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Abstract—The relationship between working memory and selectiwabject, leading to its eventual selection and the effective suppression
attention has traditionally been discussed as operating in one difeaf other irrelevant objects.
tion: Attention filters incoming information, allowing only relevapt Single-cell recording studies provide key evidence on the relatjon-
information into short-term processing stores. This study tested thleip between attention and working memory. Chelazzi and his (col-
prediction that the contents of visual working memory also influenéeagues (Chelazzi, Duncan, Miller, & Desimone, 1998; Chelarzi,
the guidance of selective attention. Participants held a sample objddiller, Duncan, & Desimone, 1993) examined the activity of maca

task, and working memory task. In contrast, a matched task with nonkeys’ task was to saccade to the target. The target item|was
memory requirement showed the opposite pattern, demonstrating teelected to be either an effective or an ineffective stimulus for|the
this effect is not simply due to exposure to the sample. These reso#sron being tested, and the entire search array fell within the cell’s
confirm a specific prediction about the influence of working memorngceptive field. The findings were consistent with previous research
contents on the guidance of attention. (e.g., Miller & Desimone, 1994): Some neurons continued to show
some stimulus selectivity during the delay period. That is, even after
the sample was removed, they responded more if the sample had been
Selective attention reduces the load on limited-capacity cognitiieactive for that cell than if it had not.
systems by filtering irrelevant information from the stimulus stream. Tpe initial neural response to the search array itself did not show
Working memory refers to the active maintenance of a representatigiinuius selectivity. However, after approximately 175 ms, neurpns
after the stimulus that produced it is no longer present. Many rese rF@éponded well if the target was effective for that cell, and poorly if
ers have commented on the basic link between these two cognitivgas not. By generalizing this result across individual neurons,| we
systems, the classical view being that attention gates, or controls, characterize the behavior of the population of object-selegtive
sensory information is allowed into short-term memory stores. Receq,rons, Initially, the network responds nonselectively to the entire
work by Desimone and Duncan (1995; Desimone, 1996; Duntafiray put over time, the network becomes tuned to respond as though
1998) has suggested an important link operating in the opposit¢ gy the target were present. This change in response can be charac-
rection: The contents of working memory will influence the allocatiofyrized as a narrowing of attention to include only the target object.
of selective attention. _AC(_:ordlng to tr_us account, both functlon§ dB‘esimone and Duncan (1995) suggested that this process reflects the
pend on a top-down biasing mechanism that enhances the activaligtyution of a competition between object representations, biased by

of object representations stored in long-term memory. | the active maintenance of the target during the delay.
The application of this proposal to working memory for objects is

fairly straightforward. An object is held in working memory by top-
down modulation, perhaps from prefrontal cortex (Miller, Erickson| &
Desimone, 1996), that maintains the activation of cortical represen- EXPERIMENT 1

tations of the object after it is no longer present. This activation [can The purpose of the studies reported here was to test, in humans, a

f[hen be used to guide response to the remembered object, for ex nwelg;’prediction that follows from the biased-competition model. Mgin-
in a delayed-match-to-sample task.

Y . . taining an object in working memory should bias the competitjon
A similar mechanism has been proposed to underlie target selec- . : . . .

LT ) ) . [ among the objects in a scene, even if there is no explicit search goal.
tion in visual search tasks. In a typical scene filled with many obj

the amount of information present exceeds the capacity of obj
representation systems. As a result, the objects can be describe
“competing” for attention. The strongest competitors will tend to
come the focus of_selectlve att(_entlon, gaining privileged access 19 el. Participants performed a discrimination task on a small br
awareness and guidance of action. Duncan and Humphreys ( S E

suggested that in the search situation, maintenance of the “sear

template” activates the representation of that object in long-term tgrr_evious studies of selective attention (€.g., Kim & Cave, 1995;
P p ) 9 ner, 1980) suggests that increased attention to one of the faces would

age. This, in tm, provides a competitive advantage for the t "3Stilitate the processing of other information at the same location.
discrimination judgment was unrelated to the memory task, and thus
Address correspondence to Paul Downing, University of Wales, Ba g&{ov?ded an unbiaseq measure of which of the two _compe_ting items
School of Psychology, Brigantia Building, Penrallt Rd., Bangor, Gwyneddeceived more attention. Finally, at the end of the trial, a single face
LL57 2AS, United Kingdom; e-mail: p.downing@bangor.ac.uk. was presented, and subjects reported whether or not it matched the one

%gresentation of a picture of a face (the sample). While the sample
was held in memory, a pair of faces was presented simultaneously.
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held in memory. It was predicted that attention would shift to
location of the face matching the one held in working memory, so

faster than processing of probes at the location of the nonmatg
face.

Participants

Ten undergraduates at the Massachusetts Institute of Techn
participated for cash compensation.

Materials
The stimuli were 160 gray-scale, digitized photographs of Hary

females. The images were approximately 5 cm wide by 9 cm
Each image was used in only one trial of the experiment. This an
following studies were conducted on a Macintosh computer u
Matlab 5.2 (the MathWorks, Inc.) and the Psychophysics Tool
package (Brainard, 1997).

processing of probes at the location of the matching face would be

undergraduates. Half of the photos were of males and half wereeasfd of the trial. They were also told to respond immediately to

he Procedure
hat

hin The trial sequence is illustrated in Figure 1. Participants initia

&5eh trial by pressing the space bar. A fixation point appeared fo
followed by a single face (the sample), presented at the cente
the screen for 1 s. A fixation point was then presented for 1,506
and next two faces were presented side by side, flanking a ce
fixation point, for 187 ms. The faces were separated by approxim
ly 10 cm from center to center. After a 40-ms delay, a small bra

DIGRS presented for 106 ms at the center of the location previously
cupied by one of the two faces. The bracket was oriented e
up (1) or down (J]), and was approximately 0.5 cm in size. Final
after a delay of 1,506 ms, a single face (the memory-test it
appeared at the center of the screen, remaining until the partic
responded.

ard Participants were instructed to keep the sample in mind until

tatlirientation of the bracket, pressing one key for “up” and anothe
d ‘gown.” Finally, at the end of the trial, participants pressed one ke
sitige test face matched the sample and another if it did not. Particig

measured, but accuracy on both tasks was emphasized.

. time
1sec °
1 sec / R
1506 ms
187 ms
]
(® Remember first face TR
rad
40 ms_- .
. : 106 ms
(@ Speeded orientation
decision on probe 1506 ms | —
until response

® Memory decision

Fig. 1. Schematic illustration of the experimental paradigm used
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baxere told that response times for the orientation judgment would be

in Experiment 1.
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Design

One of the two faces presented during the delay interval mat
the sample (the memory-match item), and the other was novel
nonmatch item). The memory-match face appeared equally ofte
the left and on the right. The bracket appeared at the location o

memory-match face in exactly half of the trials. The bracket was

oriented up in half of the trials and down in the other half. Finally,
test face matched the sample in half of the trials and was a novel
in the other half. These four factors were block-randomized so thg
possible combinations of them occurred every 16 trials. Thus, not
about the design of the experiment allowed subjects to predict w|
item would be probed or which item would appear in the memory {
Sixteen practice trials were followed by 64 test trials.

Results

In all of the experiments reported here, only data from trialg iH]ent, in addition to 160 gray-scale drawings of common objects,

nent

which both responses were correct were analyzed. In this experin
participants responded correctly to both tasks on 94% of trials.
sponse times were reliably faster to probes at the location of men
match facesNl = 579 ms) than to probes at the location of nonma
faces M = 595 ms),F(1, 9) = 5.8, MSE = 218,p <.05. There was
no sign of a speed-accuracy trade-off. In fact, participants were r
accurate on trials on which the memory-match was probed (
correct) than on nonmatch trials (93% corregf}l, 9) = 3.9,MSE =
0.0005,p = .08.

Discussion

Maintaining a face in working memory shifts attention towdrg

matching faces, compared with novel ones. Might participants H
strategically attended to the matching face in the memory intervg
order to help them perform the memory task? Some features of]
experiment reduce the likelihood of this possibility. First, subje
were required to make a speeded discrimination judgment on
probes, reducing their capacity to deliberately attend to other as
of the stimuli within the brief presentation time. Second, the demg
on working memory were minimal, reducing the incentive to stra
gically attend to the matching items. The memory interval was q
brief (less than 3.5 s), and the memory test involved rejecting foils
were quite different from the samples (e.qg., often of a different rac|
gender). As a result, across the four experiments reported here,
tested working memory under similar conditions, mean accuracy
the working memory part of the task was generally high.

These results, then, support the conclusion that visual wor
memory and selective attention share a key functional compor]
The contents of working memory guide attention even when the
no explicit search task. In the General Discussion, | consider n
fully the question of whether this effect occurs automatically.

EXPERIMENT 2

The second experiment tested the generality of the results of
periment 1. So that it could be determined whether working men
influences attention independently of object type, two stimu

n

ni

tch

nor

of the bracket-discrimination task, a second task (adapted from C
tie & Klein, 1995) was tested. In this task, one of the two ite
earing in the memory delay jumped slightly, either up or do
(theq participants reported the direction of motion. It was predicted
iRBreased attention to one of the two items appearing in the mer
fferval would speed processing of the motion of that object.

he
face

tall Participants

n .
g Twenty undergraduates at the Massachusetts Institute of Tec

Re-

Y procedure and Design

Half of the participants were tested with the motion task, and
yedgher half with the discrimination task from Experiment 1. Fa
and objects were tested within subjects, in two separate blocks.
order of these blocks and the assignment to task condition V
counterbalanced.

For participants given the motion-judgment task, two items

jumped slightly either up or down to a new position approximately
I&m away. After 53 ms, both items disappeared. Participants rep
ajffe direction of the object’s motion by pressing one of two keys.
Al in For participants given the discrimination task, the procedure
thigdified from that in Experiment 1 to match the motion task m
Cosely. The probed items were presented for 187 ms, followed

bgséFticipants reported the orientation of the bracket. In all other
n§§ects (e.g., presentation of the sample and memory test), this e
enent was identical to the first.
uite
that
e or
vhichReSUItS
N The response times from this experiment were analyzed ir
.analysis of variance (ANOVA) with three factors (see Fig. 2): ta
: otion or discrimination, between subjects), item type (faces or
ej ts, within subjects), and probed item (match or mismatch, wi
eéﬁbjects). The main effect of probed item was signific&iit, 18) =
104{?.14,MSE = 346,p < .001. Responses to the memory-match pro
were fasterl! = 657 ms) than responses to the nonmatch proldes
= 685 ms). The main effect of stimulus type approached significal
F(1, 18) = 3.9,MSE = 5,218,p = .063; response times were fast
to probes on faced = 655 ms) than to probes on objeckd & 687
Ews). No other main effects or interactions reached significancpsa
ory.10. An analogous ANOVA on accuracy (overslll= 92% correct)
lushowed only a significant effect of task(1, 18) = 6.2, MSE =
tiorB25,p < .05. The motion taskM = 88% correct) was more difficul

classes, faces and line drawings of objects, were compared. Add

ally, as a check to ensure that the previous results were not an artifaen the discrimination tash = 96% correct).
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Loftus & Masson, 1994).

Discussion

Attention shifts to an item matching the contents of worki
memory, regardless of whether that item is a face or an object.
effect was observed with two different measures of the allocatio
attention. These results demonstrate that the results of Experim
generalize to other stimuli and tasks.

EXPERIMENT 3

Are the results of the first two experiments a result of activ
maintaining the sample in working memory? Perhaps mere expd
to the sample, without a memory requirement, would produce

sample object and then performed the motion-judgment task, alg
in the previous experiment. For this group, however, the trial ende
'%hat point. Thus, the size-judgment task required participants to at
Tdsthe sample item but did not make any explicit demands on wor
n Rfemory. If the effect observed in the previous two studies is
erétf:ﬂacifically to working memory maintenance, it should not genera
to the size-judgment task.

Participants

ely  Sixteen undergraduates at the Massachusetts Institute of Tec
sutg participated for cash compensation.
the

same effect. For example, seeing the sample may facilitate the
cessing of matching objects appearing in the memory interval, i

novel one.

matched perceptual input but lacked a memory requirement.

pendently of working memory. More specifically, priming an object’s
representation might shift attention to that object, compared with

This study compared the working memory task with a task that had

groups of participants were tested. One group performed the working

pro-
de- Materials

a The stimuli were drawn from a set of 200 line drawings of co
mon objects. Each picture was used only once in the experimer

WO procedure and Design

memory and motion-judgment tasks, as in the preceding experiment.Two groups of 8 participants each were tested. Participants in

Fig. 2. Response times to attention probes in Experiment 2, for the motion task (left) and for the discrimination task (right), as a function of
whether the matching or nonmatching object was probed. Error bars represent the standard error after removing between-subjects
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The second group made an immediate binary size judgment on #ige-judgment group were told to make an immediate size disc
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nation on the sample object, indicating with a key press whethe
depicted object was larger or smaller than a basketball. The items
in the study were selected to include objects that were obvio
larger or smaller than a basketball. Participants in the memory g
were instructed to keep the sample item in memory through the|
ration of each trial.

The size-judgment and working memory conditions were matc
as closely as possible. Each trial began with a central fixation p
appearing for 1,506 ms, followed by the sample object, which
peared for 1,506 ms. After a blank interval of 1,506 ms, two objg
were presented for 187 ms, after which one moved slightly up
down. After 53 ms, both objects disappeared. Subjects in both gr
reported the direction of motion. For the participants in the mem
group, a final memory-test object was presented. Half of the time
item matched the sample, and half of the time it was novel. Eig
trials were conducted, with the first 16 discarded.

Results

Three participants from the size-judgment group and 1 from
memory-judgment group were replaced because of overall pe
mance below 70% correct. Exclusion of these data did not chang
pattern of results.

The response times on the attention-probe task were analyzed
ANOVA with task (size or memory, between subjects) and pro
object (match or nonmatch, within subjects) as factors (see Fig
Only the interaction reached significané¢gl, 14) = 11.0,MSE =
2,298,p < .01. Participants performing the memory task respon
more quickly to probes on the matching objddt & 587 ms) than to
probes on the nonmatching objebt & 638 ms). Participants makin
the size judgment showed the opposite effect, with faster resp
times to probes on the nonmatch objedt € 727 ms) compared with

850 1

800

750 A

700

650 -

Response Time (ms)

600 -

550 -

500

Size Task Memory Task

Fig. 3. Response times to attention probes in Experiment 3, asfee{

D
Errorf-rom the preceding account, the following general prediction can

function of whether the matching or nonmatching object was pro
Data for the size task and memory task are shown separately.

sk
ect

tthee match objectN] = 788 ms). Direct comparisons within each tal
ugealip revealed a marginally significant simple effect of probed ob)|
ugbyr the memory groupk(1, 7) = 4.4, MSE = 2,440,p = .075, and
oasignificant simple effect of probed object for the size grde(d, 7)
dg- 6.9, MSE = 2,155, p < .05. Finally, the main effect of tas
approached significanc&(1, 14) = 4.2, MSE = 39,617,p = .06.
h&esponse times were faster overall in the working memory grivug
oiat 612 ms) than in the size-judgment grodg & 757 ms).
ap- An analogous ANOVA on accuracy (correct response to both
ctplired judgments) showed a marginal main effect of t&gk, 14) =
4rl, MSE = 0.011,p = .06. Performance was better on the mem
puask (M = 87%) than on the size taski(= 80%). Additionally, there
owyas a marginal interaction between task and probed ob€tf,14)
this 4.0, MSE = 0.004,p = .065. There was no speed-accuracy tra|
hoff; the accuracy results mirrored the response time data.

=

e_

ry

de-

Discussion

The effects observed in the first two experiments do not generali
fgr_a closely matched task that does not require working memory. [This
X Egsult rules out the possibility that mere exposure to the sample shape
> 18 ufficient to direct attention toward matching objects. Additionally,

. the size-judgment task was more difficult than the working mempory

g
e

gaasrf(. This rules out the possibility that the working memory effect is

thg

i
PHle to the general difficulty of active maintenance.
" ~/"Why did attention favor the novel item compared with the match-
ing item for participants making the size judgment? One possibility is
S ggested from the findings of Miller and Desimone (1994),
recorded from IT cells in monkeys performing two variants of a

) delayed-match-to-sample task. In one variant, a sample was presented,
P5ffowed by a sequence of unique foil items. Each trial ended

another presentation of the sample, at which point the monke

d

sample). Miller and Desimone suggested that these distinct popula-
tions of neurons reflect the operation of two distinct forms of memary.
One is a passive, automatic registration of repetition, whereag the
other represents an active maintenance of goal-relevant information.
Turning to the present study, we might speculate that the working
memory task, but not the size-judgment task, engaged this attive
memory system. Thus, the population of neurons responsiblg for
maintaining the representation of the sample provided a competjtive
advantage for the same object when it appeared again in the memory
interval. In contrast, the size-judgment task required no active
tenance of the sample. In this case, only the passive memory system
registered the repeated occurrence of the sample, and it did qo by
responding more weakly. This weakened response would in turn con-
a competitive disadvantage to the object in question, a possibility
&Pnsistent with the results observed here.

bars represent the standard error after removing between-su
variance.
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maintained in memory, it will suffer from a competitive disadvantdge
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will result in increased attention to that item, relative to novel stin
(cf. Desimone, 1996).

EXPERIMENT 4

The final experiment addressed another possible explanatio
the results described so far. In the preceding experiments, partici
compared the final test item with the item in working memory. P
haps, having prepared to make this judgment, they could not in
performing it on the two probed items presented in the memory|

demonstrated the difficulty of switching from one task to anoth
even when the switch can be anticipated. In itself, a failure of {
switching would not produce the advantage for matching items fo
here. However, it is plausible that matching tasks are performed
search for evidence in favor of a match. If this search fails, a “n

relative to novel stimuli. In contrast, active maintenance of a stimililus Results

terval. Recent research (e.g., Allport, Styles, & Hsieh, 1994) h4<

uli
aster

ch

Overall performance was 94% correct. Response times were f
to probes on match item#/( = 593 ms) than to probes on nonmat
items M = 609 ms)F(1,9) = 5.1, MSE = 247,p = .05. There was
no significant difference between these conditions in accuiasyl.

n for

hantdiscussion
er-
hibit The results of this experiment show that even when tested wit
'ﬁl_matching task, attention shifts to items matching the content
rking memory. Therefore, this effect cannot be explained as

egrtifact of task switching.

hout
s of
an

ask
und
as a

ON- The present studies tested a prediction derived from the bia

GENERAL DISCUSSION

sed-

match” judgment is made. If participants initiate a search for matc
information during the memory interval, we would expect the sa
results obtained in the preceding studies, for reasons having nothi
do with working memory.

In Experiment 4, working memory was tested with a task that
not require a matching judgment. Participants held a novel geom
shape in memory on each trial, and made one of three judgments
it at the end of the trial: Is it symmetric about the vertical axis? D
it have any curved edges? or Does it have only right angles

tasks would not encourage shifting attention disproportionately
either a matching or a mismatching object. Furthermore, particip
did not know from trial to trial which judgment they would be r
quired to make. They were thus encouraged to maintain the s
itself in memory, rather than to prepare the correct response t
three possible judgments.

Participants

Ten undergraduates at the Massachusetts Institute of Techn
participated for cash compensation.

Materials

The stimuli were 26 simple, novel, filled contours, drawn in bla
on a white background. They were approximately 3 cm square in
Half were symmetric about the vertical axis, 18 had at least one cu
and 5 were composed only of right angles.

Procedure and Design

The timing of the stimulus sequence was the same as in the w
ing memory condition of Experiment 3. Attention was probed with
motion task described earlier. At the end of each trial, the requ
judgment was indicated with a phrase: “Symmetric?” “Any curve
or “Only right angles?” Participants answered the question by pr|
ing either the “Y” or the “N” key, and were given up 8 s to make
their response. Five blocks of 24 trials were tested; the first block

contrast to preparing for the matching task, preparing for any of thesetween two fundamental cognitive functions. Although attentio

te-
that
nts

iR@mpetition framework (Desimone & Duncan, 1995). Active main
Mfance of an object in memory shifts selective attention toward
NGffect, even when there is little reason or opportunity for participa
to select it strategically. This result generalized across three types of
dﬁimuli, two measures of selective attention, and two working memory
Elagks. It did not generalize, however, to a comparable task that dig not
ib@bﬂjire working memory, suggesting that the effect is not merely a
P&8sult of priming.
? In These results confirm a specific prediction about the relationship
nis
for-
ng
cent
les,

fgpically discussed as a gate operating to allow only selected i
Amt&tion into working memory, these findings indicate that worki
E-memory shapes the action of the attentional filter as well. Other re
hagsults further develop this relationship. For example, Awh, Joni
b #d Reuter-Lorenz (1998) showed that working memory maintenance

of a spatial location generates a shift of attention to that locatjon.

Participants in their experiments were faster to respond to disciimi-

nation probes occurring at locations being maintained in working

memory than to probes at other locations. In terms of Ungerleider|and
Ié\)/lishkin’s (1982) distinction betweernhatandwherepathways in the
%l system, the results of Awh et al. demonstrate interactjons
within thewherepathway. In contrast, the present results demonstrate

an interaction between the two pathways: A match onwhat di-

mension shifted attention along timheredimension.

In a recent report, Pashler and Shiu (1999) showed that formation
cRf a mental image triggers a search for the imaged item even when it
sipderferes with the subject’s primary task. At the beginning of each
r éal subjects were prompted with a verbal cue to form a mental i

of an object. Subsequently, a rapid stream of images was presented at

the center of the screen. The sequence contained a series of pigtures,
one of which was the imaged item, as well as a digit, which subjects
were to report at the end of the trial. Participants’ ability to identify the
digit was 3 to 8% worse when it appeared sobh65 ms) after the|
opketure matching the subjects’ mental image, compared with when it
happeared relatively latef885 ms). This result suggests that an at-
iréehtional blink (e.g., Shapiro, Arnell, & Raymond, 1997) was caused
5By involuntary attention to the stimulus matching the subjects’ meptal
essrage. Perhaps the mental image subjects formed persisted in working
memory through the trial, in which case the attentional capture |ob-
wasrved might be a variety of that seen here. Alternatively, Pashlert and

D

practice.

472

Shiu’s result could reflect an automatic priming effect, which would

VOL. 11, NO. 6, NOVEMBER 2000



PSYCHOLOGICAL SCIENCE

Paul E. Downing

differentiate it from the present results, which cannot be explained in REFERENCES

terms of simple priming.
Several studies (e.g., Johnston, Hawley, Plewe, Elliott, & De A, Styles, EA. & Hsich, S.L. (1694). Shifing intentional set: Explor
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itt,
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