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Given the properties of muscles (and the laws of
physics), it is obviously not possible to direct the eyes
or move an arm to more than one object at a time.
What may not be so obvious is that neither is it possible
to fully process or store in memory more than one or
two visual stimuli in a single moment. In this sense,
memory and muscles are very much alike. Thus, neurobiologists working in both sensory and motor systems
must confront the problem of selective attention, i.e.,
how the brain selects which of the many images typically stimulating the retina will be the target for an eye
movement or will have access to memory at a given
moment. It is an interesting question whether these
attentional mechanisms are the s a m e mechanisms for
both sensory and motor systems, and we address this
later in this paper.
In our work, we have tried to understand the neural
mechanisms of attention through recordings in the extrastriate cortex of macaque monkeys, The extrastriate
cortex contains 20 or more areas with visual functions.
Although there are a great many areas, and an even
greater number of connections between them, they
appear to form only two or three major processing
systems, or "pathways." According to a model originally proposed by Ungerleider and Mishkin (1982), the
striate, or primary visual, cortex is the source of two
major information-processing pathways, both of which
involve several prestriate visual areas. One of the pathways is directed ventrally into the temporal lobe and is
crucial for object recognition. The other is directed
dorsally into the parietal lobe and is crucial for spatial
perception and visuomotor performance (for reviews,
see Ungerleider and Mishkin 1982; Desimone et al.
1985; Van Essen 1985; Maunsell and Newsome 1987;
Desimone and Ungerleider 1989). Recently, evidence
has emerged for a third processing pathway within the
cortex of the superior temporal sulcus of the macaque,
and it has been speculated that this pathway mediates
the perception of complex visual motion a n d / o r integrates spatial and object vision (Boussaoud et al. 1990).
The three major pathways are shown diagrammatically
in Figure 1.
Because the occipitotemporal, or "ventral," pathway
is known to be critical for the recognition of objects, it
is in this pathway that we would expect that attention
would influence the neural processing of visual information. This pathway begins with striate cortex and
continues through areas V2, V3, V4, and areas T E O

and TE in inferior temporal (IT) cortex. As one proceeds from one area to the next along this pathway,
neuronal properties change in two obvious ways. First,
the complexity of neuronal processing increases. For
example, whereas neurons in striate cortex are sensitive
to local features of objects such as the orientation of
contours at a specific retinal location, neurons in V2
have been shown to respond to "virtual" or illusory
contours in certain figures ( v o n d e r Heydt et al. 1984),
and neurons in IT cortex are sensitive to global or
overall object features, such as shape (Schwartz et al.
1983; Desimone et al. 1984). Second, the receptive

Figure 1. Summary of visual cortical areas and their connections in macaque monkeys. Solid lines indicate projections

that originate from both central and peripheral field representations, and dotted lines indicate projections that arise
exclusively from peripheral field representations. Solid arrowheads indicate "forward" connections, open arrowheads
indicate "backward" connections, and lines connected with
closed arrowheads at both ends indicate "'intermediate" connections. The small d's and ms indicate projections limited to
the dorsal or medial portions of certain visual areas. The
diagram shows a dorsal pathway directed into the parietal
cortex (cytoarchitectonic area PG) that is specialized for spatial vision, a ventral pathway directed into the temporal cortex
(cytoarchitectonic area TE) that is specialized for object vision, and a third pathway directed into the superior temporal
suicus (STS). (Adapted from Boussaoud et al. 1990.)
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field size of individual neurons increases. Neurons in
the central field representation of striate cortex often
have receptive fields that are less than 0.1% in linear
size (see, e.g,, Dow et al. 1981). In contrast, neurons in
the corresponding visual field representation in area V4
have receptive fields that are l~ ~ in size (Desimone
and Schein 1987), and neurons in IT cortex, where
receptive fields usually include the fovea, have a median receptive field size of 25 ~ (Desimone and Gross
1979). As a result of these two trends, namely, increased complexity and larger receptive field size,
neurons at the highest levels of the occipitotemporal
pathway may provide a global description of object
features that is invariant over changes in retinal location (Gross and Mishkin 1977). Furthermore, large
receptive fields are an example of a "coarse coding"
mechanism, which is very economical for coding large
amounts of information by few neurons (see Hinton et
al. 1986).

Attention and Large Receptive Fields
Although large receptive fields may be an economical coding mechanism and may also contribute to the
ability to recognize an object regardless of where its
image appears on the retina, they do not come without
a cost. Large receptive fields allow for multiple independent objects to potentially stimulate the same
neuron. Receptive fields of cells in IT cortex, for example, are large enough to encompass an entire scene.
Likewise, in a page of text at normal reading distance,
the receptive field of even a V4 neuron might contain
the image of several words. Thus, an IT or V4 neuron's
response will necessarily reflect the influence of all of
the stimuli inside the field. Consider, for example, a
color-coding scheme in which the color of a stimulus is
determined by the relative activities of three cells
coarsely tuned to red, green, or blue and with receptive
fields at the same location. Such a scheme will work
only if there is a single stimulus inside the joint field. If
there are two or more differently colored stimuli each
stimulating the three cells, the output of this threeneuron network will be completely ambiguous. This
situation, sometimes termed the "binding problem"
(Hinton et al. 1986), thwarts any coding efficiency
obtained with large fields. Large receptive fields, then,
bring us to just the problem that attentional mechanisms are supposed to solve, namely, how to limit the
amount of information that is processed by the visual
system in a single moment.
A possible solution to this problem was found in
recordings from neurons in the occipitotemporal pathway in monkeys. In this study, monkeys were trained to
attend to one or another of two stimuli within the
receptive field of a V4 or IT neuron and it was found
that the neuron's response was gated by the locus of the
animal's attention within the receptive field (Moran
and Desimone 1985).
First, the cell's receptive field was mapped with bars
of various colors, orientations, and sizes while the ani-

mal fixated a small target. On the basis of the cell's
responses, two sets of stimuli were selected, one set
that was effective in eliciting a response from the cell
and a second set that was ineffective. An effective
stimulus was then presented at one location inside the
receptive field and an ineffective stimulus at another.
The monkey was trained on a task that required it to
attend to the stimulus at one location and ignore the
stimulus at another (the distractor). The monkey's attention was "covert," since eye movements were not
permitted (fixation was monitored with the magnetic
search coil technique). After a block of trials, the monkey was cued to switch its attention to the other location. Blocks of trials with attention directed toward one
or the other location were alternated repeatedly. Because identical sensory conditions were maintained in
the two types of blocks, any difference in the response
of the cell could be attributed to the effects of attention.
The particular task used to focus the animal's attention was a matching-to-sample task. The animal was
first cued by a special instructional trial at the start of
the block which location in the visual field was relevant.
At the relevant location, a sample stimulus was presented briefly and, after a short delay, was followed by
a briefly presented test stimulus. The animal was required to indicate whether or not the test stimulus
matched the sample. At another location in the visual
field, irrelevant, or distracting, stimuli were paired with
both the sample and test. If the animal mistakenly
based his behavior on the distractors, its performance
would be at chance levels. In the next block, the formerly distracting stimuli became the relevant sample
and test.
The locus of the animal's attention within the receptive field of the recorded neuron had a large effect on
the neuron's response. When both effective and ineffective sensory stimuli were presented within the receptive field, and the animal attended to the effective
stimulus, the neuron responded well. When the animal
attended to the ineffective stimulus, however, the
neuron's response was greatly attenuated (a threefold
reduction in response, on the average), even though
the effective (but ignored) sensory stimulus was still
present within the receptive field. The neuron responded as if the receptive field had contracted around the
attended stimulus, so that the influence of distracting
stimuli at other locations in the field was reduced or
eliminated (Fig. 2). No effects of attention were found
in either V1 or V2 in this paradigm, indicating that V4
is probably the first area in the occipitotemporal pathway where responses are gated by spatial attention.
One initially surprising finding was that the attentional effects observed in V4 depended on both the attended and ignored stimuli being located within the recorded neuron's receptive field. If one stimulus was
located within the receptive field and one outside, it
apparently made no difference (to the neuron) which
stimulus the animal attended. That is, if the stimuli are
sufficiently separated spatially, it apparently makes no
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Figure 2. Effect of selective attention on the responses of a
neuron in extrastriate area V4. The neuronal responses shown
are from when the monkey attended to one location inside the
receptive field (RF) and ignored another. At the attended
location (circled), two stimuli (sample and test) were presented sequentially, and the monkey responded differently
depending on whether they were the same or different. Irrelevant stimuli were presented simultaneously with the sample and test but at a separate location in the receptive field. In
the initial mapping of the field, the cell responded well to red
bars but not at all to green bars. A horizontal or a vertical red
bar (effective sensory stimuli) was then placed at one location
in the field and a horizontal or a vertical green bar (ineffective
sensory stimuli) at another. When the animal attended to the
location of the red bar at the time of presentation of either the
sample or test, the cell gave a good response (left), but when
the animal attended to the location of the green bar, the cell
gave only a small response (right), even though the two stimuli
on the retina were identical in the two conditions. Thus, the
responses of the cell were determined predominantly by the
attended stimulus. The horizontal bars under the graphs indicate the 200-msec period when the sample and test stimuli
were on. Because of the random delay between the sample
and test presentations, the graphs were synchronized separately at the onsets of the sample and test stimuli (indicated by
the vertical dashed lines). (Adapted from Moran and Desimone 1985.)
difference in V4 to which one the animal attends. This
only makes sense if one considers that a major purpose
of attentional mechanisms is to "disambiguate'" a
neuron's response when there are multiple stimuli inside the receptive field. If there is only a single stimulus
inside the field, the neuron's response is determined
solely by that stimulus and thus is already unambiguous.
Yet, there is still a puzzle, since we know from
psychological studies that ignored stimuli often do not
reach awareness no matter where they are located with
respect to the attended stimulus. Somewhere along the
occipitotemporal pathway we would expect to find an
attentional mechanism that works over a larger spatial
extent than in V4. Such a mechanism is found in IT
cortex (see Fig. 1), where neurons have receptive fields
so large as to include the entire central visual field.
When there are two stimuli within an IT receptive field,
IT neuronal responses are determined primarily by the
attended stimulus, even when the attended and ignored
stimuli are separated by a substantial distance. In fact,
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the receptive fields in IT cortex were so large, and the
attentional effects covered such a large spatial range,
that it was not possible to test the effects of the animal
attending outside the receptive field. These results suggest that the filtering of unwanted information is at
least a two-stage process, with the first stage working
over a small spatial range in V4, and a second stage
working over a much larger spatial range in IT cortex.
These effects of attention in V4 and IT cortex presumably underlie the attenuated processing and the
reduced awareness for unattended stimuli shown psychophysically in humans. Furthermore, the fact that
neurons respond to an attended stimulus as if their receptive fields had contracted around it may allow for cells
to communicate information with high spatial resolution
despite their large receptive fields. Thus, the visual
system achieves the advantages of large receptive fields
without incurring the expected costs in spatial resolution, at least within the focus of attention. However,
outside the focus of attention, large receptive fields
may indeed incur a cost. Given that attention works
over only a limited spatial range in V4, one might
expect that spatial resolution outside the focus of attention to be poor, a possibility that is consistent with the
results of a number of psychophysical studies. Julesz
(1981), for example, has shown that focal attention is
required to perceive the spatial arrangement of local
line elements, and Triesman (1986, 1988) has found
that the features of stimuli outside the focus of attention may be perceived in the wrong locations and consequently form "illusory conjunctions."

Increasing Resolution for Features
So far, all of these neurophysiological data fit a "suppressive" model of attention control, i.e., attention
serves to suppress processing of unwanted stimuli.
There is, however, recent neurophysiological evidence
that increasing the a m o u n t of attention devoted to an
attended stimulus enhances the processing of that
stimulus within the occipitotemporal pathway (Spitzer
et al. 1988). In this study, neurons were studied in the
same matching-to-sample paradigm described above,
except that there were no irrelevant stimuli within the
visual field. Color and orientation tuning curves were
compared when the animal was operating in either of
two "modes," an easy one and a difficult one. In the
easy mode, the sample and test stimuli in the task were
either very different from each other (on nonmatehing
trials) or identical to each other (on matching trials). In
the difficult mode, the same set of stimuli were paired
in such a way that the sample and test stimulus were
either very similar to one another (on nonmatching
trials) or identical (on matching trials). For example, in
the easy mode, the animal might be required to discriminate red versus aqua and blue versus orange,
whereas in the difficult mode, the animal would have to
discriminate red versus orange and blue versus aqua. It
was reasoned that the difficult mode required more of
the animal's attention than the easy mode.
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Recordings from V4 neurons under these two conditions showed that neuronal responses in the difficult
mode were stronger and more tightly tuned to the
stimuli than were responses to the same stimuli in the
easy mode. These effects, which were found for both
color and orientation discriminations, are consistent
with both psychophysical studies of attentional enhancement in humans (see, e.g., Bergen and Julesz
1983; Kahneman 1973; Treisman 1986; Posner and Presti 1987) and neurophysiological reports of attentional
modulation of extrastriate neurons (see, e.g., Mountcastle et al. 1987; Richmond and Sato t987; Spitzer
and Richmond 1990).
Although these sharpening effects on V4 tuning
curves might seem qualitatively different from the narrowing effects of spatial attention on V4 receptive
fields, they actually share some similarities if a broad
view of "receptive fields" is adopted. In the study of
spatial attention in V4, cells responded as if their receptive fields contracted around the attended stimulus in
order to exclude unwanted stimuli from the field, i.e.,
to enhance spatial resolution. If a cell's color or orientation tuning properties are regarded as a type of nonspatial receptive field, then it could be said that the
color and orientation receptive fields of V4 neurons can
also contract in order to exclude nonoptimal stimuli,
i.e., to enhance "featural" resolution. It is not yet
clear, however, whether these two phenomena could
result from the same attentional mechanism.
A Pulvinar Source for the Attentional Modulation
of V4 and IT Neurons?

Now that we know that attention modulates the responses of V4 and IT neurons, it is important to understand how these effects come about. The lateral pulvinar nucleus in the thalamus attracted our interest as a
possible candidate for the source of these modulating
inputs, for a number of reasons. First, the lateral pulvinar has reciprocal connections with all of the areas in
the occipitotemporal pathway and thus is in a good
anatomical position to influence cortical responses (Benevento and Davis 1974; Benevento and Rezak 1976;
Ungerleider et at. 1983). Second, Crick (1984) has
proposed a model of spatial attention based on interactions between the pulvinar and cortex. Third, studies of
humans with thalamic lesions involving the pulvinar
have shown impairments in the ability to engage attention (Rafal and Posner 1987), and PET studies in
humans have shown activation of the pulvinar in attentional tasks (LaBerge and Buchsbaum 1990). Finally,
and most importantly, Petersen et al. (1987) have reported that reversible chemical deactivation of the
PDm portion of the pulvinar in monkeys (which can be
regarded as the most medial and dorsal portion of the
lateral pulvinar) causes an increased reaction time in
switching attention from the ipsilesional to contralesional visual field. This impairment, which may be
caused by an impairment in disengaging attention, resembles the attentional impairments found following

lesions of the posterior parietal cortex (Posner et al.
1984, 1987), with which this portion of the pulvinar is
connected. Thus, we reasoned that perhaps the more
lateral portion of the pulvinar, the portion connected
with V4 and IT cortex, plays a role in gating V4 and IT
responses to ignored stimuli, i.e., focusing attention.
Although our goal was to understand the gating of
extrastriate cortical responses, we decided to pursue
first a behavioral strategy. If a structure plays a critical
role in gating out extrastriate responses to distracting
stimuli, then deactivating that structure should impair
the animal's ability to perceive or respond appropriately to an attended stimulus in the presence of a
distractor but should not impair its ability to perceive or
respond to a stimulus in the absence of any distractor.
The first structure we tested in this way was the lateral
pulvinar (Desimone et al. 1989).
The task we used was a color discrimination task with
a spatial attentional cue. While the monkey maintained
its gaze on a fixation spot (eye movements were prohibited throughout the trial), a small white spatial cue
flashed briefly in the visual field. In the "distractor
condition," the cue was followed by two briefly presented color bars, one of which was the target and one a
distractor. The target was, by definition, the bar that
was presented at the same location as the cue, and the
animal had to indicate the color of the target with a
lever press, ignoring the distractor. The animal moved
the lever one direction if the target was red or yellow,
and another direction if it was green or blue. The
distractor was also a colored bar, but the color was
either chosen randomly or consistently a different color
from the target. As a control, we also ran the same task
without a distractor.
The general strategy of the experiment was to test,
on alternate days, the ability to perform the task with
or without a distractor when the animal was normal,
versus when its lateral pulvinar had been unilaterally
deactivated. To reversibly deactivate the lateral pulvinar, we injected the G A B A agonist muscimol through
a cannula directly into the appropriate portion of the
lateral pulvinar. Although the visual topography of the
posterior portion of the lateral pulvinar, the portion
connected with IT cortex and V4, is not yet clear, there
is evidence for some degree of visual topography (Benevento and Rezak 1976; Benevento and Davis 1977;
Bender 1981; Ungerleider et al. 1983, 1984). Thus, we
attempted to deactivate all of the posterior lateral pup
vinar in order to affect the complete contralateral field
representation. Recordings following one of the injections showed that all neural activity in the lateral pulvinat was silenced. Behavioral data were collected from
two monkeys.
Figure 3 shows the results from the "no distractor"
condition when the animal was normal (baseline resuits) compared to when the lateral pulvinar of the left
hemisphere was deactivated. The pulvinar deactivation
caused, at most, a slight increase in errors when the
target was located in either the left or right visual field.
In contrast, when a distractor was present in the normal
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The lateral pulvinar thus appears to play a critical
role in attention only when attention is directed to a
target in the presence of a distractor. When there are
no competing stimuli in the opposite visual field, the
absence of the lateral pulvinar does not affect an animal's ability to respond to a target appropriately. This
is exactly the behavioral effect we expected from our
previous neurophysiological results, given that we only
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observed attentional gating in V4 and IT cortex when
there was a distractor in the visual field. Specifically,
the results suggest that the pulvinar deactivation interfered with the attentional gating of IT neuronal responses, since the placement of target and distractor in
opposite visual fields was an appropriate stimulus configuration for IT but not V4 receptive fields.
What about a stimulus configuration more appropriate for V4 receptive fields, i.e., with a target and distractor both located in the field contralateral to the
deactivated pulvinar? Surprisingly, we found very little
effect of the pulvinar deactivation under this condition.
Thus, the pulvinar cannot be a necessary source of the
neural signals that gate V4 responses, nor even the
necessary source of signals that gate IT responses when
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target and distractor are located within the same visual
hemifield. This result was hard to understand until we
recently obtained some preliminary results from deactivation of the superior colliculus in one monkey (Desimone et al. 1989).

A Possible Role for the Superior Colliculus
Unlike the case for the lateral pulvinar, it was not
possible to test the effects of deactivating the entire
contralateral field representation in the superior colliculus because such a large deactivation caused a severe nystagmus. We therefore recorded receptive fields
in the colliculus and deactivated individual small zones
corresponding to the recorded field. In contrast to the
pulvinar results, this time we found impaired performance with a distractor located anywhere within the
visual field, even in the same hemifield as the target, as
long as the target was located at the receptive field
location of the site we deactivated in the colliculus (Fig.
5). As was the case with pulvinar deactivation, there
was little or no effect of the colliculus deactivation on
target discrimination when there was no distractor present in the visual field. We should emphasize that all of
these effects were obtained in the absence of eye movements.
It may seem surprising that we obtained attentional
deficits in the absence of eye movements from deactivation of the superior colliculus, which is commonly
thought to be an ocutomotor structure. For example,
cells in the intermediate layers of the superior colticulus
give enhanced responses to visual stimuli when they
will be the target for a saccadic eye movement but not
when the stimuli elicit a different type of motor response, such as a bar release (for review, see Wurtz and
Albano 1980). Furthermore, local deactivation of the
superior colliculus impairs saccadic eye movements to
targets located at the visual field location of the deacti-

R.F. AT SITEOF"S.C. INJECTION ~ / "

POS.1

vation site (Hikosaka and Wurtz 1986). Yet, other
results have also suggested a role for the colliculus in
attentional control in the absence of eye movements.
Albano et al. (1982) have found that lesions of the
superior colliculus cause an increase in reaction time to
detect (with a lever release) a peripheral target, even
when fixation is maintained on a central fixation spot.
They suggested that the collicular lesions cause a visual
neglect that is "related to but not necessarily limited to
the generation of saccadic eye movements." In addition, Kertzman and Robinson (1988) have recently
reported that local deactivation of the colliculus causes
an increase in the time it takes to switch attention from
the "ipsilesional" to "contralesional" hemifield, again
in the absence of eye movements. Thus, some sort of
attentional role of the colliculus is likely, although it is
not yet clear how this role is expressed at the physiological level. Because the colliculus does not have direct projections to the cortex, any effect it has on
cortical responses must arise from indirect anatomical
connections.

Spatial Attention and Oculomotor Control
The close relationship between structures involved in
the control of eye movements and spatial attention has
been noted by several investigators (see, e.g., Matelli
et al. 1983; Rizzolati 1983; Posner and Presti 1987), and
Rizzolati (1983) has proposed a premotor theory of
attentional control. Shifts of gaze typically follow shifts
of attention, although, as we have seen, shifts of gaze
are not imperative. Both gaze and attentional shifts
require that a new target be selected. It would seem
that the difference between oculomotor control and
attentional control derives from whether or not neurons give the "go" signal for the eyes to actually move to
the new target. In fact, whether or not the eyes actually
move, the effects on visual processing in extrastriate
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Figure 5. Effects of deactivation of a site in the
superior colliculus on the discrimination of a
target in the same hemifield. Target and distractor coordinates, in degrees, were (3, 0.25) and
(1, -2.8), respectively.
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cortex may be very similar. When the eyes fixate a new
target, the visual system is dominated by new input
because of the magnification of the foveal representation in cortical visual areas. Our work in V4 and IT
cortex has shown that shifts in attention, without a
concomitant eye movement, may also cause extrastriate visual processing to be dominated by new input.
It is probably not a coincidence that three of the
structures presumed to play a major role in high-level
oculomotor control, namely, the frontal eye field, the
posterior parietal cortex, and the superior colliculus,
have also been implicated in the control of spatial
attention (for a recent review, see Goldberg and Colby
1989). Less is known about the role of the pulvinar in
oculomotor control, but there is both behavioral and
physiological evidence for such a role (Ungerleider and
Christensen 1979; Petersen et al. 1985; Robinson et al.
1986).
One other common feature of the oculomotor and
attentional control systems deserves comment. Because
critical oculomotor functions appear to be carried out
in parallel in more than one structure, a substantial
degree of oculomotor control typically returns following lesions of any single "high-level" oculomotor structure. In monkeys, it requires a combined lesion of both
the superior colliculus and frontal eye field to produce a
lasting impairment in the ability to produce directed
saccadic eye movements (Schiller et al. 1979). Likewise, permanent neglect is very uncommon following
lesions in monkeys or man, except in the case of very
large lesions or lesions that involve white matter. A
distributed attentional control system (see, e.g., Posner
and Presti 1987) may explain, in part, why we did not
see an impairment in our pulvinar study when target
and distractor were both located in the field contralateral to the pulvinar deactivation. If the attentional
control system is a highly distributed one, then some
other structure must be capable of controlling attention
(and presumably modulating extrastriate responses) in
the absence of the pulvinar. This is not a complete
explanation, however, since it does not explain why we
found an impairment from the pulvinar deactivation
when target and distractor were located in opposite
fields, nor does it account for our colliculus results.
A Model of Attention Control Based on Competition

Our own pulvinar and colliculus findings, as well the
results of many other neuropsychological studies in
humans and monkeys, are consistent with a model of
attentional control based on competition within the
attentional control system (Fig. 6). Within this system,
every point in the visual field is in competition with
every other point for control over attention. A stimulus
will normally win the competition if it is particularly
salient, if its location has been "precued," or if the
subject has been instructed to attend to its location.
Such "saliency maps" are an integral feature of the
attention models of Koch and Ullman (1985) and Treisman and her colleagues (Treisman and Souther 1985;
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Figure 6. Competition within the attentional control system.

(A) A dysfunction in one small portion of the visual field will
put that point at a competitive disadvantage to all other
points, within both hemifields. (B) A dysfunction that affects
a complete visual hemifield will not put points within that
hemifield at a disadvantage relative to one another. It will only
put them at a disadvantage relative to points in the opposite
hemifield.
Triesman 1986, 1988), among others. In fact, Koch and
Ullman (1985) specifically propose that the saliency
map contains a "winner-take-all" competitive network.
Both the anatomical substrate of this map and the
mechanism by which activity in the map affects sensory
processing are at issue. Koch and Ullman (1985) speculate that the map may actually be located in the lateral
geniculate nucleus, and Treisman (1988) has also recently speculated that the map may exist either before
or after striate cortex.
On the basis of our work, we propose that there is no
single saliency map in the attentional control system,
but rather a series of maps (or possibly a distributed
map), which are closely associated with the oculomotor
system. Stimuli located at the point in space that is the
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winner of the competition within the attentional control
system will be processed preferentially in extrastriate
cortex. If a point is put at a competitive disadvantage to
other points as a result of dysfunction (e.g., a lesion or
deactivation) in one of the attention control structures,
then that point will lose the competition to any other
visually stimulated points (i.e., distractors) outside the
dysfunctional zone. In our colliculus study, our local
deactivation put a single point in the visual field at a
competitive disadvantage to every other point, and thus
we found impairments when a distractor was located
anywhere within the field. However, according to the
competition model, if there are no distractors, there is
no competition, and the target will always win control
over attention. This would explain why neither pulvinar
nor colliculus lesions had much effect when the visual
field was empty except for the target. In fact, our
neurophysiological results in V4 and IT cortex raise the
question of whether attention is even required when
there is only a single target in the visual field.
Why did we find an impairment in the pulvinar study
only when the target and distractor were located in
opposite fields? According to the model, this came
about because our pulvinar deactivation affected the
complete contralateral visual field representation in the
pulvinar, putting the entire contralateral hemifield at a
competitive disadvantage to the ipsilateral hemifield
within the remainder of the attentional control system.
This would explain why distractors in the ipsilateral
visual field were so disruptive. In contrast, no point
within the contralateral field was at a competitive disadvantage to any other point in the contralateral field.
Thus, when target and distractor both appeared within
the contralateral field, the target was able to win the
competition within the remainder of the attentional
control system, explaining why we found little or no
impairment following the pulvinar deactivation in this
situation. The model predicts that we will find an impairment with a contralateral target and distractor if we
confine our deactivation to a single small zone in the
contralateral field representation, as we did in our colliculus study. This prediction remains to be tested in the
pulvinar.
A competition model raises the obvious question of
whether a lesion or dysfunction in any portion of the
visual system might lead to an attentional impairment
similar to that seen following lesions in the "attentional
control" system. We do not have any results from local
deactivation in visual cortex, but we have tested the
effects of a local lesion in area V4 on an animal's ability
to discriminate a target in the presence of a distractor.
Although the animal was, as expected, impaired on
both color and form discriminations when the discriminanda were confined to the visuotopic locus of the
lesion (Desimone et al. 1990), we did not find any
worsening of the deficit when there was a distractor in
the visual field (R. Desimone et al., unpubl.). Although the results are not conclusive, since the animal
might have recovered from an attentional impairment
before we conducted our test, they are suggestive that

competition for spatially directed attention is confined
to an attentional control system and does not extend to
structures that are the recipients of attentional control.
Competition models provide a broad framework for
understanding the results of neurophysiological and
behavioral studies of attention. They do not specify the
mechanism by which the responses of extrastriate
neurons are modulated by attention. At present, it is
still not even clear whether there is one or multiple
proximal sources of attentional control signals to extrastriate cortex, or whether the pulvinar is, in fact, one
of the proximal sources. Working out the wiring diagram for attention will be an interesting challenge.
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