows that contextual cueing essentially vanished after
the target location change, without revealing any major evi-
dence for a recovery of the learned representations across
the entire relocation phase, thus replicating several previous
findings (e.g., Manginelli & Pollmann, 2009; Zellin et al.,
2013a; 2014). Additional cross-experiment comparisons
indicated that this pattern of results also contrasted with the
findings from Experiments 1 and 2, where the changed tar-
get location was successfully incorporated into the previous
context representation. Thus, contextual memory updating
can be “helped” by providing a facilitatory, or an inhibitory
attentional guidance signal that accompanies the change of
the target.

General discussion

This study investigated whether bottom-up attentional
(facilitatory and inhibitory) biases can influence the updat-
ing of context memories subsequent to an environmen-
tal change (that is, a change of the target location within
an otherwise invariant spatial context). Previous studies
consistently found that a change of the target leads to a

2 1t should be noted that this comparison would not be significant
when applying a Bonferroni correction to control for the family-wise
error rate.

substantial reduction in contextual cueing (of around 97%
as indicated in a recent meta-analysis by Annac et al.,
2017). In contrast to these previous findings, we found
that adaptation to changed target locations was success-
fully achieved—as reflected by robust contextual-cueing
effects both before and after the change. This shows
that the stimulus-driven guidance of attention towards a
changed target location (Experiment 1) and the diversion
of attention away from an initially learned (but later no
longer relevant) target location (Experiment 2) can indeed
enhance the flexibility of contextual cueing. Conversely,
a final control experiment once again replicated previous
findings and showed that without any additional guidance,
the updating of contextual cueing after a change is inef-
ficient and slow (Experiment 3).

In our experiments, invariant spatial contexts were
paired with unique target locations and repeatedly pre-
sented in an initial learning phase, during which robust
contextual cueing was revealed (in the majority of our
observers). Then, targets were relocated within their con-
texts and remained at their new locations for all subsequent
presentations. When relocated targets were transiently
made more salient than the surrounding spatial context
of nontargets (Experiment 1), visual search was overall
significantly speeded by bottom-up attentional guidance.
Despite fast and efficient search, we also observed a small
but reliable contextual-cueing effect for the relocated, sali-
ent targets. This cueing effect for the relocated target per-
sisted beyond the transient saliency manipulation (i.e., it
was still evident in the final transfer phase), and the time
course of learning (after the change) was comparable to
initial learning.

In Experiment 2, the inhibition of old context-target
associations also facilitated adaptation to change: contex-
tual cueing occurred for the relocated targets when ini-
tial target locations were de-prioritized by presenting an
inhibitory (to-be-avoided) nontarget at the previous target
position (Klein, 1988; see also Makovski & Jiang, 2010;
Ogawa et al., 2007). Contextual cueing for relocated tar-
gets also continued to facilitate search after the inhibiting
nontarget was moved back to its original position (transfer
phase). Again, the benefit of the inhibitory nontarget led
to effective contextual adaptation. Thus, contextual rep-
resentations were successfully updated during the reloca-
tion phase, revealing memory-based guidance towards the
changed target location. However, it should be noted that
the recovery of learning after the change was somewhat
slower than initial learning, and the cueing effect in the
relocation phase was also numerically a bit smaller than
cueing during initial learning. This might be taken to indi-
cate that contextual updating is more effortful with addi-
tional inhibitory cues (Experiment 2) as compared to facil-
itatory cues (as used in Experiment 1). Nevertheless, both
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facilitatory and inhibitory attentional biases enhanced the
updating of contextual cueing after a change, as compared
to a control experiment that did not present any accom-
panying, additional cue with the target location change
(Experiment 3). This indicates that the (bottom-up) modu-
lation of attentional guidance can facilitate the updating
of a given memory representation—thereby permitting an
enduring adaptation to change in contextual learning.

Together, the current results show that stimulus-driven
attentional guidance can increase the relocated targets’ pri-
ority, e.g., on a spatial map that represents a given invari-
ant spatial layout. In a typical model of contextual cueing,
search displays are represented as spatial maps that code
the items in a given display (Brady & Chun, 2007; Zellin
et al., 2013b). In the beginning of an experiment, search
items in the displays receive overall roughly equal levels
of activation. The repeated presentation of some invariant
display layouts (throughout the experiment) in turn leads to
the build-up of associations between the target and the sur-
rounding nontarget items, and this learning in turn increases
the activation of the target location in a given old display,
thus revealing the typical contextual-cueing effect. In this
view, the target locations in old, repeated displays leads to
an increase in priority through contextual learning (see also
Geyer et al., 2010).

Subsequent to an unexpected change of the target loca-
tion, the activations on the attention-guiding map are no
longer helpful for search but they instead provide a per-
sistent misguidance signal (Zinchenko et al., 2020). As
a result of this, target locations no longer benefit from
their learned contextual associations. Instead, contextual
cueing is substantially reduced when targets are suddenly
relocated to new positions (e.g., Manginelli & Pollmann,
2009; see also Experiment 3), and successful contextual
adaptation to the new target locations typically requires
time-consuming, rather effortful training to overcome the
initially acquired bias (e.g., 80 repetitions of the relocated
targets, see Zellin et al., 2014). In contrast, in the cur-
rent study, the location change was incorporated into the
context memory representation relatively quickly (after
some 4-9 repetitions of the relocated target)—because
the changed targets were additionally prioritized by the
bottom-up guidance manipulation. Our current results thus
show that adaptation is significantly speeded if attention
is guided to changed target locations (Experiment 1), or
if attention is guided away from initial target locations
(Experiment 2). Presumably, such a modulation of atten-
tion is facilitated by an adjustment of priority in the
search-guiding spatial map.

While the present results indicate that implic-
itly acquired contextual cues guide attention in visual
search, they also show that such involuntary learning
requires selective attention in the first place to achieve
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memory-based guidance subsequently. For instance,
guiding attention incidentally towards the relocated tar-
get facilitated the updating of the previously acquired
contextual associations. It thus appears that flexible con-
textual cueing in fact depends on the attentional engage-
ment towards relevant target-context associations (Jiang
& Chun, 2001; Beesley, Hanafi, Vadillo, Shanks, & Live-
sey, 2018). Conversely, being distracted from the search
context reduces the size of contextual cueing (Conci &
von Miihlenen, 2009). At the same time, contextual cueing
has also shown to reveal a performance benefit even when
attentional guidance is already optimal (Harris and Rem-
ington 2017) or when a spatial cue is provided in addition
to the contextual cue (Schankin & Schubo, 2010). Thus,
a selection bias derived from an invariant spatial layout
may influence performance in addition to a bias that arises
from bottom-up salience computations. Attention might
therefore be guided both by past experience and by salient
information in the display.

In more general terms, contextual cueing appears to
reflect processes of attentional guidance on the basis of
past experience; it comes about as a result of the registra-
tion of invariant spatial regularities in the environment
and thus neither reflects purely goal-directed nor stimulus-
driven attentional biases, but rather some bias that has
been referred to as “derived” attention (Le Pelley, Mitch-
ell, Beesley, George, & Wills, 2016). The current study
shows that such an acquired, i.e., learned, attentional bias
can be modulated by stimulus-driven factors.

In sum, the present study reveals that implicit memory
representations of spatial contexts are adapted to changes
in the learned input rather quickly and reliably, if attention
is either directed to the changes or if old associations are
inhibited. This suggests that the influence of a given con-
textual cue on visual search can be modified by redirecting
attention away from these associations.

Acknowledgements We would like to thank E. Bahry, J. Daume, B.
Helfer, F. Hell, V. Petrovych, L. La Rosee, T. Rusch and K. Semmel-
mann for help with data collection.

Funding Open Access funding enabled and organized by Projekt
DEAL. This study was supported by project grants from the German
Research Foundation (Deutsche Forschungsgemeinschaft, DFG; Grant
Number: FOR 2293).

Compliance with ethical standards

Conflict of interest M. Conci declares that he has no conflict of inter-
est. M. Zellin declares that she has no conflict of interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the standards of the ethics com-
mittee of the Department of Psychology at LMU Munich and with the
1964 Helsinki declaration and its later amendments.



Psychological Research

Informed consent Informed consent was obtained from all individual
participants included in the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anderson, M. C., & Neely, J. H. (1996). Interference and inhibition in
memory retrieval. In E. L. Bjork & R. A. Bjork (Eds.), Memory.
Handbook of perception and cognition (pp. 237-313). San Diego,
CA: Academic Press.

Annac, E., Conci, M., Miiller, H. J., & Geyer, T. (2017). Local item
density modulates adaptation of learned contextual cues. Visual
Cognition, 25, 262-277.

Bar, M. (2004). Visual objects in context. Nature Reviews Neurosci-
ence, 5, 617-629.

Beesley, T., Hanafi, G., Vadillo, M. A., Shanks, D. R., & Livesey, E.
J. (2018). Overt attention in contextual cuing of visual search is
driven by the attentional set, but not by the predictiveness of dis-
tractors. Journal of Experimental Psychology: Learning, Memory
and Cognition, 44, 707-721.

Brady, T. F., & Chun, M. M. (2007). Spatial constraints on learning
in visual search: Modeling contextual cuing. Journal of Experi-
mental Psychology: Human Perception and Performance, 33,
798-815.

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision,
10, 433-436.

Chun, M. M., & Jiang, Y. (1998). Contextual cueing: Implicit learning
and memory of visual context guides spatial attention. Cognitive
Psychology, 36, 28-71.

Conci, M., & Miiller, H. J. (2012). Contextual learning of multiple
target locations in visual search. Visual Cognition, 20, 746-770.

Conci, M., & Miiller, H. J. (2014). Global scene layout modulates con-
textual learning in change detection. Frontiers in Psychology, 5,
89.

Conci, M., Sun, L., & Miiller, H. J. (2011). Contextual remapping in
visual search after predictable target-location changes. Psycho-
logical Research Psychologische Forschung, 75, 279-289.

Conci, M., & von Miihlenen, A. (2009). Region segmentation and con-
textual cuing in visual search. Attention, Perception, & Psycho-
physics, 71, 1514-1524.

Conci, M., & von Miihlenen, A. (2011). Limitations of perceptual seg-
mentation on contextual cueing in visual search. Visual Cognition,
19, 203-233.

Conci, M., Zellin, M., & Miiller, H. J. (2012). Whatever after next?
Adaptive predictions based on short- and long-term memory in
visual search. Frontiers in Psychology, 3, 409.

Davenport, J. L., & Potter, M. C. (2004). Scene consistency in object
and background perception. Psychological Science, 15, 559-564.

Desimone, R., & Duncan, J. (1995). Neural mechanisms of selective
visual attention. Annual Review of Neuroscience, 18, 193-222.

Draschkow, D., & V6, M. (2017). Scene grammar shapes the way we
interact with objects, strengthens memories, and speeds search.
Scientific Reports, 7(1), 16471.

Ehringer, K. A., & Brockmole, J. R. (2008). The role of color in visual
search in real-world scenes: Evidence from contextual cuing.
Attention, Perception, & Psychophysics, 70, 1366—-1378.

Geyer, T., Zehetleitner, M., & Miiller, H. J. (2010). Contextual cueing
of pop-out visual search: When context guides the deployment of
attention. Journal of Vision, 10(5), 20.

Harris, A. M., & Remington, R. W. (2017). Contextual cueing improves
attentional guidance, even when guidance is supposedly optimal.
Journal of Experimental Psychology: Human Perception and Per-
formance, 43, 926-940.

Horstmann, G. (2002). Evidence for attentional capture by a surpris-
ing color singleton in visual search. Psychological Science, 13,
499-505.

Itti, L., & Koch, C. (2001). Computational modelling of visual atten-
tion. Nature Reviews Neuroscience, 2, 194-203.

Jiang, Y., & Chun, M. M. (2001). Selective attention modulates implicit
learning. Quarterly Journal of Experimental Psychology, 54A,
1105-1124.

Jiang, Y. V., & Sisk, C. A. (2019). Contextual cueing. In S. Pollmann
(Ed.), Spatial learning and attention guidance. Springer neu-
romethods (Vol. 151, pp. 59-72). New York, NY: Humana.

Johnson, J. S., Woodman, G. F., Braun, E. L., & Luck, S. J. (2007).
Implicit memory influences the allocation of attention in visual
cortex. Psychonomic Bulletin & Review, 14, 834—839.

Klein, R. M. (1988). Inhibitory tagging system facilitates visual search.
Nature, 334, 430-431.

Kunar, M. A., John, R., & Sweetman, H. (2014). A configural dominant
account of contextual cueing: Configural cues are stronger than
colour cues. Quarterly Journal of Experimental Psychology, 67,
1366-1382.

Kunar, M. A., & Wolfe, J. M. (2011). Target absent trials in configu-
ral contextual cuing. Attention, Perception, & Psychophysics, 73,
2077-2091.

Le Pelley, M. E., Mitchell, C. J., Beesley, T., George, D. N., & Wills,
A.J. (2016). Attention and associative learning in humans: An
integrative review. Psychological Bulletin, 142, 1111-1140.

Lustig, C., & Hasher, L. (2001). Implicit memory is not immune to
interference. Psychological Bulletin, 127, 629-650.

Makovski, T., & Jiang, Y. V. (2010). Contextual cost: When a vis-
ual-search target is not where it should be. Quarterly Journal of
Experimental Psychology, 63, 216-225.

Manginelli, A. A., & Pollmann, S. (2009). Misleading contextual cues:
How do they affect visual search? Psychological Research Psy-
chologische Forschung, 73, 212-221.

Mednick, S. C., Makovski, T., Cai, D. J., & Jiang, Y. V. (2009). Sleep
and rest facilitate implicit memory in a visual search task. Vision
Research, 49, 2557-2565.

Miiller, H. J., von Miihlenen, A., & Geyer, T. (2007). Top-down inhibi-
tion of search distractors in parallel visual search. Perception &
Psychophysics, 69, 1373-1388.

Ogawa, H., Takeda, Y., & Kumada, T. (2007). Probing attentional
modulation of contextual cueing. Visual Cognition, 15, 276-289.

Oliva, A., & Torralba, A. (2007). The role of context in object recogni-
tion. Trends in Cognitive Sciences, 11, 520-527.

Olson, I. R., Chun, M. M., & Allison, T. (2001). Contextual guidance
of attention: Human intracranial event-related potential evidence
for feedback modulation in anatomically early temporally late
stages of visual processing. Brain, 124, 1417-1425.

Palmer, S. E. (1975). The effects of contextual scenes on the identifica-
tion of objects. Memory & Cognition, 3, 519-526.

Pelli, D. G. (1997). The VideoToolbox software for visual psycho-
physics: Transforming numbers into movies. Spatial Vision, 10,
437-442.

@ Springer


http://creativecommons.org/licenses/by/4.0/

Psychological Research

Pollmann, S., & Manginelli, A. A. (2009). Early implicit contextual
change detection in anterior prefrontal cortex. Brain Research,
1263, 87-92.

Ratcliff, R. (1979). Group reaction time distributions and an analysis of
distribution statistics. Psychological Bulletin, 86, 446-461.
Ruthruff, E., Faulks, M., Maxwell, J. W., & Gaseplin, N. (2020). Atten-
tional dwelling and capture by color singletons. Attention, Percep-

tion & Psychophysics, 82, 3048-3064.

Schankin, A., & Schubg, A. (2010). Contextual cueing effects despite
spatially cued target locations. Psychophysiology, 47, T17-727.

Sisk, C. A., Remington, R. W., & Jiang, Y. V. (2019). Mechanisms
of contextual cueing: A tutorial review. Attention, Perception &
Psychophysics, 81, 2571-25809.

Theeuwes, J. (1992). Perceptual selectivity for color and form. Percep-
tion & Psychophysics, 51, 599-606.

von Miihlenen, A., & Conci, M. (2016). The role of unique color
changes and singletons in attention capture. Attention, Percep-
tion & Psychophysics, 78, 1926—1934.

Wang, C., Bai, X., Hui, Y., Song, C., Zhao, G., Haponenko, H., et al.
(2020). Learning of association between a context and multiple
possible target locations in a contextual cueing paradigm. Atten-
tion, Perception & Psychophysics, 82, 3374-3386.

Zellin, M., Conci, M., von Miihlenen, A., & Miiller, H. J. (2011). Two
(or three) is one too many: Testing the flexibility of contextual
cueing with multiple target locations. Attention, Perception &
Psychophysics, 73, 2065-2076.

@ Springer

Zellin, M., Conci, M., von Miihlenen, A., & Miiller, H. J. (2013a). Here
today, gone tomorrow—adaptation to change in memory-guided
visual search. PLoS ONE, 8(3), e59466.

Zellin, M., von Miihlenen, A., Miiller, H. J., & Conci, M. (2013b).
Statistical learning in the past modulates contextual cueing in the
future. Journal of Vision, 13(3), 1-14.

Zellin, M., von Miihlenen, A., Miiller, H. J., & Conci, M. (2014). Long-
term adaptation to change in implicit contextual learning. Psycho-
nomic Bulletin & Review, 21, 1073-1079.

Zinchenko, A., Conci, M., Miiller, H. J., & Geyer, T. (2018). Predic-
tive visual search: Role of environmental regularities in the learn-
ing of context cues. Attention, Perception & Psychophysics, 80,
1096-1109.

Zinchenko, A., Conci, M., Taylor, P. C. J., Miiller, H. J., & Geyer,
T. (2019). Taking attention out of context: Frontopolar transcra-
nial magnetic stimulation abolishes the formation of new context
memories in visual search. Journal of Cognitive Neuroscience,
31, 442-452.

Zinchenko, A., Conci, M., To6llner, T., Miiller, H. J., & Geyer, T.
(2020). Automatic guidance (and misguidance) of visuo-spatial
attention by acquired scene memory: Evidence from an N1pc
polarity reversal. Psychological Science, 31, 1531-1543.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Stimulus-driven updating of long-term context memories in visual search
	Abstract
	Introduction
	Experiment 1
	Methods
	Participants
	Apparatus and stimuli
	Trial sequence
	Design and procedure
	Recognition test

	Results
	Search task
	Recognition test

	Discussion

	Experiment 2
	Methods
	Results
	Search task
	Recognition test

	Discussion

	Experiment 3
	Methods
	Results
	Search task
	Recognition test
	Cross-experiment comparison

	Discussion

	General discussion
	Acknowledgements 
	References




