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Attention in Visual Search

as well as circle target locations in all three SOAs. Once again,
there were no systematic attentional changes with distance
from a target. Instead of there being an altentional gradient
(e.g., LuBerge & Brown, 1989), only the location with the target
feature received ntientional facilitation.

DISCUSSION

In Experiments ! and 2, we measured spatial uttention in
visual search tasks using a probe technique. In conjunction
search, the results suggest fenture-driven selection, in which
attention is allocated to locations containing either of the target
features. Effects of attention were greatest for target locations,
followed by distractor locations with the target color, and then
by distractor locations with the target shape,

Feature search targets defined by shape also drew spatial
attention to their locations. An additional fealure search exper-
iment with one, four, or seven items in each displuy produced
search slopes of 0.25 msfitem for square targets and 3.98 ms/
item for circle targets. These slopes are well below the 6 1o 10
msfitem normally taken to indicate serial search (e.g., Duncan
& Humphreys, 1989; Treisman & Souther, 1985; Wolfe & Pokor-
ny, 1990). Thus, the probe results show that uttention can be
used in & very easy search that produces slopes generally con-
sidered 10 be parafiel. Spatial selection must be more than just
a facilitative mechanism for the most difficult searches, because
it is used in at Jeast some searches for clearly discriminablie
features. These results suggest that spatial selection is not lim-
ited to junction searches. 1 1, a single spatisl selection
mechanism appears 10 work in conjunction and at least some
feature searches.

These results also indicate a search asymmetry (Treismun &
Gormican, 1988), with square targets requiring less attention for
detection than circle targets. Perhaps the angles in the square
targels served as a distinguishing feature. In fact, the RT probes

h d no evid of allocated to focations of square
targets. There is a similar asymmetry in search slopes, with
stopes for circle targets being significantly higher than those for
square targets, F(1, 34) = 6.5, p < .05. However, probe letter
accuracy clearly shy location with both tar-
gets. Attention may have been more important to the primury
tusk when letter probes were present. Because the letters were
larger and appeared more frequently than the dot probes, they
may have masked the primary stimuli more. Also, the lewer
identification task probably benefited more from sttention than
\he dot detection task, which would explain the lurger atten-
tionul effects in Experiment 2. Subjects may huave been more
likely to nhlocate attention for the primury tusk in Experiment 2
and then maintain it to help in identilying one of the targel
tetters. This sustained sttention may explain why the atien-
tional pattern is so much more consisient across SOAs in Ex-
. periment 2 than in Experiment 1.

One might argue that ion is ically ulocated to
every larget after it is identified, and 1hat the presence of spatial
attention in feature search does not indicate a need for selection
{e.g., Treisman, |988), I that were true, however, then a spatiat
attention effect should have been found at the simple square
target in Experiment 1 as well. The feature search slopes just

1 attenti ]

described show that the square target is more easily detected
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than the circle. If every target received attention automatically,
its location would certainly be selected. Because the atientional
allocation was stronger for circle targets than for squares in
Experiment 1, attention must have been serving a useful role in
processing. It is not just an nutomatic response to a target.

The results presented here cannot determine how many lo-
cations were uctivated | ly. L with p inl
target fealures may be selected serially, us in the guided search
model (Cave & Wolfe, 1990; Wolfte, Cave, & Franzel, 1989), or
may all be selected simultaneously. The results also do not
show whether spatinl attention is an obligatory processing step
in every visual task.
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‘ SPLITTING THE BEAM:
Distribution of Attention Over Noncontiguous Regions of the
Visual Field

Arthur F. Kramer and Sowon Hahn
Beckman Institute and Department of Psychology, University of inois

Abstract—In an effort 10 examine the flexibility with which at-
tention can be ullocated in visual space, we investigated wheth-
er subjects could selectively attend to-multiple noncontiguous
locations in the visual field. We examined this issue by precuing
two separate areas of the visual field and reguiring subjects 1o
decide whether the letters that appeared in these locations
matehed or mismatched while distractors thar primed either the
match or mismatch response were presented between the cued
locations. If the distractors had no effect on performunce, it
would provide evidence that subjects can divide attention over
noncontiguous areas of spuce. Subjects were uble 10 ignore the
distractors when the 1argets and distractors were presented us
nononset stimuli (i.e., when premasks were changed into the
“targets and distractors). In contrast, when the turgets and dis-
fractors were presented as sudden-onset stimali, subjects were
unable 10 ignore the distractors. These results begin 10 define
the conditions under which attention can be Nexibly deployed 1o
multiple noncontiguous locations in the visual field.

A number of metuphors have been used 10 describe how
organisms selectively process information in the visual field.
Some researchers have suggested that attention operates like a
spotlight (Broadbent, 1982; Posner, Snyder, & Davidson, 1980).
Information that falls within the spotlight is actively processed
while information outside the spotlight either pussively decays
or is actively inhibited. In general, the spotlight is assumed to
be of u fixed diameter, so focusing uttention on objects in dil-
ferent regions of the visuul field requires u movement of the
spotlight. Other theorists have proposed s somewhat more flex-
ible model of visual attention. For example, it has been sug-

| gested thut attention operutes like a zoom lens on a cumera

(Eriksen & St. James, 1986; Jonides, 1983), The Jens can be
cither tightly focused on a limited area of visual space or ex-
punded (o include a larger portion of the visual field. Within this
framework, the rate of processing is inversely related to the size
of the I'oct_ls. Thus, it is assumed that aliention is a limited
resource and that processing rate is proportional to the number
of resource units allocated per unit of visual spuce. Processing
of information owtside the focus involves either expanding the
focus of the lens or revrienting a tighily focused beam. One
important assumption shured by both the spotlight and the
zoom-lens models is that there is a unitary attentional focus.
Thus, within these theoretical frameworks, attention cannot be
focused simultancously in noncontiguous urens of the visual
field.

There are, however, several models which do suggest that

Address correspondence 10 Arthur F. Kramer, Beckmun lnstitute,

altention can be focused on noncontiguous regions of the visual
field. For example, LuBerge und Brown (1989) have suggested
that multiple attentional grudients can be imposed upon differ-
e'nl locations in visual spuce such that objects may be selec-
l!vely processed within these areas but not in intervening por-
tions of the visual field. A number of other researchers (Baylis
& Driver, 1993; Duncan, 1984; Kahneman, Treisman, & Gibbs
1992; Kramer & Jacobson, 1991) have suggested that ullenliov;
is focused on objects or perceptual groups in the visual field,
Within these object-based models of visual attention, it is pos-
lsible 1o divide at among ig regions of space
in situations in which objects with similar characteristics are
distribimed across the visual field. For exumple, according to
these models, it should be possible to selectively process traffic
llhal is moving at a constant velocity and direction, and there-
fore forms u perceptual group, und ignore stationary objects
such as route signs, which may be physically interspersed
among the moving sutomobiles.

Empiricul tests of the ion of S alten-
tionu! sefection have produced mixed results. Previous studies
have varied the probability that a target will appear at one of
several locations in the visual ficld und have found patierns of
response times that have been interpreted as evidence that at
tention was divided on the basis of this probabilistic information
(Shaw & Shaw, 1977). However, other researchers have sug-
gested that this pattern of performunce could be the result of
shifting attention from location (o location across trials rather
thun dividing attention among locations within s single triu
(!’osncr ¢1 al., 1980). Other researchers have cued two loca-
tions, one in each hemifield, and have found an inverse rela-
tionship between the size of a box cue und response time to
detect  luminance increment target (Castiello & Umilta, 1992),
Given the assumption that processing rate is inversely related 1o
the size of the attended region, these findings suggest thut al-
tention can be divided among multiple locations, at least in
situations in which only a single stimulus appears in the visual
field. '

However, several other studies have failed to find evidence
for the division of ntiention amang noncontiguous locations.
For example, in studies in which multiple locations were pre-
cued as potential turget locations, processing time benefits were
found either for only the most probabie location (Posner et al.,
1980) or for the second most probable location only when it was
adjacent to the most probable targer location (Eriksen & Yeh,
1985). Other studies have found that subjects are unable to
selectively ignore distractor stimuli that ure located between
two cued wrget locations (Heinze et ul,, 1994; Pan & Eriksen,
1993).

These resuits leave unresolved the question of whether it is
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possible 10 divide attention smong muhiple noncontiguous re-
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Splitting the Beam

More important, however, with respect (o the question of
whether subjects are able 10 divide attention between noncon-
tiguous spatial locations was the signiticant three-way interuc-
tion among display condition, response type, and distractor
type (RT: 1L, 7] = 123, p < .00 aceurucy: KV, 7) = R4, p <
01, As can be seen in Figuree 2, there was a significant inter-
action between response and distractor type for the onsel but
not for the nononset trials, Thus, the physically inserted dis-
tructors influenced task performunce only when both the targets
and the distractors were presented as onset stimuli. When the
targets and distractors were formed from premasks (i.e.. nonon-
set stimuli), subjects® performunce was uninfluenced by the na-
wire of the distracior,

There is, however, one aspect of the duta that might be
interpreted as evidence that largel processing was influenced by
the distractors on the nononset trinls. As cun be seen in Figure
2, performance on nononset trials was slower und less accurite
than performance on the onset triats. Thus, it might be sug-

vided between noncontiguons locations even in the absence of
some form of grouping between the items in these locations.'

The fuct that sudden-onset distractors (new objecis) do dis-
rupt the goal-directed allocation of atiention is probably foriy-
nate: From an evolutionary perspective, such events leg., a
predator, an nitomobike suddenty approaching a crosswalk) wre
often significant, 1t is of interest 10 note, however, that 4 num-
ber of researchers have found thut atientional capture by sud-
den-onset objects can be overridden under some condilions.
Yantis and Jonides (1990) found that if subjects are given a
sufficient amount of time to focus their attention on a potential
target location, sudden onsets that occur elsewhere in the visual
field do not disrupt performance (see also Thecuwes, 1991; Ko-
shino, Warner, & Juolu, 1992). In fact, Yuntis und Jonides
(1990) fouad that a locution precue-target stimutus onsel asyn-
chrony (SOA) of 200 ms was sufficient 10 override the influence
of a sudden-onset distractor,

In vur study, a precue-target SOA of 150 ms was ineftective
in eli ing the infl of the sudd iset distractors on

gested thut these performance differences are consistent with
the influence of distructors on target proce g on the nononset
triul he data obtained in the control conditions, in which
distractors were not present, discount this interpretation. I the
distractors were responsible for the R and accuracy diff
ences between onset bnd nononset trints, we wauld not expect
anset-versus-nononset performunce differences on the control
trials, However, il the main cffects on RT and accuracy be-
tween onset and nononset trials were due 10 more etlective
temporal cuing for the appearance of the turgets on the onset
trials, then we would expect similar onset-nononser pertor-
mance differences whether the distractors were present {exper-
" imental trinls) or absent {control 1 .
with the latter interpretation. There were ao significant difter-
ences between control and dis sent irials for onset
and nononset conditiony Tor either RT or accuracy meunsures.

DISCUSSION

The results obtained in our study clearly suggest thin atten-
tion cun be flexibly deployed and maintained on multiple loca-
tions in the visual field as Jong as new objects do not appear
among the attended locations. These dita are important in that
they suggest that the great majority of models of visual atien-
tion, with the exception of the gradient model proposed by
LaBerge and Brown (1989), require modification if they are 10
accommodate the flexibility of attentional control demonstrated

the processing of the two turgers, In un effort o determine
whether udditional preparatory time would enuble subjects to
effectively ignore the onses distractors, we conducted another
study with equivalens experimental conditions and procedures
except for a 600~ rather than i 150-ms precue-turget SOA. The
results of this study with 6 subjects are presented in Figure 3,
As in our previous experiment, subjects were unable 10 ighore
the sudden-onset distructors. However, subjects were able 10
effectively ignore the distractors when they were presented as
nononsets. Whether atientional caplure by sudden-onset dis-
tractors cun be overcome with longer precue-target SOAs or
additional practice in situtions in which subjects must focus on
multiple display locations is an inipor anl topic for hinure re-
search.,

In our experiment, we used a briel precue-target SOA (150
ms) and a short displuy duration (60 ms) followed by a pmttern
musk in un effort to ensure that subjecis neither had the time to
move their eyes 10 the target locations nor had sufficient time 1o
shift sttention between these focations, Our choice of a 60-ms
stimubus presentation duration was based on the results of pre-
viows hers who estimated that it takes from ES0 ms 1o

1. Tumight be urgaed thut the two target Yacations in our sk were
grouped by virue of the similurny of the precues i.e., the twa buses).
Although we view this us walikely given Ihe targe sepurition between
the two caed locations, we pevformed a control study in which both the
turgets und the distructors were precued with boxes. Eight subjects
were instrugied 1 compare the targets in the outermost buxes (e, the

by young adults, As described previously, space-based fels
of attention, such as the spotlight (Broadbent, 1982; Posacr et
al., 1980) and zoom-lens (Eriksen & St. Jumes, 1986; Eriksen &
Yeh, 1985) models, suggest thal attention is distributed in
unitary ares of the visual ficld. Object-based models of atten-
tion (Duncan, 1984; Kahneman et al., 1992) allow for more
attentional flexibility because in these models auention can he
distributed in noncontiguous locations as long as the infornu-
tion in these areas is perceplually grouped (e.g., a building that
is purtially occluded by a tree, nircraft flying in formation).

the target locations. Thus, it appears thur stemion can be di-
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However, in the present siudy, there is no obvious grouping of

sine | s that served us trget locations in the main sty reporied
here) und ignare the leteers in the distractor (i.e., innermost) boxes. In
all other respects, the control study was identical (0 the main study.
1T subjects were ing the target | i her on the basis
of the simitarity of the precucs in the main study, we would expect thit
the four boxes used as precuies in the control study would resull in an
i ion b n di type und type in both the oaset
und the nononset trials., If subjecis were using the precues to oricat
iltention 1o specific locutions in the awin study, we would expent dis-
tractor etfects only on the onsel trinls. The data were consistent with
this latter possibility, An i clion was obisined by response
type und disteuctor type un the anset but not on the nononset rials in

onr controb study.
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Fig. 3. Meun gf the mediun reaction times (RTs) (a} und accu-
racy d‘dli.i (b) for euch of Ihe conditions when durution of the
precue display was 600 ms.

250 ms 10 identify a stimulus al a precued location and switch
altention to a second location (Eriksen & Yeh, 1985; Krose &
lulesz, 1989; Mudden, 1992; Sperling, 1984). However, re-
search performed in visual search paradigms has found search
slopes of tess than 30 ms per letter, suggesting that attention
may be switched among locations in less thun 30 ms, at lenst
with exiremely well practiced subjects (Czerwins| Lighttoot,
& Shiffrin, 1992). Although the visual search task appears 1o
lend itsell to faster shifis of attention thun the matching task,

unchanged ucross muny experimentul (rials, we decided 1o err
on the side of cantion and exumine the attention-switching hy-
pothesis more directly in un udditional study.

To that end, we modified the matching tusk so that subjects
would he required o identify a0 lewter in one of wo precued
locutions and then shilt their atiention to the second location. In
this way, we could estimate direcily the speed with which sub-
Jects could switch atiention in our tusk. Subjecis were in-
structed that if a particulur fetter (i.e.. either E H P S ory
wits Prcscmed in one of the 1wo precued locations (the specific
location in which this fetter would uppear was defined in the
prc!rial instructions to the subject), then they should shift their
attention 10 the second precued location, where a second levter
was presented, and decide whether the two letters maiched or
mi: miched. 3 a difterent lever appeared in the predefined lo-
cation, subjects were (old not 1o make the match/mismatch re-
sponse. For example, on a particular trinl, a subject might be
nstructed to complete (he matching k only if the lener &
flppﬂilf:\! in the precue box on the left s de of the display. Thus,
In essence, subjects were required 1o first identity the leter in
one precued location (e.g., the tefi-most precue box) and then
switch their attention to (he second precued location (e.g., the
right-most precue box),

A critical aspect of the study was the deluy between the
occurrence of the first targen letier ti.e., created by removing
segmenls of u figure-eight premusk) und the occurrence of the
second target letter. We reasoned that RT would begin to in-
crease al deluys that exceeded the amount of time required for
subjects to identify the letter in the primary location and shift
attention (o the second location. Detuys between the presenta-
tion of the first und second target leters were 0. 19, 28, 42, 56,
70, 84, und 98 ms. Six subjects purticipated in this study. A
signiticant increase in R, relutive 10 the 0-ms delay (i.c., the
simultaneous preseatation of the target letters in the primary
and secondary locations), was obtained for the 84- und 98-ms
delays. Therefore, it appears reasonuble 1o conclude that sub-
Jeets did not have a sufficient amount of time (0 switch attention
between locations in vur study, but instead our resuits can be
attributed 10 the division of attention between noncontiguous
locations.,

Although our results are intriguing in that they suggest. a
remarkuble degree of atientional Nexibility—thal js, the ability
to divide atiention among noncontiguous focations in the visual
field—there are a number of important unresotved questions,
For exumple, how many locations can be uitended simulia-
neously? Cun atiention be divided within as well as between
hemifields? Is it possible 10 overcome the influence of sudden
onsets on goal-directed attentional allacation? What are the
neural mechanisms that underlie the ability to split the anen-
tional beam? We are currently exploring these issues in our
luboratory,
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