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Searching for objects of interest in visual space, an im-
portant aspect of daily life, is often guided by prior knowl-
edge about the objects. For example, the ability to predict
whether the movement of leaves in a tree is caused by a
bird or a squirrel requires deducing the likely identity of
the animal obscured within the leavesby observing the size
of the disturbed region in the tree. A small region of dis-
turbancewould signal the likelypresence of a bird,whereas
a larger region would indicate a squirrel. In this way, prior
knowledge of target size and location can facilitate per-
ceptionof a target (Eriksen & St. James, 1986;Greenwood
& Parasuraman, 1999; Hawkins et al., 1990). The domi-
nant model of visuospatialattention,Treisman’s feature in-
tegration theory (FIT), claims that this process operates
serially to bind features into an object (Treisman, 1996;
Treisman & Sato, 1990). However, the separate component
processes of visuospatial attention, which are important
for such target identification in visual search, are incom-
pletely understood.

We have advanced a three-component model of visual
search that attempts to characterize the way processing
componentsof visuospatialattention are deployed in order
to detect a target of interest embeddedin distractors (Green-
wood & Parasuraman, 1999). We have argued that visual
search depends on component processes of visuospatial

attention—the malleable, movable resource that can
heighten processing within regions of space where it is di-
rected (Cave & Bichot, 1999; Hawkins et al., 1990). These
processes can be deployed as tools in visual search, de-
pendingon taskdemands.Importantamong these are (1) sac-
cadic eye movements, (2) shifts in position of the atten-
tional focus, and (3) dynamic adjustments of the scale of
the attentional focus. Although processing componentsof
visuospatial attention have been studied most often in rel-
atively empty space (Castiello & Umiltà, 1990; Posner,
1980), there is evidence that these processes are deployed
differently in the presence of distractors (Gilchrist, Hey-
wood, & Findlay, 1999;Motter, 1993), inherent to the con-
cept of visual search.

Much previous work on visuospatial attention has been
concerned with the ability to change the location of the at-
tentional focus—termed shifting. Indeed, it is this prop-
erty of shifting the attentional focus that established theo-
ries of visual search seek to explain. FIT (Treisman &
Gormican, 1988) hypothesizes two stages in search. In the
guided search (GS) model, which is based on FIT (Cave &
Wolfe, 1990), the parallel stage guides the serial stage in
the shifting of visuospatial attention to the target. In addi-
tion to shifting,we haveposited anothercharacteristicof the
attentionalfocus: the ability to adjust its size and density—
termed scaling. We have argued that the focus of visuo-
spatial attention is a flexibly deployedgradient that can be
dynamically constricted or expanded (Eriksen & St.
James, 1986) according to task demands (Greenwood &
Parasuraman, 1999). A constricted attentional focus, like
a spotlight, could be adopted under conditions in which ar-
rays are large and discrimination difficult, due to similar-
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A model of visual search (Greenwood & Parasuraman, 1999) postulating that visuospatial attention
is composed of two processing components—shifting and scaling of a variable-gradient attentional
focus—was tested in three experiments. Whereas young participants are able to dynamically constrict
or expand the focus of visuospatial attention on the basis of prior information, in healthy aging individ-
uals visuospatial attention becomes a poorly focused beam, unable to be constricted around one array
element. In the present work, we sought to examine predictions of this view in healthy young and older
participants.An attentional focus constricted in response to an element-sizedprecue had the strongest
facilitatory effect on visual search. However, this was true only when the precue correctly indicated
the location of a target fixed in size. When precues incorrectly indicated target location or when target
size varied, the optimal spatial scale of attention for searchwas larger,encompassing a number of array
elements. Healthy aging altered the deployment of attentional scaling: The benefit of valid precues on
search initially (in participants 65–74 years of age) was increased but later (in those 75–85 years of age)
was reduced. The results also provided evidence that cue size effectsare attentional, not strategic.This
evidence is consistent with the proposed model of attentional scaling in visual search.



4 GREENWOOD AND PARASURAMAN

ity between target and distractors. In contrast, under less
demanding search conditions,such as those in which there
are few distractors present or in which discrimination is
easy, as in the phenomenon of popout, the optimal atten-
tional focus would be a broader gradient.This enlarged and
graded attentionalfocus may be betterable to detect an eas-
ily discriminable target without the need for a saccade. An
enlarged focus is also optimal when precues to target lo-
cation are invalid—that is, located away from the target
(Greenwood & Parasuraman, 1999; Greenwood, Parasur-
aman, & Alexander, 1997). Perhaps when the target ap-
pears at a distance, its properties can best be detected by
a larger, more diffuse attentional focus. This view that vi-
suospatial attention can be scaled flexibly reconciles the
two dominant views of how visuospatial attention is de-
ployed:a gradient (LaBerge, Brown, Carter, Bash, & Hart-
ley, 1991) or a spotlight (Posner, 1980). Thus, the gradi-
ent that is characteristic of the attentional focus would be
constricted to resemble a spotlight when arrays are large
and discrimination difficult.

This model also makes predictions about the effect of
healthyaging on the deploymentof visuospatial attention.
The model claims that, in aging individuals,the attentional
focus becomes a poorly focused beam, being both broader
and less concentrated than that in young individuals.Fur-
thermore, use of a poorly focused beam to locate targets
increases dependence of the aging brain on such prior in-
formation as size and location cues. This heightened de-
pendence is manifested as a greater effect of cue size on
search speed in the young–old, as compared with young,
individuals (Greenwood & Parasuraman, 1999; Green-
wood et al., 1997).

We have argued that visual search proceeds by deploy-
ing the two processing components of visuospatial atten-
tion to guide the third component,saccadiceye movements,
which can effect large changes in the region attended. On
the basis of experience with the size and spacing of array
elements, an observer scales the attentional focus to a gra-
dient density that is optimal for the array characteristics.
Subsequentlyor concurrently, this scaled attentionalfocus
is directed to regions of the array at a rate of 50–80 msec
per element (Treisman & Gelade, 1980). On some trials,
the target can be detected by attention alone, and no sac-
cades are made (Caggiano, Greenwood, & Parasuraman,
2001; Zelinsky & Sheinberg, 1997). Even when the target
cannot be detectedby attention alone, typicallyfewer than
two saccades are made before the target is detected (Pre-
vic, 1995). Each saccade will land in the vicinity of the
nearest neighbordistractorpossessing a target property—
for example, color (Motter & Belky, 1998; Zelinsky, Rao,
Hayhoe, & Ballard, 1997)—but outside the region cov-
ered by the initial position of the attentional focus (Mot-
ter & Belky, 1998). Work from our laboratory (Caggiano
et al., 2001) and elsewhere (Previc, 1995; Zelinsky et al.,
1997) has shown that search is faster when saccades are
not made. Even when no saccades are made, search speed
is subject to cue-induced modulation of attentional scale.
Although little work has been done to investigate the ef-

fects of attentionalscaling on number and accuracy of sac-
cades, our work has shown that, consistent with the reac-
tion time (RT) data, numbers of saccades increasewith cue
size (Caggiano et al., 2001). This indicates that the pro-
cessing component of attentional scaling plays an impor-
tant role in the progress of search, although it has been lit-
tle studied, as compared with the processing component
of attentional shifting.

From this evidence, a picture begins to emerge of de-
ploymentof visuospatialattentionas analogousto foveation
of the eyes. Although visuospatial attention has a lower
resolution than does the fovea (Intriligator & Cavanagh,
2001), it can be brought to bear on a location more rapidly.
Saccadic eye movements typically require 200 msec to be
initiated (Carter, Obler, Woodward, & Albert, 1983),
whereas shifts of attention can be executed in 50–80 msec
(Treisman & Gelade, 1980). Moreover, vision is not sup-
pressed during shifts of attention, as it is during saccades
(Diamond, Ross, & Morrone, 2000; Matin, 1974). Finally,
visuospatial attention has the property of scaling, which,
in contrast to the fovea, allows a broad or narrow region
of space to be scanned. With these advantages over
foveation, the focus of visuospatial attention can guide the
oculomotor system by scouting for potential targets. This
reiteratedsequenceof processes characterizesvisual search.

In the present work, we sought confirmatory evidence
for this model of visual search, which predicts that for a
given set of processing demands, there exists an optimal
scale of the attentional focus. Specifically, when precues
are valid, the scale of the attentional focus will be finely
modulated according to task demands. To date, the effects
of cue size on visual search have been investigated over
only a small range of two (Eriksen & St. James, 1986) or
three (Greenwood & Parasuraman, 1999) cue sizes. The
model also predicts that when precues are invalid, the op-
timal attentional scale will be large, but with resources
distributed so as to facilitate detection of the target at a
distance from the cue. Because invalid cues require atten-
tional shifting as well as scaling, search RT will be slower
following invalid, as compared with valid, cues. To test
these predictions, in Experiment 1 we investigated the ef-
fect of target–distractor similarity, cue size, and cue va-
lidity on attentional scaling. This design extended our
previous study of attentional scaling (Greenwood & Para-
suraman, 1999) by increasing the range of cue sizes and
fully manipulating cue validity in both feature and con-
junction searches. This allowed a test of the predictionsof
the model concerning the role of target–distractor simi-
larity, cue validity, and cue size.

Implicit in our model is the notion that attentional scal-
ing following an area cue is automatic and not strategic.
This assumption bears on whether attentional scaling is a
fundamental componentprocess of visuospatialattention.
Therefore, a possible role for strategy in attentional scal-
ing must be considered. Several studies in which the
LaBerge flanker task has been used to induce a narrow or
broad attentional focus (LaBerge et al., 1991) have attrib-
uted age-related increases in attentional scaling to differ-
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ences in strategy (Gottlob & Madden,1999;Hartley, Kieley,
& McKenzie, 1992). In size-cuingparadigms, a conscious
strategy of searching inside the cue first would lead to
faster search with smaller cues, because cues approaching
element size contain fewer items and less space through
which to search. Use of a strategy would be facilitated by
the presence of the cue in the search array. However, as-
suming that the cue remains visible during array presen-
tation, a strategy would not depend on the length of time
the cue is visible before array onset. In contrast, a process
of automatic scaling would be predicted to have a time
course, much as the development of attentional shifting
effects following a location cue has been shown to have a
time course (Müller & Rabbitt,1989). The developmentof
scaling effects over time from cue onset has not been fully
investigated. Greenwood and Parasuraman (1999) ob-
served that the effect of cue size was reduced when the in-
terval between the cue and the array was brief. However,
that observation was not made directly in a single experi-
ment but, rather, in a comparison of effects across exper-
iments with different participants. Nor was a range of
cue–array intervals examined to allow detailedanalysis of
the temporal course of attentional scaling. These ques-
tions were addressed in Experiment 2.

The model also predicts that to the extent that atten-
tional scaling is inherent in visual search processes, its
role would be diminished in the absence of distractors.
Single-unit studies have shown that attentional modula-
tion of neuronal activity is stronger in the presence than in
the absence of distractors (Motter, 1993; Noesselt et al.,
2002). This effect is consistentwith the interpretation that
attention performs a filtering function (Luck & Hillyard,
1994). Of the few existing studies of attentional scaling,
most have used displays containing at least a few distrac-
tors (Eriksen & St. James, 1986; Greenwood & Parasura-
man, 1999;LaBerge,Carlson,Williams,& Bunney, 1997).
However, one group of studieshas shown scaling in the ab-
sence of distractors (Castiello & Umiltà, 1990), although
with effects that were relatively small. Whether attentional
scaling occurs in the absence of distractors was investi-
gated in Experiment 3.

The three-component model assumes that attentional
scaling is driven by array characteristics of size and target–
distractor similarity. In virtually every previous study in
which cues were used to induce attentional scaling, the
cues indicated the size of a region of space, rather than the
size of the target. Yet, as in the example at the beginning
of this article, target size is an important feature of an ob-
ject. Anyone who has missed seeing an approaching mo-
torcycle while scanning for car traffic has experienced the
effect of anticipated object size as a cue. Is attentional
scaling carried out differently when the size of a target is
cued? This is an important question, since it bears on
whether scaling effects are relevant to the region to be
searched or to the size of the target. It was examined in
Experiment 3.

In summary, three experiments were conducted to test
this model and, thereby, more fully investigate the role of

attentional scaling in visual search. In the first experi-
ment, we sought to confirm the previous finding of an ef-
fect of precue size on search speed and its alteration by
aging, and to extend that finding to a large range of cue
sizes, as well as invalidly located cues. In the second ex-
periment, we assessed the role of strategy in cue size ef-
fects by manipulating cue duration and measuring the
time course of cue size effects. In this experiment, we also
investigated attentional scaling over the course of adult
aging from young individualsto young–old individualsto
old–old individuals. In the third experiment, we sought to
investigate (1) the role of distractors in the deployment of
attentionalscaling in visual search and (2) the effect of the
nature of cue informativeness on attentional scaling.

EXPERIMENT 1

This experiment was designed to investigate control of
scaling of the attentional focus and the effects of age on
that control. It was predicted that incremental increases in
cue size would induce a corresponding expansion in the
attentionalfocus, which would result in linear increases in
RT. Previous studies had manipulated the cued region over
two (Eriksen & St. James, 1986) or three (Greenwood &
Parasuraman, 1999) sizes, with nonlinear cue size effects
observed when three values were used. More than three
data points would allow a better characterization of the
function. In addition, effects of invalid cuing were as-
sessed. On the basis of our three-componentmodel, it was
predicted that when cues were invalidly located, search
would be fastest following a large cue (encompassing a
number of array elements) than following a small cue (en-
compassing one element), consistent with the view that
detection of a target at the periphery of the focus of atten-
tion would be facilitatedby a larger attentionalscale. There-
fore and conversely, search following invalidly located
precues would be slowest when the precues were small (el-
ement sized). Consistent with our previous finding, both
feature and conjunctionsearch speed would be modulated
by cue size, butwith strongereffects on conjunctionsearch.
The phenomenon of popout, which characterizes feature
search, reduces the need for a constricted attentional
focus. Finally, on the basis of previouswork, it was predicted
that age would increase cue-induced attentional scaling.

It should be noted that the descriptors small and large
in referencing cue size are terms of convenience. More
important than the actual size of a cue is its relation to the
size of the target. In this work, a small cue is one large
enough to encompass only one element. Larger cues are
defined by the number of array elements they encompass.

Method
Participants

There were two groups of participants: 15 college student volun-
teers, 18–25 years of age, who were fulfilling course requirements
by their participation, and 15 community-dwelling volunteers 65
years of age or older. The older volunteers were recruited by news-
paper advertisements and were screened for health problems by in-
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terview and questionnaire. The demographic data appear in Table 1.
All the participants had corrected visual acuity of at least 20/40 on
a Rosenbaum Pocket Vision Screener.

Stimuli
Figure 1A illustrates the stimuli and procedures. Arrays were

composed of 18 letters, arranged in three rows of 6 letters (7.97º 3
4.48º). Rectangular precues enclosed 1 letter (1.43º 3 1.33º), 4 let-
ters (3.05º on each side), 6 letters (1.34º 3 4.29º), 9 letters (4.38º 3
5.04º), or 12 letters (7.59º 3 5.14º). Viewing distance was 60 cm.
The letters were R, N, or G, drawn in one of three colors (green, blue,
or pink), and were about 1.1º 3 0.9º of visual angle. The target let-
ter was a pink R, present on 50% of the trials. The order and posi-
tion of the letters in the arrays were chosen randomly, with the ex-
ception that on feature search trials only the target was pink, whereas
on conjunction trials distractors were pink as well. Thus, on feature
trials, the pink target appeared to pop out of the blue and green array
of distractors. Popout was not experienced on conjunction trials. All
the arrays were centered on the monitor. The arrays were constructed
using a random order to select each letter and color, with the con-
straint that no more than one target could appear in each array. The
cues were also placed randomly within the array.

It should be noted that the term conjunction search is employed
in order to be consistent with current usage. It is not meant to imply
that the requirement to search for a target defined by a conjunction
of features is an important factor in search speed. Duncan and Hum-
phreys (1989) have shown that target–distractor similarity is more
important than the conjunction of features in inducing popout and
producing slow or fast search.

Cue validity was defined according to the appearance of the tar-
get inside the cue. Therefore, on target-present trials, cues could be
valid, with the target inside the cue (placed randomly), or invalid ,
with the target outside the cue (placed randomly). Within-subjects
experimental conditions were target presence (present or absent),
task type (feature or conjunction search), cue validity (valid, invalid,
or neutral in predicting target location), and cue size (rectangular
cues enclosing 1, 4, 6, 9, or 12 letters). Neutral cues (7.88º 3 4.67º )
enclosed the entire array. The size of the neutral cue was determined
by pilot testing, using the size that produced an RT intermediate be-
tween those following valid and invalid cues.

The design could not be completely crossed because, when the
target was absent, a cue could be neither valid nor invalid. Also,
since neutral cues were defined by size, they could not vary in size,
as did valid and invalid cues.

Procedure
The task required a speeded decision about the presence or ab-

sence of a feature or conjunction target (pink R) embedded in an 18-
letter array. Following a fixation point (1-sec duration), the screen
was cleared, and a location precue appeared for the duration of the
stimulus onset-asynchrony (SOA) and before the array of letters ap-
peared for 2,000 msec. Future target location was indicated by a rec-
tangular precue, which was valid (enclosed the target on 60% of the
trials), invalid (enclosed letters other than the target on 20% of the
trials), or neutral (enclosed the entire array on 20% of the trials). For
each combination of SOA and precue size, there were 60 valid, 20 in-
valid, and 20 neutral trials. The precue appeared with a 500-msec
cue–array SOA and remained visible until the end of the trial. The
target was present on 50% of the trials. Therefore, depending on pre-
cue size, 1, 4, 6, 9, or 12 letters appeared inside the precue once the
search array had appeared after the 500-msec SOA. On valid trials
in which the cue was small (element sized), no shifting and no ad-
ditional scaling was required once the target had appeared. On in-
valid trials in which the cue was small, only attentional shifting was
required. The task was presented over six blocks, each of which lasted
about 10 min and contained a randomly selected mixture of all the
experimental conditions. All the conditions were presented in six
mixed blocks. The participants were allowed to rest between each
block and were required to rest for 10 min between Blocks 3 and 4.

At the beginning and end of each testing session, a simple RT
(SRT) task was administered. This consisted of 50 trials with a fix-
ation point presented in the center of the screen for 500, 1,000, or
1,500 msec (selected randomly on each trial) and followed by the
letter X for 1,000 msec. The participant was required to make a
speeded buttonpress response to the X.

Results
In all repeated measures analyses carried out in this

study, F values were corrected for violationsfrom spheric-
ity by adjustingdegrees of freedom, using the Greenhouse–
Geisser method.

Accuracy
Accuracy (see Table 2) ranged from 88.3% (in the young

group on conjunction search with invalid cue size 1) to
98.7% (in the old group on feature search, invalid cue
sizes 1, 4, and 12) but did not differ across age groups.

Table 1
Demographics of Participant Groups (Means and Standard Deviations)

Logical Memory (WMS)

Gender Age (Years) Education WAIS Vocabulary Immediate Delayed Mini-Mental State

Group M F M SD M SD M SD M SD M SD M SD

Experiment 1
Young 24 18 20.8 3.40 13.6 1.7 51.8 6.0 13.6 3.6 12.7 3.5 – –
Young–old 17 25 68.8 2.60* 14.6 2.4 62.3 4.3* 11.8 4.0 10.6 3.7 29.7 0.5

Experiment 2
Young 5 11 18.2 0.67 12.5 0.9 54.9 7.5 16.9 3.2 15.9 3.4 – –
Young–old 5 11 68.2 2.60 14.9 3.2 60.6 5.0 14.4 2.9 11.9 4.0 29.4 0.7
Old–old 4 12 78.1 2.50 14.2 2.5* 60.8 5.8* 12.3 3.5* 10.4 4.0* 29.1 1.1

Experiment 3
Young 5 10 19.8 3.20 13.5 1.9 44.9 8.5 10.8 3.9 9.6 4.4
Young–old 9 6 68.0 2.80 15.7 3.8 58.6 6.6 10.9 2.1 8.7 2.8
Old–old 5 5 79.2 3.80 15.7 2.7* 62.1 3.9* 9.7 3.2 8.9 2.4

Note—The Mini-Mental State Exam was not administered to young individuals. *Significant overall main effect of group ( p , .05), but no
significant difference between young–old and old–old groups on a post hoc test.
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Feature search was more accurate than conjunctionsearch
overall [F(1,26) 5 10.20]. However, feature search was
more accurate when the cues were invalid, whereas con-
junction search was more accurate when the cues were
valid [F(1,26) 5 4.40, p , .05]. Accuracy increased with
cue size on feature search but decreased with cue size on
conjunction search [F(4,104) 5 3.97, p , .01].

Reaction Time
To adjust for possible age-related slowing, each partic-

ipant’s RT was divided by the mean of the pre- and the
postsession SRT medians. This method corrects for the
portion of task-related RTs that arise from response speed

(Faust & Balota, 1997). These RT ratios were used in all
the following analyses, including the derived measures.

Omnibus analysis. When the target was present, there
were main effects of age group [F(1,28) 5 4.52, p , .05],
task [F(1,28) 5 63.43,p , .0001], cue validity [F(1,28) 5
113.13, p , .0001], and cue size [F(4,112) 5 9.37, p ,
.0001] and an interaction of cue size and age group
[F(4,112) 5 4.80, p , .01]. There were also interactions
with task, includingvalidity3 task 3 age group [F(1,28) 5
4.60, p , .04] and validity3 task 3 cue size [F(4,112) 5
10.99, p , .0001]. Justified by the main effect of validity
and the interactions of validity and cue size [F(4,112) 5
22.37, p , .0001], and by previous work showing that the

Figure 1. Illustration of the tasks used in each study. (A) Experiment 1. (B)
Experiment 2; the target is represented by the light gray R. (C) Experiment 3.
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effects of cue size take a different form following valid, as
compared with invalid, cues (Greenwood & Parasuraman,
1999;Greenwood et al., 1997), valid and invaliddata were
subsequentlyanalyzed separately. This allowed further ex-
amination of cue size 3 age group interactions.

Validly cued trials. When the cues were valid, search
RT was faster (RT ratios smaller) on feature than on con-
junction search trials (Figure 2A, Table 3). Consistent
with our earlier work, both feature and conjunctionsearch
RTs were speeded by decreased cue size, butwith a greater
effect on conjunction search.

The benefitof valid cues, relative to neutral cues, can be
calculatedas the difference in RT ratios between valid and

neutral cue conditions (neutral 2 valid RTs). In feature
search, benefits decreased with cue size [F(4,112)5 14.35,
p , .0001], with the decrease being similar in young and
old participants. In conjunction search (Figure 2B), bene-
fits decreased with increasingcue size [F(4,112) 5 34.26,
p , .0001] but were greater in the old than in the young
group [F(1,28) 5 4.15, p , .05].

Since the effect of valid precue size on search speed was
roughly linear, slopes of RT/cue-size functions were cal-
culated by regressing RT from valid trials against cue size
for each participant. Thus, the slope reflects the increase
in RT with each increase in cue size. As can be seen in
Figure 2A and Table 4, slopes were steeper in the old than
in the young group [F(1,28) 5 7.15, p , .01]. Slopes were
also steeper in conjunctionthan in feature search [F(1,28) 5
55.68, p , .0001], particularly in the older individuals
[age group 3 task, F(1,28) 5 7.01, p , .02].

Invalidly cued trials. When cues were invalid—that is,
when the target appeared outside the cue—RT was
slowed. On invalidly cued trials (Figure 3A, Table 5), de-
spite correction for age-related slowing, age group differ-
ences were not eliminated. RT ratios were significantly
smaller in the young than in the old group, overall. Ratios
were also significantly smaller on feature than on con-

Table 2
Experiment 1: Search Accuracy Mean Ratios

Cue Size

Task 1 4 6 9 12

Conjunction
Valid .962 .937 .96 .934 .938
Invalid .914 .923 .93 .933 .949

Feature
Valid .968 .964 .96 .961 .962
Invalid .967 .966 .96 .973 .967

Figure 2. Experiment 1. (A) Search reaction time (RT) ratios plotted as a
function of valid cue size for young and old groups under feature and con-
junction search conditions. (B) Calculated benefits of valid cues (neutral 2
valid RTs) on search RT plotted as a function of cue size for young and
young–old groups.
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junctionsearch. Age and cue size both had a greater effect
on conjunction search than on feature search. In Fig-
ure 3A, it can be seen that, on both feature and conjunc-
tion search trials, young,but not old, individualswere rel-
atively slowed when the invalid cue was similar in size to
the array elements. This produced a significant cue size 3
age group interaction (Table 5).

In feature search, RT cost, the increase in RT when the
cue was invalid relative to neutral (invalid – neutral RT ra-
tios), was greater in the younggroup at the smallest cue but
greater in the old group at all larger cue sizes [cue size 3
age group, F(4,112) 5 3.27, p , .03], so that whereas
costs decreased sharply with cue size in the young group,
they increased with cue size in the old group.

In conjunction search, costs of invalid cues showed a
more complex pattern (Figure 3B). The main effect of cue
size [F(4,112) 5 3.84, p , .01] and the interaction be-
tween age and cue size [F(4,112) 5 2.80, p , .03] reflect
the substantial cost arising from invalid element-sized
cues experienced by the young group, but not by the old.
Young and old participants differed little in the total effect

of cue validity of the smallest cue (young 5 1.244; old 5
1.330), but the young group showed greater costs of in-
valid cues (young 5 0.831; old 5 0.413), whereas the old
group showed greater benefits (young 5 0.413; old 5
0.917).

Discussion
In concert with predictions of the model and consistent

with previous findings(Greenwood & Parasuraman, 1999),
decreasing the size of valid location precues toward the
size of array elements speeded search, whether the search
was for single features under popout conditionsor for con-
junctionsof features. Effects of cue precisionwere stronger
in conjunctionthan in feature search, with older individu-
als obtaining greater benefits than young from valid pre-
cise cues to target location.As cue size increased—and the
precision of the information about target position accord-
inglydecreased—this benefit decreased as well, more pre-
cipitously in the old participants than in the young (Fig-
ure 2B). Therefore, not only was the ability to benefit from
the precision of prior information preserved in aging, but
also the benefit was greater in the older individuals.

The finding of cue size effects on popout is consistent
with some previous studies of cue location effects on
popout (Prinzmetal, Presti, & Posner, 1986; Theeuwes,
Kramer, & Atchley, 1999). However, others have shown
either little (Nakayama & Makeben,1989)or no (Braun &
Sagi, 1991) effect of cue location on popout.

When cues were invalid for location, the optimal scale
of attentionchanged.The level of costs of invalid cues ap-
proached the level of benefits of valid cues, but only in the
young individuals at the smallest cue. Overall, the young
participants experienced greater costs of invalid cues,
whereas the old participants experienced greater benefits
of valid cues. On invalid trials, when the cue was small,

Table 3
Experiment 1: Analysis of Variance of Reaction Time Ratios
From Validly Cued Feature and Conjunction Search Tasks

Source df F MSe l p

Between Subjects
Age group (AG) 1,28 3.84 1.83 3.838 .0601

Within Subjects
Cue size (CS) 4,112 50.91* 0.086 203.618 .0001
CS 3 AG 4,112 5.57* 0.086 22.285 .0004
Task (T) 1,28 15.35* 0.020 15.35 .0005
T 3 AG 1,28 0.708 0.020 0.708 .4072
CS 3 T 4,112 3.58* 0.036 14.311 .0087
CS 3 T 3 AG 4,112 0.055 0.036 0.218 .9944

*p , .05.

Table 4
Slope Values of Cue-Size/RT Functions

(Means and Standard Errors)

Search Task

Feature Conjunction

Condition M SE M SE

Experiment 1
Young 2.62 1.01 9.86 2.14
Old 5.55 1.51 20.74 3.16

Experiment 2
Group

Young Young–Old Old–Old

M SE M SE M SE

Feature Search
SOA 100 1.60 .60 1.06 .64 20.45 .47
SOA 200 4.05 .54 2.43 .63 2.04 .68
SOA 500 5.42 .80 3.54 .78 0.22 .65

Conjunction Search
SOA 100 6.80 1.05 6.49 2.07 2.18 1.45
SOA 200 10.06 1.32 20.90 2.14 13.52 2.43
SOA 500 10.23 1.32 19.25 2.14 8.87 1.78
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the location of the target outside the cue slowed search,
particularly in young participants.This marked increase in
costs in the young participants, associated with element-
sized cues, may be comparable to the disengagement seen
in cued discrimination tasks on invalid trials. In both
cases, attention is focused on a discrete region of space,
and the target appears elsewhere. This raises the question
(posed by a reviewer) of why the older group showed costs
of invalid cues that were lower overall than those seen in
the young group. This result can be compared with the
previously reported disengagementeffect (slowed RT fol-
lowing invalid cues) in old–old individualsin a nonsearch
discrimination task (Greenwood & Parasuraman, 1994).
In light of this, why did the older group in this task not
show slowed disengagement following invalid cues? The
previous finding of slowed disengagement was seen in
old–old, but not in young–old, individuals, and Experi-
ment 1 tested only young–old individuals. It can also be
speculated that the more diffuse attentional focus in the

older group may have actually reduced the costs associ-
ated with invalidly located cues. As evidence for this, note
the similar level of costs for young and old individuals
when cues encompassed more than one array element
(Figure 3B).

Figure 3. Experiment 1. (A) Search reaction time (RT) ratios plotted as a
function of invalid cue size for young and old groups under feature and con-
junction search conditions. (B) Calculated benefits of valid cues (invalid 2 neu-
tral RTs) on search RT plotted as a function of cue size for young and
young–old groups.

Table 5
Experiment 1: Analysis of Variance of Reaction Time Ratios
From Invalidly Cued Feature and Conjunction Search Tasks

Source df F MSe l p

Between Subjects
Age group (AG) 1,28 4.75 3.50 4.75 .0400

Within Subjects
Task (T) 1,28 79.02* 0.801 79.019 .0001
Task 3 AG 1,28 6.209* 0.801 6.209 .0189
Cue size (CS) 4,112 3.280* 0.073 13.12 .0139
CS 3 AG 4,112 3.798* 0.073 15.19 .0062
T 3 CS 4,112 2.637* 0.051 10.55 .0376
T 3 CS 3 AG 4,112 0.786 0.051 3.143 .5367

*p , .05.
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These results are consistent with our 1999 model in
showing that the focus of visuospatial attention is flexibly
and dynamicallyadjusted in response to prior information
about a region in space where a target might appear. That
cue size effects were greater on conjunction search than
on feature search is also consistent with the GS model of
Cave and Wolfe (1990). AlthoughneitherFIT nor GS pre-
dicts attentional scaling, GS states that top-down influ-
ences should be greater for conjunction search.

These results are also consistent with our model in
showing that the optimal adjustmentchanges with task de-
mands. When the target appears at the cued location (valid
cues) and, thus,within the attentionalfocus, theoptimalscale
for searching is constricted around element size. When the
target appears outside the cue (invalid cues) and, presum-
ably, at the periphery of the attentional focus, the optimal
scale appears to be expanded. In the young participants
this was seen in facilitated search when the cue was large
and invalid. These results suggest that young and old in-
dividuals may employ the information provided by pre-
cues differently.At cue onset, it cannot be known whether
the cue will be valid. The young participants scaled their
attention to the element-sized small cue but were slowed
when the cue turned out to be invalid. In contrast, although
the old individuals benefited from the small valid cues,
they were not penalized as much as the young ones by
small invalid cues. This suggests that althoughboth young
and old individuals may scale the attentional focus to cue
size, older individualsmay be less able than young ones to
maintain such a constricted focus and may rapidly revert
to a broader attentional focus.

Consistent with the model, this experiment (1) con-
firmed attentional scaling as a component of visuospatial
attention in visual search, (2) revealed a fairly close rela-
tionship between precue size and search speed, (3) showed
that whereas a constricted scale is optimal when cues are
validly location, an expanded scale is optimal when cues
are invalidly located, and (4) confirmed a heightened ef-
fect of attentional scaling with aging and extended that
finding to a large range of precue sizes.

However, in both our model and Experiment 1, it is as-
sumed that attentional scaling is not strategic. To examine
this assumption, it is important to determine the extent to
which strategy plays a role in attentional scaling effects.

EXPERIMENT 2

Having examined some of the predictions of the three-
component theory, we next turned our attention to a key
assumption of that theory—namely, that scaling of the at-
tentional focus is automatic, rather than conscious and
strategic. A strategy-based explanation could posit that
precue size effects would not arise from attentional scal-
ing to the appearance of the cue but, rather, to the order in
which search was conductedonce the array had appeared.
According to this view, a consciousplan to initially search
inside the cue would result in faster search with smaller
cues. This was investigated in two ways: by manipulating

cue duration and by measuring the time course of atten-
tional scaling.

The rationale for manipulatingcue duration is as follows.
If cue size effects are strategic, the cue would be used as
a guide during the process of search. Therefore, turning
the cue off before the array appeared would likely weaken
cue size effects on both feature and conjunction searches,
since participants would need to consciously remember
both the location and the size of the cue in order to use
them to guide search once the array had appeared.

The rationale for measuring the time course of scaling
is as follows. If cue size effects are strategic, carrying out
the strategy could not begin before the appearance of the
array. Therefore, the length of time the cue is visible prior
to array onset (cue–array SOA) should have little effect,
particularly if the cue remains visible during the presenta-
tion of the search array. Alternatively, if cue size effects
are attentional and not strategic, they likely have a time
course, as has been shown for cue location effects on de-
tection and discrimination in nonsearch tasks (Green-
wood, Parasuraman, & Haxby, 1993; Müller & Rabbitt,
1989). Therefore, in this experiment cue–target SOA was
manipulated within subjects. In light of the apparently
fully developed cuing effects observed at the 500-msec
SOA in Experiment 1, two shorter SOAs were added in
Experiment 2.

Finally, to examine in greater detail the impact of aging
on these effects, both young–old and old–old groups of
individualswere tested.In previouswork,we havefound that
age exerts nonlineareffects on cuingdynamics,with effects
of cue size on search speed increased in the young–old
(65–74 years of age) but decreased in the old–old individ-
uals (75–84 years of age; Greenwood & Parasuraman,
1999). Adding an old–old group allowed the time course
of development of cue effects to be measured over the
course of adult aging.

Effects of attention are predicted to apply to both fea-
ture and conjunction searches, whereas effects of strategy
are predicted to have no effect on feature search.

Method
Participants

There were 16 young college student volunteers and 32 older
community-dwelling volunteers ranging in age from 65 to 84 years.
The older individuals were divided by age into two groups of
16 young–old (65–74 years of age) and 16 old–old (75–84 years of
age). Demographic characteristics of these groups are presented in
Table 1.

Stimuli
The stimuli were identical to those in Experiment 1.

Procedure
The task required a speeded decision about the presence or ab-

sence of a feature or conjunction target (pink R) embedded in an 18-
letter array (Figure 1A). Target location was precued by a rectangle
that varied in size, enclosing 1, 4, 6, 9, or 12 letters on a given trial.
The precue was valid (enclosed the target) on 77% of the trials and
invalid, with the target absent, on 23% of the trials. Cue validity was
not a factor, in order to allow manipulation of SOA, cue duration,
and cue size within subjects. The location precue preceded the array
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onset by an SOA of 100, 200, or 500 msec. On half the trials, the cue
remained superimposed over the array until the end of the trial (cue-
on condition). On the other half, the cue was turned off when the
array appeared (cue-off condition). Task conditions were presented
in mixed blocks. In order to conduct this experiment within one test-
ing session, the number of invalid trials had to be minimized, and
therefore, cue validity was not included as a factor. For each combi-
nation of task type, cue duration, cue size, and SOA, there were 20
valid trials and 6 invalid trials. The between-subjects factor was age
group. Within-subjects factors were task type (feature or conjunction),
cue duration (cue on or cue off), cue size (1, 4, 6, 9, or 12), and cue–
array SOA (100, 200, or 500 msec). Repeated measures F values
were corrected for violations from sphericity by adjusting degrees of
freedom, using the Greenhouse–Geisser method.

Results
Accuracy

Accuracy ranged from 88.4% to 100%, being highest in
the young–old group and lowest in the young group, but
with no significant interactions with age group (Table 6).
Feature search was more accurate than conjunctionsearch
[F(1,45) 5 79.52, p , .0001], and accuracy declined with
longer SOAs [F(2,90) 5 10.13, p , .0001] and larger cue
size [F(2,90) 5 10.12, p , .001]. There was no main ef-
fect of cue duration.

Reaction Time
Each participant’s RT was divided by the mean of the

pre- and postsessionSRT medians to adjust for age-related
slowing. An omnibus ANOVA was performed on these RT
ratios from target-present valid cue RT conditions (the
small number of invalid trials were not analyzed). This
analysis revealed significance for all main effects [age
group, F(2,45) 5 8.19, p , .001; task F(1,45) 5 263.87,
p , .0001; cue size, F(4,180) 5 76.52,p , .0001; cue du-
ration, F(1,45) 5 17.46, p , .0001; and SOA, F(2,90) 5
25.87, p , .0001]. Since additional analyses are reported
below, only the significant three-way interactions involv-
ing age group are reported here [task 3 cue size 3 age
group, F(8,180) 5 2.76, p , .02; cue size 3 SOA 3 age
group, F(16,360) 5 1.9, p , .03]. On the basis of the sig-

nificant main effect of task and of previous work showing
smaller effects of cue size on feature than on conjunction
search (Greenwood et al., 1997), separate analyses were
performed on each task type. This allowed separate ex-
amination of cue size 3 age group interactions for feature
and conjunction search.

Feature search. Feature search RT ratios (Figure 4,
Table 7) increased significantly with age and cue size but
decreased with SOA. Effects of cue size were greater
when the cue remained on (cue-on condition), with the
two older groups more affected than the young group by
manipulations of cue size and cue duration (cue size 3
age group, cue duration 3 age group, and cue duration 3
cue size 3 age group).

Effects of cue size developed with time from cue onset
to array onset (SOA), whether or not cues remained on
during array presentation (cue size 3 SOA). When only
100 msec intervened between precue and array onsets,
there was very little systematic effect of precue size on
feature search speed, except in the young group when the
cue remained on (cue-on condition in Figure 4D). Re-
gardless of age, RT ratios tended both to decrease follow-
ing the smallest cue and to increase following the largest
cue, but with earlier development of cuing effects in the
young group (Figures 4B, 4C, 4E, and 4F). The young and
the young–old groups differed mainly in the amount of fa-
cilitationobtained from the smaller precues. In contrast, in
the old–old group, RT was slowed by small and large cues
butwas facilitatedby middle-sizedcues. These effects were
particularly pronounced when the cue remained on (cue-
on condition).As compared with the changes in the effect
of the small and middle-sizedcues, the effect of the largest
cue changed relatively little with SOA in the older groups
(cue duration 3 cue size 3 SOA 3 age group).

Because the effect of valid precue size on feature search
speed was roughly linear, slopes of the RT/cue-size func-
tionwere calculated for all the participants,using data from
valid trials when the target was present (slopes in Table 4).
Slope tended to increase with cue duration, but only at a
marginal level of significance [F(1,45) 5 3.64, p , .06].
The three groups differed in slope [age group, F(2,45) 5
8.56, p , .001]. A post hoc test (Tukey HSD) indicated
that slopes of both the young and the young–old groups
differed from those of the old–old group but did not differ
significantly from each other ( p , .05). This age group
effect was modified by SOA [SOA, F(2,90) 5 14.06, p ,
.03; SOA 3 age group, F(4,90) 5 2.88, p , .03]. In both
the young and the young–old groups, the RT/cue-size
slopes increased with SOA, but in the old–old group,
slopes first increased then decreased as SOA lengthened.

Conjunction search. On conjunction search trials
(Table 8), RT increased with age and cue size. A Tukey
HSD post hoc test revealed that RT ratios of the young
group differed from those of both older groups ( p , .05),
who did not differ significantly from each other. RT ratios
were larger overall under the cue-off than under the cue-
on condition, and this effect of cue duration interacted
with cue size, but not with SOA or group. RT was also fa-

Table 6
Experiment 2: Accuracy Data Ratios

Cue Size

Task SOA 1 4 6 9 12

Cue On
Conjunction 100 .958 .960 .949 .940 .938

200 .951 .948 .931 .951 .939
500 .923 .950 .933 .923 .927

Feature 100 .965 .964 .965 .970 .958
200 .960 .960 .964 .959 .963
500 .969 .967 .960 .955 .951

Cue Off
Conjunction 100 .963 .971 .969 .949 .971

200 .949 .957 .953 .952 .959
500 .960 .956 .945 .947 .952

Feature 100 .988 .983 .989 .981 .981
200 .983 .989 .979 .980 .982
500 .979 .990 .985 .975 .986
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cilitated as SOA lengthened. As was seen with feature
search, the effects of cue size developed with increased
SOA, whether or not cues remained on during array pre-
sentation.There were no significant interactionsinvolving
age group and cue duration. In contrast to feature search,
in conjunction search increases in cue size appeared to
slow RT following the larger cues, rather than speeding
RT following smaller cues (Figure 5). When only 100 msec
had elapsed between cue onset and target onset (100-msec
SOA), RT was facilitated by smaller cue sizes but was lit-
tle modulated by the larger cues. In contrast, when 200 or
500 msec elapsed between cue onset and target onset, RT
slowed with increasing cue size. This indicates that in the
young group, only 100 msec was needed to adjust the at-
tentional focus to the smallest cue, whereas adjustment to
the scale of the larger cues required more time. These fac-
tors interacted, so that the effects of cue size increased
from the young to the young–old participants but then de-
creased in the old–old participants (Figure 5). The main
age difference between the groups can be seen in the ben-
efit obtainedfrom the smaller cues. Bothyoungand young–

old groups showed pronounced facilitationof search speed
at the smallest, relative to the middle-sized, cues, in con-
trast to a weaker effect of smaller cues in the old–oldgroup.

The age groups also differed in the effect of SOA, with
a smaller effect on the young than on the two older groups.
Whereas the young–old group showed a fairly linear in-
crease in RT with cue size at the longer SOAs, in the old–
old group there was a linear increase only at the 200-msec
SOA. By 500 msec after cue onset, RT was slowed by
smaller cues, as compared with the six-letter cue. This re-
sult is similar to that seen in Experiment1 in the oldergroup.
Thus, in contrast to the scaling effect in the young and
young–old groups, which increased linearly with time
from cue onset, scaling in the old–old group followed a
linear pattern by 200 msec, which had weakened by
500 msec. As compared with the 200-msec SOA, by
500 msec after cue onset the smaller cues appeared to slow
search more, whereas the larger cues appeared to slow
search less. This suggests that with increased time after
the cue, search in old–old individuals is facilitated only
when precues encompass several search items.

Figure 4. Experiment 2: feature search reaction time (RT) ratios plotted as a function of valid cue size and cue duration in young,
young–old, and old–old groups. In panels A–C, the cue was turned off before the search array appeared: (A) cue–array stimulus onset
asynchrony (SOA), 100 msec; (B) cue–array SOA, 200 msec; (C) cue–array SOA, 500 msec. In panels D–F, the cue remained on after
the search array appeared: (D) cue–array SOA, 100 msec; (E) cue-array SOA, 200 msec; (F) cue-array SOA, 500 msec.
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Slopes of the conjunction RT/cue-size function were
calculated from valid trials when the target was present.
As is evident in Figure 5 and Table 4, slopes increased
with SOA overall [F(2,90) 5 27.10, p , .0001]. Slopes
differed between groups [F(2,45) 5 6.36, p , .004],
being steepest in the young–old group and shallowest in
the young group. The slopes of the young–old group dif-
fered significantly from those of both the young and the
old–old groups, but those of the young and the old–old
groups did not differ from each other (Tukey, p , .05).
The effect of age interacted with SOA [age group 3 SOA,
F(4,90) 5 3.57, p , .01]. Slopes generally increased with
SOA in the young and young–old groups but showed a
more biphasicpattern in the old–old group, in whom slope
first increased, then decreased as SOA lengthened.Slopes
were steeper overall when the cue remained on [F(1,45) 5
9.51, p , .004], but the age groups did not differ on this
effect. Conjunction search slope was found to be nega-
tively correlated with age for all older individualsat SOAs
of 100 (2.271), 200 (2.209), and 500 (2.431, p ,
.01) msec. Figure 6 shows a scatterplot of age 3 slope for
conjunction search at the 500-msec SOA.

Discussion
The effect of precue precisionon search speed emerged

only graduallywith time from cue onset. This is interpreted
as evidence against a role for strategy in cue size effects.
A strategy would most reasonably be applied to the task as
a whole. For a strategy to explain these results, it would be
necessary that the participant (1) decide anew on every
trial to employ a strategy, (2) having done so, prepare
anew on every trial to employ the strategy, and (3) carry
out those preparations during the SOA (as a reviewer sug-
gested). Under the cue-on condition, the array and the cue
were visible together for 2 sec, allowing ample time for a
strategy to be used once the array had appeared. Never-

theless, cue–target SOA clearly modulated cue size ef-
fects. Moreover, when the cue remained on during array
presentation, there was close modulation of search RT by
cue size with a 500-msec SOA, but not with a 100-msec
SOA. It is hard to explain how a strategy could produce
that result. Nor is it easy to explain why a strategy of
searching first inside the cue would actually lead to slower
search by older individuals when the cue was element
sized (Figure 5F).

A strategy-based explanation could also posit that par-
ticipants would rely on memory for the cued region and
then search preferentially within that region. If cue size
effects were due to iconic memory for the cue (as was sug-
gested by a reviewer), they would be maximal at 200 msec
or so and then decline. Instead, cue size effects increased
with time, particularly for the largest cue. It is not obvious
why memory for the location and size of large cues would
improve more than memory for small cues with time from
cue onset. We conclude that although these results cannot
conclusively rule out an effect of strategy, they are incon-
sistent with such an interpretation.

Feature and conjunction search were affected similarly
by cue size manipulations,albeitwith greater effects on con-
junction search. This is also consistent with an attention-
based explanation, since a strategy would be unnecessary
in the presenceof popout.Effects of cue size on feature and
conjunctionsearch are discussed more fully in the General
Discussion section.

Some benefit of the smaller cues was seen as early as
100 msec after cue onset, but the cost of the larger cues
continued to increase with SOA. In both feature and con-
junction search, cue size effects were not fully developed
until 500 msec had elapsed after cue onset. This finding
can be contrasted with the faster development(,50 msec)
of the effect of peripheral (exogenous) location cues in
nonsearch paradigms (Greenwood & Parasuraman, 1994;
Müller & Rabbitt, 1989).

Table 7
Experiment 2: Analysis of Variance

of Reaction Time Ratios From Feature Search Task

Source df F MSe l p

Between subjects
Age group (AG) 2,45 4.750 1.796 9.344 .0143

Within Subjects
Cue duration (CD) 1,45 3.014* 0.009 3.014 .0894

CD 3 new group (NG) 2,45 4.664* 0.009 9.328 .0144
Cue size (CS) 4,180 30.885* 0.01 123.418 <.0001
CS 3 AG 8,180 5.887* 0.01 47.093 <.0001
SOA 2,90 26.362* 0.015 52.723 <.0001
SOA 3 NG 4, 90 1.477 0.015 5.907 .2159
CD 3 CS 4,180 1.289 0.007 5.157 .2760
CD 3 CS 3 AG 8,180 2.047* 0.007 16.372 .0434
CD 3 SOA 2,90 6.447* 0.006 12.895 .0024
CD 3 SOA 3 NG 4,90 1.425 0.006 5.702 .2320
CS 3 SOA 8,360 7.505* 0.008 60.037 <.0001
CS 3 SOA 3 NG 16,360 1.216 0.008 19.457 .2527
CD 3 CS 3 SOA 8,360 1.391 0.006 11.130 .1988
CD 3 CS 3 SOA 3 NG 16,360 1.969* 0.006 31.512 .0143

Note—Values enclosed in parentheses represent mean square errors.
*p , .05.

Table 8
Experiment 2: Analysis of Variance

of Conjunction Search Reaction Time

Source df F MSe l p

Between subjects
Age group (AG) 2,45 10.059* 5.718 20.118 .0002

Within Subjects
Cue duration (CD) 1,45 25.934* 0.082 25.934 <.0001

CD 3 new group (NG) 2,45 2.275 0.082 4.55 .1145
Cue size (CS) 4,180 70.310* 0.100 281.24 <.0001
CS 3 NG 8,180 2.595 0.100 20.759 .0105
SOA 2,90 5.119* 0.061 30.238 <.0001
SOA 3 NG 4, 90 3.768* 0.061 15.072 .007
CD 3 CS 4,180 4.695* 0.061 18.778 .0013
CD 3 CS 3 NG 8,180 0.955 0.061 7.643 .4725
CD 3 SOA 2,90 0.279 0.057 0.558 .7573
CD 3 SOA 3 NG 4,90 1.463 0.057 5.852 .2201
CS 3 SOA 8,360 15.617* 0.065 124.936 <.0001
CS 3 SOA 3 NG 16,360 1.678* 0.065 26.846 .0488
CD 3 CS 3 SOA 8,360 1.299 0.047 10.391 .2427
CD 3 CS 3 SOA 3 NG 16,360 0.809 0.047 12.946 .6754

Note—Values enclosed in parentheses represent mean square errors.
*p , .05.
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Scaling effects appeared to develop at about the same
rate for feature as for conjunction search, suggesting a
process common to both. This is in contrast to the view of
Treisman and colleagues that they are separate processes
(Treisman, 1985). We had previously reported that atten-
tional scaling effects were not fully developed at short
SOAs (Greenwood & Parasuraman, 1999), but that was
based on an informal comparison between experiments,
rather than on the within-subjects design employed here.

The increase in cue size effect with time could be due
to several factors. First, the scalingof the attentionalfocus
may developslowly, in contrast to shiftingof the attentional
focus. Second, attentionalcuing effects, whether shifting or
scaling, may develop more slowly within the more de-
manding search setting used here, as compared with the
nonsearch settings in which their time course has typically
been measured (Greenwood et al., 1993; Müller & Rab-
bitt, 1989).

Cuing effects changed over the adult lifespan, increas-
ing from the young to the young–old individuals but de-

creasing in the old–old individuals. Differences between
young–old and old–old individualsin attentionalprocess-
ing have been reported previously (Greenwood & Parasur-
aman, 1994, 1999). A scatterplot of the relation between
age and conjunctionslope (Figure 6) shows that, after age
75, a large number of individuals showed smaller slopes,
as compared with slopes from those younger than 75. This
is consistent with a recent report showing slight age-
related change in cognition between 60 and 70 years, fol-
lowed by marked change between 70 and 80 years (Rab-
bitt, Diggle, Smith, Holland, & McInnes, 2001).

Examination of Figures 4 and 5 indicates that the old–
old group showed a selectively reduced ability to scale the
attentional focus to the smallest cues in both feature and
conjunction searches. In contrast, their patterns of search
speed followingmiddle-sized or large cues were very sim-
ilar to those of the young–old group. Age also appeared to
slow the time course of attentional scaling. In conjunction
search in the young group, search was facilitated by small
cues only 100 msec after cue onset. Such facilitation was

Figure 5. Experiment 2: conjunction search reaction time (RT) ratios plotted as a function of valid cue size and cue duration
in young, young–old, and old–old groups. In panels A–C, the cue was turned off before the search array appeared: (A) cue–array
stimulus onset asynchrony (SOA), 100 msec; (B) cue–array SOA, 200 msec; (C) cue–array SOA, 500 msec. In panels D–F, the
cue remained on after the search array appeared: (D) cue–array SOA, 100 msec; (E) cue–array SOA, 200 msec; (F) cue–array
SOA, 500 msec.
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not evident in the young–old group until 200 msec after
cue onset. In the old–old group, modulation of search
speed was also evident at 200 msec, but only when cues
encompassed six or more letters. Search following an
element-sized cue was not facilitated in this group even
500 msec after cue onset. The results from feature search
are similar. Maddenand Gottlob (1997) also observed that
the attentional focus broadened with SOA in a flanker
task, but unlike in the present study, no age effect was
seen. It can be concluded that whereas the time course of
scaling is slowed with age, the effect of scaling is initially
enhanced, then later reduced, so that the ability to either
achieve or benefit from a constricted attentionalfocus be-
comes impaired in advanced aging.

EXPERIMENT 3

Our three-componentmodel is concerned with the pro-
cessing components involved in the detection of a target
within a cluttered field. As was discussed in the introduc-
tion to this article, neurophysiological and neuroimaging
work has indicated that attention exerts the strongest ef-
fects in the presence of distractors. Beginning with the
work of Motter, a number of studies have shown that the
firing rates of neurons in V1 and V4 are modulated by at-
tention, but only when there are distractors near the re-
ceptive field (Gilbert, Ito, Kapadia, & Westheimer, 2000;
Motter, 1993, 1994). The importance of distractors in at-
tentionalmodulation is implicitly acknowledged in the vi-
sual search paradigm, to which distractors are intrinsic.
However, the effect of distractors on scaling visuospatial
attention has been little investigated. With the exception
of one group (Castiello & Umiltà, 1990), attentional scal-
ing has been studied only in the presence of distractors
(Eriksen & St. James, 1986; Greenwood & Parasuraman,
1999; LaBerge et al., 1991; Luo, Greenwood, & Parasur-
aman, 2001). In Experiment 3, we investigatedattentional
scaling in the absence of distractors.

Another important issue concerns the nature of atten-
tional scaling. What information is conveyed by the size
of a precue? In our example at the beginning of this arti-
cle, it is assumed that the size of a disturbed region in a
tree cues the observer to the size and, consequently, the
identity of the actor hidden in the tree. However, it is not
certain how the information conveyed by a size precue is
used. Is it applied to the size of a region of space, to the
size of an object, or to both? Previous work, our own in-
cluded, has varied the size of the cued region, but not the
size of the targets. Yet the size of an object, often known
in advance, is an important cue to its identity. In order to
address this question, in Experiment 3, we manipulated
target size together with cue size.

Method
Participants

There were 15 young college student volunteers and 25 older
community-dwelling volunteers. The older individuals were divided
by age into two groups of 15 young–old (65–74 years of age) and 10
old–old (75–84 years of age). Demographic characteristics of these
groups are presented in Table 1.

Stimuli
Figure 1C illustrates the stimuli and procedures. The cued dis-

crimination task required a consonant/vowel decision about a letter
target whose location and size were cued with varying validity. Each
trial began with a fixation point for 500 msec, followed by an open
square precue. Following a cue–target SOA of 500 msec, a target let-
ter appeared for 2,000 msec. The task required a speeded response
indicating whether the target was a consonant (50% of the trials) or
a vowel (50% of the trials). Precues were small, medium, or large
squares, each side measuring 1.9º, 4.5º, and 8.5º of visual angle, re-
spectively. Targets were small, medium, or large letters, measuring
1.4º 3 1.4º, 3.8º 3 3.5º, and 6.7º 3 7.2º of visual angle, respectively.
Precues were valid for size and location on 60% of the trials (360 tri-
als), invalid for size and location on 10% of the trials (30 trials at
each combination of cue size and target size), valid for size but not
location on 10% of the trials (30 trials at each combination of cue
size and target size), and valid for location but not for size on 10%
of the trials (30 trials at each combination of cue size and target size).
Precues were neutral (a centered asterisk) on 10% of the trials
(30 trials at each target size).

Results
Accuracy

Accuracy ranged from .909 for the young–old group
when both the cue and the target were small (element
sized) but invalidlycued for location to .990 for the old–old
group when both the location and the size were invalidly
cued.

Reaction Time
Each participant’s RTwas dividedby the mean of pre- and

postsessionSRT medians to adjust for age-related slowing.
An omnibus analysis of variance (ANOVA) was performed
on these RT ratios. There was no main effect of age group
and no interactions involvingage group. There were signif-
icantmain effects of validity[F(1,37) 5 373.35,p , .0001],
cue size [F(2,74) 5 23.65, p , .0001], and target size

Figure 6. Experiment 2: scatterplot of conjunction search
slopes of reaction-action/cue-size functions plotted as a function
of age for all the older participants.
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[F(2,74) 5 125.00, p , .0001] and a three-way interaction
[F(4,148)5 6.72,p , .0001]. DiscriminationRT was faster
for the two larger target sizes [F(2,74)53.68, p 5 .004] and
decreasedwith cue size [F(2,74)5 55.89,p , .0001].These
two factors interacted with each other [F(4,148) 5 4.27,
p 5 .003], but not with age group (Figure 7).

These results showing a decrease in RT with increasing
cue size deviate not only from our previous manipulations
of cue size in the presence of distractors, but also from the
results of Castiello and Umiltà’s (1990) manipulation of
cue size in the absence of distractors. On the basis of this
evidence, we hypothesized that the decrease in cue size
observed in the present study was due to the unpredictabil-
ity of target size. Therefore, we reran this task in different
individuals, using a subset of trials in which the validity
of both cue size and cue location varied, whereas target
size was fixed at the smallest size. The stimuli were oth-
erwise the same as those described above. Under these
conditions, discrimination RT increased modestly with
cue size [F(2,26) 5 3.51, p , .05; Figure 8], in agreement
with findings from previous studies that varied cue size
with fixed target size in both the presence (Greenwood &
Parasuraman, 1999; Greenwood et al., 1997) and the ab-
sence (Castiello & Umiltà, 1990) of distractors. Moreover,
the size of the change in RT with cue size in the absence
of distractors (about 20 msec) was comparable to that ob-
served by Castielloand Umiltà undersimilar conditions.As
in the full task, described above, there was no effect of age.

Discussion
These results emphasize that attentional scaling is op-

timized for task demands. Under conditions in which the
target was unpredictable with regard to both location and
size, the optimal attentional scale was broad. In contrast,
under conditions in which target size, although not target
location, was predictable, the optimal attentional scale

was constricted around element size. Considered together,
evidence from all three experiments indicates that the focus
of attention becomes set to an “experiment-wise” scale
that is optimal for such task demands as target–distractor
similarity, array size, and element size. Presentation of
cues prior to the search array dynamically alters that scale,
thereby speeding or slowing search, depending on the
compatibility between precue information and demands
of the search array.

GENERAL DISCUSSION

In this work, we sought evidence in support of our
model of visual search. This involved both confirming
previous findingson modulationof visual search speed by

Figure 7. Experiment 3: discrimination reaction time (RT) ratios plotted as a func-
tion of cue validity and cue size.

Figure 8. Experiment 3: discrimination reaction time (RT) ra-
tios plotted as a function of cue validity and cue size.
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precue precision and extending those findings to show
that attentionalscaling is a dynamic, flexible,and automatic
processing component of visuospatial attention. The fol-
lowing evidence was obtained. (1) Visual search is most
strongly facilitated when precues are validly located and
close in size to array elements. These conditionsallow the
attentional focus to be constricted around the target (Ex-
periment 1). (2) However, this benefit applies only when
target size is fixed. When target size is unpredictable, the
optimal scale for search is larger, encompassing multiple
array elements (Experiment 3). (3) The optimalscale is also
larger when cues inaccurately indicate target location (Ex-
periment 1). (4) Moreover, this is true whether distractors
are present (Experiment 1) or absent (Experiment 3). (5) In
the absence of distractors, attentional scaling is weakerbut
is otherwise deployed as it is in the presence of distractors
(Experiment 3). (6) Attentionalscaling to precues appears
to be obligatory—that is, not strategic. This is based on
evidence that attentional scaling has a time course and is
unaffected by precue duration (Experiment 2). Moreover,
an element-sized precue does not necessarily speed dis-
crimination (Experiment 3).

Considered as a whole, this evidence suggests the exis-
tence of a robust, nonstrategic mechanism that uses prior
information to scale the attentionalfocus in preparation for
search demands. But what is the entity around which the
attentional focus is scaled? Is it the region of visual space
within which the target is expected to appear, or is it the ex-
pected size of the target? The answer appears to dependon
the context in which the cuing information was imparted.
In Experiments 1 and 2, in which target size was fixed and
known in advance—typical in most of the visual search
literature—the participants appeared to rely on their prior
knowledgeof target size so that the optimal scale for search
was based on element size. In Experiment 3 when target
size was unpredictable, the participants processed targets
most rapidly following a large cue. When target size was
madepredictable,the optimalscale was againelement sized.
This suggests that when there is uncertainty, the optimal
scale is large and diffuse. Thus, in visual search, the focus of
attention is scaled in accordancewith overall task demands,
rather than only to the size of array elements or the size of
the relevant region. In the real world, such an attentional
scaling mechanism could allocate limited processing re-
sources efficientlyby deploying them in a concentratedor
a diffuse manner according to task demands within the re-
gion of space in which events are most likely to appear.

These results are consistent with our model of visual
search, in which, on a given search trial and in response to
prior information, visuospatial attention is initially scaled
and then shifted in advance of a possible eye movement
toward those elements possessing target properties. We
acknowledge that other conceptualizationsof visual search
might be able to account for our data. Although aspects of
our results are consistent with both FIT and GS models,
those models would need modification in order to account
for evidence of attentional scaling.

Attentional scaling appears to be particularly important
with advancing age, exerting the greatest effect on search
performance of young–old individuals. After 75 years of
age, however, a selective impairment develops in the abil-
ity to achieve or maintain a small, element-sized, atten-
tional focus. Overall, then, aging alters the ability to de-
ploy visuospatial attention, at first slowing the course of
its developmentand increasing its dependenceon external
cues, but eventually impairing its ability to focus on a
small region of space. These age-related changes may un-
derlie the relative impairment of older people in perform-
ing search for conjunctionsof features (Plude & Doussard-
Roosevelt, 1989) or under conditions of what is termed
“hard” search (Duncan & Humphreys, 1989) when there
is high target–distractor similarity (Scialfa, Esau, & Joffe,
1998).

Effects of Precue Size on Speed of Popout
Contrary to Treisman’s view that feature search is preat-

tentive (Treisman & Gelade, 1980), precue size modulated
speed of popout in a fairly linear manner. The RT benefit
of an element-sized precue on popout developed rapidly
with time from cue onset. Figure 4 shows that in the young
group, the benefit of a small cue was evident 100 msec
after cue onset, whereas the cost of a larger cue was not.
Thus, in the young group, the attentional focus could be
constricted faster than it could be expanded. This time
course was slower in the older groups. In young–old indi-
viduals, small cues did not affect popout until 200 msec
after cue onset (Figure 4). This was true whether the cue
remained on during the array (Figures 4D–4F) or was
turned off before the array appeared (Figures 4A–4C).
The presence of distractors appears to strengthen the ef-
fects of attentional scaling, but not to change their nature.
Although not, strictly speaking, a popout condition, the
search task without distractors in Experiment 3 induced
RT facilitationwith small, relative to large, precues. How-
ever, this was seen only when target size was unvarying.
Under this conditionof search without distractors, age had
no effect. This suggests that the age effects seen in more
typical search tasks may be related to the need to filter or
otherwise process distractors.

However, deploymentof a constrictedattentionalfocus is
not always advantageous.Search is slowed followinga small
cue that does not enclose the target (Figures 3A and 3B) and
when target size is unpredictable (Figure 7). Under those
conditions,search is fastest following a large cue. It may be
that when the target appears at a distance from the center
of the attentional focus, a more diffuse focus with a shal-
low gradient can better detect a popout target. Evidence
from Experiment 2 suggests that constrictionof the atten-
tional focus occurs faster than expansion. Thus, it may be
that when target size is unpredictable, setting the atten-
tional focus to a large scale facilitates detection of periph-
eral targets. Under such conditions, detection of a small
target would be speeded by the ability to rapidly constrict
the attentional focus.
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The advantageof precue precision on popout appears to
be reduced in old age. In young individuals, the optimal
scale was modeled on element size, whereas in both young–
old and old–old individuals the optimal scale encom-
passed several array elements. This effect developed over
time (SOA) and was most marked in old–old individuals
(Figure 4). In the real world, having a larger attentional
focus could allow older individuals to scan more widely
for a popout target. A broadened focus could also facili-
tate contrast and, hence, discriminationbetween the target
and the surrounding distractors. Furthermore, in the old–
old group, there was actually a cost from very precise pre-
cues that, under some conditions, equaled the cost of the
largest precue (Figure 4F). This cost may derive from an
inability of old–old individuals to obtain a processing
benefit from constriction of the attentional focus. Finally,
in the absence of distractors, effects of age on scaling were
not seen (Experiment 3), perhaps because scaling effects
are smaller when distractors are not present.

Effects of Precue Size on Speed
of Conjunction Search

Attentional scaling was deployed differently when the
target of search was a conjunction of features. In contrast
to the case with popout targets, which older participants
detectedbest following larger cues, in both young–old and
young participants conjunction search was facilitated by
small (element-sized) valid cues. This is consistent with
our previous findings (Greenwood & Parasuraman, 1999;
Greenwood et al., 1997) that greater precision of prior in-
formation about the region of space where a target is likely
to occur facilitates discrimination of conjunction targets
within that region. Presumably, this occurs through dy-
namic adjustment of the attentionalfocus around the cued
region. Old–old individuals responded differently. Al-
though they also exhibited effects of scaling on conjunc-
tion search, the effects were not linear at any SOA. Exam-
ination of Figure 5 indicates that smaller precues often
slowed search in old–old individuals, in contrast to the fa-
cilitatory effect of such precues in young and young–old
individuals.

Thus, as aging advances, there are changes in the way
visuospatialattentionis deployed.Initially, between the ages
of 65 and 74 years, there is increased dependence on pre-
cue size information. Whereas the benefits conferred by
small cues to target location on conjunction search in the
young–old group were similar to those experienced by
the young group, the costs of larger cues were greater in
the young–old group (Figure 5). After an age of 75 years,
the benefit of small cues was reduced. Moreover, all the
older participants were slower than the young adults to
scale the attentional focus (Experiment 2, Figure 5). This
findingmay be related to one seen previously in nonsearch
discrimination tasks in which disengagement of visuo-
spatial attention away from an invalidly cued location is
slowed, but only in old–old individuals (Greenwood &
Parasuraman, 1994).

There were also marked age differences in responding
when cues were invalidly located. In young participants,
conjunction search was dramatically slowed when the
cues were small and invalidlylocated.Such cues produced
costs that were both greater than the costs from larger in-
valid cues and greater than the costs from invalid cues in
older individuals (Experiment 1, Figure 3A).

That young–old individualsexperience stronger effects
of area cuing than do young individuals has been reported
previously. Hartley et al. (1992) used a “flanker” task (La-
Berge & Brown, 1989) in which horizontally arranged
words actedas a “cue” to set the scale of the attentionalfocus
for the response to a subsequent probe stimulus within the
cued region. RT slowed with increasing distance from the
center of the cue, producing the V-shaped RT function re-
ported by LaBerge and Brown. Although the young–old
participants(mean age, 72 years) of Hartley et al. had a con-
sistently steeper slope of RT/eccentricity function than did
young participants across the three experiments, the differ-
ences were not significant in every case. Gottlob and Mad-
den (1999) also observed that their young–old adults (mean
age, 68 years) had steeper slopes than did young adults in
a flanker task. Thus, the present findings that cue-size/RT
functions were steeper in the young–old group than in the
young group are consistentwith previous findings(Gottlob
& Madden, 1999; Hartley et al., 1992). However, whereas
Gottlob and Madden interpreted their results as indicating
a more “constricted” attentional focus in the young–old
individuals, we interpret our results as indicating that the
young–old individuals scale their attentional focus more
closely to cue characteristics.This interpretation is consis-
tent with an earlier conclusion that older people are more
reliant than young people on location cues in a memory
search task (Madden, Pierce, & Allen, 1992).

Underpinnings of the Age-Related Change in
Deployment of Attentional Scaling

What underlies this age-related change in the modula-
tion of search speed by attentional scaling? Increased de-
pendence of young–old individuals on prior information
about a target event may arise from a reduced ability to
employ bottom-up mechanisms to discriminate the target
from the distractors in the course of search. By this view,
difficulty in discriminatingthe target would lead to a com-
pensatory increase in dependence on attentional scaling
in order to isolate the target from surrounding distractors.
Such increased dependenceon attentionalprocesses in the
young–old individualswas not evident in the old–old ones.
The old–oldgroupappeared to preferentiallydeploya chron-
ically broadened attentionalfocus in search, so that search
proceeded most efficiently when the precue encompassed
multiple array elements. This may reflect either (1) an in-
ability to scale the attentional focus to an element-sized
cue or (2) an inability to benefit from such scaling. The
latter might occur if inefficient bottom-up mechanisms re-
sult in a need to compare target and distractors within the
attentional focus in order to discriminate them.
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That young individuals derive a smaller RT benefit
from valid cues overall than do young–old individuals
(Figure 2B) suggests they may automatically scale the at-
tentional focus to the size of array elements. This could be
done as a task-wise “default” settingunder bottom-upcon-
trol arising from their experiencewith the unchangingsize
of array elements. There is evidence that a small atten-
tional focus is more “concentrated”and less susceptible to
interference from nearby distractors than is a larger atten-
tional focus (Eriksen & St. James, 1986). If so, in young
people, a valid element-sized cue would provide relatively
little additional benefit, because attention would already
have been scaled to element size by bottom-up processes.

On the other hand, such a concentrated attentional
focus may be a disadvantage if the cues turn out to be in-
valid and the targetmust be sought outside the cued region.
Reducedeffectiveness of events outside the cued region in
attracting attention could slow detection of a target that
lies outside cue borders and, presumably, either at or be-
yond the “fringe” of the attentional focus first postulated
by William James (1890/1981). We reported previously
that when cues are invalidlylocated, search is fastest when
the cue is large enough to encompass several array ele-
ments (Greenwood, Alexander, & Parasuraman, 1999;
Greenwood et al., 1997). Therefore, an element-sized at-
tentional focus could generate a cost if located away from
the target, due to the added requirement to disengage the
attentional focus away from the cued location (Greenwood
& Parasuraman, 1994;Posner, 1980;Posner, Walker, Frid-
erich, & Rafal, 1984). This was seen in Experiment 1, in
which young, but not old, participants were particularly
slowed when the cue was small but invalidly located. That
young individuals experience greater costs than do older
individuals from small invalid cues suggests further that
the young people deploy an attentional focus that is more
resistant to distraction.Thus, in youngpeople,havingvisuo-
spatial attention constricted around the cued region ap-
pears to impede the ability to detect a target located out-
side the cued region. This stands in contrast to the older
people, who showed smaller costs than did young people
following an element-sized cue (Experiment 1, Figures 2
and 3). This suggests that older individualsdeploy a more
diffuse, less concentratedattentionalfocus, which is, there-
fore, more subject to distraction, including interference
from nearby array elements, including the target.

These findings lead to the view that young individuals
deploy an attentional focus that is (1) more dependent on
bottom-up endogenous control and less dependent on ex-
ogenousattentionalcontrol and (2) more concentratedand,
therefore, less susceptible to interference from distractors.
By contrast, the attentionalfocus in young–old individuals
may be under more exogenous control than is that of the
young and, thereby, more subject to modulation by pre-
cues. The attentionalfocus of old peoplemay have a larger
default size that is also more diffuse and, therefore, more
susceptible to distraction than is that of young people. Fi-
nally, in old–old people, there is a failure of the ability to
constrict the attentionalfocus. Old–old individualsappear

to be selectively impaired in the ability to attain or bene-
fit from an attentional focus scaled to element size.

Physiological Evidence of Attentional Scaling
Suggesting a physiologicalbasis for attentional scaling

is single-cell evidence showing that spatial cuing results in
the apparent shrinkage of receptive fields around a target,
excluding a distractor (Luck & Hillyard, 1994; Moran &
Desimone, 1985). Other studies have reported attentional
modulation of single-cell firing, with the suppression of
firing from the presence of distractors being reduced by
the deployment of focal attention (Motter, 1993). Gilbert
and colleagues recently reported that in both human and
infrahuman primates, large precues induced a greater in-
crease in perceived brightness of a line target than did
small cues. This result suggests a physiological basis for
attentional scaling effects (Gilbert et al., 2000).

The influentialbiased competitionmodel of visual pro-
cessing (Desimone & Duncan, 1995) argues that prior
knowledge of target spatial location exerts top-down con-
trol, which can bias processing toward the target. In these
terms, greater precision of such prior information would
increase the bias in favor of the target, as opposed to dis-
tractors. The shrinking of receptive fields around a target
subsequent to spatial cuing would effectively exclude
nearby distractors (Luck & Hillyard, 1994; Moran & De-
simone, 1985).

Desimone and Duncan (1995) argued that the source of
the top-down selection of spatial locationarises in the pos-
teriorparietaland/or the prefrontal cortex.Others havefound
evidence of mediation of visuospatial attention in parietal
regions (Corbetta, 1998; Davidson & Marrocco, 2000).
Although there is evidence for a role for frontal (near the
frontal eye fields) as well as parietal (intraparietal sulcus)
regions in shifting visuospatial attention (Nobre et al.,
1997), scaling of visuospatial attention may be mediated
in more inferior brain regions. The temporal-parietal cor-
tex was shown to be selectively active during a global/
local task that required repeated attentional scaling (Fink
et al., 1996, 1997; Yamaguchi, Yamagata, & Kobayashi,
2000). This points to a role for this region in top-down
scaling of attention at a spatial location.

To the extent that popout is a bottom-up process, pre-
sumably it could develop from biased competition by
virtue of the salience of the target alone. Size and location
precues, such as thoseused in the present designs,couldcre-
ate top-down control over such competition,giving an ad-
vantage to items appearingwithin the cued region.Bottom-
up detection of the target amid distractors could, there-
fore, be modulated by the top-down processes triggered
and guided by size and location precues. The observed
speeding of popout by precise precues could arise if the
effect of scaling is to limit the number of items between
which competition occurs. From this point of view, it ap-
pears evident that some interaction must occur between
bottom-up and top-down control of search processes.

There may be an age-related difference in deployment
of top-down and bottom-up processes. As was suggested
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above, young individuals appear to scale their attentional
focus to the size of array elements. This scaling is presum-
ably driven by bottom-up processing. In an experimental
task, this could occur during practice or the first few test
trials. Ito and Gilbert (1999) have shown, in psycho-
physical studies in both humans and monkeys, that effects
of distributed or focal location cues change over the
course of training. Age-related declines in central visual
processing could lead to reduced efficiency in bottom-up
processes of target discrimination. Consequently, the role
of top-down mechanisms could increase, producing the
heightened effects of precue size seen in young–old indi-
viduals.Also, deploymentof a broader attentionalfocus in
aging could enhance comparisons between the target and
the surrounding distractor elements and, thus, allow older
people to perform as accurately as young people. Evi-
dence from imagingwork indicates that when older adults
perform tasks at an accuracy level similar to that for young
adults, they activate additional brain regions, interpreted
as reflecting compensation (Cabeza, 2002; Grady, 1998).
The age-related changes in visuospatialattention in visual
search described in the present study could be the behav-
ioral reflection of such a compensatory process.

The reduction in benefits of small precues in old–old
individualsin Experiment 2 may be due to further declines
in the efficiency of visual processing with advancing age.
The reduction could also be due to an age-related reduc-
tion in the efficiency of attentionalmechanisms in the stri-
ate and extrastriate cortex (Gilbert et al., 2000; Ito &
Gilbert, 1999;Motter, 1993, 1994). The evidence that age-
related decline of cortical integrity is confined to any one
region is weak and conflicting (Greenwood, 2000). How-
ever, there is evidence that aging is accompanied by hy-
pometabolism of prefrontal, parietal, and temporal asso-
ciation regions (Jernigan et al., 1991; Martin, Friston,
Colebatch,& Frackowiak, 1991; Smith et al., 1999). Such
an explanation is consistent with a recent report of re-
duced effects of precue size on search in individualsat in-
creased risk of Alzheimer’s disease by virtue of posses-
sionof the e4 alleleof the apolipoproteingene (Greenwood,
Sunderland,Friz, & Parasuraman, 2000). Individualswho
are e4 carriers have been shown to exhibit hypometo-
bolism in the prefrontal, parietal, and temporal association
cortex in middle age (Reiman et al., 1996).

Taking a different approach, it has been argued that de-
tection of features and conjunctions of features occurs in
parallel (McElree & Carrasco, 1999), contrary to the views
of Treisman and Gelade (1980) and of Cave and Wolfe
(1990) that only conjunctionsearch is serial and contrary to
the claims of Duncanand Humphreys (1989) that all search
is serial. In this view, the kind of set size effects taken as ev-
idence for serial deploymentof covert attention could also
arise from capacity limits in parallelprocessing (Townsend
& Ashby, 1984) or from reductions in discriminabilitydue
to increased noise in the decision process (Kinchla, Chen,
& Evert, 1995;Shaw, 1984).Applyingsuch interpretations
to the present study, cue size effects might have arisen
from modulation of the noise in the decision process by
changingthe effective set size. Even with this interpretation,

however, some mechanism would be necessary for the
process of attentional scaling itself.
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