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Many� previous� studies� have� shown� that� stimuli� pre-
sented� within� attended� regions� of� space� are� processed
more� rapidly� and� more� accurately� than� those� presented� in
unattended� regions� (e.g.,� Cheal� &� Gregory,� 1997;� Hen-
derson,� 1996;� Posner,� 1980;� Prinzmetal,� Presti,� &� Posner,
1986),� and� the� purpose� of� the� present� study� is� to� explore
the� nature� of� attention-related� increases� in� processing� ef-
ficiency.� Specifically,� we� examine� the� possibility� that�
attended-location�objects� receive� priority� for� entry� into� vi-
sual� working� memory.� Although�many� theories� of� attention
have� proposed� that� spatial� attention� has� this� effect� (e.g.,
Bundesen,� 1990;� Duncan� &� Humphreys,� 1989),� there� has
been� relatively� little� direct� empirical� investigation� of� this
proposal.

To� explore� the� role� of� spatial� attention� in� controlling� ac-
cess� to� visual� working� memory,� we� used� a� cuing� paradigm
in� which� a� white� square� appeared� at� a� peripheral� location,
directing� the� observers’� attention� to� this� location� (see� Fig-
ure� 1).� Performance� on� a� visual� working� memory� task� was
then� measured� for� stimuli� appearing� at� the� cued� location
on� some� trials� (valid trials)� and� for� stimuli� appearing� at� an
uncued� location� on� others� (invalid trials).� Most� previous
studies� of� cuing� have� assumed� that� cues� influence� the� al-
location� of� perceptual� processing� resources� (Posner,� 1980)
or� bias� decision� processes� (Lappin� &� Uttal,� 1976;� Shiu� &
Pashler,� 1994).� In� the� present� study,� we� examined� the� role
of� spatial� cues� in� controlling� the� transfer� of� attended-

location� perceptual� representations� into� visual� working
memory.� In� particular,� we� examined�whether� sudden-onset
cues� automatically� influence� visual� working� memory,� so
that� cued� items� are� more� likely� to� be� remembered� than� un-
cued� items,� even� when� the� cues� do� not� predict� which� item
will� be� tested.� Previous� studies� have� shown� that� sudden
onsets� may� influence� perceptual� performance� (Hopfinger
&� Mangun,� 1998;� Jonides,� 1981;� Luck� &� Thomas,� 1999;
for� a� review,� see� Yantis,� 1996),� but� no� one� has� examined
whether� sudden-onset� cues� automatically� influence� visual
working� memory.

The� role� of� attention� in� working� memory� was� addressed
many� years� ago� by� the� classic� iconic� memory� studies� of
Sperling� (1960)� and� Averbach� and� Coriel� (1961).� In� these
studies,� subjects� were� presented� with� a� brief� array� of�
alphanumeric� characters� and� were� required� either� to� report
all� of� the� characters� (whole� report)� or� to� report� a� subset� of
the� characters� that� were� indicated� with� a� cue� ( partial� re-
port).� The� cue� was� either� a� tone� that� indicated� which� row
of� characters� to� report� (Sperling,� 1960)� or� a� bar� or� circle
that� indicated� which� individual� character� to� report� (Aver-
bach� &� Coriel,� 1961).� In� the� whole-report� conditions,� re-
call� of� the� items� was� accurate� for� arrays� of� 4–5� characters
and� declined� as� the� number� of� items� in� the� arrays� in-
creased.� In� the� partial-report� conditions,�performance� was
highly� accurate� even� for� very� large� arrays,� as� long� as� the
number� of� cued� items� did� not� exceed� the� capacity� of� work-
ing� memory.� Thus,� observers� were� apparently� able� to� se-
lectively� transfer� the� cued� characters� into� working� mem-
ory� (for� more� recent� studies� of� this� nature,� see� Gegenfurtner
&� Sperling,� 1993;� Irwin� &� Gordon,� 1998).

The� main� goal� of� these� previous� studies� was� to� demon-
strate� that� the� partial-report� advantage� would� be� present
even� when� the� cue� appeared� after� the� offset� of� the� charac-
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Previous� studies� of� attention-directing� cues� have� focused� largely� on� the� effects� of� cuing� on� perceptual
processes,� but� cuing� may� also� influence� the� transfer� of� perceptual� representations� into� visual� working
memory.� In� the� present� study,� we� examined� this� potential� role� of� cues,� using� both� predictive� and� non-
predictive� cues� in� the� context� of� a� visual� working� memory� task.� Each� trial� began� with� a� cue,� followed
by� an� array� of� six� colored� squares,� a� delay� interval,� and� then� a� probe� square� presented� at� the� location� of
one� of� the� squares� in� the� previous� array.� The� subjects� were� required� to� indicate� whether� the� color� of
the� probe� square�was� the� same� as� the� color� of� the� square� that� had� previously� been� presented� at� the� same
location.� Performance� on� this� working� memory� task� was� more� accurate� when� the� cued� location� was
probed� than� when� an� uncued� location� was� probed,� even� when� the� cued� location� was� no� more� likely� to
be� probed� than� any� of� the� uncued� locations.� An� additional� experiment� using� the� abrupt-onset� paradigm
of� Yantis� and� Jonides� (1984)� yielded� similar� results.� Thus,� visual� transients�may� automatically� influence
the� transfer� of� perceptual� representations� into� visual� working� memory.
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ter� array,� consistent� with� the� presence� of� a� high-capacity
but� short-lived� sensory� memory� system.� For� the� purposes
of� the� present� study,� however,� the� most� relevant� result� is
the� simple� finding� that� cues� can� be� used� to� control� the
transfer� of� information� into� working� memory.

More� recently,� it� has� become� clear� that� there� are� sepa-
rate� verbal� and� visual� short-term� memory� systems� (for� re-
views,� see� Baddeley,� 1986;� Logie,� 1995).� Sperling� (1960)
and� Averbach� and� Coriel� (1961)� used� stimuli� that� could
easily� be� converted� into� a� verbal� code,� and� the� subjects� re-
sponded� by� reporting� the� names� of� the� stimuli� verbally.� It
is,� therefore,� very� likely� that� the� cues� in� these� studies� in-
fluenced� the� transfer� of� information� into� verbal� working
memory,� rather� than� into� visual� working� memory.� To� iso-
late� the� role� of� attention� in� controlling� the� visual� compo-
nent� of� working� memory,� some� previous� studies� have� used
stimuli,� such� as� lines� of� varying� lengths,� that� are� not� name-
able� as� easily� as� letters� and� digits� (see,� e.g.,� Palmer,� 1988,
1990;� Scott-Brown� &� Orbach,� 1998).� These� studies� have
provided� evidence� that� attention� does� indeed� control� the
transfer� of� perceptual� representations� into� the� visual� com-
ponent� of� working� memory.

However,� it� is� difficult� to� be� certain� that� subjects� do� not
create� their� own� verbal� labels� for� these� stimuli� during� an
experiment.� Palmer� and� Ames� (1992)� addressed� this� pos-
sibility� by� using� nine� different� line� lengths,� making� it� dif-
ficult� for� subjects� to� form� categorical� (and� therefore� ver-

bal)� representations� of� the� stimuli.� The� present� study� used
a� different� strategy,� requiring� subjects� to� perform� a� con-
current� articulatory� suppression� task� that� inhibited� the
verbal� recoding� of� visual� stimuli.� Specifically,� the� subjects
were� presented� with� two� digits� at� the� beginning� of� each
trial,� and� they� were� required� to� repeat� these� digits� aloud
throughout� the� course� of� each� trial.� A� large� number� of� stud-
ies� have� demonstrated� that� this� procedure� dramatically� im-
pairs� the� recoding� of� visual� information� into� verbal� form
(see,� e.g.,� Besner,� Davies,� &� Daniels,� 1981;� Estes,� 1973;
Levy,� 1971;� Murray,� 1967).� Thus,� the� present� study� was
designed� to� provide� converging� evidence� for� the� proposal
that� attention� influences� the� visual� component� of� working
memory.

The� present� study� also� explores� the� possibility� that� the
capture� of� attention� by� sudden-onset� stimuli� leads� to
changes� in� working�memory,� as� well� as� in� perception.� Pre-
vious� studies� have� shown� that� targets� that� are� immediately
preceded� by� a� visual� transient� at� a� nearby� location� are� de-
tected�more� quickly� and� discriminated�more� accurately� than
targets� that� are� preceded� by� a� transient� at� a� distant� loca-
tion,� even� if� the� transient� is� not� predictive� of� the� target� lo-
cation� (e.g.,� Jonides,� 1981;�Luck� &� Thomas,� 1999;� Posner
&� Cohen,� 1984).� Similarly,� Yantis� and� Jonides� (1984)� used
a� modified� visual� search� paradigm� to� show� that� sudden-
onset� objects� are� searched� before� objects� that� are� revealed
by� the� offset� of� camouflage,� suggesting� that� they� automat-

Figure� 1.� Example� of� the� procedure� used� in� Experiment 1.� Note� that,� for� illustrative� pur-
poses,� the� stimuli� are� drawn� much� larger� than� they� appeared� on� the� actual� video� display.� Note
also� that� different� fill� patterns� are� used� to � represent� different� colors� and� that� the� verbal� load,
cue,� and� fixation� point� were� presented� in� white� on� a� gray� background.
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ically� capture� attention.� There� is� some� debate� about� the
extent� to� which� the� capture� of� attention� by� sudden-onset
stimuli� is� fully� automatic� (see,� e.g.,� Folk,� Remington,� &
Johnston,� 1993;� Yantis,� 1993).� For� example,� Folk� and� his
colleagues� (e.g.,� Folk� &� Remington,� 1999;� Folk,� Reming-
ton,� &� Johnston,� 1992;� Folk,� Remington,� &� Wright,� 1994)
found� that� the� capture� of� attention� by� onsets� could� be
eliminated� by� requiring� subjects� to� search� for� stimuli� that
were� not� defined� by� onsets� (for� contrary� findings,� how-
ever,� see� Luck� &� Thomas,� 1999;� Theeuwes,� Kramer,� &
Atchley,� 1999).� In� addition,� sudden� onsets�may� fail� to� cap-
ture� attention� if� attention� is� already� strongly� focused� else-
where� (Yantis� &� Jonides,� 1990).� However,� it� is� clear� that
sudden� onsets� can� be� quite� powerful� attractors� of� atten-
tion,� even� if� they� are� not� always� able� to� override� voluntary
attentional� control� (for� a� review,� see� Yantis,� 1996).

Almost� all� previous� studies� of� automatic� attention� cap-
ture� by� sudden� onsets� have� focused� on� reaction� time� mea-
sures,� implicitly� or� explicitly� assuming� that� faster� reaction
times� reflect� greater� perceptual� efficiency.� In� a� few� stud-
ies,� the� accuracy� of� unspeeded� responses� has� been� exam-
ined,� and� it� has� been� concluded� that� sudden� onsets� lead� to
changes� in� perceptual� processing� (Henderson� &� Mac-
quistan,� 1993;� Luck� &� Thomas,� 1999).� However,� to� our
knowledge,� no� one� has� ever� addressed� the� possibility� that
sudden� onsets� may� also� influence� the� transfer� of� percep-
tual� representations� into� visual� working� memory,� and� that
is� the� primary� goal� of� this� study.

EXPERIMENT� 1

This� experiment� combined� a� cuing� paradigm� with� a� vi-
sual� working� memory� paradigm.� As� is� illustrated� in� Fig-
ure� 1,� each� trial� began� with� the� presentation� of� a� cue� at� one
of� six� locations.�This� was� followed� by� a� memory� array con-
sisting� of� six� colored� squares,� one� at� each� of� the� six� loca-
tions.� After� a� brief� delay,� a� single� probe� square appeared
at� one� of� these� locations,� and� the� subjects� were� required� to
report� whether� the� color� of� this� item� was� the� same� as� the
color� of� the� square� that� had� appeared� at� that� location� in� the
preceding� memory� array.� Thus,� to� perform� the� task� accu-
rately,� the� subjects� had� to� store� the� colors� of� the� memory
array� items� in� visual� working� memory.

We� have� previously� shown� that� an� array� of� six� highly
discriminable� colors� can� easily� be� perceived� but� exceeds
the� capacity� of� visual� working� memory� (Luck� &� Vogel,
1997;� Vogel,� Woodman,� &� Luck,� 2001).� Thus,� perfor-
mance� of� the� present� task� was� not� limited� by� perceptual
quality.� In� addition,� the� responses� were� made� without� time
pressure,� and� the� use� of� a� single� probe� square� obviated� the
need� to� make� a� separate� same–different� decision� for� each
square� in� the� memory� array.� Consequently,� performance
in� this� task� was� limited� largely� by� visual� working� memory
and� was� not� significantly� limited� by� perceptual,� decision,
or� motor� processes.

For� one� group� of� subjects,� the� cue� correctly� predicted
the� location� of� the� probe� square� on� two� thirds� of� the� trials.

In� other� words,� the� cue� indicated�which� location�was� most
likely� to� be� tested,� making� it� worthwhile� for� this� group� of
subjects� to� preferentially� remember� the� memory� array
item� presented� at� the� cued� location.� Thus,� we� predicted
that� the� subjects� in� this� condition�would� be� much� more� ac-
curate� when� the� cued� location� was� probed� (valid trials)
than� when� an� uncued� location� was� probed� (invalid trials).

For� a� second� group� of� subjects,� the� cued� location� was
no� more� and� no� less� likely� to� be� probed� than� any� of� the� un-
cued� locations.� As� a� result,� there� was� no� particular� reason
for� these� subjects� to� preferentially� remember� the� color� of
the� square� at� the� cued� location,� and� any� difference� in� ac-
curacy� between� valid� and� invalid� trials� for� these� subjects
would� suggest� that� the� cues� automatically� led� to� preferen-
tial� memory� storage.

Method
Subjects.� Each� group� of� subjects� consisted� of� 12� college� stu-

dents,� who� participated� for� course� credit� or� monetary� compensation.
All� the� subjects� were� between� the� ages� of� 18� and� 30� years,� reported
normal� or� corrected-to-normal� visual� acuity,� had� normal� color� vi-
sion,� and� had� no� history� of� neurological� problems.

Stimuli.� The� stimuli� were� presented� on� a� VGA� video� monitor
with� a� gray� background� (2.2� cd/m2)� and� a� continuously� visible� white
fixation� cross� (56� cd/m2).� As� is� illustrated� in� Figure� 1,� the� stimuli
were� presented� at� six� locations� that� were� evenly� spaced� around� an
imaginary� circle� with� a� radius� of� 4.7º� that� was� centered� at� fixation.
Each� memory� array� consisted� of� a� 1º� 3 1º� filled� square� at� each� of
the� six� locations.� The� color� of� each� square� was� selected� at� random
(without� replacement)� from� a� set� of� seven� easily� discriminable� col-
ors:� brown� (x 5 .572,� y 5 .381,� 12� cd/m2),� red� (x 5 .636,� y 5 .332,
21� cd/m2),� blue� (x 5 .153,� y 5 .068,� 8.81� cd/m2),� green� (x 5 .319,� y 5
.567,� 59� cd/m2),� off-white� (x 5 .316,� y 5 .303,� 54� cd/m2),� yellow� (x 5
.474,� y 5 .453,� 58� cd/m2),� and� violet� (x 5 .365,� y 5 .149,� 6.3� cd/m2).
The� cue� was� a� white� (55.94� cd/m2)� outlined� square,� subtending� 1.9º� 3
1.9º.

Procedure.� Each� trial� began� with� a� 500-msec� presentation� of� a
two-digit� number� at� fixation� that� was� used� for� the� articulatory� sup-
pression� task;� the� subjects� were� required� to� repeat� this� number� aloud
throughout� the� duration� of� the� trial.� The� subjects� were� instructed� to
speak� at� a� rate� of� 3–4� digits� per� second,� and� the� experimenter� contin-
uously� monitored� the� subjects� to� ensure� adequate� performance.� After
a� 1,500-msec� blank� period,� the� cue� box� appeared� for� 50� msec� at� one� of
the� six� locations,� selected� at� random.� This� was� followed� by� a� 50-msec
blank� period� and� a� 100-msec� presentation� of� the� memory� array.� After
a� 900-msec� blank� period,� the� probe� square� appeared� for� 2,000� msec.
On� half� of� the� trials,� the� probe� square� was� the� same� color� as� the
memory� array� square� that� had� previously� been� presented� at� the� same
location;� on� the� remaining� trials,� the� probe� square� was� a� different,
randomly� selected� color.� The� subjects� made� an� unspeeded� manual
response� on� a� game� pad,� pressing� with� the� index� or� middle� finger� of
the� preferred� hand� to� indicate� whether� the� color� of� the� probe� square
matched� the� color� of� the� corresponding� memory� array� square.� The
next� trial� began� 1,000� msec� after� the� offset� of� the� probe� square.

For� the� subjects� in� the� predictive-cue� group,� the� probe� square� ap-
peared� at� the� cued� location� on� two� thirds� of� the� trials� and� at� a� ran-
domly� selected� uncued� location� on� the� remaining� one� third� of� the
trials;� for� the� subjects� in� the� nonpredictive-cue� group,� the� probe
square� appeared� at� the� cued� location� on� one� sixth� of� the� trials� and� at
a� randomly� selected� uncued� location� on� the� remaining� five� sixths� of
the� trials.� The� subjects� were� informed� of� these� probabilities.� After� a
few� minutes� of� practice� with� the� task,� each� subject� completed� five
blocks� of� 90� trials.
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Results
Figure� 2� shows� accuracy� (percentage� correct)� for� valid

and� invalid� trials.� The� invalid� trials� were� divided� accord-
ing� to� whether� the� probe� square� was� presented� at� a� loca-
tion� that� was� adjacent� to� the� cued� location� (near–invalid)
or� was� presented� at� one� of� the� nonadjacent� locations� ( far–
invalid).� For� the� predictive-cue� subjects,� accuracy� was
30%–40%� higher� on� valid� trials� than� on� invalid� trials.� In
addition,� performance� on� near–invalid� trials� was� some-
what� more� accurate� than� performance� on� far–invalid� tri-
als.� For� the� nonpredictive-cue� subjects, � accuracy� was
15%–20%� higher� on� valid� trials� than� on� invalid� trials,� and
accuracy� was� again� somewhat� greater� on� near–invalid� tri-
als� than� on� far–invalid� trials.

The� accuracy� data� were� analyzed� in� a � mixed-model
analysis� of� variance� (ANOVA),� with� a� between-subjects
factor� of� group� (predictive� or� nonpredictive)� and� a� within-
subjects� factor� of� cue� validity� (valid,� near–invalid,� or� far–
invalid).� This� ANOVA� yielded� a� significant�main� effect� of
cue� validity� [F(2,44)� 5 217.87,� p , .001]� and� a� signifi-
cant� interaction� between� cue� validity� and� group� [F(2,44)� 5
30.56,� p , .001].� The� main� effect� of� group� did� not� ap-
proach� significance� (F , 1).� These� statistics� support� the
observation� that� the� cue� validity� effect� was� greater� for� the
predictive-cue�group� than� for� the� nonpredictive-cue�group.

Separate� ANOVAs� were� also� performed� for� each� group
separately,� with� a� single� factor� of� cue� validity� (valid,� near–
invalid,� or� far–invalid).� The� cue� validity� effect� was� signif-
icant� for� both� the� predictive-cue� and� the� nonpredictive-cue
groups� [F(2,22)� 5 214.49,� p , .001,� and� F(2,22)� 5
41.17,� p , .001,� respectively].� Planned� comparisons� be-
tween� the� valid� and� the� near–invalid� trials� and� between� the

near–invalid� and� the� far–invalid� trials� were� also� conducted
for� both� groups.� In� the� predictive-cue�group,� there� was� a� sig-
nificant� difference� between� the� valid� and� the� near–invalid
trials� [F(1,11)� 5 171.33,�p , .001]� and� also� a� significant� dif-
ference� between� the� near–invalid� and� the� far–invalid� trials
[F(1,11)� 5 12.46,�p , .01].� In� the� nonpredictive-cue�group,
the� difference� between� the� valid� and� the� near–invalid� tri-
als� was� significant� [F(1,11)� 5 38.48,� p >� .001],� but� the
difference� between� the� near–invalid� and� the� far–invalid
trials� was� only�marginally� significant� [F(1,11)� 5 4.73,� p ,
.06].� Thus,� both� predictive� and� nonpredictive�cues� yielded
significant� cue� validity� effects,� with� some� evidence� for
greater� accuracy� at� near–invalid� than� at� far–invalid� locations.

Discussion
These� results� indicate� that� spatial� cues� can� influence� vi-

sual� working� memory� performance.� Thus,� spatial� atten-
tion� plays� a� role� in� controlling� the� transfer� of� perceptual
information� into� visual� working� memory.� Given� that� only
3–4� objects� can� be� simultaneously� maintained� in� visual
working� memory� (Luck� &� Vogel,� 1997;� Vogel� et� al.,� 2001)
and� that� considerable� time� is� required� to� transfer� percep-
tual� representations� into� visual� working� memory� (Jolicœur
&� Dell’Acqua,� 1998),� it� is� sensible� that� attention� should� play
this� role.� These� results� extend� the� findings� of� previous
studies� (e.g.,� Irwin� &� Gordon,� 1998;� Palmer,� 1988,� 1990)
by� showing� that� cues� effectively� control� visual� working
memory� even� when� verbal� recoding� is� prevented� by� means
of� the� articulatory� suppression� procedure.

These� results� also� indicate� that� peripheral� luminance
transients� can� bias� the� transfer� of� information� into� work-
ing�memory� even� if� they� are� nonpredictive,�indicating�some

Predictive Nonpredictive

50

60

70

80

90

100

A
cc

ur
ac

y�
(%

�C
or

re
ct

)

Valid Near Far Valid Near Far

Figure� 2.� Accuracy� (percentage� correct)� for� valid,� near–invalid,� and� far–
invalid� trials� in� the� predictive� and� nonpredictive� conditions� of� Experiment 1.
Error� bars� show� the� 95%� within-subjects� confidence� intervals� (Loftus� &� Lof-
tus,� 1988).
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degree� of� automaticity.� The� cue� validity� effect� was� smaller
for� nonpredictive�cues� than� for� predictive� cues,� which� may
indicate� that� attention� is� not� captured� as� effectively� by non-
predictive� cues.� Alternatively,� attention� may� be� drawn
equally� to� predictive� and� nonpredictive� cues,� but� it� may
dissipate� by� the� time� of� the� subsequent� memory� array� un-
less� held� in� place� voluntarily.� In� other� words,� the� effects� of
the� cue� may� not� have� completely� carried� over� to� the� mem-
ory� array� item� that� was� subsequently� presented� at� the� lo-
cation� of� the� cue.� This� possibility� was� explored� in� Exper-
iment� 2� by� means� of� the� sudden-onset� cuing� paradigm
developed� by� Yantis� and� his� colleagues� (Yantis� &� John-
son,� 1990;� Yantis� &� Jonides,� 1984,� 1990),� in� which� the� tar-
get� itself� serves� as� a� cue.

EXPERIMENT� 2

In� Experiment� 2,� we� examined� the� transfer� of� newly� ap-
pearing� objects� into� visual� working� memory� by� means� of
the� sudden-onset�paradigm� developed�by� Yantis� and� Jonides
(1984).� As� is� illustrated� in� Figure� 3,� each� trial� of� this� ex-
periment� began� with� a� set� of� gray� placeholder� squares.� To
create� the� memory� array,� these� placeholder� squares� changed
to� different� colors� (these� are� called� the� no-onset objects),
and� a� new� colored� square� appeared� at� a� previously� blank
location� (this� is� called� the� onset object).� If� the� appearance
of� a� new� object� automatically� captures� attention� and� this
variety� of� attention� causes� the� attended� object� to� be� trans-
ferred� into� visual� working� memory,� memory� for� the� onset

object� should� be� better� than� memory� for� the� no-onset� ob-
jects.� This� should� be� true� even� if� the� onset� object� is� no
more� likely� to� be� probed� than� any� of� the� no-onset� objects.

Method
The� stimuli� and� procedure� were� identical� to� those� of� Experiment� 1,

with� a� few� exceptions.� The� subjects� consisted� of� two� new� groups� of
12� students� drawn� from� the� same� population� as� that� used� in� Experi-
ment� 1.

The� colored� squares� in� the� memory� arrays� were� presented� at� a� set
of� 12� locations� evenly� spaced� around� a� circle� with� a� radius� of� 4.7º
and� centered� on� fixation� (see� Figure� 3).� At� the� beginning� of� each
trial,� gray� placeholder� squares� (2.2� cd/m2,� 1º� 3 1º)� were� presented
for� 2,000� msec� at� 4� of� the� 12� locations.� The� placeholder� array� was
followed� immediately� by� the� memory� array,� which� contained� five
colored� squares� and� was� presented� for� 200� msec.� Four� of� the� five
memory� array� squares� occupied� the� same� locations� as� the� gray
squares� and� thus� served� as� the� no-onset� objects.� The� fifth� square� ap-
peared� at� a� previously� empty� location� and� served� as� the� onset� object.
After� an� 800-msec� blank� delay� period,� a� probe� square� appeared� at� a
location� that� had� previously� contained� a� memory� array� square,� and
the� subjects� were� required� to� report� whether� the� probe� matched� the
color� of� the� preceding� memory� array� item� at� that� location.

In� the� predictive� group,� the� onset� object� was� probed� on� two� thirds
of� the� trials,� and� a� randomly� selected� no-onset� object� was� probed� on
one� third� of� the� trials.� The� subjects� in� this� group� were� informed� of
the� predictive� nature� of� the� onset� item� and� were� instructed� to� focus
attention� on� this� item.� The� subjects� in� the� nonpredictive� group� were
told� that� the� onset� and� the� no-onset� items� were� equally� likely� to� be
probed� and� that� they� should� not� to� pay� any� particular� attention� to� the
onset� item.� Owing� to� a� programming� error,� the� onset� item� was� actu-
ally� probed� slightly� less� often� (17%)� than� each� of� the� no-onset� items
(21%)� in� this� condition,� but� this� should� have� further� decreased� any

Verbal� load� (500� msec)

Placeholders� (2,000� msec)

Memory� Array� (200� msec)

Probe� (2,000� msec)

+
2� 4

+

1,500-msec
Delay

No
Delay

800-msec
Delay

Figure� 3.� Example� of� the� procedure� used� in� Experiment 2.� The� stimuli� are� drawn� much
larger� than� they� appeared� on� the� actual� video� display,� different� fill� patterns� are� used� to � repre-
sent� different� colors,� and� the� verbal� load� and� the� fixation� point� were� presented� in� white� on� a
gray� background.
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motivation� to� attend� to� the� onset� item.� Each� subject� received� a� few
minutes� of� practice� at� the� beginning� of� the� session,� followed� by� six
blocks� of� 72� trials.

Because� the� memory� array� in� this� experiment� consisted� of� five
squares� distributed� at� random� among� 12� possible� locations,� it� was
not� feasible� to� subdivide� the� no-onset� trials� as� a� function� of� the� dis-
tance� between� the� probed� item� and� the� onset� item.

Results� and� Discussion
The� results� of� this� experiment� are� illustrated� in� Figure� 4.

In� both� the� predictive� and� the� nonpredictive� groups,� per-
formance� was� substantially�more� accurate� when� the� onset
item� was� probed� than� when� a� no-onset� item� was� probed.
This� led� to� a� main� effect� of� trial� type� in� a� two-way� ANOVA,
with� factors� of� group� and� trial� type� [F(1,22)� 5 105.38,� p ,
.001].� This� effect� was� somewhat� larger� for� the� predictive
group� than� for� the� nonpredictive� group,� leading� to� a� sig-
nificant� interaction� between� group� and� trial� type� [F(1,22)� 5
7.29,� p , .02].

These� results� provide� converging� evidence� that� spatial� at-
tention� can� influence� the� storage� of� information� in� visual
working� memory.� Moreover,� they� indicate� that� the� onset� of
an� object� can� automatically�cause� information� about� that� ob-
ject� to� be� stored� in� visual� working� memory.� As� in� Experi-
ment� 1,� the� automatic� attention� effects� in� the� nonpredictive
group� were� not� quite� as� strong� as� the� combination� of� auto-
matic� and� voluntary�attention�effects� in� the� predictive�group.
Thus,� sudden� onsets� do� not� completely� capture� attention� in
this� context,� even� though� they� are� quite� effective.

EXPERIMENT� 3

Before� concluding� that� the� difference� between� onset
and� no-onset� trials� in� Experiment� 2� reflects� an� effect� of� at-

tention,� it� is� necessary� to� rule� out� the� possibility� that� onset
items� are� simply� more� easily� perceived� or� remembered
than� no-onset� items,� irrespective� of� attention.� To� rule� out
attention-independent� explanations,� we� conducted� a� con-
trol� experiment� in� which� we� separately� tested� memory
performance� for� a� set� of� onset� items� and� for� a� set� of� no-onset
items.� On� each� trial,� the� memory� array� consisted� of� either
five� onset� items� or� five� no-onset� items.� If� onset� items� have
some� kind� of� attention-independent� advantage,� memory
performance� should� be� more� accurate� for� the� onset� arrays
than� for� the� no-onset� arrays.� In� contrast,� if� the� greater� ac-
curacy� for� onset� items� than� for� no-onset� items� in� Experi-
ment� 2� was� due� solely� to� an� automatic� capture� of� attention,
there� should� be� no� difference� between� onset� and� no-onset
arrays� in� the� present� experiment.

Method
The� stimuli� and� procedure� were� identical� to� those� of� Experiment� 2,

except� as� follows.� A� new� group� of� 12� students� was� tested,� drawn
from� the� same� population� as� that� used� in� Experiments� 1� and� 2.� Onset
and� no-onset� arrays� were� randomly� intermixed� within� blocks.� Each
memory� array� consisted� of� five� items� distributed� at� random� among
the� 12� potential� target� locations.� No-onset� memory� arrays� were� pre-
ceded� by� a� 2,000-msec� array� of� gray� squares� at� the� locations� of� the
squares� in� the� memory� array.� Onset� memory� arrays� were� preceded
by� a� 2,000-msec� blank� interval.� Each� subject� was� administered� a� few
minutes� of� practice� and� then� three� blocks� of� 60� trials� each.

Results� and� Discussion
As� is� shown� in� Figure� 5,� accuracy� was� nearly� identical

for� the� onset� and� the� no-onset� arrays,� with� slightly� better
performance� for� the� onset� arrays.� This� slight� difference� did
not� approach� significance� in� a� one-way� within-subjects
ANOVA� ( p >� .3).� Although� it� is� impossible� to� prove� that
there� is� no� difference� between� onset� and� no-onset� arrays,
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Figure� 4.� Accuracy� (percentage� correct)� for� the� predictive� and� nonpredictive
conditions� of� Experiment 2.� Error� bars� show� the� 95%� within-subjects� confi-
dence� intervals.



760 SCHMIDT,� VOGEL,� WOODMAN,� AND� LUCK

it� is� possible� to� show� that� any� difference� between� them� is
very� small.� To� accomplish� this,� we� computed� the� differ-
ence� between� the� onset� and� the� no-onset� conditions� for
each� subject� and� then� computed� a� 95%� confidence� inter-
val� for� this� difference� score.� The� mean� difference� was
2.2%,� and� the� 95%� confidence� interval� was� 64.7%;� in
other� words,� we� have� 95%� confidence� that� the� difference
was� between� 22.5%� and� 6.9%.� Such� a� small� effect� cannot
explain� the� difference� of� more� than� 15%� between� onset
and� no-onset� targets� that� was� observed� in� Experiment� 2.
Thus,� all� or� most� of� the� difference� between� onset� and� no-
onset� targets� in� Experiment� 2� was� due� to� the� allocation� of
attention� to� the� onset� targets,� rather� than� to� an� intrinsic� dif-
ference� in� perceptibility� or� memorability� between� onset
items� and� no-onset� items.

EXPERIMENT� 4

Although� the� preceding� experiments� suggest� that� atten-
tion� can� influence� the� transfer� of� perceptual� representa-
tions� into� working� memory,� the� effects� could� reflect� an� in-
direct� effect� of� a� perceptual�modulation,� rather� than� direct
control� over� working� memory.� Specifically,� even� though
the� to-be-remembered� stimuli� were� highly� discriminable
and� performance� presumably� was� not� limited� by� the� qual-
ity� of� the� perceptual� representations� (see� Vogel� et� al.,
2001),� the� strength� of� the� perceptual� representation� may
have� been� increased� at� the� attended� location,� and� this� may
have� indirectly� biased� the� transfer� of� these� items� into
working� memory.� To� provide� evidence� against� a� percep-
tually�mediated� effect,� the� cues� in� Experiment� 4� were� pre-
sented� after,� rather� than� before,� the� memory� arrays.� It
seems� unlikely� that� a� cue� could� improve� the� quality� of� the

perceptual� representation� of� a� stimulus� unless� the� cue� ap-
peared� prior� to� the� offset� of� the� stimulus.� However,� a� cue
appearing� after� stimulus� offset� could� easily� influence� the
transfer� of� an� existing� perceptual� representation� into
working� memory;� indeed,� this� is� the� logic� behind� the� clas-
sic� iconic� memory� experiments� of� Sperling� (1960)� and
Averbach� and� Coriel� (1961).� Thus,� if� the� cues� in� Experi-
ment� 1� influenced� memory� performance� directly� by� con-
trolling� the� transfer� of� perceptual� representations� into� vi-
sual� working� memory,� the� cues� should� still� be� effective� if
they� appear� after� the� offset� of� the� memory� arrays.� How-
ever,� if� the� cues� in� Experiment� 1� indirectly� influenced�mem-
ory� by� increasing� the� quality� of� the� perceptual� representa-
tions,� the� cues� should� be� substantially� less� effective� if
presented� after� the� memory� array� has� disappeared.

Method
The� stimuli� and� procedure� were� identical� to� those� in� Experiment� 1,

except� as� follows.� Only� the� nonpredictive-cue� condition� was� used.
The� cue� stimulus� followed� the� memory� array,� rather� than� preceding
it.� Specifically,� the� cue� appeared� for� 50� msec� immediately� after� the
offset� of� the� memory� array.� The� delay� between� the� memory� array
offset� and� the� probe� onset� remained� at� 900� msec.

Results� and� Discussion
As� is� shown� in� Figure� 6,� accuracy� was� 15%–20%� greater

on� valid� trials� than� on� invalid� trials,� and� accuracy� was� just
slightly� greater� on� near–invalid� trials� than� on� far–invalid
trials.� An� ANOVA� was� conducted,� with� a� single� factor� of
cue� validity� (valid,� near–invalid,� or� far–invalid),� and� the
cue� validity� effect� was� highly� significant� [F(2,22)� 5 28.29,
p , .001].� Planned� comparisons� indicated� that� accuracy
was� significantly� greater� on� valid� trials� than� on� near–
invalid� trials� [F(1,11)� 5 24.71,� p , .001],� and� the� slightly
greater� accuracy� on� near–invalid� trials� relative� to� far–
invalid� trials� was� also� significant� [F(1,11)� 5 6.05,� p , .05].

The� size� of� the� validity� effect� in� this� experiment�was� al-
most� exactly� the� same� as� that� for� the� nonpredictive�condi-
tion� of� Experiment� 1� (see� Figure� 1).� To� compare� the� ex-
periments� statistically,� the� data� from� the� present� experiment
and� the� data� from� the� nonpredictive� condition� of� Experi-
ment� 1� were� entered� into� a� two-way� ANOVA,� with� a�
between-subjects� factor� of� experiment� and� a� within-subjects
factor� of� cue� validity.� The� main� effect� of� cue� validity� was
highly� significant� [F(2,44)� 5 65.42,�p , .001],� but� neither
the� main� effect� of� experiment� nor� the� interaction� between
experiment� and� cue� validity� approached� significance� ( p $
.30).

These� results� indicate� that� nonpredictive� peripheral
cues� are� just� as� effective� whether� they� appear� just� before
or� just� after� the� memory� array,� which� suggests� that� they� di-
rectly� influence� the� transfer� of� perceptual� representations
into� working� memory,� rather� than� operating� indirectly� by
influencing� the� quality� of� the� perceptual� representations.
That� is,� it� seems� implausible� that� attention� could� improve
the� perceptual� encoding� of� a� stimulus� after� the� stimulus
has� disappeared.1 However,� it� is� still� possible� that� attention
may� increase� the� relative� strength� of� a� perceptual� repre-
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Figure� 5.� Accuracy� (percentage� correct)� for� the� onset� and� no-
onset� trials� of� Experiment 3.� Error� bars� show� the� 95%� within-
subjects� confidence� intervals.
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sentation� after� stimulus� offset,� without� actually� improving
the� accuracy� of� the� representation.� This� may,� in� turn,� in-
crease� the� probability� that� this� representation� is� trans-
ferred� into� working� memory.� However,� such� a� change� in
the� relative� strength� of� a� representation� should� not� be
viewed� as� an� effect� of� attention� on� perceptual� encoding
per� se,� because� it� does� not� improve� the� accuracy� of� the
representation.� Instead,� changes� in� relative� strength� may
simply� be� the� mechanism� by� which� the� visual� system� con-
trols� the� transfer� of� perceptual� representations� into� work-
ing� memory.

GENERAL� DISCUSSION

These� experiments� provide� evidence� that� focusing� at-
tention� onto� a� spatial� location,� whether� voluntarily� or� in-
voluntarily,� increases� the� probability� that� information� at
that� location�will� be� transferred� into� visual� working� mem-
ory.� These� results� converge� with� previous� studies� (e.g.,
Irwin� &� Gordon,� 1998;� Palmer,� 1988,� 1990;� Scott-Brown
&� Orbach,� 1998)� to� support� the� common� assumption� that
attention� can� control� the� transfer� of� perceptual� represen-
tations� into� visual� working� memory� (e.g.,� Bundesen,
1990;� Duncan� &� Humphreys,� 1989).� Some� theories� go
even� further,� proposing� that� visual� working� memory� is� the
first� stage� of� processing� that� is� influenced� by� attention
(e.g.,� Duncan� &� Humphreys,� 1989).� However,� this� seems
unlikely,� given� the� neurophysiological� evidence� indicat-
ing� that� spatial� attention� can� modulate� the� flow� of� sensory
information� through� the� visual� system� (Heinze� et � al.,
1994;� Luck,� Chelazzi,�Hillyard,� &� Desimone,� 1997;� Luck
et� al.,� 1994).�Nonetheless,� attention�may� play� an� even� more
crucial� role� in� working� memory� than� in� perception,� because

the� bandwidth� of� visual� perception� appears� to� be� many
times� greater� than� the� bandwidth� of� visual� working� mem-
ory� (Jolicœur� &� Dell’Acqua,� 1998;� Potter,� 1976;� Thorpe,
Fize,� &� Marlot,� 1996;� Vogel,� Luck,� &� Shapiro,� 1998).

The� present� experiments� are� the� first� to� demonstrate� that
visual� transients� automatically� influence� the� transfer� of� per-
ceptual� representations� into� working� memory,� just� as� they
influence� perceptual� encoding.� This� finding� has� an� obvi-
ous� ecological� explanation:� Sudden� changes� in� the� visual
input� are� likely� to� be� the� result� of� ecologically� important
events� (e.g.,� the� appearance� of� another� animal),� and� should,
therefore,� receive� priority� for� both� perception� and� mem-
ory.� However,� several� questions� remain� for� future� research.
For� example,� the� present� f inding� that� nonpredictive� cues
influence�memory� does� not� constitute�evidence� for� strongly
automatic� orienting� of� attention.� That� is,� we� have� not
shown� that� the� allocation� of� attention� could� not� be� over-
ridden� by� the� subjects’� intentions.� Although� the� subjects
had� no� incentive� to� attend� to� the� cued� location,� they� also
had� little� incentive� not� to� attend� to� the� cued� location,� so� we
do� not� know� whether� they� could� have� voluntarily� inhib-
ited� the� orienting� of� attention� to� the� cued� location.� In� ad-
dition,� it� is� possible� that� cued� stimuli� would� not� have� been
transferred� into� working� memory� if� the� subjects� had� not
been� performing� a� working� memory� task.� Thus,� although
orienting� to� nonpredictive� cues� is� generally� regarded� as
evidence� for� some� degree� of� automaticity,� additional� ex-
periments� are� necessary� to� demonstrate� strong� automatic-
ity� (for� an� example� of� appropriate� tests,� see� Jonides,
1981).� In� addition,� although� the� results� of� Experiment� 4
indicate� that� the� present� effects� are� not� a � result � of� an�
attention-related�change� in� perceptual� quality,� the� specific
mechanism� by� which� attention�controls� the� transfer� of� per-
ceptual� representations� into� working� memory� remains� to
be� determined.

When� combined� with� previous� studies� (e.g.,� Cheal� &
Gregory,� 1997;� Henderson,� 1996;� Henderson� &� Macquis-
tan,� 1993;� Luck� &� Thomas,� 1999),� the� present� findings
indicate� that� both� predictive� and� nonpredictive� cues� can
influence� both� perceptual� encoding� and� the� transfer� of
perceptual� representations� into� visual� working� memory.
This� may� indicate� that� a� single� attention� system� operates
in� both� the� perceptual� and� the� working� memory� systems.
In� other� words,� a� single� system� may� be� responsible� for� ori-
enting� attention� in� space,� influencing� the� processing� of
stimuli� at� multiple� stages� of� processing.� Consistent� with
this� idea,� Pashler� (1994)� found� that� subjects� could� not� eas-
ily� make� a� perceptual� discrimination�about� one� set� of� stim-
uli� while� storing� another� set� of� stimuli� in� working� mem-
ory,� even� though� they� could� easily� do� both� tasks� on� the� same
set� of� stimuli.� In� other� words,� it� appeared� as� if� subjects
could� not� orient� perceptual� encoding� to� one� set� of� stimuli
while� orienting�working� memory� encoding� to� another� set.

Contrary� evidence�was� provided,�however,� by� Woodman,
Vogel,� and� Luck� (2001),� who� found� that� subjects� could
conduct� an� attention-demanding� visual� search� task� just� as
easily� when� working� memory� was� filled� by� a� secondary
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task� as� they� could� when� working� memory� was� not� f illed.
Moreover,� the� visual� working� memory� task� was� not� sub-
stantially� impaired� by� the� visual� search� task.� The� key� dif-
ference� between� these� studies� may� be� that� the� subjects� in
the� Pashler� (1994)� study�were� required� to� perform� both� per-
ceptual� and� working� memory� encoding� simultaneously,
whereas� the� subjects� in� the� Woodman� et� al. � study� per-
formed� perceptual� encoding�while� maintaining�previously
encoded� representations� in�working�memory.� Thus,� the� Pash-
ler� study� indicates� that� subjects� cannot� easily� perform� per-
ceptual� and� working� memory� encoding� simultaneously�on
different� sets� of� objects,� whereas� the� Woodman� et� al.� study
indicates� that� perceptual� encoding� may� occur� for� one� set
of� stimuli� without� obligatory� working� memory� encoding
of� those� stimuli.� Taken� together,� these� studies� suggest� that
there� is� some� linkage�between� the� operation� of� attention� in
perception� and� in� working� memory,� but� the� linkage� is� not
complete.
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NOTES

1. There� is� one� way� in� which� attention� could� conceivably� influence
perceptual� encoding� even� though� the� cue� appeared� after� the� offset� of� the
memory� array.� Specifically,� the� cue� may� be� detected� by� a� relatively� fast
visual� pathway� (i.e.,� the� magnocellular� pathway),� and� the� colors� of� the
memory� array� items� may� be� encoded� by� a� relatively� slow� visual� pathway
(i.e.,� the� parvocellular� pathway).� In� this� manner,� the� cue� information
might� arrive� in� the� visual� cortex� before� the� color� information,� providing
an� opportunity� for� attention� to� modulate� the� perceptual� encoding� of� the
color� information.�However,� previous� evidence� suggests� that� a� peripheral
cue� must� precede� a� target� by� at� least� 200� msec� to� influence� the� accuracy
of� perceptual� encoding� (Luck,� Hillyard,� Mouloua,� &� Hawkins,� 1996).
Thus,� if� the� present� cue� validity� effects� were� due� solely� to� changes� in
perceptual� encoding,� they� should� have� been� substantially� smaller� when
the� cue� appeared� after,� rather� than� before,� the� memory� array.
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