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ABSTRACT

Three centrd prodemsin therecent literatureon visual atention arereviewed.
Thefirst concansthe contra of atention by top-down (or god-direded) ard
bottom-yp (or stimulusdriven) proesses. The second corcerns the repre-
seriational basisfor visual sdection, including how muchatention can be sad
to belocation- or objed-based.Findly, we considerthetimecourseof attertion
asit is dirededto onestimulusafter andher.
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INTRODUCTION

We review the literatureon threefundamentabspectof attentionthat have
beenthe focusof muchrecentresearchThefirst concernsattentonal control,
or the extentto which the deploymenbf attentionis aresultof the observels
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deliberatestateof attenticnal readinesgcalledtop-downor goal-directeccon

trol), or whetherattentionis capturedby certainaspectsof the imageinde-

pendentlyof current perceptualgoals (called bottomup or stimulus-driven
control). We emphasizestimulus-driven control and the interactionbetween
the two attenticmal control modes. The secondtopic concernsthe repre

sentationabasisfor visual selection.n particular,we examinethe conditions
under which attenton may be said to be directedto regionsof space,as
space-basetheoriesassertpr to preattentivef definedperceptuabbjects,as
suggestedyy object-basedheoriesof attention Finally, we examinerecent
evidenceconcerningthe time courseof attentian, both asit movesthrough
spaceand as events occurring sequentially in time are selected. In this

section, several different estimatesof the time scaleon which attentonal
events occur are reviewed.

A single chaptercannotcompletey cover the broad and active field of
attention.Readersdnterestedn pursuingtheseand other aspectf attention
may consulthree recent tutorialolumes (Dagenbach Carr 1994, Krameet
al 1996,Pashlerl996a)or severarecentmonographgLaBergel995,Pashler
1996b,van der Heijden 1992). In addition, there are severalrecentAnnual
Reviewchapterson attention(Desimone& Duncan1995, Johnsta & Dark
1986,Kinchla1992).

STIMULUS-DRIVENAND GOAL-DIRECTED CONTROL
OFATTENTION

WhenWilliam Jamegq1890)first delineatedhe varietiesof attenton overa
century ago,one major categorical boundaryas the distnction between
passiveand active attentbn. The modernterms are usually bottom-upand
top-downor thelessmetaphortal stimulus-drivenandgoal-directed. Theidea
is thatthe deploynentof attentionmay sometinesdepend orthe propertiesf
theimagealmostexclusively(e.g.suddenmovementn the periphery);other
times it may be under strict supervisionaccordingto the observels goals.
Mounting evidencehasrevealedhatthesetwo domainsof attentbnal control
almostinvariably interact.With a few possibe exceptionsboththe properties
of the image and the expectationsand goals of the observerdeterminethe
attentionalconsequencesf a given perceptuaepisode(We considerthetime
course of attentiaal controlin the lastsectionof thischapter.)

The past 25 yearshave yielded ample evidencethat the distribuion of
attentioncanbe controlledby theintenionsof the observerHelmholiz (1925,
p. 455)first notedthis ability in the pastentury,but itwas notuntil the 1950s
that the perceptualconsequencesf the deliberatedeploynent of attention
were first studied systematicajl by Mertens(1956). Much of the modern
evidencefor top-downcontrol hasbeenreviewedpreviously(e.g.Johnston&
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Dark 1986). Significantadvancesn our understandig of the top-downde

ployment ofattenton begarnwith aseminalseriesof studiesby Eriksenandhis

colleaguege.g. Eriksen& Hoffman 1972,1973). Subjectsidentified a letter
indicatedby a bar markerandattemptedo ignore otherlettersin the display.
The amountof interferencecausedby the to-be-ignoredletters provided a
measureof the efficiency andtime courseof attentionaldeploynent. Studies
by Posnerandcolleaguege.g.Posnerl980,Posneret al 1980)further exam

ined top-dowrattentionakontrol.

The evidenceconcerningthe captureof attention(i.e. bottom-upcontrol),
unlike thatfor top-downcontrol, ismorerecentandis thefocusof this section.
Two major categoriesof stimuus propertiesthat could in principle capture
attentioncanbe distinguished:stimuli that differ substaritlly in oneor more
simple visual attributes(e.g. color, orientation or motion) from their back
grounds—hereafter callddaturesingletmsor simply singletmms—andabrupt
visualonsetsWe considerthe evidenceabouteachof thesecategoriesn turn,
andwe returnto this topic in the sectionentitled“The Time Courseof Attern-
tion.”

FeatureSingletons andttentional Capture

In consideringwhat stimulus propertiesmight captureattentionregardles®of
(or in spiteof) the observels stateof attentonal readinessfeaturesinglebns
appearto be likely candidatesFeaturesinglebns are judgedas subjectively
salient,andthereis ampleevidencethat suchstimuli canbe found efficiently
in visual search.For example,Neisser(1967) observedthat curved letters
could be found easilyamongstraightletters,and using a somewhadtifferent
paradigm,Egethet al (1972)drew a similar conclusion Treisman& Gelade
(1980) also showed,using a visual searchparadigmlike that of Egethet al
(1972),that variousfeaturesingletors could be efficiently detectedn visual
search.Many exampleshave been cataloguedby Treisman& Gormican
(1988;see also Brav& Nakayama 1992).

Thesedemonstratins provide no direct evidence however,aboutwhether
featuresingletonscaptureattention,becauseén all the cited casedhe stimulus
in questionwas itself the targetof searchand thereforepresumablyelicited
top-down, deliberate deploynt of attention Therefore,one must design
experimentghat explicitly dissociatethe observels attentionalset from the
propertiesof the stimulus array. Severalsuchstudieshavebeenreported but
they haveyielded different conclusionsVefirst reviewpaperghatmight lead
oneto concludethatfeaturesingletonsdo captureattention.We nextconsider
studiesthat suggesbtherwiseand endthe sectionwith discussio of a paper
thatprovidesa possibleeconciliation
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SINGLETONS CAPTURE ATTENTION Pashler (1988, Experiment 7) had sub-
jects searchfor a slash(/) in anarrayof manyOs or for an O among/s. The
identity of thetargetwasnotknownin advanceOnsometrials, two of theitems
in thearraywereuniquelycolored . Thesewerealwaysirrelevanto thetask,and
subjectaveretold toignorethem.Pashlefoundthatreactiortime (RT) tolocate
the targetshapewas prolongedon thosetrials in which the color singlebns
appearedlespitesubjects intentionsto the contrary.Becausef theseresults,
one mightentativelyconclude thateature singletosido capturattention.

Theeuweq1991a,1992) further exploredthe conditionsunderwhich fea
ture singletonscontrolledthe deploymentof attention.In his tasks,subjects
typically searchedor an easy-to-detediarget(e.g.a diamond)in an array of
distractors(e.g. circles). Each stimulus had inscribedin it a line segment,
either horizontalor vertical (in the target)or obligue (in the distractors).To
demonstratesuccessfutargetacquisiton, the subjecthadto indicatewhether
the line in the targetwas horizontal or vertical. Subjectswere told that the
critical line would alwaysbe containedwithin the shapesingleton.On half the
trials, all the stimui hadthe samecolor (e.g.red),andon theremainingtrials,
oneof the stimuli—neverthe targetshape—wasiniquein color (e.g.green).
Subjectswere instructedto ignorethe color variation. Additionally, the total
numberof elementsin the display varied (5, 7, or 9). Reactiontime was
independenbf display size,which suggestparallelprocessingWith respect
to theissueof attentionalcapture this experiments similar in manywaysto
that of Pashler(1988,Experiment7). Resuls weresimilar aswell: RTswere
prolongedon thosetrials containirg a color singletoncomparedvith thetrials
without a color singleton. Theeuweg1991a)concludedthat when subjects
searchfor a targetin parallel,which is possiblewhenthe targetis a feature
singleton thentop-downcontrolis not possibe andattentionis capturedeven
by singlebns knowrto be irrelevanto thetask.

Another example of stimulus-driven capture was reported recenty by
Joseph& Optican(1996).Subjectsvererequiredto searchfor anL embedded
in anarrayof T stimdi; this targetarraywasflashedbriefly andthenmasked.
Subjectswvererequiredto reportthe location(oneof four quadrants)n which
the L appearedimmediatey precedingthe targetarray,a cuearraywas pre-
sentedbriefly. The cue array consistedof vertical line segmentsn which a
single horizontal segmentwas embedded Subjectswere correctly informed
thatthe locationof the orientation singletonin the cuearraywasuncorrelated
with thelocationof the upcomngtarget.(To call anuninformative stimulus a
cue may seemproblemaic; we accedehereto what appearg¢o be common
usagein thefield.) Neverthelessiesponsesveremoreaccuratevhenthe cue
appearedn thelocationsubsequengl occupiedoy thetarget,which suggested
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thatattentionwasdrawnto the cueeventhoughit wasknownto beirrelevant
to thetask.

SINGLETONS DO NOT CAPTUREATTENTION  These preceding studies all sug-
gest thatfeaturesingletonsgvenonesthatareknownto betaskirrelevant,do
capturevisual attention However, there is also evidencefor the opposite
conclusionJonides& Yantis (1988)reportedthatcolor andbrightnesssingle
tonsdo not captureattention. Observeravererequiredto searchfor aletterin
anarrayof multiple letters.On eachtrial oneletterdifferedfrom all therestin
colorfor somesubjects anth brightness foothers. Subjectweretold thatthe
targetwould occasionallybetheuniqueelementputonly onrandomlyselected
trials. Thatis, thefeaturesinglebn providedno helpin solvingtheprimarytask,
which wasto find the targetletter. At issuewaswhetherRT to find the target
differedwhenthetargetdid anddid nothappero betheuniqueelementYantis
& Jonidedoundthatit madeno difference:Responsewerenofasterwhenthe
targetwasthe singletan thanwhenit was not. This resultwas subsequeiy
corroborated byrheeuwes (1990).

Hillstrom & Yantis (1994) reportedthat not evenvisual motion captures
attentionunderall circumstancesThey had subjectssearchfor a rotated T
among rotated Ls. One of the stimuli on eachtrial exhibited one of five
differenttypesof visualmotion. In all casesthe positon of thetargetelement
was uncorrelated with the position of the movig element.At issue was
whetherRT differedaccordingo whetherthetargethappenedo correspondo
themovingelementlf motioncapturesttenton, thenonewould expectmore
rapid RTsto moving targetshanto stationary onedlillstrom & Yantisfound,
however, thaRT did not differ for thetwo conditions.

ATTENTIONAL CONTROL Thus,severaktudiessuggesthatsingletors do cap
tureattention whereaseveralbtherssuggesthattheydo not. Bacon& Egeth
(1994)proposedareconciliationby suggestinghattheseconflicting resultsare
manifestatios of two differentattentionabktrategiesdoptedy subjectsUnder
somecircumstancesubjectentersingletondetectiormodejn whichattention
is directedto thelocationin thearrayexhibiting thelargestocalfeaturecontrast
(for further evidence, see BragoNakayama 1992ylothdurft1992,1993).In
singletondetectionrmode,thelocationof the greatestontrastcan be accessed,
butnottheidentity of thedimenson(s)onwhichthestimuli differ. Thus,when
oneis searchingor, say,a shapesingleton,anirrelevantcolor singlet;mm may
“win out” becausef its greatetocalfeaturecontrastOtherstimulusconditions
mightleadsubjectdo adoptfeaturesearchmode jn which attentionis directed
to locatiors that matchsometask-definedvisual feature(e.g.“red” or “verti-
cal”). Bacon& Egeth(1994)supportedhis proposalby showingthat capture
by ato-be-ignoredeaturesingleta only occurredvhenthetaskcouldbecarried
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outin singletondetectiormode.Whenthatstrategywasmadeineffective,then

captureby irrelevant feature singletonsdid not occur. In one experiment,
singletondetectionmodewas madeineffective by including severalidentical

targetshapesthusensuringhatnooneof themcouldserveasasingletontarget.

In anotheexperimentseveraliniquestimuli werepresenthatwerenontargets,
againensuringthatthetargetcould not be found efficiently simply by looking

for a singleton.

AbruptVisualOnsetsand AttentionalCapture

A categoryof stimuli that behavessomewhatdifferently than most feature
singletonsis abruptvisual onset.Early studiesof whetherabruptonsetscap
ture attenton were motivatedby the cuing techniqueintroducedby Eriksen
andhis colleaguege.g.Eriksen& Hoffman1972).Jonideg1981)showedhat
a peripheralattentionalcue (i.e. a bar marker presentednear the location
subsequentlypccupiedby a to-be-identiied letter) drawsattention“automat
ically,” whereas centralarrowheadtuerequiresa deliberateshift of attenton.
The automaticiy of the peripheralcuewasdemongtatedin his Experiment2
by showingthatperipheralcuesdrew attentionwhethertheywereinformative
aboutthe location of the targetor not, while centralcuesonly controlledthe
deploymentof attenton whenthey wereinformative. Remirgton et al (1992)
foundthata peripheralcue capturesattenton evenwhenit is known neverto
indicatethe targetocation.

Yantis & Jonides(1984) proposedthat peripheralcueslike the onesem
ployed by Jonides(1981) might captureattentionbecausehey have abrupt
onsets.The magnocellulavisual pathwayis known to be quite sensitiveto
high temporal frequencyand one of its functions might be to signal the
location to which attentionshould be directed (Breitmeyer & Gah276
originally proposedhisidea).Yantis & Jonideq1984)pursuecdhis ideawith
avisualsearchtaskin which observersearched foa prespecifiedargetletter
embeddedn anarrayof nontargetetters.The letterswereformedby illumi-
nating a subsetof the segment®f a figure eight ason a digital alarmclock
(borrowing a techniquedevisedby Todd & Van Gelder 1979). Each trial
beganwith anarrayof completdigure-eightplaceholdersThesewereactually
letters that were “camouflaged” with irrelevant line segments.The figure
eightsremainedon the screenfor 1 s. The camouflagingine segmentsvere
thenremovedfrom the figure eightsto revealletters(thesewere designated
“no-onset’letters),andsimultaneouslya singleletterappearedn a previously
blank location (the “onset” letter). The targetletter was presenton half the
trials. On the target-preseririals, the targetwasthe onsetletter on 1/n of the
trials (wheren is the total numberof lettersin the display).Becauséghetarget
hadan abrupbnsetonly rarely,therewasnoincentive to deliberatelyattend to
it.
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Even though there was no incentiveto attendto the abruptonsetletter,
Yantis & Jonideq1984)foundthatRT to find thetargetwhenit happenedo
bethe onsetletterwasfastanddid not vary with the numberof elementgo be
searchedwhereaRT to find thetargetwhenit wasoneof theno-onsetetters
wasslowerandincreasedinearly with the numberof elementgo be searched.
They concludedthat the onsetletter capturedattentionon eachtrial. If the
targethappenedo be the onsetletter, a responseavas madeimmediatey and
no furthersearchingvasrequired putif theonsetetterwasnotthetarget,then
an attentiondy demandingsearch had tbe initiated.Yantis& Jonides(1990)
foundthatthis capturewhich occursin theabsence odny relevant attergnal
set,is preventedwvhen subjectsare inducedto focus attentionon a different
spatiallocationin advanceof eachtrial. This finding was corroboratedising
different approachedy Theeuweq1991b)andby Koshinoet al (1992) and
Juolaet al (1995).

At leasttwo potentialmechanismsgould accountfor attentional captureby
abruptonsets(Yantis & Hillstrom 1994). One, mentionedabove,is that the
luminanceincrementactivatesvisual pathwaysthat respondto high temporal
frequency,which in turn direct attentbn to the eliciting object. A second
possibilty is that the appearancef a perceptualobject, which requiresthe
creationof an episodicperceptuakepresentationelicits a shift of attenton.
This secondpossibilty might be a “hard-wired” responsdo the needto rap-
idly identify new objectsenteringthe visualfield. Yantis & Hillstrom (1994)
performeda seriesof experimentghat permittedthemto determinewhich of
theseaccountswas correct. They usedstimuli that were equiluninant with
their backgrounds (e.g. random-dot stereogrammshich the letters were
composedf dotsexhibiting binoculardisparity againsta zero-disparityback
ground).Thesedisplaysthusexhibitedno change irmean lummnance, buthey
did include the appearancef a new perceptuabbject. The experimentpro-
videdclearsupport foithenew-objectaccountAttention wascapturedy new
perceptuabbjectseventhoughthey did not exhibit a luminanceincrement.
Hillstrom & Yantis (1994) corroboratedhis finding by showing that while
motion per se doesnot captureattention whenit is taskirrelevant(as noted
above),when motion segmentsan object from its background(as when the
motion of a moth's camouflagingwings segmentt from atreés bark), atten
tion is capturedFor arecentdebateaboutthe new-objectsaccountseeGibson
(19964a,b) an&rantis& Jonides(1996).

Interactionof Goal-Drivenand Stimulus-DriveiCapture

The studiesreviewedsofar in this sectionprovideevidencethatundercertain
circumstancesttentionis drawnto objects(e.g.featuresingletonsor abrupt
onsets)without a deliberateintentto direct attentionthere.However,in each
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case top-downcontrol playsa role. One exampleof top-downcontrolis that
irrelevantfeaturesingletors captureattentiononly whensubjectsentersingle
ton detectionrmode,where featureontrastgradients contrahedistribution of
attention.Anotherexampleis that attentioral captureby abruptonsetscanbe
prevented or deast modudted byfocused attentiorlsewhere in thdisplay.

Folk et al (1992)proposeda theoretical framework fothe interaction
betweengoal-drivenattentionalcontrol and stimulus-drivenattentionalcap
ture. They arguedthat any given perceptuahct entailsan “attentionalcontrol
setting,”whichis part of theexplicit or implicit set of perceptual goals held by
the observerat that moment Thesegoals might be a result of instructons
providedby an experimentefe.g. “searchfor the red vertical bar”), or, more
often, bythe individuals currentplan ofaction in everyday lif¢e.g. searching
for the carkeys). The visual featureshatare of currentinterest(e.g.“red” or
“vertical”) will controlthedistribution of attentn.

They provided evidencefor this idea by showingthat the deploymentof
attentiondependgritically on what the subjectis setfor. In oneexperiment,
each trialconsistedf a fixationdisplay,followed in rapidsuccessioy a cue
display and a targetdisplay. Eachelementshownin the targetdisplay was
eitheran x or an =. Two types of targetdisplayswere used.Color target
displaysconsistedof threewhite elementsandonered element,andthe task
wasto identify the red elementas quickly as possibleaseitheranx or an=.
Onsettargetdisplaysconsistedof only one element,and so the targetwas
characterizedsbeingthe only elementwith anabruptonset.Again, the task
was to identify the targetas beingan x or an =. Immediatey precedingthe
targetdisplay,a cue display appearedthis could consistof eithercolor cues
(in which onelocationwas surroundedoy red dots andthe otherthreeloca
tionswere surroundeldy white dots)or onsetcues(in which onelocationwas
surrounded bysuddenly onsetvhite dots andthe remaining locations e
mainedblank). Eachtype of targetdisplay was combinedwith eachtype of
cuedisplay. Cue validity was manipulatedbetweenblocks;in one condition
thecuewas100%valid (It alwaysindicated thdéocation oftheto-be-identified
target element)and in anothercondition it was 100%invalid (It always
indicateda nontargetelement) Folk et al (1992)found thatwhenthe cueand
targetwere of the sametype, i.e. both color or both onset,cuevalidity hada
large effect. In particular,subjectscould not ignore invalid cues.However,
whenthe cueandtargetwereof differenttypes(e.g.a color cueandanonset
target) thenthe cuehadlittle or no influenceon responsdimes. This resultis
consistentith the ideathat the stateof attentbnal readinessadoptedby the
observer determineghatsorts offeaturesingletons willcapture attention.

A similar idea motivated Wolfe's (1994) Guided Searchmodel (seealso
Cave& Wolfe 1990, Wolfe et a1989). According to Guided Searélttention
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is directedto objectsseriallyin orderof priority. Attentionalpriority is deter
minedjointly by two things.Oneis top-downactivation,thatis, how closely
an object matchesthe currentattentonal set. For example,if the subjectis
searchingor ared vertical bar,thenall redthings andall vertical thingswill
receivehigherpriority thanthingsthatareneitherred nor vertical. Thingsthat
arebothredandverticalwill, of coursereceivethe mostactivation Theother
determinanis bottom-upactivation,thatis, how mucha given objectdiffers
from neighborng objectswithin any given perceptualdimenson. For exam
ple, a red object surroundedby greenobjectswill have greaterbottomup
activationthan will a red object surroundedby orangeobjects. Thesetwo
sourcesof activationare combinedto producean “attentionmap” that deter
minesthe order invhich objectsarevisited duringvisualsearch.

Both thesetheoriesincorporatea principle that Willi am Jamegecognized:
Thedeploymenof attentiondependgointly on propertieof theimageandthe
goalsand expectationsf theobserver.

THE REPRESENTATIONAL BASIS OF VISUAL
SELECTION

In animportant1981paper,Kahnemar& Henik asked/If attentio selectsa
stimulus,whatis the stimulusthatit selects?(p. 183).Until that point—with
somenotableexceptions—atteidn was viewed (implicitly or explicitly) as
similar to a spotight directedto regionsof space,‘illuminating” the objects
locatedthere(e.g.Eriksen& Hoffman1972,Hoffman& Nelson1981,Posner
etal 1980).Theevidenceconsistegprimarily of demonstratinsthatthe spatial
separatiorbetweenelementssignificantly modulatedattentionaleffects. For
example Hoffman & Nelson (1981) requireslbjects to identifitarget letter
thatappearedn oneof four locationsin thevisualfield, andthento identify a
secondaryshapethat was either near the target letter or elsewherein the
display. Theyfoundthat identification accurasyasmuchbetterwhenthetwo
stimuli were adjacentto eachother, which suggested spatial limitation in
dividing attention. Downing & Pinker(1985)cuedsubjectgo attendto oneof
ten boxesarrangedin a horizontalrow (five on either side of fixation) in
anticipationof a luminanceincrementin one of the boxes,mostoftenin the
cuedbox. DetectionRT wasfastestwhenthe targeteventoccurredwithin the
cuedbox, andit slowedmonotoncally asthe distancebetweenthe targetand
the attendedocationincreasedThis strongly suggested spatialgradientof
selectiveattention.

Kahneman% Henik (1981)urgedreadershowever,to considerthe posst
bility thatattentionmight be directednot only to spatiallocationsbut alsoto
perceptualobjects. The idea is that the raw retinal image providesonly a
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fragmentedrepresentatiorf the scenebecauseof occlusion yet perceptual
experience is cohereand “smootH. Therefore someearly visuaimechanism
is requiredto constructrepresentationsf objects.Discoveringthe principles
by which objectrepresentationareconstructedvasamajorgoalof the Gestalt
psychologists. Kahneman & Henik suggestedhat often the object repre
sentationsesultirg from perceptuabrganizationserveasthe representational
basisfor visualselection.

Becauseobjectsoccupy locations, experimentsdesignedto provide evi-
dencefor object-base@dccountanustdemonstatethata givenfinding is due
to allocationof attentionto a locationaly invariantobjectrepresentatioand
notto a spatiallocation Severalkstrategiehavebeenadoptedthataccomplish
this. Evidencefor object-basetheories ofattentionfall into two broadcatege
ries. Locationsor featuresin animagecanbe probedthat differ accordingto
their relationsip to objectstructurebut that danot differin spatiallocation or
separationAttentionmay alsobe directedo movingobjectswhich by defini-
tion involves continuousy changingspatiallocations.Within eachof these
two categoriesnanyspecific techniquekave been devised.

Ovealap and Grouping

Oneof the earliestdemonstationsof object-specificattentical benefitswas
reportedby Rock & Guttman (1981)in an experimentshowingthat subjects
can selectivelyattendto one of two objectsappearingin the samespatial
location.Observerssieweda sequencef 10 pictures.Eachpicture consisted
of two superimposeautline drawingsof novel shapespnedrawnin redink
andonein green.The subjectwasaskedto makeanaesthetigudgmentof the
objectdrawnin redink (or, for half the subjectsgreenink) andto ignorethe
objectdrawn in the other color. The judgmenttask was merely a cover to
inducesubjectsto processthe items selectively.After viewing all the draw
ings, subjects wergiven asurprise recognitiotest. Onehird of thetestitems
had beenattendedduring the judgment task, one third had beenunattended,
and one third were new. Subjectswere much more likely to reportattended
itemsasold thanunattendear newitems.Theirjudgmentsfor unattende@nd
new itemsdid not differ. This resultshowsthat attentionneednot be purely
location-basedbut that it is possitbe to selectively attendto one of two
spatiallycoincidentperceptual objects.

Duncan(1984) laidout explicitly the disthction between space-basbdo
riesandobject-basedheoriesof attentionandexploredthe distinction empirk
cally with a perceptualversion of the memory task employedby Rock &
Guttman.Subjectsvieweda display consisting of a rectanglewith atilted line
drawnthroughthe middle. Eachobjectcould take on two valuesfor eachof
two attributes: The line could be tilted right or left, andit could be dottedor
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dashedn texture. The rectangt®uld be tall oshort,andit hadasmall gagn

its contouron theright or left side. The display was flashedbriefly andwas
followed by a mask.Subjectsvereaskedto reporttwo attributeson each trial.
On sometrials, the two attributesbelongedo the sameobject(e.g.thetilt and
textureof theline), while on othertrials theybelongedo differentobjects(e.g.
the height of the rectangleand the tilt of the line). Responsesvere more
accuratewhenthe attributes belongedto the sameobject. This wastakenas
evidencethat observersattendto objectsasa whole: Whenjudgmentshadto

be madeaboutboth objects,a costwasincurredbecausef the needto shift
attentionfrom one objecto the other.

Vecera& Farah(1994)verified that Duncans resultsreflectedan object-
basedeffect (ratherthan what they termeda spatial“groupedarray” effect).
Theynoted that a spatial account predicts thattagnitideof the object-spe
cific benefitshouldbelargerwhenthetwo objectsarespatiallyseparatedhan
when they are spatially superimposedThey found no evidenceof sucha
pattern. However, whenthe task required judgmesthat did not involve
accessinghe shapeof the objectsbut requiredonly the detectionof a small
dot at variouslocationson the objectcontours thenonly space-basedffects
were observed. They concluded tkahple detectiortasks may access
strictly spatiallevel of representationyhile shapediscriminaton taskgequire
object-basedepresentationand thereforeyield object-basedttentinal ef-
fects.

The studiegust reviewedemploying two overlappingobjectsrevealedhat
onecanselectivelyattendto an objectoccupyingthe samespatiallocationas
anotherobject,asobject-basedheoriespredict.A related techniquis to show
thatwhenattentionis directedo one parbf anobject, other partsf theobject
enjoy an attentionabenefit,whereasquallydistantlocationsin otherobjects
donot. Severakxamplef this approach haveeenreportedBaylis & Driver
(1993) showedthat judging the relative locationsof two “corners” of a com
plexstimuluswasmoredifficult whentheybelongedo two objectsratherthan
one.Thiswasthe caseevenwhen theone-objectand two-objectisplayswere
physically identical, with instructilns determinhg how many objectswere
seenin thedisplay.Baylis & Driver found,like Duncanthatjudgmens about
two partsof a single objectwere madefasterthanthoseaboutpartsof two
different objects(for further discusson of this procedureseeBaylis 1994,
Gibson1994).

M Behrmann,RS Zemel & MC Mozer (unpublishedmanuscript)docu
menteda similar object-specifichenefit using a perceptualmatchingtask.
Subjectswere showna displayin which two rectanglespne orientedat +45°
andthe otherat-45°, overlappeduchthatonerectanglevasseenasbeingin
front of the other. Two of the rectangleendshadeithertwo or three“bumps”
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on them, and subjectswere requiredto reportwhetherthe numberof bumps
wasthe sameor differenton the two ends(the othertwo endswerestraight).
Of greatesinterestwaswhetherthe endsto be judgedwerepart of the same
perceptualbbject. For example the rectangleendsto be judgedcould be at
eitherendof the partly occludedrectangleor onecould be at one endof the
occludingrectangle andthe othercould be at oneend of the partly occluded
rectangle.The main result was that judgments madeabouttwo partsof the
sameobject were faster than judgmentsmade about parts of two different
objects,evenwhenthe objectin questionwaspartly occluded.This finding is
relatedin many waysto the resultreportedby Duncan(1984).In this case,
howeverthepartly occludedobjects werdragmentedn theimage.Perceptual
organizationmechanismsvere requiredto put the objectfragmentstogether
into coherent objeatepresentations.

Egly etal (1994)hadsubjectsview a displaycontainingtwo vertically (or,
on othertrials, horizontally) orientedrectanglegresentedside by side. One
end of one of the rectangleswvas cued (its local contourwas briefly bright
ened),and after a shortdelay one end of one of the rectangleswasfilled in
(this was the “target”). Subjectswereto pressa button when the targetap
pearedasimple detectiortask). Theyweretold thatthetargetwould appeaiat
the cuedlocationon 80% of thetrials (the valid condition), at the otherend of
the cuedobjecton 10% of the trials (the same-objectondition), and at the
same end of thencued object on 10% of theals (the different-object
condition). The latter two locationswere equally distantfrom the cuedloca
tion, but they differedin their relationto the cuedobject. The authorsfound
thatmeanRT in the valid condition wasfasterthanthe othertwo conditions.
More revealingwas the presenceof an object-specificbenefit: RTs in the
same-objectonditionwerefasterthanin the different-objectcondition. This
outcomeis consistentvith an object-basedccount.

A relatedstudy was carried out by Yantis & Moore (1995). They used
rectanglepairs like thoseusedby Egly et al, but in some conditionsthey
placedanoccludingsurfacein front of therectanglesAt issuewaswhetherthe
object-specificbenefitsdocumentedy Egly et al persistedvhenthe objects
containing thetarget eventswere partly occludedand required perceptual
organizatiorto becompletedasin theBehrmanrandcolleaguegunpublshed
manuscript)study]. The resultsrevealeda robustobject-specifidbenefit. Yan
tis & Moore (1995)wenton to showthatwhenthe perceptuataskrequiredof
subjectswas a temporal-ordejjudgment,no object-specifichenefit was ob-
served;insteadonly location-based:ffectswere observed.This latter result
parallelsthe simibr findingby Vecera & Farah (1994) notedrlier.

Severaktudieshaveshownthattheattentionakffectsof imagefeaturesan
vary as a function of how they are perceptuallygrouped,ratherthan where
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they arelocatedin the image. Suchresultssupportobject-basedheoriesof

attention,on the assumptn that the function of perceptualgroupingis to

createobjectrepresentationgzor example,Driver & Baylis (1989;Baylis &

Driver 1992) askedwhetherinterferencefrom to-be-ignoredstimuli during
targetidentification dependedonly on relative spatial location or on more
complexgroupingprinciples. They employedthe flankerstask developedoy
Eriksen& Eriksen(1974)in which subjectsarerequiredto reporttheidentity

of a centrallylocatedtargetletterandignoreadjacennoiseletters.Eriksen&

Eriksenfound that when the noise letterswere assignedo a responsethat
conflictedwith the responseassociatedvith the targetletter, responsesvere
significantly slowed, which suggestghat attentioncould not be completely
focused orthe targetetters.

Baylis & Driver (1992) constructeddisplaysin which the stimuli were
coloredletters.For example,in their Experiment2, five letterswerearranged
in a row. Thefirst, third, andfifth letterswere one color (e.g.red), andthe
secondandfourth letterswereanothercolor (e.g.green).ThelettersX andY
wereassignedo oneresponsde.g.presstheright button),andC and S were
assignedo anotheresponsde.g.pressthe left button).H andT wereneutral
lettersnot assignedo a responsethey neverservedastargetletters.Subjects
were supposetb press thdéuttonassignedo theidentity of the midde (third)
letterin the string.Baylis & Driver (1992)foundthattheidentity of theletters
thatmatchedhetargetin color,andnotthelettersthatwerespatiallyclosesto
the target,had the greatesinfluence (facilitation and inhibition of RT). For
examplethestring X" HY S"HI X" (wherethe superscriptndicateshat letteis
color) producedongerRTsthandid thestringH" X9 S X9 H', eventhoughthe
response-incompdie Xs are closerto the targetin the secondstring thanin
thefirst string. Driver & Baylis (1989)obtainedqualitatively identicalresults
usinggroupingvia commonmotion.

Theseresultshavebeencorroboratedy Kramer& Jacobsor{1991),who
foundthatthe extentto which flanking elementsnterferedwith theidentifica
tion of a targetdependen whetherthe flankerswerejoined via connecting
line segmentdo the target(producinglarge interferenceeffects)or to other
objects(producingsmallereffects).

Motion

A secondapproacho exploringtherepresentational basi$ visualselections
to separateobjectsfrom their location via motion. Kahnemanet al (1992)
introduceda priming techniquethat produceswhat they term an object-spe
cific “re-viewing” effect. We heredescribea simplified versionof their Ex-
perimentd. Eachtrial beganwith the appearancef a squareandatriangleon
oppositesidesof the display (e.g. aboveand below fixation) for 500 ms. A
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capitalletterthenappearedvithin eachshapéor 1 sandthendisappearedhis
initial display constiuted the “preview field.” The empty shapessmooty
movedto new positions to the left andright of fixation over a period of 590
ms, at which time they stoppedanda targetletter appearedvithin oneof the
shapesThe subjectsvererequiredto namethetargetlettervocally asquickly
aspossille afterit appearedThetargetlettercould eitherbe oneof thetwo in
the previewfield, orit couldbe newWhenit was one of thereview letters, it
eitherappearedvithin the sameobjectasit did in the previewfield, or in the
otherobject.This led to threepossibletrial types.For example|jf the preview
field consistedbf an S in thesquareandaP in thetriangle,thena same-object
trial would consistof an S in the squareduring the targetdisplay,a different-
objecttrial would consistof anSin thetriangleduringthetargetdisplay,anda
no-matchtrial would consistof a V ineither shape.

Kahnemaret al (1992)found that naminglatencieswere much slowerfor
no-matchtrials thanfor the otherconditions.More importanty, however,RTs
were significanty fasterfor the sameobjectcondition thanfor the different
objectcondition. Theyinterpretedhis finding asfollows. Whenavisualobject
appearsn the visual field, an objectfile is createdfor it. An objectfile is a
temporaryepisodicrepresentationf a visual object,containinga recordof its
location, its various attributes(including, perhaps,ts name),and its recent
history (Kahnemar& Treisman 1984). In theaseof theexperimentescribed
above, object files fothe square(and the letter appearingwith it in the
previewdisplay)andfor thetriangle (andits previewletter) arecreatedat the
startof the trial. Whenthe targetletter appearsafterthe shapesnoveto their
new locations,thenthe objectfile is reaccessedindif the objectfile corre
spondingto the shapan which thetargetappearsontainsa traceof thetarget
letter (asit wouldin thesame-objectondition)thennaminglatencyis speeded
relativeto the no-matchcondition.This is aform of object-specifierceptual
priming.

Another study in which motion was usedto separateobjectsfrom their
locationswas reportedby Yantis (1992), who useda multi-elenent visual
tracking proceduredevisedby Pylyshyn& Storm (1988).On eachtrial, ten
elementg(small plus signs)appearedn the screenusuallyin randomloca
tions. A subsebf thesgn = 1 to5) was flashedeveral timesThis constiuted
thetargetset.Thetargetsstoppedlashing,and all10 elementdegarnto move
about the screen indeperdently, changing diredion at random times ard
bouncingoff oneanotherandthe edgesof the screenAfter 7 s, the elements
stoppedmoving, and one was flashed.Subjectswere to reportwhetherthis
probeelement waa memberof thetargetsetor not. Pylyshyn& Storm(1988)
hadshownthatthis task could be carriedout with reasonablygoodaccuracy,
andto explainthis they invokeda theory of visual indexing (Pylyshyn1989)
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accordingto which eachtarget elemenit independentlyndexedat the starof
the trial. When the probe appearsijt is queriedto determinewhetherit is
amongthe indexedset.

Yantis (1992) suggestednsteadthat this taskwascarriedout by grouping
the targetelementsinto a “virtual polygon,” an objectrepresentatiorthat is
analogousto an object file (Kahneman& Treisman1984, Kahnemanet al
1992). Evidencefor selectiveattention to the target elementssupportsan
object-basedrepresentation foselection, becausthe target and nontarget
elements could not kstinguishedn the basisof spatiallocation (Theywere
spatiallyintermixed asthey movedso that no convexspatialregioncontained
all andonly targets).The experimentsavere designedio show that task per
formancewas modulatedby factors that influencedhow easily perceptual
groupscould be createdand maintained.In Experiment4, for example,the
configurationof targetelementswvas eitherunconstraineer was constrained
to remain convexduring motion. The convexity constraintensuredthat the
virtual polygonwould remaincoherenthroughoutmotion (i.e. the orderingof
verticesalongthe perimeterremainedconstant) andthis permitied observers
to usea single objectrepresentatiothroughoutmotion. Performancen the
constraineatondition wassignificantly betterthanin theunconstraied condk
tion.

Severalstudieshave attemptedto dissociateobjectsand locationsin an
inhibition of return (IOR) paradigm.Summoningcovertattentionto a spatial
locationwith a task-irrelevaniperipheralcue can eitherspeedor slow detee
tion of asubsequertarget.Whenthetargetfollows the onsetof thecueby 150
ms or less, RTs are usually faster when targetsare displayedin the cued
locationthanin anuncued locatioife.g.Maylor 1985,Posner & Cohen 1984).
This facilitation hasbeenthoughtto reflectone consequencef attendingto a
location.Whenthetargetfollows the cueby morethan300ms,however, time
to detecta targetis often fasterfor targetspresentecat previously uncued
locationsthan at previously cuedlocations.lt is this effect that Posneret al
(1985) calledinhibition of return.We considererejust oneaspecif inhibi-
tion of return, namelywhetherit is associatedvith a spatiallocation or a
perceptuabbject. (For discussios of otheraspectof this phenomenn, see
e.g. Abrams& Dobkins 1994, Klein & Taylor 1994, Kwak & Egeth1992,
Rafal etal 1989.)

Early experimentsuggestethatlOR wasassociateavith spatiallocations,
specificallyspatial locations defindd fixed environmenrdl coordinategMay-
lor & Hockey 1985, Posner& Cohenl1984).However,theselocationsoften
happenedo coincidewith objects.For examplejn Posner& Cohers (1984)
study, dispays corsisted of squares When brightened or dimmed, these
squaresservedas cues.A targetcould then appearin a cuedor an uncued
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squareHowever thesquaresappearedh fixed locationson a screen, and thus
it was not possibleto say whetherthe resultig IOR was associatedvith a
particular locationa particulasquare, or both.

In aneffort to distinguishamongthesepossibilties, Tipperetal (1991)set
the squaresnto motion. Subjectdixated a centrallocationaroundwhich two
diametrically opposedsquaresrevolvedin a clockwise direction along the
circumferenceof an imaginary circle. At a certaintime during this circular
motion one squarewas briefly cued (brightened) Both squarescontinuedto
revolvefor a variabletime until the target(a dot) wasshowninsideeitherthe
cuedor theuncuedsquare Consicer the casein which a squarevascuedasit
reachedhe leftmostpoint of the circle, andthe targetdot waspresenteafter
the pair of squareshad completedan additionalhalf-turn (i.e. 18C°) around
fixation. If RT wereslowerwhenthetargetappeareattheleft location,which
is the samelocation in environmenral coordinatesas the original cue, than
when it appearedat the right location, a location-basedaccountwould be
supported. The pattern of resuttisservedby Tipper et al (1991) clearly
favored the oppogtoutcomeRT was slowemwhen the targedppeared within
the previously cuedobject, which suggestedhat IOR is object-basedinder
theseconditions.In a subsequenstudy Tipperetal (1994)found evidencefor
bothlocation-base@nd object-baseldDR.

We have so far distinguished between object-based and location-based
representationd.his simpledistinction might leadusto thinkthat wheratten
tion is paidto anobject,thenthe entireobjectbenefits(or, in the caseof IOR,
suffers)equally.We concludewith a brief descriptionof oneadditional study
thatsuggestsepresentationsiay be morecomplexthanthat. Gibson& Egeth
(1994) arguedthat the conceptionof an object as independenbf location
shouldnot be understoodo imply that an objectis devoidof location (See
also Bayls & Driver 1993 Farahetal 1990.)

An outcomeof visual objectprocessingappearso be a structuraldescrip
tion that includesan explicit specificationof relative locatiors of partsor
surfaceswithin an object(e.g. Hummel & Biedermanl1992). Thus,although
objectsaredistinctfrom the spatiallocatiors thattheyoccupy thereexistother
intraobjectlocationsthat may be fixed with respecto the overall object. That
is, an objectcanbe construedasa “microenvironnent” within which specific
locationsmay be taggedby the mechanism that producelOR or attentbnal
facilitation. To testthesenotions,Gibson& Egeth(1994) employed a com
puter-generatedepictionof a“brick” thatrotatedin depth inthetime between
the presentatiomf acue anda subsequent targetheresultsof a seriesof four
experimentshowedthatIOR wasassociatedoth with locationson the brick
thatremainedixed with respecto thebrick aswell aswith locationsthatwere
fixed inreferenceo the unmowving environment
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THE TIME COURSEOFATTENTION

The deployrrent of attentionfrom one stimulus to anotheris by no means
instantaneousA substantiabody of researcthasexploredthe temporalchar

acteristics ofattentional deploymentn this sectionwe examine(a) how

quickly attention canbe directedto a particularstimulus, (b) how long attert

tion remainsdirectedat a particularstimulus (the dwell time of attention),and
(¢) howattentionmovesfrom locationto location.

Directing Attention

Thereis a substaritil literature concerninghow attenton may be covertly
directedto a particularstimulus or to alocationin thevisualfield, which was
coveredn arecentAnnualReviewof Psychologyarticle (Kinchla 1992).0Only
basicfindings are recountedhere.In studiesby Eriksenand his colleagues
(e.g.Eriksen & Collns1969,Eriksen &Rohrbaugh970)stimuli werebriefly
displayedettersonthe circumference o&nimagirary circle.A cue indicatng
the locatiorof the to-be-reportekbtter couldoe showrin advance of théetter
display. Accuracy of reportincreasedwith increasingstimulus-onsetasyn
chrony (SOA) betweenthe cue and the targetletter. There was substaritl
improvementwith justa 50-msSOA, andthe effectof the precuewasasymp
totic by about 200 ms. However, the story is not quite as simple as that
descriptionmight suggestAs discussedn the sectionon attentbnal control,
apparentlytwo different mechanismscan direct attentionto a stimulus or
stimulus location—onethat is stimulus-drivenand anotherthat is goal di-
rected.We review here studiesthat revealthe time courseof thesemecha
nisms.

In a study by Muller & Rabbitt (1989), subjectsfixated the centerof a
display while four boxeswere presentin the peripheryof the display at the
cornersof a largerimaginarysquare Subjectshadto discriminatethe orienta
tion of aT presentedn oneof the boxes;the remainingthreeboxescontained
plussigns.Beforethe presentatiorf thesecharacterssubjectseceiveda cue
thatwaseitherthe brief brightenng of oneof the four boxega peripheral cue)
or the presentatiorof anarrow at the centerof the displaythat pointedat one
of the boxes(a centralcue). Thesecueswere partially valid. Half of thetime
theyindicatedthe box that containedhe critical T-shapeandhalf of thetime
they indicatedone of the boxesthat containeda plus sign. Performancevas
examinedas a function of the SOA betweenthe cue andthe charactersThe
resultsshowedthatthe peripheralkcuehada fast-actingeffecton performance.
For examplewith avalid peripheralcue,performancevasquite goodevenat
theshortestSOA (100 ms). It improvedasSOA increasedo 175msandthen
declinedsomewhato a stablelevel for SOAsbeyond400 ms. In contrast,a
valid centralcue was virtually ineffective at 100 ms; performanceancreased
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steadilyuntil, at400ms, it reached approximatethe samestablelevel as that
achievedby the peripheralcue. Thus,the peripheralcuewascharacterizeés
having a fast, transientresponseand the central cue was characterizedas
having a slow, sustainedresponseMore specifically, central cueselicit a
deliberateshift of attentionthat is characterizedy a monotoric rise to an
asymptotewhile peripheralcuesproducea quick rise andthenfall to alower
asymptott level (and, perhapsjnhibition of return at still longerintervals).
Similar findings havebeenreportedby Krése & Julesz(1989), Nakayama&
Mackeben (1989rnd Chea& Lyon (1991).

The DwellTimeof Attention

VISUAL SEARCH In muchof therecentresearcton attentionthevisualsearch
paradigmhasbeenusedto probethe mechanism®f attention.Among other
things, this paradigmhasbeenusedto estimatethe amountof time spentper
itemin the visual display.Let us takeasa startingpoint searchfor a T in any
orientationin a backgroundof Ls in any orientation(seee.g.Bergen& Julesz
1983,Egeth& Dagenbacti991,Wolfe etal 1989).Thistaskis demandiig and
may well require serial processing(a requirementfor any straightforward
estimateof time per item). If one plots meanRT againstdisplay size, the
resultingtarget-absenandtarget-presenfunctionsare nearlylinearand have
substantiaslopegthatstandin roughlya?2:1ratio. Forexamplejn thestudyby

Wolfe et al (1989,Experiment4) the presentandabsentlopesfor onesetof

conditionswere 19.2and41.6msper itemrespectivelyand for anotheset of
conditionswere 24.9nd 60.9msper item respectivelyTakentogetherthese
two datasetssuggesta serial searchthat inspectsnontargetsat the rate of

approximatel\60 msperitemuntil thetargetis found,with theshallowerslope
of the target-presentunction due to the subjectterminatingthe searchupon
finding thetargetafterhalf of thestimuli (onaveragehavebeeninspectedThe

slopeof the target-absenfunction canbe construedasthe time that attention
dwells on anitem beforemoving to the nextitem. Obviouslythis dwell time

will dependnmanyfactors suchasthedifficulty of thediscriminationbetween
targets andontargetgsee e.g. Chedl Lyon 1992 ,Palmer 1994).

Useof the slopeof a searchfunction asan estimae of how long attention
dwellsonastimulushassubstarial face-validity,butit is notwithoutinterpre
tive problems(e.g.Palmer& McLean1995; Townsend1971,1990).Perhaps
the biggestproblemis thatthe underlyirg serialmodelmay be inappropriate.
Suppose, foexample, that nontargets weegectedn parallelby alimited-ca
pacity procesqsuchthatit takeslongerto workthe moreslementghere are in
the display). One could still computea slope, but it would not accurately
reflect the time courseof attentionacrossdiscreteitemsin the display. For
exampleof modelswith varyingdegreesndkindsof parallelismseeDuncan
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& Humphreys(1989), Grossberget al (1994), Hoffman (1979), Palmer&
McLean (1995)and Wolfe(1994).

RAPID SERAL VISUAL PRESENTATION (RSVP): WHOLE REFORT If we move
beyondhesearchask,wefind otherparadigmshatcastight onthetimecourse
of attention Severainvolve the sequentialisplay ofstimuli asopposed tahe
simultaneoudisplayof the visual searchtask.(For someearly applicationsof
suchdisplaysto the issueof whetherprocessings parallelor serial,seee.g.
Eriksen& Spenced969,Shiffrin & Gardnerl972,Travers1973.)Someof the
sequentialdisplay procedureshaveyielded estimatesof dwell time that are
shortethantheroughly50msestimatesvegetfromvisualsearctstudiesyhile
others haverovidedsubstantialf longerestimates.

Saariner& Julesz(1991)presentedwo, three,or four numeralsn random
positiors on a ring surroundingfixation. Each numeralwas followed by a
maskin the samelocation.Eachnumeralandeachmaskwaspresentedor 33
ms, and there was a blank interval of variable duration (0, 33, or 67 ms)
betweereachnumeral and its followingnask. Eacimaskappearedimultane
ously with the appearancen screenof the nextnumeral.Thus, SOAsin this
experimenivere 33,67,0r 100ms.At the end othe stimilus presentatiothe
subject waso type in all theaumerals irthesequencén thecorrectorder.Not
surprisingly asthenumberof numeralsn the sequencéncreasedthe propor
tion of trials on which the subjectcould correctly identify all of them de-
creased. The auhors emphadzed, however, that perfformance was above
chancesvenwhentherewerefour numeralgn the sequencendthe SOA was
33ms.Theyconcluded that the speeftifocalvisual attention cahe quitefast
(at leasb0 msper item),with performance stiliespectable at 3Bsper item.

In a subsequenéxperimentexposuredurationsas shortas 16.7 ms were
used,in additionto a conditionin which stimuli were presentedsimultane
ously (Hungetal 1995).Again performancevasbetterthanchancesvenwith
four-numerakequencepresentecttheshortestSOA (i.e. 16.7ms).Accuracy
of reportin the correctorderin that condition wasapproximate}l 0.2%;their
estimateof chance irthatconditionwas0.02%.

Thereis a problem,however,with basingthis argumenton the fact that
performancavasabovechanceSupposeubjects alwaysawthefirst numeral
clearly but, becausef capacitylimitations, sawnoneof the following items,
which they would haveto guessrandomly Even suchminimal information
would leadto above-chancperformancebut suchperformanceouldnotthen
be convertedinto a meaningfulestimate of dwell time peritem. By our own
calculations,performancein the Saarinen& Juleszstudy appeargo be too
goodto be accountedor in termsof subjectsseeingoneitem and guessing
three.If anything it is morelike seeingthreeclearlyandguessingone.Thus,
thework of Juleszandhis colleaguestrongl suggests high speedor focal
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attentionbutit is not clear whethea preciseestimae ofthatspeeds possible
based orhistechnique.

Theresearclhof Saarinen& Julesz(1991)andHungetal (1995)attempted
to estimaé dwelltime by presentingstimuli sequentiallyand determinindgnow
quickly they canbe presentedvhile still maintainirg above-chanceerform
ance.A differentapproacho estimatirg dwell time asksinsteadhow slowly
stimuli needto be presentedo keepreportaccuracyatahighlevel. Someearly
researclusingRSVP wasconcerned witlieadingand saused letter sequences
that formed words. Kolers & Katzman(1966) presentedsix lettersone after
theotherin thesamespatiallocation;theyfoundthatit tookan SOA of 375ms
for accuratereport (over 90% correct)of the lettersin a sequenceHaber&
Nathanson(1969) used a similar display format and presentedwords that
variedin lengthfrom four to eightletters.They found that the SOA required
for asymptott performancencreasedvith word length.For four-letterwords
they estimated the critical SG8 be65 ms, andor eight-letterwords110ms.
Haber& Nathansongave severalreasongor believing that the relationslip
they found betweenword length and SOA may be artifactual. For example,
therewasno maskbeforethefirst letteror afterthe lastletter. Thustwo of the
four lettersin a four-item list are particularly easy,but only two of the eight
itemsin an eight-itemlist were particularlyeasy.Thus,the 65 ms estimateof
requiredprocessingime is probablytoo short.It is possiblethatthe 110 ms
estimatds alsotoo short,at leastif we considerthe resultsof Travers(1973).
In a conditionin which thelettersof aword werepresented sequentiglin the
samespatiallocation (with the string precededand followed by a mask)an
exposureduration of 375 ms yielded between80 and 85% of words (not
letters) correctlydentified.

RAPID SERAL VISUAL PRESETATION: PARTIAL REPORT One problem with
interpretingthe aforementionedtudiesis thatthe useof wordscreateoppor
tunitiesfor all sortsof guessingstrategiego occur.To avoid theseproblems,
onemight presenrandomletterstrings(e.g.Kolers & Katzman1966,Travers
1973). However, this creates problemsf its own. In particular,memory
requirementsometo dominatetaskperformanceOnesoluion to this problem
isto eliminaietheneedor wholereport(Sperlingl960).A varietyof interesting
designdhaveadoptedhisapproachTheyhavein comma therequirementhat
subjectsreportthe statusof just oneor two items,calledtargetitems,thatare
differentiatedrom theother itemsn the stream irsomeway.

In a seriesof four experimentsBroadbent& Broadbent(1987) distin-
guishedtargetsfrom nontargetsn severaldifferentways.In onetask,subjects
had to report two uppercasdargetwords presentedn an RSVP streamof
otherwiseall lowercasewnords. Subjectswere unableto reportboth targetsif
they were presentedn temporally adjacentposiions. Moreover, this deficit
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persistedevenwhenwords were separatedy one,two, or threeintervening
nontargets(At the exposuredurationof 80 ms, threeintervenirg itemstrans
latesinto an SOA of 320 ms betweensuccessivaargets.)in anotherexpert
mentusinga somewhammoredifficult discrimination(targetsweredesignated
by the presencef a hyphenon eitherside),the deficit in reportingbothwords
waspresenfor temporalseparationsf up to 480 ms. Thedifficulty of report
ing both targetswas not limited to situatons in which targetand foil were
distingushedby a simple physicalfeature.Similar resultswere obtainedin
anothertask in which all items were lowercaseand subjectshad to report
animal names. Thidengthy refractoryperiod is consistentwith Duncans
(1980) claimthatit is difficult to process twdargets athe samdime.

The RSVP studiessupply an appreciatiorof whatthe phrase‘at the same
time” meansRoughl speakingpoor performanceon the secondtargetmay
beviewedasreflectingthe durationof processingf thefirst target.However,
thisis a simplification. Whenitemsfollow oneanotherrapidly, subjectsoften
procesghemin the “wrong” order.For example,n the Broadbent& Broad
bent (1987) experimentusing uppercasdargets,when the two targetswere
temporallyadjacenthe probabilties of reportingthe first and secondtargets
were 0.46and 0.35espectivelyput the probability of reportingbothcorrectly
wasonly 0.075.Thus,apparentlyon manytrials subjectswere ableto report
the secondbut not thefirst target.In contrastwhenthetargetswereseparated
by threeinterveningitems the correspondingprobabilties were 0.45, 0.14,
and0.075.Herethe deficit would appeatto be mostly, but not entirely,dueto
prolongedprocessingf thefirst target.Reevest Sperling (1986and Weich
selgartne& Sperling(1987)provideddetailedtemporalanalyses ofesponses
in multitargettasks.

The RSVPstudieswe havereviewedsuggesthat theallocatin of attention
to a targetin a stimulus streamproducesa fairly protracteddeficit. It is not
clearwhatthe natureof this deficit is. In studiesthatrequiredword identifica:
tion the deficit maybein word identification, or itmaybe insomelower-level
visual processSimilarly, in the Weichselgartne& Sperling(1987)studythe
deficit may be in memorymechanisr, or it may be in perceptuabr atterr
tional processesRaymondet al (1992) suggestedhat what we are seeingin
thesestudiess a suppressioof visualprocessingThey wrotethat“these data
suggesthat the mechanism involved in targetidentificationaretemporarily
shut down after use. It is asif the perceptualand attentimmal mechanisms
blink” (p. 851).

Raymand et al (1992) designeda dual-taskRSVP experimentin which
responseequirementsveresomewhasimpler thanin precedingstudies.Let-
terswere presentedne at a time at a rate of 11 per second.One letter was
white; all the restwereblack. Subjectshadto identify the white letter. On half



290 EGETH& YANTIS

of the trials therewasan“X” somewheren the stream(but neverprior to the
white letter). On the otherhalf of thetrials therewasno X. After reportingthe
identity of the white letter, the subjectwasto indicatewhetherthe streamhad
containedan X. (Note that on sometrials the white letter was an X.) Both
responsesvere unspeededand the memoryload was minimal. The focus of
this study was on the consequenceassociatedvith paying attentionto a
target;for thisreasonthe white letter waseferredto as thdarget, while theX
was referredto as the probe. In the control condition, the subjectwas in-
structedto ignore the white letter and just indicate whetherthe probe was
presentor not. Note that the stimuli were identical in the experimentaland
control conditiors. This allows oneto determinewhetherposttargeperform
ancedeficits are due to sensoryfactorssuchas maskingof the probeby the
target or taheattentionademand®f identifying the targetetter.

Therelevantdataarethe percentagesf correctdetectionf the probeasa
function of the position of the probein the series.Whenthe subjectdid not
haveto identify the white letter, probe detectionwas very good, averaging
about90% correct,anddid not vary asa function of probeposition. However,
whensubjectdid haveto identify thewhite letter, probedetectionprobabilty
wassimilarto control performancat posiion 0,i.e. when thg@robeandtarget
coincided,and declinedsteadilyuntil, at positon 3, probedetectionwasless
than50%. Performancehenrecoveredgraduallyuntil, by position6, it once
againdid not differ from control performanceThis substantiabnd extended
dip in performancef the experimentatonditionwasreferredto by Raymond
etal (1992)astheattentonal blink. In thatstudy, itwasstatisticaly significant
in the posttargeinterval from 180to 450 ms. We are concernecherechiefly
with documening the existenceand extentof the attentionalblink. Several
attemptsto provide theoreticalaccountsof the phenomenorhave beenpro-
posedrecently(e.g.Chuné& Potter1995,Grandisoretal 1996,Raymord etal
1995, Seiffert& DiLollo 1996).

RAPID SERIAL VISUAL PREENTATION: MINIM AL SEQUENCES The partial report
procedureis clearly a simpilification of the whole report method.However,
RSVP with a multi-item sequencas a dauntingtask neverthelessiequiring
selectiorof stimuli presente@thigh speedOnefurthersimplification hasbeen
introduced.Duncanet al (1994; seealsoWard et al 1996) presentedust two
stimuli sequentialf and had subjects identiboth. Thestimuli werepresented
in two differentlocationsandwere both postnasked.Whenthe stimuli were
presentedatlosetogetherin time, thefirst stimulus interferedwith the second.
Theinvestigates measuredhe interval over which the interferencepersisted.
Theytook thisto beanindexof thetime course of thdirst objects attentonal
demandor, astheyputit, of thedwell time of attention) Theresultis consistent
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with otherestimaesfromtheRSVPliterature Dwell timeswereseverahundred
milli seconds. Aummaryestimateof 500mswould not be far off the mark.
Thesimplicity of theexperimentaparadigm makes this perhaps st®ng
estpieceof evidencethat searchcannotshift betweenobjectsfast enoughto
account for theeaction timeshat are obtaineih typical visualsearch tasks.

WHY THE DISCREPANT RESULTS? We take the high speed (17-33 ms) esti-
mates of dwell time derivedfrom the studiesof Saariner& Julesz(1991)and
Hung et al (1995)to be provocativebut, for the reasonstatedabove,not yet
sufficiently securdo serveasthebasisfor furthertheoreticabpeculationWhat
remainsthen,is to considemwhy theresultsfrom searchtasks(50 msperitem)
andawide varietyof RSVPtasks(500msperitem)yield suchdifferentresults.
This sectionmustbe consideredpeculativebecausdittle work hasaddressed
this question.

Moore et al (1996) notedthat the experimentdy Duncanet al (1994)and
Wardetal (1996)used masked stimulTypically, masked stioli arenot used
in visual searchtasks.If dwell time dependsn the specificstimuli andtasks
used,then perhapghe discrepancyis more apparenthanreal. More specifi
cally, attenton may remainfocusedlongerfor a difficult discrimination than
for an easy discrimiation,and itis reasonable tthink thatmaskingmayhave
made thaliscriminaton difficult and thudedto an unusuajl longdwell time.

The Moore et a(1996) experimentvas very similar in desigrno the
experimentdy Duncanand his colleaguesThe onecrucial differenceis that
in oneconditionboththe first andsecondstimulus werepostmaskednmedk
ately after their exposurgasin Duncanet al), while in anotherconditionthe
first andsecondstimuli were maskedat the sametime (immediatey afterthe
exposure of the second stimulus). The critical quedion was whether the
changein maskingstatusof the first stimulus would affectthe dwell time of
attentionon that stimulus. It did. Dwell time was reducedto about200 ms.
Althoughstill longerthanthetimesderivedfrom visualsearch taskghis time
is lessthanhalf of the estimatein Duncanet al (1994).1t seemgossibé that
other differences between tireethodamight reduce the tim still further.

Bennett& Wolfe (1996)havemadea furthereffort to bridgethe methode
logical gapbetweernvisualsearchrandRSVPproceduresSubjectsearchedior
a rotatedT amongrotatedLs, a task that would seemlikely to elicit serial
search.Stimuli were presentedne at a time at randomlocatiors in a large
field. SOAs varied acrosstrials: 26, 52, 78, or 104 ms. Once presenteda
stimulus remainedn view until the endof thetrial. Reactiontime wasmeas
uredfrom the onsetof thetrial until the subjectpressedh key. What was of
interestwas how well subjectscould “keep up” with the sequentiapresenta
tion of items.If subjectscould moveattentionfrom stimulusto stimulusatthe
samerate that they were being shown,thenthe slopeof the functionrelating
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meanRT to thetime in the sequencevhenthetargetwasfoundshouldbe 1.0.
The seven subjeckept up with stimlus presentation at SOAd 104, 78, and
52 ms,andfell behindonly at26 ms. This suggestshatsubjectscandiscrimi-
nate rotated’s andLs at a rate odbout 50msper item.

With this interestng paradigmand result we have comefull circle. Al-
thoughpresentationvassequentiglthe estimateof dwell time wasasshortas
thosefrom simultaneougpresentations classicaktudiesof visualsearchlt is
by no meansclearjust whatit is aboutthesevariousparadigmshat leadsto
suchdiffering results;this remainsa problemfor further researchNeverthe
less,it seemgeasonabléo conclude following MM Chun,JM Wolfe & MC
Potter(unpublshedmanuscriptthat “while it ispossille to tie upattenton for
severalhundredms after a targethasbeendetectedsuchcommitnent by no
meansrepresenta mandatoryminimum dwell time for successfuprocess

ing.”

The Movemat of Attention

It is widely acceptedhatattention canbe shiftedfrom onelocationto another
in the visual field without any concomitantmovenent of the eyes.However,
the natureof the shift is lessclear.Doesattenton movein ananalog,continu
ous fashion, or is the shift of attenton accomplishedabruptly, without any
actual movemeft

Severalnvestigator$iaveobtainedresultsthattheytookto supportheidea
that, like a spotlight attenton movescontinuowsly throughspace(e.g. Shut
manet al 1979)andthusrequiresmoretime to move a greaterdistance(e.g.
Tsal 1983)For exampleTsal (1983) hadsubjects rapidly discrimatean“X”
from an“O”. Stimuluspresentationsvere4°, 8°, or 12° to theleft or right of
fixation. At a variabletime beforethe letter was presenteda cue was briefly
flashedatthelocationin which theletterwasto appearTsalreasonedhatthe
cue shouldbe beneficial.On the basisof the assumptiorthat attentiontakes
time to move,hereasonedurtherthatthe maximun benefitof the cueshould
occur progressivelaterin time the further away from fixation the stimulus
appeared. Thiwas the patterhe observed.

Thisresearctsuggestigthat attentio moves in aranalog fashiomasbeen
criticizedin somedetail by Eriksen& Murphy (1987)and Yantis (1988).For
example, on@roblemwith the study by Tsas that it didnot includeacontrol
for generalarousalor alertnessYantis (1988, p. 205) concludedhatboththe
Tsal (1983) and Shulmanet al (1979) experiments‘are simply inconclusive
aboutwhetherattenton shifts have continuousor discretedynamics.”How-
ever, therearesomeotherapproachethatavoidthe problemsof theaforemen
tionedstudies.

Sagi& Julesz(1985) showeeavidence foanabrupt relocation dcdittenton.
Subjectshadto decidewhethertwo simultaneouslhypresentedtimuli werethe



VISUAL ATTENTION 293

sameor different. The stimuli—rotatedTs andLs—werepresentect varying
separationsndwere followedby a masko limit processingime. The finding
of chief interestwasthat at any given stimulus-maskonsetasynchronydis-
crimination accuracywas independenbf distance,which they took as evi-
dence for “fast, noninertiahifts of attentiori (p. 141).

Convergng evidenceof distance-independemelocationof attention was
providedby Kwak etal (1991).Subjectsnadesame-differenjudgmens about
pairs of Ts and Ls that varied in separationIn their experiments stimuli
appearedat varying separation®n animaginary circle, to control acuity. The
dependenvariableof chiefinterestwasreactiontime. As in the Sagi& Julesz
study, performancewas independenbf separation.This was true for both
upright Ts and Ls (Experimentl) androtatedTs andLs (Experiment2, 3).
Remingbn & Pierce(1984)reported a simdr result.

In boththe Sagi& Julesz(1985)andKwak et al (1991) experimentsit is
importantto establishthat the tasksactually requiredattention.If the tasks
were accomplishedpreattentively,there would be little reasonto speakof
reallocationof attention. Wdocushereon theanalysigorovidedby Kwak etal
(1991, Experiment3). To establishthat the two stimuli were examinedone
afterthe other,they useda diagnosic basedon the additivity of a within-dis
play visual quality manipulaton (Egeth& Dagenbact991).This diagnostic
appliesto situatonsin which processingf stimui mustbe exhaustive. This
the casein a same-differentmatching task because botlstimui must be
examinedo makea correct response.

The two lettersin the display were, independentlyeither high or low in
contrast.If the lettersare processesequentially thenthe slowing causedby
presentingow-contrastcharactershouldbe additive. Thatis, if makingone
characterdow in contrastincreaseameanRT by 20 ms, then making both
characterdow in contrastshouldincreasemeanRT by 40 ms. However, if
processings parallel,thenthe 20 ms slowing producedby one low-contrast
letter should not be exacerbatedby making the other letter low in contrast.
That is, the effects of reducingthe contrastsof the two letters should be
subadditie. Theresultsshoweda clearpatternof additivity for therotatedTs
andLs. Thus,attention presumablyhadto moveserially from oneitem to the
other.Sagi& Julesz(1985)usedsomevery differentexperimentatliagnosics
thatalsopointedto serialprocessingThus,it seems reasonakiie suggesthat
it is appropriateto speakof the (null) resultsof the distancemanipuhtionin
thesestudiesasindicating thatit doesnot take longerfor attentionto move
greater distances.

Sperling& Weichslgartner(1995) haveindependentlyreportedevidence
that longer movementsof attentiondo not require more time. They further
showedthat attention canskip over aninterveningobstaclewithout any time
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cost.Togethettheseresultssuggesthatthemovemenof attentionis “quantal”
rather than analog.

Concluding Remarks

Our review revealssignificantrecentadvancesn the understandingf atterz
tion. Of course,many of the issuesand someof the mechanismshat occupy
journal pagestodaywereanticipatedo somedegreeaslong asa centuryago
by William Jamesandothers.Neverthelessnmanyempiricaldetailshavebeen
clarified, richer theoretical frameworks have evolved, and important new
ideas,suchasthe distinction betweenobject-base@ndlocation-basedelee
tion, havebeenadvance@nddevelopedThereis noreasorto believethatthis
recentprogresswill subsia any time soon; behavioralstudies of attentbn,
augmentedoy neuroimagig studiesof the functioning brain and neuropsy
chological studiesof brain-damagegbatients,promisenew insights into the

mechanismsef visualattention.
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