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Some theories of visuospatial attention propose that attention can be divided between sepa
rated zones of space that exclude the intervening region, whereas other theories state that the
focusofattention must encompass a unitary, continuous zone. These contrasting views were evalu
ated in an experiment in which subjects were required to monitor two of four stimulus locations
for targets; the two relevant locations were adjacent in one condition and were separated by an
intervening irrelevant location in a second condition. To assess the distribution of attention across
the relevant and irrelevant locations, event-related brain potentials (ERPs) were recorded to task
irrelevant "probe" stimuli that were occasionally presented at the individual stimulus locations.
When the relevant locations were adjacent, probes presented at irrelevant locations elicited smaller
sensory-evoked electrophysiological responses than probes presented at relevant locations, con
sistent with an attentional suppression of inputs from the unattended locations. When the rele
vant locations were separated by an irrelevant location, however, the sensory responses evoked
by probes presented at this intervening irrelevant location were not suppressed, and target de
tection performance became slower and less accurate. These results suggest that attention forms
a unitary zone that may expand to encompass multiple relevant locations but must also include
the area between them; as a result, irrelevant information arising from intervening locations
is not suppressed and perceptual processing is compromised.

The mechanisms by which attention is allocated to se
lected regions of visual space in order to optimize the in
take of relevant information have been investigated ex
tensively in recent years (for reviews see LaBerge &
Brown, 1989; van der Heijden, 1992). Most current the
ories propose that attentional resources can be selectively
allocated to particular regions of visual space, resulting
in improved processing for stimuli presented at the at
tended locations. Different views have emerged, however,
with regard to the spatial characteristics of this attentional
allocation. Shaw and colleagues (M. L. Shaw, 1978;
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M. L. Shaw & P. Shaw, 1977) have proposed that visual
processing capacity can bedistributed flexibly over visual
space to correspond with the locations where relevant
stimuli are likely to occur; these attended locations may
be widely dispersed and separated by unattended zones
that receive fewer processing resources. A contrasting
proposal is that attention is allocated in the form of a uni
tary focus or "spotlight" that cannot be divided among
spatially noncontiguous zones (posner, Snyder, & David
son, 1980). An extension of this idea is that the size of
this unitary attentional focus may expand or contract in
the manner of a "zoom lens" according to the size of
the stimulus array to be attended (Eriksen & St. James,
1986; Eriksen & Yeh, 1985; Pan & Eriksen, 1993).

In the initial formulation of Posner et al. (1980), the
attentional spotlight was conceived as having a discrete
boundary, producing an all-or-none enhancement of the
processing of stimuli inside of the spotlight relative to
stimuli outside its boundary. Recent work, however, has
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indicated that the spatial distribution of attention may take
the form of a "gradient," such that the fall-off of en
hanced processing in the region surrounding an attended
location is gradual rather than all-or-none (Downing &
pinker, 1985; LaBerge, 1983; LaBerge & Brown, 1989;
Mangun & Hillyard, 1988; Shulman, Sheehy, & Wilson,
1986; Shulman, Wilson, & Sheehy, 1985). According to
some proposals, the distribution of attention may be so
broad as to involve the facilitation or inhibition of an en
tire visual quadrant or hemifield, and performance costs
are greater if target locations cross either the vertical or
horizontal meridians relative to the cued location (Hughes
& Zimba, 1987; Rizzolatti, Riggio, Dascola, & Umilta,
1987).

In the present study we sought to determine whether
the spatial distribution of attention invariably takes the
form of a single, continuous focus (spotlight or zoom lens)
or whether attention may be divided into spatially non
contiguous zones. In other words, can the spotlight of at
tention be effectively split into separate beams when the
relevant items in a display are separated by intervening
irrelevant items? The experimental evidence to date on
this point is mixed. M. L. Shaw (1978) found that the
distribution of attention could be discontinuous across the
visual field and suggested that its shape could be highly
flexible. A similar conclusion was reached by LaBerge
and Brown (1989). This view was supported by Egly and
Homa's (1984) finding that attentional facilitation could
be distributed in the form of an annulus that did not en
compass the enclosed disk. Further evidence for a malle
able or divisible focus of attention was provided by Beck
and Ambler (1973), who found that an attention-related
improvement of shape identification accuracy was the
same for adjacent and separated items in a circular dis
play. Finally, Castiello and Umilta (1990, 1992) observed
an inverse relationship between the size of the attended
zone and reaction time (RT) for locations cued simulta
neously in opposite hemifields; they concluded that spa
tial attention could be divided into two independent foci.

On the other hand, there is a good deal of evidence that
processing is impaired when attention must be directed
to spatially separated stimuli rather than to adjacent stimuli
within a compact zone. This has been observed for tasks
in which attention was indexed by simple RT facilitation
(Posner et al., 1980), by RT for pattern identification
(Eriksen & Yeh, 1985), by RT for dot localization (Pod
gorny & Shepard, 1983), and by dual-task discrimination!
detection accuracy (Hoffman & Nelson, 1981; Sagi &
Julesz, 1986). These findings are in accord with Eriksen
and Yeh's proposal that attentional resources cannot be
spread across spatially separated zones without a loss of
processing efficiency. In their zoom lens model, the at
tentional focus was considered to be unitary but adjust
able in size: When the focus expands to encompass a
larger area, processing resources become less concen
trated and information intake is slowed.

The present study was aimed at testing certain key as
pects of the zoom lens model by using both behavioral

and electrophysiological measures of perceptual process
ing. The first aim was to determine whether the process
ing of form information is indeed more efficient when
pairs of items to be discriminated are adjacent rather than
spatially separated in a task that controls for retinal ec
centricity. The design involved brief presentations of
arrays of four symbols arranged in a horizontal row, cen
tered over a fixation point (see Figure l A), From left to
right, the stimulus positions were denoted 1, 2, 3, and
4. These four-item arrays were flashed in rapid sequences,
and the subject was instructed to attend to two specific
locations and press a button whenever the symbols at those
locations matched. The primary comparison was between
trial blocks in which the subject attended to a spatially
compact, adjacent pair of locations in the same visual field
(i.e., Locations 1 and 2, or 3 and 4) and trial blocks in
which attention had to be divided between nonadjacent
locations (i.e., Locations 1 and 3, or 2 and 4). Accord
ing to the zoom lens model and related proposals, this
pattern-matching task should be carried out more effi
ciently when adjacent locations are attended, resulting in
faster and more accurate responses. On the other hand,
if spatial attention can be divided effectively, a similar
performance level would be expected in the adjacent and
separated attention conditions.

The second question addressed by this study was
whether attention is distributed continuously across inter
mediate positions when two relevant locations are spa
tially separated, as implied by the zoom lens model, or,
alternatively, whether attention can be split into spatially
separate foci that exclude the intervening positions. If,
for example, Locations 1 and 3 were designated as rele
vant, would stimuli at Location 2 be processed as effec
tively as stimuli occurring at Location 3? This question
was investigated by recording event-related brain poten
tials (ERPs) elicited by small "probe" stimuli that were
flashed at individual stimulus positions (see Figure 1B).
These probes were completely task irrelevant and served
only to elicit electrophysiological responses from visual
cortex that could be used as an index of perceptual pro
cessing at the individual relevant and irrelevant locations.
By examining these sensory-evoked ERP responses, we
sought to assess the allocation of perceptual processing
resources to the relevant and irrelevant locations without
requiring an overt behavioral response to stimuli presented
at the irrelevant locations. Essentially, this approach uses
the amplitude of the neural response elicited by a probe
stimulus presented at a particular location as an index of
the level of processing resources allocated to that loca
tion (see Mangun & Hillyard, 1988, 199Oa, 1991).

ERPs are scalp-recorded voltage fluctuations that reflect
synchronous neuronal activity associated with sensory,
motor, or cognitive events. The ERP triggered by the on
set of a visual stimulus, for example, consists of a se
quence of precisely timed components that arise from the
progressive activation of cortical areas within the visual
pathways. These components are named according to their
polarity and latency (e.g., "N1" or "N180" for the first
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major negative wave, peaking at 180 msec poststimulus).
By observing which components are affected by atten
tional manipulations, inferences can be made about the
timing, processing level, and anatomical location of stim
ulus selection processes (reviewed in Hillyard & Picton,
1987; Naatanen, 1992).

The visual ERP is particularly sensitive to the direc
tion of spatial attention. I In a wide variety of tasks, stim
uli presented at attended locations have been found to elicit
larger sensory-evoked ERP components than stimuli at
unattended locations, as if attention operates as a "gain
control" that modulates sensory processing within visual
cortex (Mangun, Hillyard, & Luck, 1993). Attention- '
related changes in sensory processing are first evident in
the PI component (Eason, 1981; Harter, Aine, &
Schroeder, 1982; Hillyard & Munte, 1984; Mangun &
Hillyard, 1987, 1988, 199Ob; Neville & Lawson, 1987),
which begins 70-90 msec after stimulus onset and appears
to arise from lateral extrastriate visual cortex (Mangun
et al., 1993; Simpson, Scherg, Ritter, & Vaughan, 1990).
Recent studies suggest that the PI effect primarily reflects
a suppression of processing at unattended locations rather
than a facilitation of processing at attended locations (Luck
& Hillyard, in press; Luck et al., in press).

The PI component has been found to index the lateral
ized focusing of attention to the left or right side of
bilateral displays similar to those used in the present study.
For example, Heinze, Luck, Mangun, and Hillyard (1990)
presented rapid sequences of stimulus arrays containing
two letters in each visual hemifield (see also Heinze, Man
gun, & Hillyard, 1990). Subjects were instructed to at
tend to the letter pairs in either the left (Positions 1-2)
or right (Positions 3-4) hemifield and to press a button
when the two attended letters matched each other. It was
found that the PI component elicited by bilateral letter
arrays was larger over scalp sites contralateral to the at
tended locations than it was over ipsilateral sites, consis
tent with relatively greater processing within the hemi
sphere that received direct projections from the attended
locations. In addition, task-irrelevant bar probes were oc
casionally presented at one or the other of the medial let
ter positions (2 and 3) to assess the processing of stimuli
at those locations. Because the task-relevant, bilateral let
ter arrays elicited "compound" ERPs that reflected pro
cessing at both attended and unattended locations, the task
irrelevant probes were presented at single locations to
elicit ERPs that more specifically indexed the processing
resources allocated to the individual attended or unat
tended locations. Consistent with the hypothesis of en
hanced sensory processing at the attended locations, probe
stimuli presented in the attended hemifield elicited larger
PI components than probe stimuli in the unattended hemi
field. Furthermore, because comparable attention-related
PI modulation effects were observed for both the task
relevant bilateral letter arrays and the irrelevant bar
probes, it was concluded that this ERP effect reflects
location-based selection that is applied to all stimuli in
the attended region, regardless of task relevance.

In the present study we extended this approach to as
sess attentional allocation under conditions in which sub
jects were required to detect matching stimuli at adjacent
(ADJ) pairs of locations (i.e., Locations 1 and 2, or Lo
cations 3 and 4) or separated (SEP) pairs oflocations (i.e.,
Locations 1 and 3, or Locations 2 and 4). If the focus
of attention can be effectively divided into separate zones,
as implied by the models of M. L. Shaw (1978) and
LaBerge and Brown (1989), we would expect larger PI
components for relevant-location probes than for irrelevant
location probes in both the SEP and ADJ conditions. Al
ternatively, if dividing attention between separated loca
tions is either impossible or inefficient, as implied by the
spotlight and zoom lens models, then processing at the
intervening irrelevant location would not be suppressed
in the SEP condition, and the PI elicited by probes at that
location would not exhibit an amplitude reduction. More
precisely, if attending to two separated locations involves
the expansion of a unitary zoom lens to encompass both
the relevant locations and the area between them, then
the intervening irrelevant location would also fall within
the focus of attention and would receive the same pro
cessing as the relevant locations. Thus, the zoom lens
model would predict that the PI elicited by probes at the
inner locations (2 and 3) in the SEP condition would be
about the same, whether the probe was presented at a rel
evant location or an irrelevant location that lay between
two relevant locations. In contrast, if attention can be
divided into isolated zones at the relevant locations, then
probes at an irrelevant location should elicit smaller PI
amplitudes than probes at a relevant location, even if the
irrelevant location lies between two relevant locations.
These predictions are summarized in Figure 2.

Although the irrelevant inner location (2 or 3) is inter
posed between two relevant locations in the SEP condi
tion, the irrelevant outer location (1 or 4) does not fall
between two relevant locations in either the SEP or ADJ
condition. As a result, both models of attention predict
a suppression of the PI component for irrelevant-location
outer probes in the SEP condition as well as the ADJ con
dition (see Figure 2). Thus, the hypothesis of a single,
continuous attended zone would predict similar PI modu
lations for outer-location probes in both the SEP and ADJ
conditions, whereas inner-location probes would exhibit
attentional suppression only in the ADJ condition. In con
trast, models that allow for the existence of multiple, sep
arate attended zones would predict a PI suppression for
probes at both inner and outer irrelevant locations in both
conditions.

Attention effects would also be predicted for the PI
component evoked by the task-relevant bilateral symbol
arrays. In the ADJ condition, both relevant locations lie
within one visual hemifield, and the PI should therefore
be larger over visual areas of the hemisphere contralateral
to these locations than over the ipsilateral hemisphere. In
the SEP condition, however, each hemisphere will be
contralateral to one relevant location and one irrelevant
location, and approximately equal PI amplitudes should
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METHOD

therefore be elicited in each hemisphere. These pre
dictions are essentially identical for both models of
attention.

Subjects
Twelve healthy right-handed volunteers (4 female, 8 male) be

tween 22 and 30 years of age participated in this experiment. All
the subjects had normal or corrected-to-normal visual acuity. One
subject was excluded because of poor eye movement control.

Figure 1. Examples of the stimulus arrays. Panels A-D show ex
amples of the task-relevant bilateral stimulus arrays, with match
ing symbols (targets) at Positions 1 and 2, 3 and 4, 1 and 3, or 2
and 4, respectively. Panel E shows a task-irrelevant probe stimu
lus, which could appear at any of the four locations. The task-relevant
stimulus arrays and task-irrelevant probes were randomly intermixed
within each trial block. The fixation cross was displayed continu
ously, as were tbe dots marking each of the four stimulus locations.

Procedure
The subjects were seated in a sound-attenuating chamber through

out the experiment. At the beginning of each trial block, they were
told to attend to Positions 1-2, 3-4, 1-3, or 2-4 for that block and
to press a button with the right hand when they detected matching
symbols at the relevant locations. Speed and accuracy were equally
stressed. The subjects were told to ignore the probe stimuli; the
probes provided no task-relevant information and served only to
elicit ERPs corresponding to the individual probed location.

The subjects received a total of 80 trial blocks over two sessions
(20 blocks for each of the four conditions), run in a counterbalanced
order. Each trial block consisted of a randomized sequence of 80
stimulus presentations, of which 48 were task-relevant bilateraI sym
bol arrays (three instances of each of the 16 arrays) and 32 were
task-irrelevant unilateral probes. Probe stimuli and bilateral arrays
were randomly intermixed within the sequence of stimuli, with the
constraint thatthe probeswere always preceded by I, 2, or 3 bilateral
arrays. The spatial location of the probe stimulus varied unpredic
tably within blocks. The interval between successive stimulus on
sets varied randomly between 250 and 550 msecwith a rectangular
distribution, and was the same for both probes and bilateral sym
bol arrays. Identical symbols (targets) were present at the two rel
evant locations for 25% of the bilateral symbol arrays.

The following procedure was employed to ensure that the sub
jects did not move their eyes toward the relevant locations. At the
beginning of each block, they were told to fixate the cross in the
center of the display and then were told which locations were rele
vant for that block. Stimulus presentation then began, during which
the experimenter continuously monitored the position of the eyes,
which was indicated on a display of the horizontal electrooculo
gram (EOG). At the end of the block (approximately 30 sec later),
the subjects were again instructed to fixate. Ifany deviation of the
eyes was detected by comparing the EOG trace during the stimu
lus presentation period with the pre- and posthlock values, the subject
was given a verbal warning and the block was discarded and repeated
later in the session.

Recording and Analysis
ERPs were recorded from the scalp by using tin electrodes that

were mounted in an electrode cap (Electro-Cap International) and
located at standard sites spanning the scalp-F3, F4, C3, C4, P3,
P4, rs, T4, T5, T6, 01, and02 (IntemationallQ-20 System). Addi
tional nonstandard sites were also used: CI, halfway between Cz
and C3; C5, halfway between Cz and T3; FCI, halfway between
Cz and F3; FC5, halfway between C3 and F7; CPI, halfway be
tween Pz and C3; CT5, halfway between C3 and T5; POI, 0.5 em
lateral to the halfway point between Pz and 0 I; and TO I, halfway
between 0 I and the midpoint of a line connecting P3 and T5. Non
standard right-hemisphere electrodes were located at the mirror
image positions of these left-hemisphere sites. All scalp electrodes
were referenced to the right mastoid. Eyeblinks were monitored
with an electrode beneath the right eye, and lateral eye movements
were measured as the voltage between electrodes at the left and
right outer canthi (horizontal EOG).

horizontal meridian, and a fixation point was continuously present
in the center of the display. Four different symbols were used (see
Figure I), each subtending 2.5 0 x 3.2 0

• Sixteen of the 256 possi
ble combinations of these four symbols in the four positions were
chosen for use in this experiment. Each of these combinations con
tained matching symbols at two of the four locations and randomly
selected nonmatching symbols at the remaining two locations; each
symbol array was therefore a target in one condition and a non
target in the other three conditions (see Heinze et al., 1990, for
a listing of the exact combinations). The unilateral probe stimuli
consisted of white vertical bars measuring 2.5 0 x 3.2", which were
presented in one of the four symbol positions. Stimulus duration
was 100 msec for both the bilateral stimulus arrays andthe unilateral
probes.
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Stimuli
Stimuli were presented on a computer-controlled video monitor

at a viewing distance of 70 em. The bilateral stimulus arrays con
sisted of a horizontal row of four white symbols presented on a
black screen (see Figure I). The symbols within each array were
located 6.3 0 and II.9 0 to the left (Positions 2 and I) and right (Po
sitions 3 and 4) of the vertical meridian, and the entire array was
centered 2.9" above the horizontal meridian. Each symbol's posi
tion was continuously demarcated by a dot placed 0.8 0 above the
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The electrophysiological signals were filtered with a bandpass
of 0.01-70 Hz (half-amplitude cutoffs) and digitized at a rate of
250 Hz. Automated artifact rejection was performed offline to elim
inate data epochs contaminated by blinks, saccades, excessive muscle
activity, and amplifier blocking. Signal-averaged waveforms were
then computed for each stimulus type in each of the four condi
tions, by using stimulus onset as the time-locking point. Separate

signal-averaged waveforms were computed for each subject for the
purposes of statistical analyses, but all waveforms shown here were
averaged across subjects.

The amplitude of the PI component was quantified for each sub
ject by measuring the mean amplitude from 90 to 150 msec post
stimulus relative to a IOO-msec prestimulus baseline. Attention ef
fects were analyzed with repeated measures analyses of variance
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Figure 2. Predicted Pl amplitudes for models in which attention must be focused in a unitary,
continuous zone (UNITARY) and for models in which attention may be divided into multiple dis
continuous zones (DIVIDED). A large Pl component is predicted for probes presented within an
attended zone (represented by a dotted line), and a small Pl is predicted when the probed location
is outside of the attended zone(s). The predicted amplitudes are identical for both classes of models,
except for the inner irrelevant location in the separate condition, which falls into an attended zone
in unitary models but not in divided models. As indicated by the asterisks, Pl amplitude might
be somewhat smaller in the separate condition than in the adjacent condition for the unitary models
because attention is spread over a larger area; the main distinction, therefore, is that Pl amplitude
should be larger at the relevant inner location than at the irrelevant inner location in the adjacent
condition according to both classes of models, but should be equal at these locations in the separate
condition according to unitary models.
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--Probe at Relevant Location
............. Probe at Irrelevant Location

Figure 3. ERPs elicited by unilateral probe stimuli in the adja
cent (top) and separate (bottom) conditions, averaged over the 11
subjects and plotted for temporal-occipital electrodes contralateral
to the position of the probe stimulus. Each waveform is a plot of
voltage over time, with stimulus onset at time zero; by convention,
negative voltages are plotted upward. The shaded region represents
the difference in amplitude for probes presented at relevant and ir
relevant locations in the PI measurement window (i.e., the PI at
tention effect). Note that large attention effects can be seen for both
inner- and outer-position probe stimuli in the adjacent condition,
but only for theouter-positionprobe stimuli in theseparate condition.
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tended to be larger at contralateral sites than at ipsilateral
sites, but the attention X contralaterality interaction did
not reach significance for either the inner (p > .15) or
outer (p > .50) probes.

A markedly different pattern of results was observed
in the SEP condition (Figure 3, lower waveforms). For
inner-position probes, the PI component was actually
somewhat smaller when attention was directed to the
probed location than when attention was directed to the
two locations on either side of it, although this small dif
ference was not significant (p > .09). For outer-position
stimuli, in contrast, the PI component was larger when
attention was directed to the probed location, especially
at the temporal-occipital sites. This resulted in a signifi
cant attention x electrode site interaction for the outer
position probes [F(2,20) = 4.79, P < .02], although the
main effect of attention did not reach significance
(p > .10). Thus, PI attention effects were observed for
outer probes in both the ADJ and SEP conditions, but
were observed for inner probes only in the ADJ condi
tion, as predicted by the zoom lens model (see Figure 2).

Figure 4 overlays the ERP waveforms for probes pre
sented at the inner stimulus positions and presents a sum
mary of the PI amplitude measurements. Compared with
both relevant- and irrelevant-location probes in the SEP
condition, irrelevant-location probes in the ADJ condi-

RESULTS

Behavioral Results
The behavioral results are shown in Table I. When at

tention was directed to adjacent positions, reaction times
were 40-60 msec faster than when attention was directed
to separated positions [F(l,IO) = 7.70, P < .02]. The
d' measure of target detection sensitivity ranged from ap
proximately 1.2 to 1.8, demonstrating that this task was
highly demanding. In agreement with the reaction time
results, accuracy was found to be substantially reduced
when the subjects attended to separated positions rather
than to adjacent positions [F(I,lO) = 8.65,p < .02]. De
cision bias (beta) was not significantlydifferent in the ADJ
and SEP conditions (F < I).

(ANOVAs) by using the Greenhouse-Geisser epsilon coefficient to
adjust for heterogeneity of variance and covariance. Separate
ANOVAs were performed for ERPs recorded at frontal electrodes
(F3/4, FCII2, FC5/6), parietal electrodes (P3/4, POIl2), and
temporal-occipital electrodes (T5/6, TOll2, 0112). The ADJ and
SEP conditions were analyzed in separate ANOVAs. For the
bilateral symbol arrays, the ANOVA factors were direction of at
tention (left or right), hemisphere of recording (left or right), and
electrode position within a hemisphere. For the probe stimuli, sep
arate ANOVAs were conducted for the inner (2 and 3) and outer
(I and 4) stimulus positions, and the factors were attention (probe
at relevant or irrelevant location), probe hemifield (left or right),
contralaterality of recording site (contralateral or ipsilateral to the
probe hemifield), and electrode position within a hemisphere.

Table I
Mean Reaction Time, Accuracy (d'), and

Standard Error of the Mean (SEM)

ADJ Condition SEP Condition

Attend 112 Attend 3/4 Attend 113 Attend 2/4

M SEM M SEM M SEM M SEM

RT (msec) 531 31 543 38 591 32 584 33
d' 1.75 .19 1.73 .17 1.20 .17 1.24 .15

ERPs Elicited by the Unilateral Bar Probes
ERPs elicited by bar probe stimuli at the inner and outer

array positions are displayed in Figure 3, which shows
waveforms recorded at electrode sites located over extra
striate visual cortex, contralateral to the visual field of
the stimulus (Sites TOI and T02). In the ADJ condition,
the PI component was larger for relevant-location probes
than for irrelevant-location probes, and similar effects
were observed for probes at both the inner and outer lo
cations (similar effects can also be observed for the P2
componentj.? The PI effect was largest at the temporal
occipital electrodes and produced a significant main ef
fectofattention[F(I,IO) = 21.03,p < .OOI]andasig
nificant attention x electrode site interaction [F(2,20) =
9.68, p < .002] for the inner-position probes. A signifi
cant main effect of attention was also observed for the
outer-position probes in the ADJ condition [F(l,IO) =
6.76,p < .03], but the attention x electrode interaction
did not approach significance. The PI attention effect
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--- ADJ Relevant
---ADJ Irrelevant
--------- SEP Relevant
............. SEP Irrelevant

NI

ing lateral occipital cortex, with more pronounced foci
contralaterally. PI attention effects can be observed in
these maps for inner- and outer-position probe stimuli in
the ADJ condition and for outer-position probe stimuli
in the SEP condition, but not for inner-position probes
in the SEP condition.

Figure 4. ERP waveforms elicited by inner-position probe stim
uli (top) and the PI amplitude measurements from these waveforms
(bottom). These data were averaged over the 11 subjects and were
recorded at the contralateral temporal-occipital electrodes. The dif
ference between relevant- and irrelevant-location PI amplitudes was
highly significant in the adjacent (ADJ) condition, but was not sig
nificant in the separate (SEP) condition.

There has been a good deal of controversy concerning
the divisibility of the focus of spatial attention, and the
present results provide a new source ofevidence indicat
ing that subjects cannot divide attention between two lo
cations without also attending to the area between them.
The subjects in the present experiment were found to be
slower and less accurate at detecting matching stimuli at
two locations when those locations were separated by an
irrelevant stimulus position, as compared with when the
relevant locations were adjacent. This result suggests that
they employed a unitary attentional focus and were un-

DISCUSSION

ERPs Elicited by the Bilateral Symbol Arrays
Figure 6 shows the ERP waveforms for bilateral stim

ulus arrays on target-absent trials, recorded at temporal
occipital scalp sites (TO112) and averaged over the 11 sub
jects. In the ADJ condition, the PI component over the
left hemisphere was larger when Positions 3 and 4 were
relevant, and the Plover the right hemisphere was larger
when Positions 1 and 2 were relevant. The enhanced posi
tivity over the contralateral hemisphere began approxi
mately 80 msec after stimulus onset and lasted 200
300 rnsec, extending into the latency range of the P2 com
ponent. Although this attention-related positivity began
in the latency range of the negative "N95" component
that preceded the PI component, it was focused over
temporal-occipital scalp sites rather than the more mid
line scalp sites where the N95 component was maximal .
This suggests that the contralateral positivity reflects a
modulation of the PI component rather than a modula
tion of the N95 component (see Mangun et al., 1993, for
a more detailed analysis of this issue).

The contralateral positive attention effect in the ADJ
condition resulted in a significant direction of attention
X hemisphere interaction for the PI component [F(l, 10) =
23.81, P < .001] and was largest at the temporal-occipital
electrode sites, resulting in a significant attention X hemi
sphere X electrode site interaction [F(2,20) = 13.88,
p < .001]. Similar but smaller PI attention effects were
also observed over parietal scalp sites [attention X hemi
sphere interaction: F(l ,10) = 13.5, p < .005]. No sig
nificant attention-related changes were observed at anterior
scalp sites for the bilateral stimuli.

In the SEP condition (Figure 6, bottom), the temporal
occipital ERP waveforms were more positive over the left
hemisphere than over the right hemisphere, but the direc
tion ofattention had no significant effect at these sites [at
tention X hemisphere interaction: F(l,IO) = 1.1, P >
.30] or at the parietal or frontal sites (p > .40).
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tion produced a highly reduced PI component. However,
the PI for relevant-location probes in the ADJ condition
was only slightly enlarged relative to the SEP condition.
Statistical comparisons confirmed these observations; a
significant difference in PI amplitude was observed be
tween the SEP and ADJ conditions for irrelevant-location
inner-position probes [F(I,10) = 14.44, P < .005], but
not for relevant-location inner-position probes (p > .10).

The differences between the ADJ and SEP attention ef
fects are summarized in Figure 5, which displays the dif
ference in amplitude between relevant- and irrelevant
location probe PI amplitudes in the form of topographic
maps. In these maps, the spatial distribution of voltage
has been transformed into current source density, which
emphasizes superficial, cortical sources and allows more
precise estimation of ERP generator locations (Pernier,
Perrin, & Bertrand, 1988). The PI attention effects can
be observed in these maps as current density foci overly-
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Inner Position Outer Position

uV/m"2
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Figure 5. Isocontour maps of current source density for the PI attention effect (relevant-location probe minus
irrelevant-location probeWBVefOnns). Each levelof shading represents a particular range of current density, pnlgI'tS§ing
from darkly shaded positive values (current sources) to lightly shaded negative values (current sinks). The left and
right sides of the schematic beads correspond to the ipsilateral and contralateral recording sites, respectively. A major
contralateral source and a minor ipsilateral source can be observed at electrode sites overlying lateral extrastriate
cortex. These maps were derived from the mean voltage between 80 and 120 msec, measured in difference waves
in which the response to an irrelevant-location probe was subtracted from the response to a relevant-location probe.
Tbe voltage measurements were then converted into topographic maps of current source density by means of a spbericaI
spline interpolation algorithm (perrin, Pernier, Bertrand, & Echallier, 1989).

able to suppress information arising from the interposed
irrelevant location. This conclusion was strongly sup
ported by the electrophysiological recordings: although
the sensory-evoked PI component was reduced for
irrelevant-locationprobes compared with relevant-location
probes under most conditions, the PI was not suppressed
when the irrelevant location was interposed between two
relevant locations. Rather, the PI amplitude for probes
at the interposed irrelevant location was equivalent to the
PI amplitude observed for probes at the adjacent relevant
location. Together, these results suggest that the subjects
were unable to divide attention into discontinuous zones
and instead employed a unitary attentional focus, even
though this distribution of attention allowed information
from an irrelevant interposed location to be processed ex
tensively and thereby interfere with performance.

Although the subjects appeared to be unable to suppress
sensory processing at the interposed irrelevant location,
this finding does not indicate that spatial attention was
completely inoperative when the two relevant locations
were separated. Rather, the subjects appeared to focus
attention upon a zone that included the two relevant loca
tions and the region between them, but excluded the area
that did not fall between the two relevant locations. This
conclusion is based on the finding that probes at the ir
relevant outer location elicited reduced PI amplitudes
compared with relevant outer-location probes, even when
the two relevant locations were separated by an irrele
vant inner location. This distinctive pattern of results-a
PI modulation for probes at both inner and outer loca
tions in the ADI condition and at outer but not inner lo
cations in the SEP condition-strongly supports models
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Figure 6. ERPs elicited by bilateral stimuli in the adjacent (top)
and separate (bottom) conditions, averaged over the 11 subjects.
These waveforms were recorded from temporal-occipital electrodes
over the left and hemispheres, and exclude trials with targets (match
ing symbols at the relevant locations). Note the presence of a greater
positivity contralateral to the relevant locations in the adjacent con
dition but not in the separate condition.

1977). As discussed by Eriksen and Webb (1989), how
ever, these discrepant results may be the result of a
strategy in which subjects switch a unitary attentional fo
cus back and forth between separated locations without
attending to the area between them, thus simulating the
simultaneous application of attention to separate regions.
In other words, although subjects may be unable to di
vide attention into discontinuous zones at a single moment,
they may effectively divide attention between locations
over time. This strategy was discouraged in the present
study by requiring the subjects to compare stimuli pre
sented simultaneously at the two relevant locations. Focus
ing attention on one location at a given moment would
be ineffective in this comparison task, because obtaining
high-quality information from a single location would be
insufficient for determining whether or not the charac
ters at the two relevant locations were identical. This at
tribute of the experimental design may explain why evi
dence for a unitary attentional focus was obtained in the
present experiment.

There is one way in which the current results might be
compatible with a mechanism for separated attentional
foci. If attention in the SEP condition takes the form of
two gradients that peak at the two relevant locations, then
the irrelevant inner location would fall within the tails of
both gradients, which might sum together to produce an
equivalent processing of stimuli at the inner irrelevant lo
cation and the surrounding relevant locations. However,
given that the distance between the two relevant locations
in this condition was over 180

, the gradients of attention
would have to be extremely broad for the sum of the tails
to be very large at the intervening irrelevant location. In
deed, if attentional gradients were this broad, areas of high
resource allocation would almost never be separated by
regions of low resource allocation, at least for detail
oriented focal vision. For most practical purposes, then,
an attentional system of this nature would be equivalent
to models in which attention forms a single, unitary focus.

In the ADJ condition of the present experiment, both
of the relevant locations were positioned within one visual
hemifield, whereas the relevant locations were positioned
within different hemifields in the SEP condition. Atten
tion may operate differently for locations within, as op
posed to between, hemifields (Rizzolatti et al., 1987), so
it is important to consider whether the differing results
obtained in the SEP and ADJ conditions could have been
caused by this difference in the positioning of the rele
vant locations. For example, one might propose that at
tention could be allocated to one entire hemifield, but
could not be divided between two hemifields. The present
ERP results argue against this possibility, however, in that
attentional modulation was observed for outer-location
probes in the SEP condition (as well as in the ADJ condi
tion), indicating that attention operated effectively at the
outer locations even when divided between two hemi
fields. Another possibility is that attention may be divided
into discontinuous zones within a hemifield but cannot be
divided between hemifields, a possibility that was not
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in which attention forms a single, continuous zone that
can vary in size (see Figure 2).

The electrophysiological results suggest that task per
formance was slower and less accurate in the SEP condi
tion because the subjects were unable to suppress infor
mation arising from the irrelevant location that fell
between the two relevant locations in this condition. How
ever, if attention operates in a manner analogous to a zoom
lens, with an inverse relationship between resolving power
and the size of the attended area (Eriksen & St. James,
1986; Eriksen & Yeh, 1985), then a decrement in per
formance would be expected in the SEP condition sim
ply because a larger area was attended in this condition
and not because of the irrelevant information that was in
cluded within this larger area. In support of this hypoth
esis, the PI component elicited by relevant-location probes
tended to be somewhat smaller in the SEP condition than
in the ADJ condition (see Figure 4), just as would be ex
pected if increasing the size of the attended region leads
to poorer sensory processing at any given location within
the region. Additional research is necessary to determine
whether increases in the area encompassed by attention
lead directly to reduced processing efficiency or whether
the reduced efficiency is instead caused by an increase
in interference from irrelevant stimuli within the expanded
region, as proposed by Pan and Eriksen (1993).

In contrast with the present findings, several previous
studies have shown results that are consistent with the
presence of separated foci of attention (Beck & Ambler,
1973; Egly & Homa, 1984; M. L. Shaw & P. Shaw,

Left Right
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directly tested in the present experiment. However, this
would be inconsistent with previous results indicating that
attention tends to spread throughout an entire hemifield
but not across the vertical meridian (Hughes & Zimba,
1987). Thus, the overall pattern of results observed in the
present experiment does not seem readily explicable in
terms of within- versus between-hemisphere differences
in attentional allocation, although further research would
be useful to clarify this point.

Although the present results provide strong evidence
that a unitary focus of attention was employed under the
experimental conditions used here, the generality of these
findings must be considered when assessing their impli
cations for models of attentional allocation. First, there
appear to be several distinct mechanisms of visuospatial
attention (see Luck & Hillyard, in press; Posner & Peter
sen, 1990), and some of these mechanisms may be be al
located more flexibly across locations than the selection
process indexed by the PI component. Indeed, because
the subjects were able to perform the task well above
chance in the SEP condition, they were presumably able
to reject the information from the interposed irrelevant
location to some extent, presumably at a later stage of
processing. In addition, Castiello and Umilta (1992) have
proposed that attention can be divided between multiple
objects but cannot be divided between separated areas of
empty space, and the location markers used in the present
experiment may not have been sufficiently salient to al
low the subjects to maintain separate attentional foci be
tween stimulus presentations. The nature of the percep
tual task used in this study must also be considered when
assessing the generality of the present results. For exam
ple, it is possible that a single attentional focus is required
when subjects must perform comparisons between simul
taneously presented stimuli, but that discontinuous atten
tional foci can be maintained when independent decisions
are made at separated locations. Thus, although the com
parison task was useful in the present study for discourag
ing the switching of attention between locations, it may
represent a special case for attentional allocation strate
gies. Despite these limitations, however, the present find
ings indicate that attention cannot be allocated to discon
tinuous regions as flexibly as some models have suggested
(LaBerge & Brown, 1989; M. L. Shaw, 1978).

The present results are in general accordance with the
zoom lens model of Eriksen and his colleagues (Eriksen
& St. James, 1986; Eriksen & Yeh, 1985), in which the
size of the attended area can be expanded or contracted
depending upon the positions of the relevant stimuli. How
ever, the results are also consistent with a moving spot
light model in which a small area is attended at any given
time and the focus of attention must sweep across visual
space in an analog fashion (Shulman, Remington, &
McLean, 1979; Tsal, 1983). Ifour subjects had switched
attention back and forth between the two relevant loca
tions in this manner, the spotlight of attention would have
passed through the interposed irrelevant location in the
SEP condition, thus interfering with task performance and

augmenting PI amplitude for probes presented at the in
ner irrelevant location. The task was designed to dis
courage attentional switching, however, and several other
studies have indicated that attention does not move in such
an analog fashion (Murphy & Eriksen, 1987; Sagi &
Julesz, 1985); accordingly, this explanation of the present
findings seems unlikely.

The present results also provide evidence concerning
the level of processing at which the inferred zoom-lens
like attentional mechanism operates. In particular, three
aspects of the ERP data indicate that this mechanism oper
ates at an early stage of processing. First, the PI atten
tion effect began at approximately 80 msec poststimulus,
shortly after stimulus information reaches visual cortex.
Second, CSD maps showed that the PI attention effect
was focused over lateral extrastriate cortex, which lies
between primary visual cortex and areas specialized for
pattern recognition in the inferior temporal lobe. Third,
PI attention effects were observed for both the task
relevant bilateral symbol arrays and the task-irrelevant
unilateral probe stimuli, suggesting that this attentional
mechanism operates at a stage that precedes complete
stimulus identification. Together, the behavioral and elec
trophysiological results of this experiment point to the ex
istence of an attentional mechanism that cannot be divided
between discontinuous areas and operates at a relatively
early stage of processing, before stimulus identification
has been completed (see also Hawkins et al., 1990; Man
gun et al., 1993).
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NOTES

1. In all ERP recordings discussed here, the direction of gaze remained
constant across different attentional conditions, and fixation was veri
fied by recordings of the electrooculogram or related techniques.

2. In this experiment, the enhanced positivity elicited by relevant
location probes compared with irrelevant-location probes extended over
the PI and P21atency ranges without an amplitude enhancement of the
intervening Nl component. As we have previously demonstrated, this
pattern is typical when the stimulus sequences contain a large number
of bilateral stimuli, apparently because the Nl attention effect is elimi
nated when the attended location is rapidly stimulated (see Heinze, Luck,
et al., 1990; Luck, Heinze, Mangun, & Hillyard, 1990). In the absence
of the NI attention effect, the overlap of the PI and P2 attention effects
leads to a broad positivity that extends through the latency range of the
N I component.
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