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Summary

This dissertationpresents four empiricatudiesinvestigatingthe link between visual
attention and longerm memory Long-term memory in isual search is acquired by repeated
exposure to invariant spatial configurations and expressed by expedited visual search in
repeatedover nonrepeateddisplays (.e. contextualcueing paradigm).The memoryof
repeated (invariant) displays onsideredto be implicit. The present studies aimed to
contribute to a better understanding of how visual attention andtéongcontext memory
interact with each othersing reaction time and eyacking measures
Study 1. Previous studiesrevealed thatunpredicable target location changeimpair
contextual cueingand the cueingelated gains in reaction timesrecover slowly with
extensive trainingon the relocated displaystudy 1 examined whetheother forms of
attention guidance i.espatial groupingplay a roleon the adaptatin of context memoryror
this reasonafter the learning of targelistractor arrangementse re-positionedthe target in
two different local contextdocalsparsgconsisting of one distractor item around the tgrget
or localden® (consisting of three distractors around the tgrgemntexs. The results revealed
successful adaptation to a new target location when the taegaeplaced in locasparse
but not localdense, regiondt was concluded that spatial grouping of tteaseitemsmakes
this regionsalientin a sense that botteop attention is effectively guided towards the target
region The lackof-adaptation of contextual cueing reported in earlier studies reflects not a
mere inability of the cueing memory for adaptati Instead, it suggests that both stimulus
and memonybased processes contribute to target detection
Study 2 The dependencsnd independencgf contextual cueing from secondaryworking
memory (WM) load was investigated istudy 2 In former studies,it was shown that
contextual learning isndependenbf divided attentionStudy 2re-investigatedthe role of
divided attentiorin both contextlearningandthe expression of learnexntexs, andfurther

examinedwhether the influence of WM load is dteethe load onspatial or executive WM
_.,8.._



capabilities In theexperimentsin order to distinguish between different stages of learr@ng,
visual search task was combined with a secondary WM load eitliee @arly or inthe late
phases of the experimeni® test whethedisadvantageous WM effeatssultfrom spatial or
executive WM load, observers were either given a task to maintain spatial WM items
concurrently with a visual search task (aiming to unravel both the effects of spatial and
executive WM), ora task where WM was performdefore or after the visual search task
without a task overlap (aiming to test the effects from executive WM |dad).findings
revealed reduced contextual cueing uradspatial WM load and this effect was larfmrthe
expression of learnedonfiguralassociationsNo interference was found when the secondary
WM task was performed in aon-overlapping manner. It is concluded that the retrieval of
context representations from lotgyrm memory is dependent on spatial WM,, idivided
attention.

Study 3 The possibilityremains that contextual cueing is independent from divided attention
This issue was investigated in Study 3. Previously it was shown that visual search improves
with task practice and this practicelated gai depends on theharacteristics of a given task
Study 3asked whether automaticity of contextual cueing can be enhanced until a level at
which it becomes independent of attentional resource@rder to achieve this, a single
(visual search)anda dual (visual search together with a secondary spatial ik were
presented in close succession in individual blocks of trials. This procedure has been shown to
facilitate the development of automaticity in visual seaithe results revealed reliable
contextual cueing undea demandingpatial WMtask It is concludedhatthe automaticity of
contextualcueing retrieval has a modulatory effect on whether a spatial WM load task exerts
a detrimental effect on the memeguided visual search or not.

Study 4 Memory for contextual cueing was considered to be impliddwever, recent
studies questioned thaotion of implicit contextual memoryboth on theoretical and

methodologicalgrounds.It was claimedthat contextual cueing may rely aither a single
~9~



(incidentally acquired memory bwan beaccessible via explicit recognition tasks) a two-

memory (incidentally acquired but cannot be accessible in conscious rejystesh Study 4
investigatedhe idea that contextual cueing is initially unconscious baitb@@ome conscious

later on through the help of focal attention (i.e., fixaticgye movementsAfter the learning

of contextual cuey bser ver s6 eye modireamexplicitsrecog@tioretesime a s u r
in which they had toudge the quadrant of thtarget The results revealeligher fixation

dwell times in the target quadraof the invariant over random display$-urthermore,
manipulations of observdrgaze in the recognition task showed that fixation dwell times also
serve a purposeful role foheé conscious retrieval from context memody the same time,
fixation of the target quadrant was not a requirement of cebiséd search facilitation
Contextual cueing seems to receive support from at least two independent (automatic and
controlled) rérieval processesand bcal attention seems to be thechanism that linkthe

retrieved infomation across the two processes.
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Chapter 1.

General Introduction
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ARéAfter many thousands of e x p eaboutratentiondshan we kn

about the interior of a bl ack ho

(Stuart Sutherland, Nature, 1998)
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1.1 Visual attention

In the 1890sWilliam Jamesstated fiEveryone knows what attentiomis ( J a mg s 18"
p. 409. Yet even after 100 years, studiemvi shown no clear consensarswhat determines
what we attend to or how attention is represented in the brain. The forms of attexveon
been widely studied in the last §8arsbecause the mystery of how visual attention operates
hasattracted many cautive-behavioral scientists. Indeedttention, learningand memory
are remarkable cognitive processgtientioncan be defined asagnitivebehavioraktate of
focused awareness that enables us to select a subset of relevant input while ignoring the
irrelevant onesln short what you see in the environment is regulated by where or what you
attend to. As our visual world is often complex and involaesumerous amount of
unnecessary information for our behavioral purposes, the nervous system kad &vabpe
with environmentalinput that is flowing through our system via different attentional
mechanisms. For instance, scanning a visual scene consciously or unconsciously to locate an
object is not a random process. During this visedrch,attenton is guided to the most
relevant element via several visual processing aspects. The firdtneath aspect iBottom
up, stimulusdriven (exogenous) processing (Gibson, 1966) which is dependestimulus
properties, but nulgdmeb Thesestimulasr psoerties edngisedt, £.9.,v e
color, orientation or a salient feature thpaips outhrough visual searcihe seconéspect is
Topdown goaldriven (endogenous) processing (Gregory, 1970; also see Neisser, 1967)
where perception and atnt i on al all ocation are based on
Muller, & Krummenacher, 2008), prior knowledge or experiené&&ensity crowding and
(spatial)groupingare also known important factors that modulate visual search. For example,
when the disjay density increases, search becomes e@smhdurft, 2000; Sagi, 1990pr
the close proximity of items makes them seem crowded or grouped which makes it difficult to
find the target in the scenkdvi, 2008. Priming and contextual cueingre other imortant

aspects for the search guidance. Themory of previously seen itemaffects search
_.,13.._



performance in the next trialwhich can be defined as priming effect (Kristjansson & Driver,
2008. Further,the repeated association of a target location amonrgriant search context
improves visual search, the effect known as contextual cueing (Chun & Jiang, 1998; also see
section 1.2 for more information). In contextual cueing, previously seen display layouts
modulate reaction timesR{[s) and speed up thseach, this contextbased guidance of
attention is quite robust. Recentblditional factors were claimed #dfect search efficacy
(Wolfe & Horowitz,2017).0One ofthese factorss guidance by scengroperties,whichis the
combination of two types of guidae as syntactic and semantic guidandalso see
Biederman, Mezzanotte &abinowitz 1982) Syntactic guidanceefers to the physical
constraintsof the visual objectFor example, fi the object stands against gravitjus
contradictingphysical lawsthevisual system is directly guided to the locations where objects
can physically standA real world application of this would bg&/hen searching for a book in
the | ibrary, observersé6 attention wil/ not
insteadit will be directed to the shelvem which they can stan@emantic guidanceelies on

the meaning of the scenie which the observewould not look for a science book on the
history shelves or on the floor becauses itinlikely to be on eithernsteadattention will be
directed to the science shelves which are higher than the floor layidar@e based on the
perceived value of the objeatsfers to the situation when observers are rewarded to search
for a certain object, fonstancewhen theysearch for a red item that has a high value among
differentcoloreditems on the screen, their attention will be more likelpe deployed by that
particular redobject. In the gidance based on searttistory, prior history of search (e.g.
priming) modilates attention. yipically this form of guidance manifests over different time
scales, ranging from milliseconds over seconds up to hours or days. It includes phenomena
such as withirtrial (inhibition of return, IOR) memory and cresgal priming, in adlition to
perceptual and statistical learning (see, e.g., Shore & Klein, 2001, for a regiéw)ese

attributes are important to understand the degree and the nature of attentional guidance and
-~ 14.._



search efficacy that is modulated. The curdissertatio focused on the guidance of visual
search by longerm statisticallearning, whichrelies on the ability to rapidly learn
environmental regularities (contexts) over time.

Visual search mainly relies on t@mwn orienting, and in a visual search task
obse ver sé goal i's to | ook for the presence
distractors in the visual sceng&.real world application of this would béhe expectation of
finding a pen on the office desk will orient attention towardgptreholderwhile ignoring the
surrounding items on the desk. The-tijpvn expectations will guide attention towards the
expected target location. However, it is still limited to acquire reliable data fromvoekal
context. Therefore, laboratory visual search saaste designed as similar as possible to the
ecological search tasks to investigate anderstand realorld search, including lonrterm
learning in ecological settingn these tasks, observers search for a target object amongst
distractors with hundredof trials. Typically, in half of these trials the target is present and in
the othemalf it is absent. Set size or the number of items in the scene differ from trial to trial
or differ for the purpose of the study. After subjects complete atrithle, both accuracy and
0 b s e rreaetiongies (RT3 r e recorded to understand the
detection. The slope of the function relating RTs to set size is the standard calculation to
measure search efficacy. RTs are claimed toease in a (roughlyjnear fashion which led
researchers to conclude that the nature of visual search is based on serial processing (see
Wolfe, 1998). However, there are alternative views about visual search process such as
parallel processing of the geh items (Duncai& Humphreys 1989). Related to thikere is
the debate as to whether RTs increase with increasing set size in a linear or exponential
(logarithmic) fashion, the latter indexing parallel processing,(8wgetti, Cronin, Madison,

Wang & Ueras, 2016).A third issue concerns the actual measure of visual search; that is,
whether RTs increase with decreasing number of iterfigadfonsin a given trial (Hulleman

& Olivers, 2077).
-~ 15.._



In the presentdissertation,the contextual cueing paradigmasv used as anain
experimental approach to assess the interaction between attention aterhomgemory (or
statistical learning). In the following, we first introduce the contgxtled visual search (i,e.
contextual cueing paradigm) and review the ingoat literature concerning the effects of
learned spatial configurations on visual search. The second part of the introduction describes
and summarizes the relevant studies for the first empirical report examining the interaction of
bottomup guidance faors (i.e., visual grouping) and statistical context learning in visual
search. The third part presents core studies that have investigated the relationship between
statistical learning andivided, i.e., resourekmited, attention. Part four introducelse notion
of automatic and controlled processes and its application to the cbased guidance of
visual search. The specific idea testethis study was the development of automaticity. That
is that, with sufficient training, the acquisition @fid retrieval from contextmemory can
survive a demandingecondary spatial working memory task. Part five introduces the
implicit-explicit debate in context learningnd presents an alternative cortmdmory
modd. This model isbased on different retrievanodesrather than consciousness, which
inspired the fourth empirical investigation employing a manipulation of gaze direction to
facilitate conscious retrieval from context memory. The final part is the general discussion.

1.2 Contextbased guidance of sual search: contextual cueing paradigm

In the realworld, objects do not appear in isolation but in meaningful contextshédgisual

system utilizes repetitions in the environment, locating an object in a complex but repeated
setting becomes easier. riya studies of contextual learning have shown that context
influences our perception of objects in space (Palmer, 1975, Biederman 1972). Searching for
an object in a repeated context cues the object location and search becomes faster than in a
novel cont&t. This search facilitation provides adaptive benefits in daily life. Examples of

this would be, finding your car in the car paok finding a book on the bookshelf. Every time

~16~



youate mpt t o f i nd thecognitive systemdetstcontextuaiea @uide your
search.

In order to investigate contextual learning, previous studies (Biederman 1972, Intraub,
1997, Simons & Levin, 1997, 1998) used contextual displalggch have ecological validity
(i.e., reatworld scenes), but not much experimergahtrol. Chun and Jiang (1998; also see
Chun, 2000) odextuatdueinge paaadcgm to overcome cCoOl
realworld images such as background or semantic features of the scene. In their pioneer
study, they suggested that contextré@ases search efficacy by guiding attention towards the
target location. Since thengmtextual cueing research has betaborated with a number of
studes investigating, for exampléhe role of selective attention (Jiang & Chun, 2001; Jiang
& Leung, 200), perceptual grouping constraints (Olson & Chun, 2002}dtopn strategies
(Lleras & Von Mihlenen, 2004), display factors (Jiang & Wagner, 2004), oculomotor
correlates (Tseng & Li, 2004), temporal regularitd&agener &Hoffmann 2010 on implicit
conext learningSubsequenstudies investigated several difat aspects of context learnjng
some of the examples would:bike coupling of attention and context memory (Johnson,
Woodman, Braun, & Luck, 2007; SchankénSchubd, 2010), its underlying (hipgempal)
brain mechanisms3eyer, Baumgartner, Miller, & Pollmann, 201the issue of local versus
global context learning, in detail; the association between the target location and the entire
distractor backgroundBfockmole, Castelhano & Henderson, 20880 see Jiang &Wagner,
20049, contextual remappingbi, Zang, Jia, Geyer & Miller, 2013), gazentingent viewing
of the spatial context (Zang, Jia, Miller & Shi 2015), or contextual adaptation to multiple
target locationsZellin, Conci, von Muhlenen% Miiller, 2013; Zellin, von Mihlenen, Muller
& Conci, 2014). ge movement studies also demonstrated contextual cueing with the number
of eye fixations reduced in repeated context (Tseng & Li, 2004; Manginelli & Pollmann,

2009; Peterson & Kramer, 2001; Bkmmole & Henderson, 2006).
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In a typical contextual cueing task, participants encounter arrangements of letter stimuli, with
the target being the |l etter ATO and distr ad
orientations of 0°, 90°, 180° and 270Qb ser ver s task is to resport
target letter.If the target is tilted to the right or to the left, they press the corresponding
directional button on the computer keyboard (see Fig. WAbeknown to participants, half of

the trids contain repeated, and the other half contenrepeated(i.e., newly generated)
configurations.

Typical findings reveal that search becomes more efficient {aster RTs) in repeated
compared to nomnepeated displays. This reaction time difference  ¢tohtextuab cueing

effecb ( See Fi g. leBdof the Fexperiméne participants are hsaeally given an
unexpected memory test, consisting of repeated andrapmated (foil) displays. Many
contextual cueing experiments found that obsesxvare unable to correctly discriminate
repeated from noerepeated displays, which has led to the idea that contextual cueing is
acquired via implicit learning mechanisms (e@hun & Jiang, 1998; Chun, 2000; Peterson

& Kramer, 2001; Chun & Jiang, 2003)his implicit memory is considered as having a high
capacity, being resilient against interference, ) lasting(Chun & Jiang, 2003; Jiang,

Song, & Rigas, 2005). However, recent research challenged the view that the memory
underlying contextual cuegnis implicit. Instead,it was suggested that current recognition

tests are inappropriate in terms of their statistical power and validity (see section 1.6 for more

details on implicit versus explicit context memory debate).

~18~



B.

P

v

=

p——

v

2]

£

—

g

5 Contextual cueing
S effect (ms)
a1

repeated
—_——— non-repeated

Epoch

Figure 1. lllustration ofthe search display (context) and contextual cueing eff@jtA

sample array otontextualc uei ng experi ment wh eamengsto 416 g e t
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In addition to the effects of context memory omeational guidance, ihas been
suggested thatlearoto nt ext can al so facilitatecritigdl at e
attributes, m other wordsesponse selectioMhis response selection can thefined as the
mapping of the target represation onto the selection of response (after the stimulus and
before the response, see e.g., Kuridusberg, Horowitz & Wolfe 2007). Concerning the
latter, it was claimed that there igesponse thresholdomponent to be able to respond to a
target, wheh is modulated by contextual associations. For example, repeated dispkays ma
reduce the threshold, atldereforeresponséo the target would be faster in repeated displays
when compared to nemepeated ones, revealing contextual cueing effect. Evid&noe
eventrelated brain potentials (ERP) revealed large N2pc component for target locations of
repeated displaysS¢chankin& Schub® 2009). N2pcresults, which are attributed to the
attentional guidancéyad no correlation with LRIP onseteffect, whichis attributed to the late
response selection process. Thus, the authors claimed that contextual cueing modulates both
attentional guidance and response selectiml these two processes operate independently
from each other. Imontrast, Geyer, Zehetlegn andMuller (2010) suggested that visual
s e ar c h-o u scénéspephpndbe early perceptual process of target selection rather than
late response selection.

In sunmary, context serves to guide visual attention and facilitséaschfor targets,
and the contextualcueing effect is driven by the spatial associations between the target
location ad its surrounding distractors. This efféeads to thdasterdetection of the targets
that are embedded in repeated arrangements.

1.3 The influence of spaal factors on the adaptation of contextual cueing

Contextual cueingnay not be always successfill locaing the target in repeated
displays, especially when there is a nowelmore than oneargetlocationin the display.

Yet, little is known abouthe adaptive properties of contextual cueing to the multiple target

locations. In adaptation studies there aseallytwo distinct phases in the experiment: the
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initial phase inwhich original target locationsare associated with invariant context
arrangerants, and the latter phase which the target is moved to a novel location on the
same invariant displays. The transition of the target from its original location to a new and
unpredictable location induces adaptive problems. That $ay,the cueing beefit weakens

with a target location that was not associated with the invariant arrangements-tertang
memory. Some studies have failed to report adaptation in contextual cueing (Chun & Jiang,
1998; Manginelli &Pollmann,2009; Makovski& Jiang 2010; Zellin, Conci,vonMuhlenen,

& Muller, 2013) while others could reveal adaptation by claiming that learned contextual
cueing can adjust itself to more than one location (Conci, Sun, & Miiller ,2011; Conci &
Miller, 2012; Zellin, von Muhlenen, Muller, &onci 2014 ).

The computationainodel of contextual cueing assumes that there can be associations
in repeated context for multiple target locations (Brady & Chun, 2007). Further, in order to
deal witha complex and dynamic environment contextual cueing shbalddaptive and
flexible for handling new informatiar-or example when there is a target location change or
when there are multiple target locations in the scene, contextual memory should be able to
update itself to guide attentida the new target |lation(s)andfacilitate responses. Previous
studies investigated this idea by presenting the target at tomatlons inrepeated search
displays (Wolfe, Klempen, & Dahlen, 2000; Mangin & Pollmann, 2009). Although
findings along these lines suggestitiations in contextual cueing, the absence of the cueing
effect was not interpreted as a problem of plasticity or adaptivity of context memory.
Manginelli and Pollmann (2009) built upon this idea and designed an experiment particularly
addressing the isg of adaptatiorflearning of a new target position in a constant distractor
layout)in contextual cueingThey divided the experiment into two paaistraining, andtest
and allowed participants to learn invariant search displays in the initial phnade latter
phase,they moved the target (of invariant displays) to a new location. Results revealed

reliable contextual cueing in the trainipgasebut not in the test phase, that is, after the target
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location change search facilitatimanished Mangirelli and Polllmann (2009) claimed that
contextual adaptation is inflexible under unpredictable target location change (also see Conci
Sun, & Miiller, 2011). SubsequentlyMakovski and Jiang (2010) suggested that adaptation
occurs only if the new target latton is in close proximityith the old target locatiorand

thus if the target is far away from its original location that leadsaiotextual costTherefore,

close vicinity between the original and the new target location is an important factor for
contextual adaptation.

Conci, Sun, & Muller (2011) investigated more on the adaptive properties of
contextual cueingto understand whethearedictabletarget location changacreasegshe
flexibility of contextual adaptation (see Mangin&liPollmann,2009. They also divided the
experiment into two parts as training and tgkases The initial phase was aimed to let
contextual cueing manifest without a target location change. In the second phase, target
| ocation change was a(ije.)dsgays theai darhleerlearmed) or6 pr e c
ounpredictabled | ocations. Pr esuchacwaywtbat the | oc a't
initial target position and the future target positions medadmnd alloved the target to be
associated with the invariagbntext. In the unpredictablecations,the initial and future
target positions (e.gwhen the target was moved to a novel positiod)ndt match and ntke
the target position of the invariant context unpredictable. Results of this study revealed that
contextual cueing effect remains reliable whidre target location is predictable after the
change. They concluded that contextual cueing may be flexible and adaptive to location
remapping only if it is in a predictable position. As a comparable articleci@ma Muller
(2012) reported that learned contextual cueing is fragile to unpredictable chaviggeas
predictable changes can befavor of adaptation. It is now possible to assume that when
there is an unpredictable target location chatiggnthe memoryof repeated configurations
misguidesattention,and therefore RT gains decline. According to Zellin, von Mihlenen,

Muller, and Conci (2014) RT decline can recover slowly with extensive training §e.
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repetitions presented over 3 days). In thaidg, the results showed that after an extensive
training with relocated displays, contextual cueing manifests after'tiumyl Additionally,
they applied a ' dayhygiving intprimized displays from both inttidl
and return phaseand found comparable contextual cueing in both phases, showing that
contextual cueing of initial displays does not fade away.

There can be several reasons why adaptation fails in relocated displays. One of the
reported reasons @oactive interferencen which active learned memories (or experience)
interfere with new learning (see review and discussions: Lustig & Hasher, 2001; Zellin et al.,
2013; Zellin et al., 2014)An example of such would bafter establishing robust contextual
cueing in the initia phase, thememory of learned contexts do not allow acquiring new
memories in relocated displays, therefore adaptation fails. However, proactive interference
does not explain why negative effects R slowing, occumwith relocated targets in constant
distractorarrangementsFurthemoreg the interference account would predict that there is
almost never adaptation of context memoind yet a bulk of studies havehown that
adaptation calwccurwhen the new target location is predictable or in the gbosrimity to
its original location (Makovski& Jiang, 2010; Conci et al2011;Conci& Mdller, 2012;

Zellin et al., 2013).

An alternative account for the adaptation of context memory to target locatoiges
is bottomup, spatial grouping process. Pragusly, it was described that spatial grouping
directs attention to the grouped regions, which makes target detiadier(e.g.,Humphreys,
Quinlan, & Riddoch, 198%1an, Humphreys, & Chen, 1999; Conci, Miiller, & Elliott, 2007).
The saliencyof such loal segments leads to bottesp processingtesulting infaster RTs
and impaired contextual cueing by attention guidance from the grouped regions (Conci & von
Muhlenen,2009). In a sense, grouping cues and learned spatial context would compete for the
allocation of attention and because grouping cues wsaidetima win this competitionRT

gains derived from repeated contexts would effectively be reducedlated idea is that
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spatial grouping effectively curtails the time available for context learaimd)/(orretrieval)
and thus effectivelyhampersthe buildup of context memory. These processes may be
particularly pronounced in the adaptation of context memory, as the acquisition of a new
targetcontext representatiofwhich would be highly similar tthe originally learned target
context representatipmmay be a difficult time-consuming, process. To test this hypothesis,
Annac, Conci, Muller, and Geyer (2017) conducted a series of experiments to undeostand
spatial grouping interferes with contdeirningandthe adaptation of this memory. Spatial
grouping manipulation was administered by manipulating the display items. In the
experiments initial phase displays were presented with targets surrounding two items. In the
relocation phase two types$ displays were applied as sparse and dense. In the sparse displays
the target item was moved from its original location to a locally scarce region where it was
al ways surr ound e dhereas in dense aiéplaysd ithe targed was maved to a
local 'y rich region where it was surrounded
The results showed that spatial grouping interferes witldaptationnot learning, of target
distractor associations in visual search (see chapter 2 and .Fige2indings extend existing
knowledge on the adaptation of contextual cue{iyja new target location can be learned in
relation to an existing context representation when target location changa®dicted or
(2) when the new target appears ie ttlose spatial proximitef previously learned target
location, or(3) as the findings from Annac et al. (2017) suggestsen bottorrup guidance
by spatial grouping is minimalnd thusobservers have sufficieime for processing the
relocatedlisplays
1.4 Secondary task effects in contextual cueing of visual search
1.4.1 Selective and divided attention in contextual cueing of visual search: How do we
process repeated displays when attentional resources are distributed?

Selective attentionWhile the sudies above undisputedly show that context memory

facilitates attention (either in the process of searching for the target or response selection),
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other studies have investigated the reverse question: whether selective attention is itself
required in impikit learning (e.g., Nissen & Bullemer, 1987; Jiang & Chun, 2001, Jiang &
Leung, 2005). Further, the question has been asked whether other forms of attention, such as
divided or resourcéimited attention (Pashler, 1998) affect implicit learn{egy., Maginelli,

Langer Klose & Pollmann 2013; Annac, Manginelli, Pollmai@hi, Muller & Geyer,2013).

The effect of selective attention was investigated in a serial search task (SRNidask; &
Bullemer, 1987). In thesexperiments, under singler duattask conditions participants

were expected to track the location of a single target itemaskerisk) on the scregwhose

location was changed when participants pushed the response key. Unbeknownst to the
participants, the sequenicewhichthe targettem appeared was sometimes repeated and
sometimes random. Results showed that under single task conditions, participants reveal
faster RTs for the repeated sequence, (imglicit sequence learning). However, when the

SRT task was given with secondaryearounting task, sequence learning did not occur.

Nissen and Bullemer (1987) concluded that attention is essential to learn the repeated pattern
in SRT task. The role of selective attention in context learning was first studied by Jiang and
Chun (2001). Intheir study, observers wegéven a visual search task in whikhlf of the

display items were ithe attended color (e.g., redhile the other half weri the unattended

color (e.g., green). Moreover, each the attended anéttended sets of itemgerepaired

with repeated and nerepeated configurations. The results showed a context effect only for
attended distractors, appearing in the color with the target item. Jiang and Leung (2005) went
on examining this effect of selective, i.e., cet@sedattention on context learnintn more

detail, Jiang and Leung (2005) had observers detedtsubsequently discriminatbe
orientation of a black ATo, presented amongs
t er ms, t herethe bhteerdddr targedset distractorand t he white L&s
ignored or nontarget set distractors. The experiment was divided into a trgihiageand a

test phase. At the intersection of the two phases, the colors of the distractors were swapped:
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the black 16 became whitea n d t h e becdémetaek. Thedesvere three repetition
conditions (with Arepetitiono referring to t
both targetandnort ar get set @il dtor zondrn 4 | @flWaygethete pet i t
di stract oobkd¢ iaod hrépetiianmfronly, nontarget set distractors
(Ai gowmdde®d condition). Contextual <cueihng effec
these three repetiticsonditions toRTsinanonr e p e aotrenewo ) A condi t i on. I n
learning phase, contextual cueing was found to occur ibdtieold andthe attendeebld, but
nottheignoreeb | d, conditions, replicating Jiang anoct
the magnitude of contextual cueing veasnparable between tieth-old andthe attended
old conditions, suggesting that the cueing effect (in the-blatltondition) was due to the
repetitionof the attended context alone (see also Geyer et al., 2010, for similar results and
conclusions). In th test phashowever(i.e., after the swapping of the distractor colors),
contextual cueing was observed only in the ignored, but notdidthnd attendedld,
condifons. Jiang and Leung (2005) concluded from this pattern that the formation of
contextualmemay is independent of attention. This wasdenced by reliable contextual
cueirg in the ignoreebld conditionalready at the start of the test phase (indicating that the
locations of the tde-ignored distractors had been successfielfynt in the t@ining phase).
In contrast, the expression of learned tadjstractor configurations is under the control of
selective attention, as evidenced by significant cueing effects both®ld and attendedld
condition in the learning phase and contextulig in the ignoreald condition in the test
phase.
1.4.2 The interference of spatial working memosM{M) load on contextual cueing

Divided attention:The cognitive system is required to buffer environmental input for
daily activities, and working memp(WM) is an important device that helps to manipylate
or maintain environmental input for a short time. Working memory interacts with attention

by maintaining the information that is necessary for the relelvanavior(Cowan, 2005).
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Vickery, Sussman, &iang (2010) investigated implicit contextual cueing under-thsi
conditions by using secondary WM tasks. The reagpbehind this was to understand
whether there is a link between working memory resources and implicit context learning. The
assumptiorwas based on whether both visual search and WM tasks are suppoatsthle
attention resource (Kahnemat®73; Navon& Gopher, 1979)or multiple resource pools
(Wickens 2002). The singleesourcepool account assumes that there is a single pool of
attentionalresources that care used to carry out multiple taskand the amount of attention
varies according to the tasér to the state of arousaf the performer. ¥iding attention
across tasks woulaf coursecome with the disadvantage of performa loss in the
individual tasks (relative to the tasks being performed in isolat@©mversely, he multiple
resourcep o0 o | account <c¢claims that there are sever
encoding versus maintenance) of visual mateaiad that multipleask performance can be
high, and compardb to single task performancas long as multiple tasks do not overlap in
terms of their required processing resources.

Vickery et al (2010) used two distinct phases as training and testaimng phase,
WM load was applied as a secondary task in whickaoby er s 6 WM was occupi e
by: color, dot patterns, dot locations, or multiple targetgether with the visual search (j.e.
contextualcueing) task. In théest sessigrvisud search was performed without a concurrent
WM task. Under these conditions, Vickery et al. (2010) observed a reliable cueing effect in
the test session, suggestititat context cueing does not rely on central WM or divided
attention resource, thus suppogt the multipleresourcepool hypotheses However, later
studies challenged these resutiiming that WM load actually impairs contextual cueing
(Manginelli, Geringswald, & Pollmann, 2011; Travis, Mattingl&Dux, 2013). Manginelli
et al.(2011) comimed the visual search task with either a visuospatial ron-spatial (.e.,
color) WM task and found that WM for spatial locations, butfootolor, interfered with the

cueing effect. Travis et al., (28Lmanipulated the number of items to be heldMi during
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the search task and found a parametric modulation of the cueing #fégédsto saythatthe

effect decreased as WM load increased. The studies by Manginelli et al. (2011) and Travis et
al. (201) suggest that spatial contextual cueing and \Wilght be driven by a common
resource (singkeesourcepool hypotheses)n a sense, WM may be considered asatrea

that links contents from loagrm context memory with the current search display input.

The difference between theittomes of the studs mentioned above is interesting in
another aspect, namely the processes of context learning that are affected by a concurrent
spatial WM task.Nissen andBullemer (1987; see also Jiang & Leung, 200®made a
distinction between the acquisition and expi@s of implicit memory, corresponding to the
processes of learning and retrieval of context memory. In their study, Vickery(2010D)
examined contextual cueing under dtadk conditions only ithelearning, but not in theest
phase, with these pbas intended for the investigation of the processes of learning and
retrieval, respectively. Their results are therefore only valid with regard to the independence
of WM and the learning of repeated visisgarch displays. In contrad¥langinelli et al.

(2011) and Travis et al. (2@ addressed the contribution of spatial WM to contextual cueing
only during the retrieval of contextuaues Thus, the question of whether spatial WM
influences the expression or retrieval of learned contexts has not yetnvestigated in a
fully orthogonal designThe critical studies examined the contribution of different foains
WM (i.e., color, spatialjo contextbased search guidandmjt they did not inestigate other
forms of WM load. One such load is executive loegbulting from the requirement to
schedule the WM and visual search tasks under-tdskl conditions. These issues were
brought to research by subsequent studies (Manginelli et al, 2013; Annac et al, 2013).

Manginelli et al (2013) applied spatial WM laktogether with the visual search task
either in the learning or in the test phase. They found that coelmigd RT gains were
reduced under spatial WM load inttestp has e, supporti Bfndiigse.&nvi s et

the learningphase, howevegpatial WM load did noinfluence contextual cueing (a finding
_.,28.._



in line with Vickery et al., 2010). They concluded that not learnimgt the expression of
learned configurationss affectedby the spatial WM load. Annac et g2013) went orto
examine theontribution of a common executive resource pool (Baddeley, 1986) to the visual
search and WM tasks. They reasoned that performing a secondary task in addition to the
search task would increase the executive demaarttd thus eventually impair contextual
cueing.Annac et al(2013) considered this possibilitgnd added a new factor relating to the
distinction between spatial WM and executive WiMorder to clarify whether the expression
of contextual cueing is hampered by spadiadl / orexecutive WM. Intheir experiments, the
secondary spatial WM task was applieefore, after, or concurrentlyyith the contextual
cueing task (measuring the effects of executive and spatial WM, respectively). The results
suggested that spatial WM load hampers contextuaing in the epgression of learned
contexts, and this effect is independent of executive WM demands (see ¢hémtanore
detailg. Just like the effects of selective attention, the findings above favor the modulatory
role of divided attention in contaxdl cueing that is pronounced on the expression of learned
spatial configurations.
1.5 Automatic and controlled processing in contextual cueing: Extended training under
a demanding secondary task

There is the possibility that a secondary WM task may nedys impair visual search
| contextual cueing. Schneider and Shiffrin (1977) claimed that attentional performance
improves with extended task practi@nd this practicelependent improvement in search
performance relies on the characteristics of the nutesk. Concerning this, Schneider and
Shiffrin (1977) made a distinction between automatic and controlled processes, with only the
former benefitting from task practic&chneider and Shiffrin (1977, ppi 3@ definedthe
automatic attention response aspacial type of process that directs attention automatically to
the target stimulusin contrast, acontolled processis a processvhereinfia t empor ar

sequence of nodes activated wunder the contr
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Moreover, itwas suggested th@tont r ol |l ed processes .alhe nt
differences between automatic and controlled attention processes were initially studied in two
search conditions: consistent and variable mapping. Inahgistenisearch conditin, the set

of target stimuliwas corstant throughout the experiment was surmised that under
consistent mapping, automatic attention processes can develop, psnebuslydifferedin

the degree of automaticity (here the claim was made that the geesio of full atomaticity
typically requires hundreds of trialdn the variable mapping conditigm stimulus thatvas a

target and thus required eesponsén one tria] was a distractor in another tri@nd thus
requireda different(withholding) response inthe next trial Under this variable mapping
condition, the coupling of a certain stimulus onto a certain respoms@assible as a result
observers cannot form a consistamppingbetween a stimulus and its associated response.
According to ®iffrin and Schneider (1977)his prevents thalevelopment of automatic
attentionprocesses

Schnei der sa1dd’7) wbik ihds freceivedda great deal of intesisst shows that
attentionperformance improves with increased practicdhntask, tyen consistency othe
mapping between a target template and its response requirements. In subsequent work,
Schneider and collaborators (e.g., Schneider & Fisk, 1982) further addressed the issue of
automatic versus controlled processing by combining stergi and variable mapping in a
single task. In more detail, Schneider and Fisk (1982) examined the development of
automaticity in singleand dualtask conditionswhich was measured by the slope of the
function relating behavioraperformance i(e., sigral detection accuragywith time (i.e.,
number of trialy in the experimental task. In sieghsk conditions, observers were required

to perform either the consistent thre variable mapping task across an entire block of (48)
trials. In essence, they dhdo report the display, or frame, when a predefined target was
present instreamsof rapidly presented displays (a kind of rapid seviaual presentation

task). Observerwere informed about the respective target at the beginning of each trial. In
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the dual task condition, half of the trials were consisteatpping and the other half were
variablemapping trials, with the order of (single vs. dual condition) blocks being a random
variable. There were two important finding) observers improved ¢ir search detectiom
the consistenmapping but not in the variablenapping condition (replicating Shiffrin &
Schneiderds 1977 results), which was #Fndeper
mapping or variablenapping conditions in an isolated@ymbined manner (corresponding to
singleblocks or duablocks, respectively)(2) For the consistesthapping condition, the
practicedependent gain in performance was even higher under-takkalconditions.
Schneider and Fisk (1982, p.277) argued thattrotb@d processes (in variabheapping
blocks) can actagfiét r ai ni ng wheel é0 (p. 27 i@donsibtent aut o
mapping blocks).n a senseperformance on a controlled task would leave no processing
resources left for the automatic taskldhus,maximizethe development of automaticity.
Re-evaluating the above findings on the dependency of contextual cueing from spatial
working memory in light of the dichotomy between automatic and controlled processes
would give new impetus for the deepiment and tesng of, the relation between contextual
cueing and working memonyif one considers contextual cueing as a form of ,shill
procedural learning (see, e.g., Chun & Phelps, 1999 for thelajauent of this idea), that is
basically as a formf automatic processing (Schneider & Shiffrin, 19@gnthis would lead
to the somewhat paradoxical prediction that context effects come foréfrent, specifically
under condition®f a demanding (and controlleg@¢condary task, such as a spatial \tégk.
In Annac et al.if preparationsee chapter 4) we investigated this hypoth&¥iscombined
the visual search (contextual cueing) task with a secorspatfal WM task. h contrast to
previous investigations (on the coupling between contextuahguid WM; refs see above),
we adopted a paradigm similar to that of Schneider and Fisk (1982), in which we presented
repeated displays interchangeably irsingle (searchonly) versus dual (seare@mdWM)

blocks of trials. Under these conditions, it wasnsised that the spatial WM task shostdk
-~ 31.._



up attentional resources, leaving no room for controlled processing to spill over to the search
task / contextual cueing. This should then foster the development of automatic processing
(i.e. retrieval from cotext memory), manifesting a contextual cueing effect even in the
presence of a demanding spatial WM task. The results suppantduaypothesisn thatwe
found a reliable contextased guidance of visual search when the search task was performed
together vith a concurrent spatial WM taslEindings along these lines would suggest
contextual cueing as a form of memdorgsed automaticity (see, e.g., Chun & Jiang, 1998, for
this view).
1.6 Explicit recognition of contextual cueing measured by eye movements
1.6.1 The debate on implicit and explicit context memory

In many studies, contextual memory was considered as an implicit mechanism (Chun
& Jiang, 1998;Jiang, Song, & Rigas, 2005; see review Goujon, Didierjedrnérpe, 201h
However, recent theoretical antethodological reports challenged this accpant started a
discussion on the nature of contextual memory by claiming that awareness in contextual
cueing is not always abserriiyth & Shanks, 20085chlagbauer, MullerZehetleitner &
Geyer, 2012Vadillo, Konstantinidis, & Shanks, 201But see Colagri & Livesey, 2016 for
recent evidence of implicit context). The issue about the memory system underlying
contextual cueing has led to a thorough debate on siighplicit and explicit) or twe
memory (mplicit vs. explicit) systems.Single memory systentlaims that although
contextual memory is acquired incidentally (automatically) in the course of the visual search
task, it isstill consciously / strategicgllaccessible when queried latéryy means of an
explicit recognition test. Wo-memorysystem predicts the opposite, namely that (implicit)
context memory established through the visual search task is inaccessible for conscious
reports.

Standard recognition tests of contextual cueiogsistof 24 triak (i.e, 12 repeated 12

nonrepeated displays), which compares to some 400 trials (200 repeated, 2@peaeted)
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in the visual search task. An éijit cueing effect woulchave to be massive in order to be
statistically detected. This methodological weess of the current recognition tests was made
oexplicitd recentl y. For exampl e, Smyth and
claimed that evidence for explicit contextual cueing may be revealed when larger numbers of
recognition trials are useth their experiments, they implemented 4 blocks of 24 recognition

trials (i.e, overall 96 trials with 48 repeated displays which each repeated configuration

was presented twice) rather than presenting the typical 24 trials to measure awareness about
repeated visual sedrcdisplays. Using this extendednd statistically more powerful,
recognition testhey found evidence for explicit coxteial cueing. Thighey attributed to the
operation of a single memory system in the conAbexted guidance of wial search.
Similarly, Vadillo, Konstantinidis,and Shanks (2016) performed a metaalysis of 73

studies of contextual cueing that includes statistics from 181 awareness teststh&hile
majority of individual studies found no evidence of explicit leagnin contextual cueing,

Vadi |l | o etme@adnalyice st 2maér, of awar erdgwas0.31li . e. ,
[with a 95 % CI ranging from 0.24.37]) and thus indexing awareness in contextual cueing.

The claim was thatnull-findings in many prewus studies reflect false negatives that were

likely due to insufficient statistical power.

Other researchers approached the issue of the implicit versus explicit nature of context
learning from a different angle, using alternative measures of explictextolearning in
repeatedvisual search. For instance, Schlagbauer, Muldehetleitner,and Geyer (2012)
used brief display presentations and asked observers about their visual expandtioeir
confidence of seeing the target stimulus after eaw. tfhe results showed a reliable
contextual cueing effect and higher clarity iwth consciousness measures for repeated
compared to nomepeated displays. It was concluded tlwaintextual cueing is associated
with increased visual experiendend confdence) about the target stimulualthough

Schlagbauer et al. (2012) could not distinguish between sensitivity and response bias in their
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clarity ratings, in their subsequemork they could distinguish between theseot
(Schlagbauer, Rausch, Zehetleitridijller, & Geyer,in revision). The important findings of

this study were thatontext memory improved visual seareimd at the same time increased
observersd insight or metacognition about t
about increask metacognition of display parameters in repeated displays would complement
findings from, e.g., Smyth and Shanks (2008), aligh well with recent findings suggesting

that context memory receives support from brain structures that are usually asseitfated
explicit (i.e., declarativejorms of learning (see Chun & Phelps, 1999; Geyer, Baumgartner,
Pollmann, & Miuller, 2012). Spatial context memory magréforebe conceived as a device

tha stores relational informatiomdependent of how this informatiois encounteredor
learned(i.e., incidentally or strategically)Context memoryalso differs largely from other
forms of explicit memory. For instance, it is robust against interference in that it can last up to
several weeks (e.g., van Asselen & Casiilanco, 2009)It also showgreat capacity (i.e.,
observers are able to form contextual memory for as many as 60 repeated displays; cf. Jiang,
Song, & Rigas, 2005). However, context memory lacks flexihility that changes of the
target location in a anstant distractor arrangement aret incorporated in the existing
memory representation (Zellin, von Mihlenen, MillerC&nci 2014; see chapter 2 of this
thesis). Furthenorg repeated search displays are represented in context memory with regard
to ahighly specific(viewercenteredyeference frame. That is to s@pntextual facilitation of

RT performance is strongest if the orientation of the test display is identical to that of the
learning display (Chua & Chun, 2003i. a very receninvestigatian, Colagiuriand Livesey
(2016) found no correlation between explicit recognition and contextual cueing when using
very largesamplespf N > 600 observers (such a correlation would be expected by a single
memory systenespecially with large sampled, Vadillo et al., 2016). The authors concluded

that contextual cueing of visual search is supported by an implicit memory system.
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In summary, the memory underlying visual context learning is accessible for
conscious reports and receives support from brautsires that are tygally concerned with
explicit (i.e., relational)earning.In contrary,context representations are relatively inflexible
in that the search items are bound in an inseparable representdtioyut access to the
individual elements€.g., Zellin et al.,, 2014). This raises the questidrwhether spatial
context learning is really an explicit effect.

1.6.2 The role of eye movements in context memory

Although explicit measuremenfzrovide information about conscious awareness in
contextual cueing, eye movement data mayther provide insightsinto understanidg
conscious accessibilignd inaccessibilitpf context memory. This is because eye movements
have been suggted as a very sensitive measurenwdniearning and memory (see, £.9
Hannula efal., 2010). Moreover, previous studies investigating contextual cueing found that
the number of eye fixations together with reaction tindesreasein repeated displays
(Peterson & Kramer, 2001; Tseng & Li, 2004; Brockmole & Henderson, 2086ginelli &
Pollmann, 2009; Schlagbauer, Mink, Miller, & Geyer, 2017). As a novel approach, recent
studies recorded eye movements during explicit recognition of learned dj¢playpslerstand
whether memory about these displays can modulate meseosgjive eye fixations. The
studies suggested that learned and-leamed displays can be distinguished even though
participants are unaware of the learned content (Ryan, Althoff, Whitlow, & Cohen, 2000;
Hannula & Raganath 2009; Hannula, Baym, ®Wren, & Coha, 2012). ige movements
occurredvery rapidly after stimulus onset, which algggestshat they reflect memory effect
(rather than strategic decision variables, e.g., HanrRimn, Tranel & Cohen2007).
Findings along these lines gave rise to the Hypgis thatconscious reportgvolve two
separate processing stages (see, e.g., Moscovitch, 3b@don & Moscovitch 2010.

During stage one, learned content is retrieved automatically vdtitbut concomitant

awarenessand the retrieved memory contemsy ber eveal ed by o6indirect
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(e.g., Merikle & Reingold, 1991), such as reawtiimes or oculomotameasurementge.g.,

Hannula & Greene, 2012puring the second, slower stage of processing, retrieved contents

may become consciously accessiandc an i nf |l uence 0 dof explictt 6 me a
recognition task performance)

In the fourth empirical study (see chapter 5 for the details), we investigated such a
processbased account of memory in relation to contextual cueivg. recorded eye
movements during an explicit recognition task and compared obsefue@tonal dwell
times between correct and incorrect trials. Note that we also used a novel (generation)
recognition taskin which the target was substituted by an additional disiragkement.
Observersd task was to judge the |l ocation o
memory. Fixational dwel | ti mes wer e recor c
Interestingly, dwell times were higher for correesponseselativeto incorrect responses (hit
versus false alarms, respectively), suggesting that eye movements can distinguish correct
from false context memory. However, the relationship between eye movements and context
memory does not necessanigovea causal relatizsship between gaze or overt attentiand
retrieval from context memory. For this reason, we conducted a second expeinmdgrith
we manipulated the generation task. Participants were again encouraged to make a decision
about the quadrant of the substied target. However, this time they were additionally
required to hold their gaze at a certain location (quadrant) of the recognition disghésts
was either consistent (spatially overlapping) or inconsistent (spatially disparate) with the
quadrant of(substituted) target stimulus (cf. Johansson & Johansson, 2014). With this
procedure, we were able to determine whether covert attention is a requirement for conscious
retrieval from context memory. The results showed higher memory accuracy for consistent
relative to inconsistent trialén a follow-up experiment, we appliedralatedprocedureo the
visual search tasknla gazecontingenteyetrackingexperiment, the quadrant thaintained

the targewvasblurreduponobservergfixation of this quadran This was done in an attempt
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to further clarify the role of attention (fixations) in contextual cugsngd explicate a two
stage retrieval model of the context effethe ideais that the information learned in
contextual cueing iga) initially uncorscious, but (b) can possibly become conscious with the
intervention of visual attention. While (b) is perfectly in line with the results, (a) would have
required further testing. For this reason, we implemented-gaingent eye tracking in a
contextualcueing experiment to blmask)the target quadrant upon its fixatidBbservers
could thereforesolve this task only with peripheral vision. The ressl®weda reliable
contextual cueing effect, even when overt attention is unavailable for retriemalctintext
memory during the search task. This is an importattem of findingsuggesting(1) a twoe
stage model of retrievahay be a propeaccountof contextual cueig, and (2) selective,
focal, attention camring the output of the first, unconsam stage to a conscious stafye
other wordsfocal attention is a prerequisite for conscious retrieval from context mebubry
not necessarily for the contelssed guidance of visual search
1.7 Thesis overview

The present thesis assumesi-@irectioral relationship between attention and context
memory, a form of search guidance acquired through repeated encounters of identical
arrangements of visual sehrdisplays. Orone hand, selective attention and visual search
receive support from context mempwyhich is the issue that has been investigated in many
cognitiveneuroscientific studies (cf. chapter 1.2). On the other hand, spatial context memory
is itself dependent on attention, which is the focus of the current thesis. These dependencies
apply to mth aspects of attention: selectiviand processing resources deployed.

Study 1 investigated the role of bottam attention, i.e., spatial groupingn context
memory and found a gradual influence of attention on the initial learning and later asaptati
of context memory (attention effects were larger in the adaptation of contextual cues). Study 2
examined secondary task effects on contextual cueing of visual seadtlshowed that

resourcdimited attention is necessary to retrieve learnsgldy arangements from memory,
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where contextual cueing diminished (aecoverefl in the presence (or absence) of an
attentiondemanding secondary WM task. These influences were due to spatial, not executive,
load coming from the secondary WM task. Study 3 furtheestigated the effect of spatial

WM on the retrieval of learned display arrangements. Particular emphasis was given to the
practice regime. In study 3, which was in contrast to study 2, we introducedsiocks and
dualblocks, the latte containingtrials with bothsearch and WM task. These dinbcks
should facilitate the development of automaticity, i.e.,ititeependencef context memory

from limited-resource attention. The results showed reliable contextual cueing under a
concurrent spatial WMask. This may suggest that the requirement of context memory from
divided attention depends on the strength of automaticity (of retrieval from context memory).
Study 4 studied the impact of selective attention on context learning during an explicit
recogrition task. The major finding was that attention isegessityor the conscious retrieval

from contextual memory.
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2.1 Abstract

In everyday scenes, searcHed targets do not appear in isolation, but are embedded
within configurations of nottarget or distractor items. If the position of the target relative to
the distractors is invariant, such spatial contingencies are implicitly learned and come to guide
visual scanning (Acontextual cueingo). Ho we
depends heavily on the consistency between betiprperceptual input and context memory:
following configural learning, rocating targets to an unexpected location within an
unchanged distractor context completely abolishes contextual cueing, and gaing fi®m
the invariant context recover only very slowly with increasing exposure to the changed
displays. The current study induces variations of the local target context, i.e., item density, to
investigate the relation between this factor and conteatieptation. The results showed that
learned contextual cues can be adapted quickly if the targepasitioned to a sparse local
distractor context (consisting ofrieighboringnontarget item), as compared to no adaptation
with a dense context (witt8 surrounding nottargets). This suggests that contextual
adaptation is modulated by spatial factors and is not per se limited by order effects in the

learning process.

Keywords contextual cueing, visual search, implicit memory, spatial grouping,ipieult

target location learning
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2.2Introduction

Scanning a complex environment is a highly demanding process. Given this, having
consistent context information can help to guide visual search and object recogniten. O
approach to studying memebasel visual search is provided by the contextual cueing
paradigm(Chun & Jiang, 1998)In the standard paradigm, observers perform a relatively
difficult search for a target letter T amongst letter L distractors. Unbeknown to them, half of
the trials contairstable, i.e., repeated targiistractor (spatial) arrangementde key finding
is that reaction times (RTs) are faster to repeated thamep@ated displays, indicating that
contextual regularities are | earnwhlethend con
importance of contextual memory to perception and attention is now widely acknowledged
(see, e.g., Cheung & Bar, 2012), recent work has shown that context memory is also severely
limited. For example, Conci and collaborators reported that oneenays have acquired a
memory representation for a given tardettractor context, changes of the target location
within a repeated, i.e., unchanged, distractor layoware difficult to incorporate in the
existing configural memory representation (edgellin, von Muhlenen, Miller, & Conci,
2014, see Fig. 1). The present study induces target position changes in learned distractor
contexts under conditions that carefully control local item density, in order to examine how
this factor affects the adaptan of contextual cueing.
2.2.1Lack-of-adaption of contextual cueing

In their seminal study, Chun and Jiang (1998; see also Jiang, Song, & Rigas, 2005)
proposed that the memory underlying contextual cueing is of high capacity. However, while
learning of contextual information is efficient to acquire spatial regularities, it has
nevertheless turned out to be remarkably inflexible to adapt learned regularities subsequent to
environmental changes. For example, a number of experiments suggest that coruekigal
does not recover easily after target location changes within a learned display (Conci, Sun, &

Muller, 2011; Zellin, Conci, von Muhlenen, & Miuller, 2013; Makovski & Jiang, 2010;
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Manginelli & Pollmann, 2009). These studies typically consisted of twas¢s: learning and
test. The key manipulation was a change of the target location at the transition from the
learning to the test phases while keeping the distractor locations unchanged (see Fig. 1 for an
illustration of the basic procedure). The maindfigs were that (i) contextual cueing was
substantially reduced immediately after the target location change; and (ii) the effect
recovered only with massive amounts of training on the changed displays (see Zellin et al.,
2014, who had their observers merm 3.600 trials on the changed displays across several
days, with contextual cueing recovering only after some 1500 trials following the presentation
of the #fAr el oidtashoddbe notkd thap theapyoklem.teimstantiate contextual
cueing dter a change of the target location is unlikely to result from limitations in memory
capacity. For instance, Jiang et al. (2005) reported reliable contextual cueing across five days
of training, where observers were presented with variable sets of ikpkséays on each
day. Thus, while the capacity of the memory underlying contextual cueing is quite large, the
adaptation of the cueing effect subsequent to a change of the target location (in an otherwise
invariant layout) appears to be much less efficie
The lack of adaption may at least in part suggest a primacy effect in contextual cueing (see
Junge, Scholl, & Chun, 2007), with learning being largely confined to early phases of the
experi ment . H o woefvfedar , o fs ulceéha ran ifntlgdaptive inlthd redd e hi g
world since statistical structuiie which is usually present in the environméntvould go
undetected.

Arguably, though, temporal constraints on learning may not be the only conceivable
reason for the failure to adapt contextual c@@se other, as yet unexplored cause may relate
to bottomup, spatial grouping processes. For instance, it has been shown that visual search is
aided by perceptual, i.e., spatial, grouping, effectively making it easier to detect and / or
recognize a targewithin grouped regions compared to the processing of individual items

(e.g., Conci, Mdller, & Elliott, 2007; see also Han, Humphreys, & Chen, 1999, for a
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comparison of the effectiveness of different grouping mechanisms in vision). Such grouping
and segmdation processes may reveal a crucial influence on paradigms that examine the
adaptability of contextual cueing. For instance, it is possible that in changed displays, the
target and the distractors may be grouped together, thus forming a segmentabléQegu

& von M¢hl enen, 2009) or a O0salientdé cluster
bottomup attention. Thus, because the search display is removed upon the response,
insufficient time may be available for the system to encode(liee)learn, the spatial target
distractor relations (e.g., Ogawa & Kumada, 2008) or there may be no incentive-for (re
learning as the target is found efficiently. Note that these accounts are neutral as to whether
bottomup attention affects the process# the buildup, i.e., acquisition of a new association
between the changed target position and the old distractor context or the expression, i.e.,
retrieval of this (adapted) representation from context memory.

Alternatively, the rich local context pried by (attended) grouped regions might facilitate

the acquisition of the new targeistractor associatioris thus promoting the adaptation of
contextual cueing. It has, in fact, been shown that contextual cueing is particularly effective
within segmente regions of an invariant display (Conci, Muller, & von Muhlenen, 2013;
Hodsoll & Humphreys, 2005; Geyer, Shi, & Miller, 2010). In this view, presenting a changed
target in a dense cluster of distractors may, in fact, facilitate the adaptation of cdntextua
cueing because the dense local context surrounding the relocated target would allow a learned
context to be effectively associated with the novel target location.

On this background, the present study was designed to test the effects of spatial
groupingon contextual adaptation by systematically varying the number of distractors in the
(relocated) targetdos i mmedi ate context. Thi ¢
contextual cueing is almost entirely supported by memory of individual idisjedctor
associations formed in the local vicinity, i.e., quadrant, of the target (Brady & Chun, 2007).

Applied to the adaptation of contextual cueing, a manipulation of local target density should
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facilitate shifts of attention towards the grouped regiithercurtailing the time available for
encoding individual distractor locations and thus updating the contextual memory
representationdcal-grouping hypothesjsor, alternatively, promoting the acquisition of new
local targetdistractor associations the grouped contextuallyrich T region, engendering
the rapid adaptation of contextual cue{facal-learning hypothesjs On both accounts, fast
(bottomup) stimulus and comparatively slower (tegiown) memorybased processes would
provide separablsources of information for search guidance, where contextual cueing acts in
the way of memorpased automaticity (e.g., Logan, 1988; Chun & Jiang, 1998). Thus,
although cueing operates automatically, it requires the activation of memory representations
by the search array, which provides the guidance signals.
2.2.2Rationale of the present study

In a departure from previous adaptation studies, which did not control for local density
effects, the present study was designed to examine for the effects loitdatalensity on
contextual cueing by contrasting dense versus sparse distractor contexts. The study consisted
of four experi ments. Experi ment 1 was a bas
processes of contextual learning and adaptatiorgusirangements of letter stimuli with the
aim to replicate the basic pattern revealed in previous experiments. This experiment was
divided into a learning and test phase, measuring contextual learning and adaptation,
respectively. The critical manipulatiomas a change of the target position at the transition
from the learning to the test phase (while keeping distractor locations unchanged). In
Experiment 2, the placement of the target in the learning and test sessions was carefully
controlled (unlike in Egeriment 1 and in previous studies, where item locations were selected
randomly), allowing the effects of spatial grouping on contextual cueing adaptation to be
investigated. Specifically, in the initial learning phase, the target was positioned inwsagh a
that it was always surrounded by two distractor items (see Fig. 1). In the subsequent test

phase, distractedense and distract@parse contexts were introduced, consisting of three
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and, respectively, one distractor in the vicinity of theositional target. In Experiment 3,
distractordense and distract@parse contexts were introduced already in the initial learning
phase in order to investigate how this factor affects the initial dopl@df contextual cues

(over and above the effects of density the adaptation of learned contextual cues). Finally,
Experiment 4 investigated the effects of spatial grouping on learning of a new set of repeated
displays subsequent to initial learning of a different set of displays. In this experiment,
distractordense and distractesparse contexts were novel in a sense that the respective

arrangements were not shown in the previous learning phase.
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Fig. 1. Examples of repeated search displays used in the present experiments. During
learning, observers are pressht with invariant targedistractor layouts to promote
contextual learning of the repeated displays. In the subsequent test phase, the location of the
target is changed whereas the context of distractors remains as before. Experiment 1 was a
baseline, intnducing a change of the target location at the transition from the learning to the
test phase while keeping the distractor arrangement constant. In Experiment 2, in addition to
the changes of the target location, displays in the learning phase (left gdamsl$ contained

two distractors in the immediate surround of the target location. In the subsequent test phase
(right panel), targets were presented in local contexts of one or three distractors (sparse or
dense display conditions), respectively. Expemnt3 consisted of only a learning phase to
examine the impact of sparse and dense display conditions on the initial learning of context
cues. Experiment 4 tested the effect of density on new learning using the same procedure as
Experiment 2, except thatreovel set of distractedense and distract@parse displays was
shown in the test phase. The grey squares,
local context and are provided here for the purpose of illustration only.
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2.3Experiment 1 (baséine)

The purpose of Experiment 1 was to show, in the first instance, that with our stimuli
we can actually replicate previous findings showing a general lack of adaptation in contextual
cueing to relocated targets (e.g., Zellin et al., 2014).
2.3.1Method
Participants and Setup

For Experiment 1, we tested a sample of N=20 observers (Experiments 2 and 3: N=14
observers each; Experiment 4: N=13 observers). But following previous investigations of
contextual cueinge.g., Conci & Mdller, 2012; Kunar & Wolfe2011; Olson, Chun, &
Allison, 2001; Zellin,Conci, von Muhlenen, &Mller, 2013), of these 20 participants we
took into account only those who displayed an akmare contextual cueing effe@®T [non
repeated display] minus RT [repeated display] inQ@he learning phase. The rationale of this
was that observers who fail to display contextual cueing in the learning phase aretdikely
acquire memory of the target in relation to the stable distractor configuration only later on,
that is, they only show suaessful learning of relocated targets in the test phase (see, e.g.,
Zellin et al., 2013, who, in an analysis of N=38 excluded observers, showed this effect of late
contextual learning). Conceivably, such (late) contextual learning of relocated targdie may
preceded by some (targedependent) configural learning initially, with the targentext
association being formed only later, during the test phase (cf. Beesley, Vadillo, Pearson, &
Shanks, 208). Thus, in order to examine true adaptation of preslip learned target
distractor associations, rather than late learning, observers with negative contextual cueing
scores in the learning session were excluded from the study (N=7 observers in Experiment 1,
N=1 observer each in Experiments 2 and 3, and dbl€krvers in Experiment 4). These 9
excluded observers showed a mean negative contextual cueing effect of 24 ms in the learning

phase and a mean positive effect of 84 ms in the test phase (see Appendix).
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Amongst the 13 participants in Experiment 1 withsifge contextual cueing effects in the

initial learning phase (6 female; mean age: 27.1 years, sd: 3.83), all reported normal or
correctedto-normal vision and were naive as to the purpose of the study. Prior to the
experiment, participants provided weitt informed consent and were compensated with either
course credit or monetary payment (8 Euro, i.e., ~9 USNpte that the sample sizes of our
remaining, selected group of observers (N=13 observers in each experiment) are comparable
to the sample sizeés previous studies that investigated multiple target location learning in
contextual cueing, including the pioneering study of Chun and Jiang (1998).

Stimuli and Design

The experiment was programmed in Matlab (version 7.5.0.342 R2007b), in
combination wih the OpenGHtPsychtoolbox extension (Brainard, 1997), and run on an Intel
computer. Search displays used in both the learning and test phases contained one target and
11 distractor stimuli. The target was sfape, rotated by either 90° or 270°, distrexcivere
L-shaped and were rotated by either 0°, 90°, 180° or 270°. All stimuli subtended 0.7° x 0.7°
of visual angle and were presented in wititéor (67.0 cdim?) on a grey background (33.1
cdim?). The items of a search display were presented in the afetin invisible 6x8 matrix.

Cell size was 2.5°x2.5°. The items were slightly jittered (0.1°x0.1°) to prevent collinearities in
the display.
Learning (phase 1)

The learning phase consisted of 384 trials divided into 24 blocks of 16 trials. Each
block corained two different types of search displays: 8 repeated and 8epeated
displays. In repeated displays, the location of the target and the location and identities of
distractors were held constant across trials. -Mgpeated displays were generateévaron
each trial. In order to equate target location repetition effects across the two conditions, the
target was presented equally often at a fixed set of 16 locations across learning: 8 locations

were used for repeated 8 (different) locations for-regeated displays.
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Test (phase 2)

The test phase was almost identical to the learning phase. There were 384 trials
divided into 24 blocks of 16 trials. The major change consisted of the placement of the target
at a novel location, while keeping the distractocations unchanged (in the repeated
condition). 16 new target locations were selected at the beginning of the test phase. 8
locations were used in repeated and 8 (different) locations irrapmated displays. These
new target locations were chosen irway to equate the distances between old and new
locations across the two types of displays (6.9° and 7.0° in repeated afrdpeated
displays, respectively).

Procedure

Observers received written instructions at the beginning of the experiment. The
expeiment started with a practice session (16 trials) to familiarize observers with the task.
The practice session was immediately followed by the learning and test sessions. Each search
trial started with the presentation of a black fixation cross ateher of the screen for 500
ms. The search array was presented subsequently and remained until a response was issued.
Participants were to respond as fast and as accurate as possible to the orientation of the target
stimulus. If the target was tilted to theftl (right) they pressed the left (right) key of the
computer mouse with their left (right) index finger. After an erroneous response, a red
horizontal line was presented for 1000 ms. The itrtet interval was 500 ms.

At the end of the search experimeobservers performed a yae recognition test, intended

for the assessment of explicit memory of the repeated configurations (cf. Chun & Jiang,
1998). To this end, 8 repeated displays from the initial learning session and 8 newly
composed displays weshiown and observers were asked to indicate whether or not they have
seen a given display previously (by pressing the left and right mouse keys; unspeeded

responses).
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2.3.2Results and Discussion

Data analysis was performed using R (R Core Team, 2014). fBajhentist and
Bayes analyses were performed. Bayes Factors were calculated using the package
BayesFactor (Morey & Rouder, 2015). The natural logarithm of a Bayes f&fes) (S
reported, with values greater than 1 [= log(3)] providing substantialyalneés greater than
2.3 [= log(10)] strong evidence for the alternative hypothesis (Wetzels et al., 2011). Error
trials and trials with extreme RTs (outside 2.5 SDs from the individual mean) were discarded.
Accuracy

Overall response accuracy was 98.886.repeateemeasures analysis of variance
(ANOVA) on the error rates with the factors phase (learning vs. test) and display type
(repeated vs. nerepeated displays) revealed neither of the main effects nor their interaction
to be signi f ianythimg, errpraates weke glightlyligwer inlthie learning than in
the test session (1.2% vs 1.3%).
RT performance

RTs in the learning phase were collapsed into four epochs, with each epoch
representing an average of six consecutive blocks, so as to ob&sionably stable RT
estimates over time. For the learning phase, a 2 (display type: repeatedpeated) x 4
(epoch: 14) repeatedneasures ANOVA revealed main effects of display typ@,12) =
15.38, p<.01, BR=12.87, and epocli(3,36) = 16.16, p€01, BR=5.48. For the test phase,
by contrast, a 2 x 4 repeatatkasures ANOVA failed to yield a significant main effect for
either display type,F(1,12)=0.11, p=.73, BR=0.15, or epoch,F(3,36)=2.80, p>.05,
BF10=0.02. As shown in Fig. 2 (panels Al afA#), the contextual cueing effect (i.e., RTs for
nonrepeated minus repeated displays) dropped substantially between the learning and test
phases (71 vs. 6 ms) and did not recover even with extended practice on the changed displays.
This pattern clearly micates previous (own) results relating to the lack of adaptation in

contextual cueing (see Fig. 3). Specifically, in our previous work, we conducted six other
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experiments on the adaptation of contextual cueing. All experiments revealed reliable
differen@es i n contextual cueing obtained between
An overview across all (85) observers in the present Experiment 1 and the previous
experiments revealed a mean contextual cueing effect of 131 ms in the learningvbinase,
compares to a contextual cueing effect of only 4 ms in the test phase (reduction: 97%). This
pattern of results suggests that, while contextual cueing can provide a (potentially) powerful
mechanism of search guidance, this mechanism is severetgdimi its ability to adapt to

target location changes.
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Fig. 2. Results of Experiments-4 Panels Al and A2: Contextual cueing as a function of
phase (panel A1) and epoch (panel A2) in the baseline ExperimBanél B: Experiment 2.
Contextual cueing in learning and test, where the test phase presented a target location change
in otherwise unchanged distractparse and distractdense displays. Panel C: Experiment

3. Contextual cueing arising from dense apérse displays in the initial learning session.
Panel D: Experiment 4. Contextual cueing in learning and test, where the learning phase was
identical to Experiment 1 and the test used a novel set of previously unseen diggastor

and distractespare displays. Contextual cueing is computed by subtracting reaction times to
repeated displays from reaction times to -nepeated displays. Error bars represent the
standard error of the mean.
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Overview of contextual cueing studies (N= 85 observers)
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Fig. 3: Overview of seven experiments (with N=85 observen®wing that contextual cueing

drops massively after target location changes at the transition from a learning to a test phase
(white and dashed bars, respectively). Note that the distractor layout remained unchanged
throughout the entire experiments. Exments: (1) Experiment 1 of the current study; (2)
Conci et al. (2011), Experiment 1; (3) Conci & Muller (2012), Experiment 2; (4) Zellin et al.
(2013), Experiment 1A; (5) Zellin et al. (2013), Experiment 1B; (6) Zellin et al. (2013),
Experiment 3; (7) Zllin et al. (2014), Experiment 1 (mean contextual cueing for test
summarizes performance on day 1).
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Recognition Test

Observerés ability to recognize repeated
detection measuréprime [d'=Z ( hi t Z (falsealarm fate)Green & Swets, 1966A
hit means that observers correctly classified a repeated display as having seen this layout in
the previous search task, while a false alarm means that they incorrectly judged a non
repeated layoutas a repeated display. Meanpdme score was .11, which was not
significantly different from zerot(12) =0.49, p=.63BF1,=0.46. In fact, the low Bf value
supports the null hypothesis of no positive relationship between cueing and recognition. Thus,
there was little evidence that observers had explicit knowledge of the repeated displays. One
caveat here is, of course, the low power of the current recognition test (with only 8 trials with
repeated and 8 with neepeated displays), which limits any carsions as regards the
involvement of explicit knowledge in contextual cueing (see Vadillo, Konstantinidis, &
Shanks, 2016).
2.4Experiment 2 (density at test, adaptation)

Experiment 2 went on to f&xamine the lack of contextual cueing found in
Experimen 1 (and prior studies). In a departure from Experiment 1 (and previous adaptation
studies), which did not control for local density effects, Experiment 2 introduced a grouping
manipulation, examining the effects of local item density on contextual adaptBuring
i nitial | earning, search | ayouts were prese.]
density, where two distractor items always surrounded the target. In the subsequent test phase,
and following the target position changes, distradense and distract@parse contexts were
introduced, consisting of three and, respectively, one distractor in the vicinity of the target
(Fig. 1). In total, participants were to learn 8 repeated displays during the initial learning
phase. During test,aff of them became distractdense and the other half distraesparse
displays.

Assuming that contextual cueing is supported by memory for local, i.e., individual,
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targetdistractor pairs (Conci et al., 2013; Hodsoll & Humphreys, 2005; Geyer, Shi, &l
2010),reposi ti oning the t ar gieof manyloca distractorétdm®@ | e ar |
should facilitate the Hearning of targetistractor associations. The hypothesislaxfal-
learning thus predicts rapid recovery of contextual cueinghim distractoidense condition,
which provides a contextually rich region for thele@arning of targetistractor relations. For
the same reason, adaptation of contextual cueing should be less strong in the esgiaastor
condition. By contrast, théocal-grouping hypothesis predicts no advantage of contextual
cueing in the distractedense condition, but an advantage in the distrasgarse condition.
This is because with dense (but not sparse) displays, attention is guided efficiently in a
bottomup manner to the target region, thus decreasing the incentive for encoding the local
targetdistractor relations, i.e., for relying on tdpwn contextual cues.
2.4.1Method

The method of Experiment 2 was essentially similar to Experiment 1, except for the
details as provided in the following.
Participants and Setup

A total of 13 new participants took part in the experiment (8 female; mean age: 24.0
years, sd: 2.79 years).
Stimuli and Design

The learning and test phases consisted of 384 trials each, dividet#t blocks of 16
trials. Each block contained two different types of search displays: 8 repeated and 8 non
repeated displays. Repeated displays were generated prior to the experiment in order to
implement different target densities across learningtasd This involved the creation of a
set of 8 search displays with manually chosen target and distractor locations. Note that the
same repeated displays were shown to individual observers. For the learning phase, items
were positioned so as to have exatldistractors in the 8 cells in the immediate surround of

the target location (Fig. 1). For the test phase, item locations were chosen to have 3 or 1
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di stract or seighboringcdil® cotrespordiag t@tbe dense and sparse conditions,
respedwely. From the 8 repeated displays in learning, 4 became dense and the other 4 sparse
displays in the test phase. There were three further restrictions in determining target locations:
(i) The target was never presented in the four central locationgtoe torners of the display
matrix. (ii) Targets were presented equally often in each of the four display quadrants in each
experimental phase (learning, test) and display condition (repeatedepeated display).
(iif) The average distance of targetsrfr the displaycenterwas held constant at 3.5° across
the four display type (repeated, nm@peated displays) x session (learning, test) conditions.
2.4.2Results and Discussion
Accuracy

Overall response accuracy was 98.28crepeatedmeasuresANOVA on the error
rates with the factors phase (learning vs. test) and display type (repeated -vwspesiad
displays) revealed the main effect of phase to be signifiegbt]2)=4.89, p<.058F;0=0.19:
error rates were slightly lower in the learning than intés¢ phase (1.6% vs 2.0%).
RT performance

RTs in the learning phase were again collapsed into four epochs, with each epoch
representing an average of six consecutive blocks, so as to obtain reasonably stable RT
estimates. For the test phase, contextuahgweas assessed by comparing RTs in dense and,
respectively, sparse repeated displays against RTs from (in terms of density) comparable non
repeated displays, that is: for the r@peated condition, only a subset of RTs was included in
the analysis depéent on whether the target was embedded in a dense or a sparse local
context (3 vs. 1 distractors). RTs were thus collapsed across all blocks of the test phase.

For the learning phase, a 2 x 4 repeatethsures ANOVA with the factors display
type (repeatd, nonrepeated) and epoch-{) revealed the main effectsf display type,
F(1,12) =49.34, p<. 01, BF3.93, andepoch, F(3,36)=19.66, p<.01, Bk =2.44,t0 be

significant The interaction was borderlisggnificant, F(3,36)=2.77, p=. 05, Bl =0.80,
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indicative of an increase in the gain from contextual cueing over the course of the learning
phase (from epoch 1. 73 ms to epoch 4: 128 ms). The mean cueing effect was 107 ms,
demonstrating that participants formed robust contextual memories in the first qfhthe
experiment (Fig. 2C).

For the test phase, a 2 x 2 repeateshsures ANOVA with the factors local context
(dense, sparse) and display type (repeated;reyeated) revealed the main effectladal
context to be significant(1,12) =47.92, p<.01BF;0=3.18: RTs were overall faster for dense
than for sparse displays: 812 vs. 946 ms. Furthermore, and most importardigptag type
X local context interaction was significafi1,12) =34.03, p<.01, B=3.40, with contextual
cueing being strongdor sparse than for dense displays (145 vs. 4 ms; see Fig. 2C).

This result clearly supports tHecal-grouping hypothesjsassuming a competitive
relationship of attention guidance from contextual cueing and spatial grouping. In the
presence of local guping cues (distractatense condition), visual search is relatively
effectively guided towards the target location (region) by these cues, leaving relatively little
time for the indepth processing of and adaptation to relocated displays. By contréss, in
absence of local grouping cues (distradparse condition), visual search is to a large extent
driven by longterm memory of repeated search arrangements, importantly, also including
guidance from adapted context representations.

However, the abovanalysis also showed that RTs were significantly faster in the
dense condition, which may be taken to suggest that mere response speed, rather than spatial
inter-element grouping, modulates contextual cueing adaptation. For instance, it is possible
that RTS in the distractedense condition leave no room for the modification of context
memory.

This idea presupposes that cortbased guidance of visual search will never manifest
in the presence of local grouping cues at fast RTs. To test this, in ExpeBimentexamined

contextual cueing in two new conditions. Here, distradense and distract@parse contexts
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were introduced already in the initial learning phase. Under these conditions, it was possible
to examine the impact of response speed partlgutar the initial acquisition of context
memory. If contextual cues can be established only with relatively slow RTs, then we
expected a reliable cueing effect only in the distrasparse condition. If, however the build

up of cueing is relatively indepdent of response speed, and thus the time available for
processing the repeated displays is critical only in the adaption of context cues, then RT
advantages due to contextual cueing should be observed in both the disieas®mand the
distractorsparg condition.

Recognition Test

Mean d prime was .13, which was not significantly different from z€t2@) =0.81,
p=.43, BF1(<0, suggesting that observers were unable to explicitly recognize repeated
displays
2.5Experiment 3 (density at learning)

Experment 3 was carried out to examine the alternative explanation that the original
build-up of context memory, rather than the adaptation of an existing context representation,
may occur only when there is enough time for the visual search, and contexingl toe
evolve. If this alternative hypothesis is correct, then distrattose displays should produce
hardly any contextual cueing effect during the initial learning of talgdtactor
arrangements.
2.5.1Method

The method of Experiment 3 was essahisimilar to Experiment 2, except for the
following differences.

Participants and Setup
A total of 13 new observers took part in this experiment (7 female; mean age: 26.6

years, sd: 4.02 years).
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Stimuli and Design

Participants perhgdbmecsai eanngfe 241 ddrorcik s
yielding a total of 384 trials. A given block contained 8 repeated and 3epeaated trials.
Among the repeated trials, half were distragtense and half distractgparse displays. The
learning session waslfowed by a recognition test of 1 block of 16 trials.
2.5.2Results and Discussion
Accuracy

Overall response accuracy was 98.78ocrepeateemeasuresANOVA on the error
rates with the factors epoch-4) and display type (repeated, Ampeated displaysevealed
no effects, alF 6 s <10<1, BF
RT performance

A 2 x 2 repeateaneasures ANOVA with the factors local context (dense, sparse) and
display type (repeated, noapeated display) revealed the main effectoofl context to be
significant, F(1,12) =85.14, p<.001, Bf=17.20: RTs were again faster for dense than for
sparse displays: 969 vs. 1219 ms. Furthermore, the main effect of display type was
significant, F(1,12)=36.30, p<.001, BE2.38, with repeated displays giving rise to faster
responses #n nonrepeated displays (1034 ms and 1149 ms). display type x local
context interaction was only borderlisegnificantF(1,12) =3.28, p=.09, Bl=25.25, though
the large Bl value provides support for the hypothesis that contextual cueing hasia less
effect in densehan in sparse displays: 90 vs. 140 ms, respectively. This result pattern
indicates that contextual cueing is not per se limited by the presence of local grouping cues:
the cueing effect of 90 ms with relatively fast RTs was reliabbyelathan zera(12)=6.01, p
< .01, BR¢=8.29. On the other hand, the cueing effect was reduced to some extent with faster
as compared to slower search performance (i.e., for the distceiee vs. the distractor

sparse condition). Overall, this patterineffects may be taken to suggest that spatial grouping
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is detrimental to contextual cueing, with the effect being most marked in the adaptation of
(already) learned contextual cues.
Recognition Test

Mean d prime was .23, which was not significantly efiéint from zero, t(12) =0.88,
p=.39, BF1,=.38, suggesting that observers could not reliably tell apart repeated frem non
repeated layouts
2.6 Experiment 4 (density at test, new learning)

Experiment 3 showed reaction time facilitation for distracense displays
suggesting that processing time per se is not the limiting factor in context learning, but may
be of particular importance for successful adaptation of previously learned contextual cueing
displays. The requirement to spend a sufficient amoutiinef with the changed display may
arise because of the high similarity between the original and relocated displays (see General
Discussion for a more idepth discussion of this idea). A prediction that follows from this
proposal is that dense displaysoshl generate a reliable contextual cueing effect even if
these displays are shown only later in the experiment. To this end, Experiment 4 implemented
a variant of the contextual cueing task which presented two entirely different sets of repeated
displaysduring the learning and test phase (see, e.g., Jiang et al. 2005; Zellin et al., 2013).
Under these conditions, no interference should arise between the original and the novel set of
displays because these displays would differ in terms of their underlyiagory
representations. As a result, a reliable cueing effect should again emerge even for the
distractordense displays in the test session. This hypothesis was tested in Experiment 4.
2.6.1Method

The method of Experiment 4 was essentially similar tpefexent 2, except for the

following differences.
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Participants and Setup

A total of 13 new observers took part in this experiment (8 female; mean age: 27.1
years, sd: 4.25 years).
Stimuli and Design

Participants perfor med 24 bweks of lntigals eagmp d o6t
with a total of 768 trials. In the learning session (which was identical to Experiment 2), in
each block, participants encountered 8 repeated and-8peated displays with the target
item always being surrounded by 2 distaacitems. Target positions were different for
repeated and nerepeated displays. During test, again 8 repeated and-8peated displays
were shown in a given block of trials. Half of these displays were disttdetme and the
other half distractesparse displays, with the target surrounded by either 3 or 1 distractors,
respectively. Unlike Experiment 2, observers were presented with different sets of repeated
displays (and target positions) in each phase. Participants received one set of repeated
contexts in the training phase (density level: 2) and another set in the test phase (density
levels: 3, 1). At the end of the experiment, participants performed a recognition test of one
block of 16 trials, which presented the 8 repeated displays fromdhsegsion and 8 newly
generated random layouts.
2.6.2Results and Discussion
Accuracy

Overall response accuracy was 98.68crepeateemeasuresANOVA on the error
rates with the factors phase (learning vs. test) and display type (repeate@peated
displays) revealed no effects, Bll6 s <d<,1. BF
RT performance

For the learning phase, a 2 x 4 repeatehsures ANOVA with the factors context
(repeated, nomepeated displaysan epoch (#4) revealedmain effects of display type,

F(1,12)=42.97, p<.0Q1BF,0=10.85 and epoch, F(3,36)=7.36, p<.001;86.10, suggesting
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an emerging contextual cueing effect in the learning phase. The display type main effect
shows a reliable contextual cueing effect of 89 ms.

In the test phase, RT performance was analysgdneans of a 2 x 2 repeatstasures
ANOVA with the factors local context (dense, sparse) and display type (repeated, non
repeated display). This ANOVA revealed the main effecttocdl context, F(1,12)=80.01,
p<.001, BFRo=2.80, anddisplay type,F(1,12=28.92, p<.001, Bf=0.67, to be significant.
Further, the local context x display type interaction was borderline signifie@nt2) =3.75,
p=.07, BRo=0.71. Concerning the main effect of local context, RTs were faster for distractor
dense than distramr-sparse displays: 912 vs. 1030 ms. The main effect of display type
indicated that there was a reliable cueing effect of 75 ms overall in the test session. The
(borderline significant) interactiowas due to the fact thatontextual cueing scores were
reduced in distractedense compared to distrackparse displays: 64 ms and 85 ms,
respectively. However, and as confirmed by dirgessts, the RT difference between repeated
andnoar epeated contexts was highl y.0Oly.&Heresultsl e f o
of Experiment 4 thus furtheonfirm Experiment 3 in showing that distracttgnse displays
do not per se hinder that contextual cueing emerges, even if these displays are shown only
during later phases of the search experiment.

Recogniton Test

Mean d prime was in Experiment 4 was .13, which was not significantly different
from zero, t(12) =0.47, p=.68F10=.30, suggesting that observers could not reliably tell apart
repeated from nerepeated arrangements
2.7 General Discussion

The pesent experiments investigated the adaptation oftemy memory for target
distractor associations (Chun & Jiang, 1998). Previous research showed that while contextual
cueing is of high capacity (Jiang et al., 2005) and is considered a genuine forforttgsst

nonconscious, learning (Colagiuri & Livesey, 2016), the memory underlying the cueing effect
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is quite resistant to forming an association between a new target location and an existing
di stractor representati on.atedih Experimehtalcakd ino f ad
various other experiments conducted in the course of our research (see Fig. 3). In Experiment
2, variations of local contexts were induced by carefully controlling the placement of the
target before and after target locationrues (see Fig. 1). We observed that distrasparse
contexts gave rise to robust adaptation of contextual cueing, while distlactse contexts
did not. Further, mean RTs welaster overall for dense displays, suggesting that bettom
search towards dense target region conflicts with adaptation of learned contextual cues in
these regionsExperiments 3 and 4 revealed that the lack of adaptation with dense displays
was not due to a floor effect, that is, the overall faster RTs to displays withcttisttanse
contexts. Moreover, across all three experiments, explicit recognition of repeated displays was
not different from chance level, suggesting that observers had little explicit knowledge of the
repeated displays.
2.7.1Lack of adaptation of contexual cueing revisited

These findings provide evidence for the view that contextual cueing is an adaptive
mechanism that is not per se restricted by order effects in context learning (with an overall
advantage of early relative to late trials; see Jungéd,e2007). Further, they appear to be at
odds with Zellin et al. (2014), who found adaptation of contextual cueing only after massive
amounts of training with the O0relocatedo di
local item densityf a mampulation that was central to the current experiments. It is thus
possible that (fast) adaptation did take place in prior studies but was statistically reduced by
local distractor density effects.

In the present study, local item density interacted wotitextual cueing in two ways:
First, sparse contexts produced a reliable contextual adaptation; second, dense contexts
interfered with the adaptation of contextual cues. The fact that RTs were overall faster for

dense displays demonstrates that the intenfze is likely due to attention capture by dense
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regions, facilitating the detection of the target when it is present in such a region, as was the
case in the present experiment. Cueing then is effectively bypassed by stiaseas
bottomup factors. Bycontrast, memorpased cueing can come into play when search is
more effortful and timeonsuming, that is, when search is not immediately summoned to the
target region based on display density factors. In this case, associations may be retrieved from
menory and come to guide search. But again, for adaptation of a relocated target, this is only
effective when the repositioned target is not located within a dense region.

Evidence for this proposal is provided by the findings that contextual cueing was
smalker with dense than with sparse displays (though still reliable for the former) when these
displays were presented in the initial learning phase or when a new set of repeated displays
was shown in the test phase (after initial learning; Experiments 3 araspEctively). In
addition, contextual cueing was absent in dense displays during test, when context memory
about these displays had already been established during the learning phase (Experiment 2).
Given these findings, it appears that the differencesontextual cueing with dense displays
across learning and test are quantitative, rather than qualitative, in nature. In both phases,
dense regions attract attention and thus shorten the timedepth processing of the display
arrangements, includindpe detection and subsequent learning of tedggttactor relations in
these displays. Such temporal restrictions may be particularly harmful for the adaptation of
contextual cueing, given that thelearning of a changed, but relative to the originaptily
highly similar, display would require extended processing time to encode the new target
distractor relations (recall that only the target position differs between the original and the
changed displays). However, since processing times are relasivety for dense displays,
due to the effective capture of attention by the dense region, this counteracts thgp lmiikl
new memory representation of the changed target position in relation to the previous (and

unchanged) distractor positions.

~064~



Overall, this pattern resembles relatively recent work on contextual cueing in feature
singleton search (e.g., Ogawa & Kumada, 2008; Geyer, Zehetleitner, & Miuller, 2010),
showing that contextual cueing can -alts®) be
seaches, but requires time to become effective. In these studies, the-faagleton displays
were preceded by placeholder displays (presented for some 700 ms), with the placeholders
marking the locations of the subsequent search items, without prowidorghation as to
their identities (as distractors or target).
viewd conditions.
2.7.2Adaptation, recognition, and crowding

Although it is theoretically appealing to argue that spatial grouping plaigmdicant
role in contextual cueing adaptation, there are other possible accounts that need to be
considered: pattern recognition and crowding.

Concerning the former, it is possiliteat repositioning the target across learning and
test may have differgially changed the appearance of the displagking the original
context either more or less recognizable. Gitlesit the contexbased guidance of visual
search requires the activation of corresponding memory representations, it is conceivable that
a snall change in the position of one item may impact the display appearance and thus the
recognition of changed displays. Assuming tbdahse contexts provide stronger cues for
retrieving the originally learned configuration (e.g., becaatsending to a demesregion, of
three distractors, may more robustly trigger an originally learned spatial memory
representations than attending to a sparse context, of only one distractor), this could explain
why adaptation of contextual cueing failed with dense displaiBwever, this idea is from
our point of view potentially unlikely becaugds not clear whether targets surrounded by 2
distractors in the originally learned configurations are actually better recognizable targets in
dense displays (with 3 surroundingstdactors). Instead, flecating the target to a dense

region may make the changed display actually less similar to the original display, than when
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relocating the target to a sparse region. This may occur because the target location change
modifies the & pl ay summary statistics such as the
Alvarez & Oliva, 2008) towards the dense regidihe latter would actually predict the
opposite outcome, namely, that contextual cueing should recover for dense displays after the
target location changes. Of interest in this regard, Manginelli and Pollmann (2009) found that,
following target location changes in a contextual cueing adaptation task, RTs can actually be
even slower to repeated than to frepeated displays which they #ributed to a
Omi sgui danced of attention towards the orig
was more Oreminiscentdé of the original conf
tends to be mi s §that:dhe oginally leaned target lacatignfwhere
this misguidance would require a corrective, tiooasuming shift of attention to the changed
target position and thus increase RTs. But this is not what we observed: in fact, mean RTs
were overall faster for dendlean for sparse displays, suggesting that attention was effectively
captured by the dense region. For this reason, we argue that our findings are better explained
by a spatial grouping account

A second alternative account of the present findings may beeir ms of &écr o wi
that is, a deterioration of performance for targets that appear in a dense (i.e., cluttered or
6crowded6) (@.0.sWhithayy& Leve 20119 due to a loss of visual resolution in
peripheral vision for such items. Applied tontextual cueingfor dense local contexts,
crowding may impede target detection, which in turn could interfere with the adaptation of
contextual cues. For instance, crowding may require search to operate with a narrew, item
based focus of attention, impadi the encoding and thus thelearning of local target
distractor relations (cf. Lleras & von Muhlenen, 2004pwever, this account too encounters
a difficulty: crowding should not only reduce contextual cueing but also slow search, that is,
result in bnger RTs overall. However, RTs were actually faster, rather than slower, for dense

displays in Experiments 2 to 4 of the present study.
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2.7.3Grouping and contextual cueing

We propose that the absence of contextual cueing in combination with fast RTs for
dense displays is better explained by spatial grouping and itmrble guidance of attention,
importantly also includingperceptual longerm learning. This view complements previous
ideas that propose a central role for grouping processes in vianeth. sSEor instance, Duncan
and Humphreys (1989, 1992; see also Humphreys & Miiller, 1993), in their attentional
engagement theory, propose that the output representations of an early, preattentive coding
stage (sc¢e al | ed O&éstructur al ghuhe iopesatiop of dasie grdumng me d
processes (notably grouping based on similarity, but also proximity, etc.). Structural units
then compete for access to visual sttertn memory, which is thought to be equivalent to the
deployment of attention. Attentiahengagement theory thus equates the efficiency of visual
search with the efficiency of visual grouping (and segmentation) processes: the better the
inter-element grouping of the target and the distractors into separable target anthrgst
groupsi the faster the selection of the target group. Besides batfogrouping processes,
Duncan and Humphreys (1989, 1992) allowed fordopini 6 t e mpbhsad ieffuences
on visual selection, i.e., a tafpwn enhancement of items sharing features spediii¢de
target template. The present study investigated one variant of suckdawaopeffect: long
term memory of (consistently encountered) tadjstractor spatial relations, which may act
as a specific form of 0 s e a reffeatively eontipel taxgete 6 , g
location. Our results show that both stimul(grouping) and memoripased (contextual cues)
factors are available to guide visual search, where the contribution of context memory
however is dependent on the efficiency of spagebuping processes (see Feldmann
Wistefeld & Schub6, 2014; and Conci & von Muhlenen, 2011, for a related proposal, albeit
investigating featurdased grouping in contextual cueing).

This relationship is best explained by theories assuming a reciproatibmship

between bottoru p attention and me mor y (e. g., Log
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automaticity; see also Jiang & Leung, 2005, or Annac et al., 2013, for evidence of the effects
of attentioni both in terms of selectivity and processing resourcetogledi on contextual
cueing). At the heart of these proposals is the idea that repeated encounters of visual search
displays lead to the buHdp of memory about these displays, with the memory
representation, in turn, facilitating detection performandewever, the present results
qualify this relationship in that the effects of bottoim attention on memory formation turned

out to be highly specific, with a crucial difference depending on whether memory is
established initially or whether an existinggmory representation is updated to incorporate a
changed target position into it. Only in the latter case did fast, batfppgearch processes
interfere substantially with contextual cueing.

Note that our suggestion that context memory requires timedddyged is essentially
consistent with other studies on the effects of grouping on contextual cueing. For example,
FeldmanrWstefeld and Schub6 (2014) manipulated the featural (color, orientation) identity
of the background distractors and found thatirmarease in similarity (or in their terms
homogeneity) of the distractors can enhance contextual cueing (see also Conci & von
Muhlenen, 2011). While this facilitatory effect of grouping on contextual cueing may in the
first instance be difficult to recoreiwith the current findings, a striking difference between
FeldmanrWstefeld and Schub6 (2014) and the present investigation is that of the time, or
experimental phase, when the grouping manipulation was applied. While Feldmann
Wistefeld and Schubo (2014hvestigated grouping effects in the (initial) learning of context
cues, here we addressed the issue of grouping effects in the adaptation of contextual cueing.
In fact, spatial grouping during initial learning (Experiment 3) did not interfere with
contextual cueing (though it was smaller with dense compared to sparse displays).
Furthermore, it is possible that different forms of grouping vary in their effects upon
contextual cueing (Conci & von Muhlenen, 2011). Assuming that grouping expedites visual

seach (Duncan and Humphreys 1989), for grouping by proximity this may come along with
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the disadvantage of observers having less time to encode and subsequently learn target
distractor associations. This could have reduced the contextual cueing effect mgth de
displays in learning and effectively interfered (abolished) the adaptation of the cueing effect
in the test phase. By contrast, featbesed grouping (investigated by Feldmanistefeld &
Schubd, 2014), though effectively boosting visual search, eiajorce the impression of a
coherent ensemble of distractor items and thus effectively enhancedistgattor learning
in repeated displays. Whatever the explanation, together, these studies suggest a role of
grouping in contextual cueing. However, wher grouping facilitates or interferes with
contextual cueing may be dependent on the type of grouping (spatial proximity versus featural
grouping) and / or the experimental phase when grouping is administered (learning versus
adaptation of contextual cung). This might be an avenue for future research.
2.8Conclusion

In conclusionthe present results show that contextual adaptation occurs more readily
when the number of distractors surrounding the target is low. This rules out factors such as
order effets in perceptual learning or a temporally sluggisHeagning process in the
adaptation of learned targeistractor arrangements. Instead, the results suggest that one
important factor for the lack of adaptation found in previous contextual cueingstisdi
spatial grouping, effectively guiding attention towards grouped regions, and thus limiting the
time for processing the changed displays in order to bring into play existingdestyattor
representations. The mor ealgednefraadt oirmsp | ri eclaati|
design are crucial in investigations of contextual cueing in visual search. Future work should

take this into consideration when interpreting contaged learning in visual search.
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2.11 Appendix

Additional analyses were performed to investigate the development of contextual
cueing in the learning and test phase while also taking into account observers who displayed a
negative contextual cueing effect initially and effective learning dbcated target in #n
later test session. To this end, our complete samples of N=20, 14, and 14 observers in
Experiments 1, 2, and 3, respectively were included in the subsequent analysis (Note that in
Experiment 4, no observers were excluded and hence, no additional anetysgsorted).

For experiment 1 (with 7 o6l at erépeated)a8 ner s)
(epoch: 14 in learning; 58 in test) x 2 (phase: learning, test) repeatedsures ANOVA
revealed main effects of display tygg1,19) = 12.28, p€1, BR¢=0.23, and epoct;(3,57)
= 32.58, p<.01, Bf=0.36, in addition to a significant epoch x phase interaction,
F(3,57)=5.90, p<.01, Bl=0.08. The context x epoch x phase interaction did not reach
significance, F(3,57)=1.71, p=.17, Bk=0.00. Separat 2 x 4 repeatetheasures for the
learning and test phase revealed a bordesdigeificant effect of display typé;(1,19) = 3.79,
p=.06, BRo=0.18 and a significant main effect of epoEl3,57) = 22.53, p<.001, BF=0.15.

The epoch and context interamtiwas not significant(3,57) = 0.25, p=.85, B=0.02. For

the test phase, the 2 x 4 repeateghsures ANOVA yielded a significant main effect of
display type,F(1,19)=5.26, p=.03, Blr=0.02 and epoch;(3,57)=7.04, p<.001, B=0.22.
Interestingly, theepoch and context interaction was also significa(8,57) = 2.79, p<.05,
BF10=0.00, suggesting that the N=7 observers with initial negative cueing effects display very
high learning of rdocated targets, leading to a reliable contextual cueing efietitel test
session at the level of the entire sample.

In an attempt to further examine the hypothesis that observers who lack a contextual
cueing effect initially develop a reliable effect later on, we performed a correlation analysis,
comparing individubcontextual cueing scores in the learning and test session (across the 20

observers in Experiment 1, given that this experiment contained the largest number of
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observers with initial negative cueing). Specifically, we predictesigaificant negative
correlation between contextual cueing values for two reasons: 1) contextual cueing,
established during learning, should lead to relearning deficits at test (i.e., lack of adaptation
effect; N=13 observers in Experiment 1); 2), a failure to develop a contextemlg effect

during learning should be followed by a solid cueing effect in the subsequent test session (i.e.,
a late learning effect; N=7 observers in Experiment 1). The results confirmed this prediction.
Quantifying the relationship betweaontextualcueing scores across the training and test
phases of Experiment 1 revealed a significant negative correla{i@®) = -.44, p=.05,
confidence intervak.74 to .01.

For Experiment 2, a 2 x 4 repeatedasures ANOVA performed on the entire sample
of N=14 observers with the factors display type (repeated;rapaated) and epoch-@)
revealed a reliable contextual cueing effect in the training phase (éffens main effects of
display type, F(1,13) =33.76, p<. 001, 18¥15.39), in addition to a reliablmain effect of
epoch, F(3,39)=19.98, p<.001, BF=0.16. Further, the interaction was significant,
F(3,39)=4.19, p<. 05, BF10 =3.07. For the test phase, contextual cueing was reliable only for
sparse, but not dense, displays (153 am&l minus 16 mesffeds, respectively), as indicated
by a 2 x 2 repeatesheasures ANOVA with the factors local context (dense, sparse) and
display type (repeated, neoapeated), which revealed the display type x local context
interaction significant, F(1,13) =22.64, p<.01, BE18.66. Further, RTs were faster for
dense than for sparse displays: 829 vs. 954 ms (main effect of local context: F(1,13) =17.27,
p<.01, BF10=0.62.).

For Experiment 3, the 2 (local context) x 2 (display type) repeataisures ANOVA
performed in the leaing phase revealed a main effect of display type, F(1,13)=31.23,
p<.001, BF10=0.56, indicating that mean RTs were on average faster for repeated than non
repeated displays (1067 ms vs 1146 ms) when analysing the entire sample of N=14 observers.

Further,RTs were faster for dense than for sparse displays: 998 vs. 1215 ms and the display
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type x local context interaction was significant F(1,13) =47.39, p<.001, BF10=7.03,
illustrating that contextual cueing was less pronounced in dense than in sparse:@8plays
141 ms, respectively.

Il n a final anal ysi s, we analysed only tF
mean RTs for repeated and A@peated contexts by means of paisathplet-tests for each
experimental phase (learning, test). This analysis kmited to Experiment 1, as this was the
experiment with the largest number of (N=7) observers with negative contextual cueing
scores in the learning session (and associated with this: differences in the results when either
the data of a subset of obgers or the entire sample was analysed; cf. above). For the N=7
6excludedd observers in Experiment 1, RTs we

nonrepeated contexts in the initial learning pha@@) = 4.04,p < .01, BR=2.20.

Subsequently, dwever, significant contextual cueing, of 88 ms, was observed for relocated
targets in the test phas¢6) = 5.00,p < .01, BR¢=3.00. This pattern shows that contextual
cueing can develop rather late and thus massively confound data regarding théoadaiptat
initially acquired target i st ract or associations. Thus, 1in
of contextual cues, it is important to exclude observers with negative contextual cueing scores

in the learning session.
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3.1 Abstract

Repeated display configurations improve visual search. Recently, the question has
arisen whether this contextual cueing effect (Chun & Jiang, 1998) is itself mebiated
attention, both in terms of selectivity and processing resources deployed. While it is accepted
that selective attention modulates contextual cueing (Jiang & Leung, 2005), there is an
ongoing debate whether the cueing effect is affected by a secomdiking memory (WM)
task, specifically: at which stage WM influences the cueing effect: the acquisition of
configural associations (e.g., Travis et al., 2013) vs. the expression of learned associations
(e.g., Manginelli et al., 2013). The present studyinuestigated this issue. Observers
performed a visual search in combination with a spatial WM task. The latter was applied on
either early or late search tridlso as to examine whether WM load hampers the acquisition
of or retrieval from contextual memo Additionally, the WM and search tasks were
performed either temporally in parallel or in succes$iago as to permit the effects of spatial
WM load to be dissociated from those of executive load. The secondary WM task was found
to affect cueing in l&, but not early, experimental tridlghough only when the search and
WM tasks were performed in parallel. This pattern suggests that contextual cueing involves a
spatial WM resource, with spatial WM providing a workspace linking the current search array
with configural longterm memory; as a result, occupying this workspace by a secondary WM

task hampers the expression of learned configural associations.
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3.2Introduction

Attention and memory interact in many ways. In recent years, the contextiafc
paradigm (Chun, 2000) has become a promising approach in cognitive psychology for
studying the interactions between the two functions. Contextual cueing refers to the
observation of faster reaction times (RTs) to targets presented in repeatedipterschu
relative to norrepeated, visual search displays. In a typical contextual cueing experiment,
participants are presented with an array of items, one of which is the target and the others are

distractors. Unbeknown to the observers, half of the aysptontain repeated and the other

half nonr epeat ed item arrangements. Participant
discriminate the orientation of the target letter, a leftrightor i ent ed ATO0; t he d
|l etters ALO i norien@mtionsoRITs aranalysduas g dumaidn of display

repetition and experi ment al Aepocho. The st a

over the course (epochs) of the experiniean effect reflecting nogonfigural, procedural
learning. Inportantly, this speeding up of RTs is more pronounced for repeated compared to
nonrepeated displayis an effect reflecting configural learning. Interestingly, when observers
are asked to discern repeated from-ngmeated displays in a recognition tesfqened at the

end of the search experiment, they typically perform at chance level. This dissociation
between RT and recognition measures has been taken to indicate that contextual cueing is
supported by an implicit memory system (Chun & Jiang, 1998;ats® Chun & Phelps,

1999, for evidence pertaining to this claim using amnesic patients, or Greene et al., 2007,
using functional imaging). However, more recent investigations of the cueing effect using
larger numbers of recognition trials, in addition tataning different recognition measures,
have found that observers do actually have some explicit knowledge of repeated displays
(Smyth & Shanks, 2008; Schlagbauer et al., 2012). Smyth and Shanks (2008) took this to
suggest that contextual cueing is suppdrby a general memory system that is mediated by

conscious processes.
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Other research has shown that the configural memory underlying contextual cueing
involves associations between the target location and the configuration formed by the
distractors (Jiag & Wagner, 2004j) in particular, though not exclusively, associations of the
target to individual distractors in its narrower vicinity (Olson & Chun, 2002; Brady & Chun,
2007). Another set of studies has shown that contextual cueing acts mainly hatifagil
focalattentional selection of the target item (Chun & Jiang, 1998; Johnson et al., 2007; Geyer
et al., 2010a), though contextual cueing appears to also influence response selection (Kunar et

al., 2007).
3.2.1Selective and divided attention in cotextual cueing

Many studies have argued for a gateway role of attention in conscious perception
(Mack & Rock, 1998), explicit learning (Voss et al., 2008), and implicit mendigng &
Leung, 200%. Concerning the latter, studies of implicit learning that used the seriabreact
time task (e.g., Nissen & Bullemer, 1987) have suggested a distinction between the learning
of repeated information (i.e., acquisition of memory traces) and the expression of learned
information (i.e., retrieval of memory traces; see also Frensch, et%818). More recently,
Jiang and Leung (2005; see also Jiang & Chun, 2001) demonstrated the distinction between
learning and the expression of learning also for contextual cueing. In more detail, Jiang and
Leung (2005) had observers detect and subsdgudiatriminate the orientation of a black
AToOo, presented amongst bl ack and white WALOGS
were the attended or target set d-targdt sedct or s
distractors. The experiment wawided intotrainingand a test phase. At the intersection of
the two phases, the colors of the distracto
the white L6s black. There were three repetd.i
spatial arrangement of the items): repetition of both target andtaaet set distractors

(Abok 0 condition), of onl vyl dargemdset o) st
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nont arget set di-osltdoacdomrdi t(ifadng)n.o ts@ehe bssesseds a | C
by comparing RTs in these three (repetition) conditions to RTsinarmp e at ed ( fibc
newo) condition. I n the | earning phase, cont
old and attendedld, but not the ignoredld, conditions.Interestingly, the magnitude of
contextual cueing was comparable between the -dlothand attendedld conditions,
suggesting that the cueing effect (in the bolth condition) was due to repetition of the

attended context alone (see also Geyer et alQi2dbr an influence of coldbased grouping

on contextual cueing). However, in the test phase (i.e., after the swapping of the distractor
colors), contextual cueing was observed only in the ignored, but not theoldotnd
attendeebld, conditions. Jiangnd Leung (2005) concluded from this pattern that contextual
memory is formed independently of (featlr@sed) attentiori as evidenced by reliable
contextual cueing in the ignoredd condition, importantly, already at the start of the test

phase (this dct indicates that the locations of the-bwignored distractors had been
successfully learnt in the training phase); by contrast, the expression of learntlistrgetor
configurations is under the control of selective attenti@s evidenced by sigitant cueing

effects in the botlold and attendedld condition in the learning phase and contextual cueing

in the ignoreebld condition in the test phase.

The notion of attentioimdependent configural learning was examined further by
Vickery et al. (200), who tested whether contextual cueing is affected by a secondary
working memory (WM) task based on the idea that if contextual cueing and the secondary
WM task share common processes, or draw on common resources (Kahneman, 1973), they
would interferewith each other when performed in combination. A related idea is to conceive
of WM as an integral part of loAgrm memory (Cowan, 1999). Applied to contextual cueing,
there would also be a functional overlap between the-temgy memory underlying
contextual cueing and WM as evidenced by recent neuroscientific studies that revealed the

two forms of memory to be linked within a common neural structure: the medial temporal
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lobes (e.g., Chun & Phelps, 1999; Geyer et al.,, 2012; Axmacher et al., 2007)isOn th
background, Vickery et al. surmised that if contextual cueing is dependent on (e.g., spatial)
WM 1 for example, because WM is necessary for strengthening associations between the
target and nearby distractors (Brady & Chun, 200Zhen a secondary WMask should
attenuate contextual cueing. Alternatively, or in addition, it is possible that dividing attention
between two similar tasks may introduce difficulties in represeritittzat is, in the coler

based selection df the target set of items (Jiang l8&eung, 2005), which may attenuate the
cueing effect. Finally, it is possible that the secondary WM task depletes central resources for
search task execution, attenuating contextual cueing. To decide between these alternatives (in
particular, spatial vs.ator-based WM load effects), Vickery et al. (2010) examined whether
WM for spatial arrays, colors, item sequences, etc. would interfere with contextual cueing.
However, they actually found contextual cueing to be unaffected by any of the additional WM

tasksi which led them to conclude that the cueing effect is not impacted by divided attention.
3.2.2Spatial, not featural, WM affects the retrieval of contextual cueing

Following Vickery et al. (2010), a number of studiesimgestigated the relation
betwea contextual cueing and the performance of a secondary WM task. One limitation of
Vickery et al. was that they tested contextual cueing only under gamkeconditions, that is,
after observers had learned the repeated displays in d#adkgbhase. Thushey could only
examine whether the learning of contextual cues is affected by secondary WM tlogid
results suggest that it is niobut not whether the retrieval of learned information is dependent
on WM. For example, as elaborated above, Jiand.andg (2005) have shown that selective,
featurebased attention modulates the retrieval of (previously acquired) configural
associations; that is, only the selected items are represented in WM (e.g., Bundesen, 1990)

and thus provide effective retrievalesifor stored associations. Given this, it is possible that
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the addition of some specific type of second

cueing experiment would interfere with the retrieval from loergn, configural memory.

This hypotlesis was tested in a series of folloy studies (Manginelli et al., 2013;
Travis et al., 2013). The general approach taken in these studies was to divide the experiment
into a learning phase (e.g., trials3&0 in Manginelli et al.) and a test phase [$ri261480).
Importantly, in Manginelli et al. (2013), the search task was combined with a secondary WM
task that was applied in either the training or the test phase. The results revealed reliable
contextual cueing when the WM task was administered inlghming phasé a result
compatible with Vickery et al. (2010), but not when administered in the test phase.
Interestingly, Manginelli et al. (2013; see also Manginelli et al., 2011) investigated the effects
of both featural (i.e., colerelated) and spi&l WM tasks (betweesubject manipulation), but
found only the latter task to interfere with contextual cueing. Manginelli et al. took this to
mean that the expression of learned tadjgractor associations is mediated by spatial WM.
However, the redts of Manginelli et al. (2011, 2013) were only partially supported by Travis
et al (2013), who found that a spatial WM task can also interfere with the acquisition of
contextual associations in the learning phase (we will return to this study in thealGener
Discussion). At the first glance, these results seem to conflict with those of Manginelli et al.
However, there are also some critical differences between the studies, such as the type of
spatial WM task employed or observers experience with visuatlseargeneral, which
complicate any comparisons and conclusions derived from these. Given this, it remains an
open issue whether WM influences the learning of configural information or whether a
secondary WM task interferes with the retrieval of learnggetalistractor associations from

long-term memory.
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3.2.3The present study: interference from spatial and executive WM

The aboveeviewed evidence of secondary WM tasks attenuating contextual cueing
raises the question as to where the WM interferegitaxts actually arise. In the present
study, we draw a distinction between the potential role of spatial and executive WM functions
in contextual cueing. The results of Manginelli et al. (2013) strongly suggest that the search
and WM tasks compete fa@pdial WM functions; for instance, contextual cueing might be
contingent upon loading a set of learnt spatial associations frortdomgmemory into WM
i n order to guide vVvisual sear ch. On this a
permits informationstored in configural longerm memory to be linked with information
contained in the search display. At the same time, however, the secondary task and contextual
cueing may also draw on a common pookehtralexecutiveVM functions, giving rise to
interference because the addition of a secondary task would increase the demands for
opti mal |l y 6 s-apacityspatial WM redouram ibetweeh the two tasks. This is
predicated on the assumption that executive load is a function of the degree tohetdakl
tasks to be performed draw oncammon specific WM resource (e.g., Pashler, 1994)
[Footnote 1].

Of particular relevance in this context are findings from Lavie et al. (2004), showing
separate effects of concurrent WM load and dual task coomfindemands in a selective
attentioni na me | vy, a variant of the OEriikaskein f | an|
more detail, Lavie et al. combined the attention task with a concurrent verbal WM task. There
were two condi ti ons:load withglsérvers kavirsguosmaifitdinosHo WM
digits versus only one digit in WM while performing the attention task. In the latter task,
observers responded to the identity of a |e
mapped to the left vshe right hand), which additionally included a second (flanker) letter in
the periphery: a distractor that was either

a central Ax o), i ncompati bl e ( e. gtargetlditer.o ) , or
_.,84.._



Typically, RTs to the target are faster with compatible, and slower with incompatible
distractors relative to the neutral condition, suggesting that observers cannot effectively
ignore the (taskrrelevant) distractor letter. Of note, ineih Experiment 1, Lavie et al. (2004)

found greater distractor interference (RT incompatible minus RT compatible distractor) in
conditions of high versus low working memory load. Interestingly, distractor interference was

also greater under dual relative single task conditions, even when the WM task was
performed prior to the flanker task (Exper
Ophonol ogi cal | oop6 component of WM (e.g.,
attention task. Moreover, when theMVand attention tasks were temporally segregated,

greater distractor interference for dual relative to single task conditions was also found when
the demands on WM were mini mal (Experi ment E
under conditions of tempal segregation, the distractor interference was comparable in
magnitude between the fihighod and fAl owd WM de
and 5; Lavie et al., 2004, p. 351). With regard to contextual cueing, this pattern of findings
would supporthe view, outlined above, that (1) secondary WM tasks-gpatial as well as

spatial) do interfere with the attention task and that (2) the requirement for dual task
coordination (i.e., executive control) is a chief factor in regulating performance in the
attention task [Footnote 2].

Importantly, these considerations concerning the role of spatial versus executive WM
functions in contextual cueing go beyond what has been shown previously. A closer look at
Manginelli et al. (2013) reveals that contextua¢ing was actually reduced in the presence of
both a featural and a spatial WM task, although the reduction was reliable only with the
spatial task. The (numerical) decrease of contextual cueing under featural WM conditions
may be taken to suggest that wmxt effects are generally dependent on executive WM
functions, too, although, for the reasons elaborated above, executive resources may be

particularly challenged when the two tasks draw on a common, spatial WM resource. On this
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background, the presentudly was designed to disentangle the role(s) of spatial versus
executive WM functions in the contextual cueing of visual search.

To this end, in the current experiments, we combined a visual search with a concurrent
spatial WM 6WM) task. The secondasWWM task was applied either early (early trials) or
late (late trials) during search performance, to permit secondary task effects-texbenmeed
on the acquisition and, respectively, retrieval of segudding configural information
(Manginelli et al., P13). However, our main focus was on whether WM interference effects
on contextual cueing are solely due to spatial WM load or to executive WM load. To
investigate this, one group of observers had to maintain a spatial pattern in WM while
performing the \gual search task (Experiments, 2d). For another group of observers, the
sWM task did not overlap with, but instead was performed immediately after (Experiments
2, 2b) or before (Experiments 3a, 3b) the sear
the spatial (and executive) shoetm memory resource occupied during the search task. In
contrast, in the nAaftero and Abefored group
performed the search task. Thus, only emandisa f t e r «
on dualtask coordination (Lavie et al., 2004). Based on the findings of Manginelli et al.
(2013), we assumed that the sWM task hampers retrieval ¢anfigural memory. This
would lead to two interesting predictions: (1) contextual cueingldhze reduced under dual
task conditions in a late test phase, ibaafter the effect has been reliably developed under
single task conditions in an early training phase. (2) Conversely, contextual cueing should
become manifest under single task caodsd in the test phase, even whengskéM task was
paired with the search task in the training phase. Regarding the effects of spatial versus
executive WM load, we hypothesized thasWM interference effects are due to increased
demands for scheduling itiple tasks (executivoad hypothesis), the addition of the
secondarysWMt ask should reduce contwkleot,uafilafduwaiong

ifbef or e dbhecagse m allggeoups, observers would at least have to coordinate the two
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tasks. Bycontrast, if secondary task effects are due to increased sWM demands-i(cadtial
hypot hesi s) , the cueing effect should be re
group i because only in this group are the two tasks performed concurrentlyhand t

secondary task could take away spare WM capacity required for contextual cueing.
3.3General Method

The present study comprised of seven experiments (see Table 1 and Figure 1). Each
experiment was divided into three epochs of training and one epodastofEach epoch
included five blocks of 24 search trials eac
including only search trial s, against which
tasko Experiments: 2 ag, so, #rst we c@roputed2reagn caditexfual 3 b .
cueing scores (RT nerepeated minus RT repeated display); second, we entered these values
in mixeddesign ANOVAs with group (baseline vs. duask; betweersubject factor) and
phase (training vs. test; withBubject factor) as variables. Note that for the training session,
only RTs values for epoch 3 were entered in this analysis. We reasoned that any secondary
task effects should be revealed by an interaction between the two variables. In Experiments 2a
and 2b (3a3b), the sWM task was applied in close succession to the search task. These
experiments were intended to examine the effecxetutive i.e., dualtask coordination,
load on configural learning (Experiments 2b, 3b) or the expression of configural cues
(Experiments 2a, 3a). In Experiments 2c and 2d, observers had to maintain a spatial pattern in
WM by the time they performed the search task. These experiments aimed at testing whether
concurrent spatial load attenuates configural learning (Experimendr2itle expression of
learned contextual cues in the visual search task (Experiment 2c). In each experiment (and for
each experimental condition), RTx 2.5 standard deviations from the mean were discarded as
outliers (overall 2,99% of trials). Further, arrcesponse trials were also excluded from

analysis (overall, 2,46% of trials; see statistics below).
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Participants

A total of 119 volunteers (17 in each experiment) from Ludwig Maximilian University
Munich (41 males 78females mean age= 25.6 BD=5.8] yeas) participated in the
experiment. Participants were either paid 8 Euro per hour (approx. 11 USD) or received
course credits for their participation. All observers had normal or corrected to normal vision.

Six observers were leftanded. Instructions wepgesented in German language.
Apparatus

Stimuli were presented on a -ith CRTmonitor (AOC, Amsterdam, NL),
positioned approx. 55 ¢cm away from observers
a chin rest. The experiments were programmed inaddafVersion 7.3.0.267 R2006b; The
MathWorks, Sherborn, MA), in combination with the OpenrBdychtoolbox extension
(version 3.0.9; Brainard, 1997), and run on
WinXP Prof. operating system. Participants execthed responses via computer mouse and
computer keyboard. Headphones were used to provide auditory feedback in the search and
WM tasks, that is, the SWM task plus an articulatory suppression task. The stimuli for the
latter taski two digitsi were also pgsented via the headphones: participants had to vocally
repeat two digits until (the test at) the end of the trial, so as to occupy the articulatory
rehearsal process and thus prevent verbal coding of thertamembered spatial stimuli

[Footnote 3].
Stimuli

Spatial working memory task

The sWM task required participants to remember spatial locati@ms&(Kim, 2004;
Manginelli et al., 2011; see also Figure On each trial, a memory display of four black

squares (size: 0.6° x 0.6°) was presented on a lgmakground (RGB = 128,128,128). The
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positions of the four items were randomly chosen among eight equidistant locations on an
imaginary circle (radius approx. 3.0°).
Search task

The search stimuli wer e t hrelativetothg eetticall et t er
upright orientation) and the distractor | ett
stimulus was 0.6° x 0.6°. The screen background was gray (RGB = 128, 128,128). The color
of the items was chosen randomly among red, blueowelgreen, with the restriction that
each color occurred equally frequently (25%) in the display. Each search display consisted of
1 target and 15 distractor items, presented on four imaginary (concentric) circles with
different radii of 1.7°, 3.4°, 5.13nd 6.8° (see Figure 1). Targets appeared only on the second
or the third circle. Further, the distribution of the 16 itewss balanced across the four
quarters, such that there were four items in every quarter.
Procedure

Participants were tested in andy lighted room. Each experiment lasted
approximately 2 hours (except the fAbaselinecd
complete) and comprised of four phases: (1) training on the search task (12 trials; data not
recorded); (2) learning phase (B@&ials, divided into 15 blocks of 24 trials each); (3) test
phase (120 trials, divided into 5 blocks of 24 trials); and (4) explicit recognition test (24
trials). Experiments -5 included a fifth phase, in which observers were provided with
training on he search andWM task (12 trials; data not recorded). This phase preceded the
training on the search task. At the beginning of each phase, participants received instructions
displayed on the screen about which task they were going to perform. Betwdenibltwe
learning and test phases, participants were allowed to take a rest, until they pressed a key on
the computer keyboard starting the next block. In each block of trials, 12 repeated and 12 non
repeated displays were shown. In repeated displayposigon, orientation, and the colors of

distractors were kept constant, in addition to the position and color of the target. In contrast,
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the orientation of the "T" target letter (left vs. right) varied randomly on each trial in order to
avoid response rpparation (learning) effects. To equate target location repetition effects
between repeated and nmpeated displays, targets in a@peated displays appeared also in

a limited set of 12 locations. However, in these displays, the locations of thetdistrand

thus the configuration of the items, were randomly generated on each trial.

NfBaselined condition (Experiment 1).

This experiment comprised of 15 blocks of learning (360 trials) and 5 blocks of test
(120 trials). In each trial of the trainingdtest phases, observers performed only the search
task. They were encouraged to detect, smosequentlygiscriminate, the orientation of the
AToO target | etter (left vs. right) present e
Response feediok was provided in the form of a brief tone of 2000 Hz (correct answer) or
300 Hz (wrong answer). On a given trial, the order of events was as follows: (A) presentation
of fixation cross for 2000 milliseconds (msec). (B) Presentation of search stimilli unt
response or for a maximum duration of 3500 msec. (C) Auditory response feedback. (D)
Intertrial interval of 500 msec. During this time, a white fixation was shown in the display
center.

isWM-after conditiono .(Experiments 2a and 2b)

In the sWM-after @ndition (see Figure 1), the search task precededsWi® task.
Each trial started with the presentation of a fixation cross for 2000 milliseconds (msec).
Thereafter, the search i1 tems were presented
msec.Correctnesf response was indicated by auditory feedback (correct answer: 2000 Hz
tone; incorrect answer: 300 Hz tone). Next, two random auditory digits, ranging f&om 1
were presented for 2000 msec. Observers were instructed to rehearse the two digies unt
end of the trial. The auditory stimuli were followed by #8WM items, plus a white fixation
cross, presented for 500 msec. After a retention period of 4000 msec (only fixation cross

showr), a memory test display was presented consisting of onk sida@re presented at one
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out of eight possible | ocations on the virt.:
by buttonpr ess, whet her or not the Atesto square
square. Following their response or a maxn of 3000 msec, they received auditory
feedback regarding the correctness of tk®iM response. The same tones were used as in

the search task. Next, a fixation cross was shown for 1000 msec. Following this event,
participants performed a memory testtbe articulatory suppression task. In doing so, two

white digits were displayed in the center of the screen on a gray background for a maximum

of 3000 ms and subjects had to indicate whether or not they matched the two digits they had
been rehearsing dumg the trial. Again, auditory feedback was provided. During the intertrial
interval, of 500 msec, a white fi-aftart esho)xro
contained 15 blocks of training (360 trials), in which only the search task was admdhistere

In the subsequent 5 blocks of the test phase (120 trials), observers performed the search in
combination with the sWM t ask:aftettrnr ad oan tnrga9 t, ,
search and sWM task were combined in training, but the sSWM task wasedrm test trials

(see Figure 1).

i s WMh i -toadition (Experiments 2¢ & 2d).

In this condition, observers performed the search task while they maintained the four
black squares in working memory. On a given trial, the order of events was as fokaws (s
Figure 1): (A) presentation of a white fixation cross for 2000 msec. During this time,
participants also heard the two digits for articulatory suppression (i.e., they had to repeat them
aloud until the end of the trial). (B) Presentation of the sWMutiplus a fixation cross for
500 ms. (C) Appearance of the search display until response or a maximum of 3500 ms. (D)
Auditory feedback on the search task. (E) Presentation of a white fixation cross for a variable
length between 500 ms and 4000 msec,depe ng on t he observero6s RT
order to determine a constant retention period of 4000 ms for the SWM items. (F) Application

of the sSWM memory test. (G) Auditory feedback on the sWM task. (H) Presentation of
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fixation cross for 1000 msef) Probing memory for the articulatory suppression items by the
presentation of two digits. (J) Feedback on articulatory memory task. (H) Intertrial interval of

500 msec plus presentation of white fixation cross. In Experiment 2c (it e st 0 ) ,
6edr ltyraining trials contained only the sear
sWM tasks. Il n Ex-phele-ti rmeeinti nd ) (AWM search a
paired in training trials, but the latter task was removed in test trials (3ae Big

s WMef ore conditiono (Experiments 3a & 3b)

This condition was neali dent i c al -aftevc otnhdei tfi soOWM ( Exper i m
2b), except, however, that the search task was administered after participants performed the
SWM task. In this regartdthe sWMb ef ore condition was similar
Experiments 4 and 5 (2004). Experiments 3a and 3b were motivated by the idea that the
presentation of the search task at the beginning (sMifét condition), as compared to the
end (sWMbefore condition), of a given trial would impose only minimal requirements for
dual task coordinati on, O0si mpl ybé because t he
performed (Glyn Humphreys, personal communication, July 2012). That is, theasi&tM
codi tion may provide only a o6weakd condition
underestimating the requirements for dual task coordination. Therefore, in thebsWid
condition, the sWM task was administered prior to the search task in orderdase the
demands on dual task coordination. Using such a design, Lavie et al. (2004) showed reliable
effects of dual task coordination on performance of the primary task (in their case: the Eriksen
flanker task; in the present case: the contextual cueslg. In the sWhbefore condition,
each trial started with the auditory stimuli: two auditory digits (randomly chosen from the set
of 1i 9) were presented for 2000 ms, and participants were asked to rehearse the digits until
the end of the trial. Next, o black teberemembered squares appeared for 500 ms. The
retention period was 4000 ms and followed by the sSWM and articulatory suppression (digit)

tests (response time max. 3000 ms for both tests). This was followed by the search task (max.
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display presetation: 3500 ms). In Experiment 3a, the sSWM task was administered in the
0l ated t est -48D)hrals £360( dnly seardch saskB B Experiment 3b, the sSWM
task was performed in combination with the search task in the training phase (8&fls 1
trials 362480 only search task) (see Figure 1).

Explicit recognition test.

At the end of each experiment, participants performed a recognition test, querying
observersdé explicit knowl edge of repeated di
half of which presented a repeated display and the other half-eepeated display (random
order ) . Observersdé task was to indicate whe
already in the semeawdh ttesstk,. dWeebghzingsaneseatedod tde
display is 50%.

To preview the results, the main finding of the present study was that of concurrent
spatial i but not executivek WM load interfering with the expression, rather than the
acquisition, of contextual associations. Experiment 2c, contextual cueing was attenuated
when a concurrent sSWM load (i.e., a secondary sWM task) was introduced in late
experimental trials. In Experiment 2d, concurrent SWM load suppressed cueing in training
trials; however, when this secondatgsk was removed in late trials, contextual cueing

recovered (see Figure 2).
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Figure 1. Il Il lTustration of the fAbaselineo, Awhil eo, nfnafter o, viiemd nAbef
Obasel i ned me aaueing,eunconfounded bytsecrndanyatdsk effects. In the other, dual task experiments, the search task was
combined with a secondary spatial wor king memory (s WMaralled witt k per
(Awhiheiot icon ; Experi ments 2c, 2d) or temporally segregated from
condi tion: Experi ments 3a, 3b; in the fAafter o condi tothesearchtisk). s WM 1

>S5

all dual task experiments, the search and sSWM tasks were accompanied by a third, articulatory suppression task.
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Figure 2
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Figure 2. Mean reaction times (RTs) and associated standard errors to repeated amepeated displays (black and white symbols,
respectively) as a function of experimental epocid)1The upper and lower panels show RTs for the conditions with the sWM task
administered in Atraining and Atesto trials, respectivel y.
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