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Attention and visual perception
Geoffrey M Boynton

Somewhere between the retina and our conscious visual
experience, the majority of the information impinging on the
eye is lost. We are typically aware of only either the most
salient parts of a visual scene or the parts that we are actively
paying attention to. Recent research on visual neurons in
monkeys is beginning to show how the brain both selects and
discards incoming visual information. For example, what
happens to the responses of visual neurons when attention is
directed to one element, such as an oriented colored bar,
embedded among an array of other oriented bars? Some of this
research shows that attention to the oriented bar restricts the
receptive field of visual neurons down to this single element.
However, other research shows that attention to this single
element affects the responses of neurons with receptive fields
throughout the visual field. In this review, these two seemingly
contradictory results are shown to actually be mutually
consistent. A simple computational model is described that
explains these results, and also provides a framework for
predicting a variety of additional neurophysiological,
neuroimaging and behavioral studies of attention.

Addresses
The Salk Institute, Systems Neurobiology Laboratories -B, 10010 North
Torrey Pines Road, La Jolla CA, 92037-1099, USA

Corresponding author: Boynton, Geoffrey M (boynton@salk.edu)

Current Opinion in Neurobiology 2005, 15:465-469

This review comes from a themed issue on
Sensory systems
Edited by David Julius and Andrew King

Available online 14th July 2005

0959-4388/$ - see front matter
© 2005 Elsevier Ltd. All rights reserved.

DOI 10.1016/j.conb.2005.06.009

Introduction

Much has been learnt in recent years about how attention
influences the neuronal representation of visual stimuli.
The majority of recent studies of attention can be cate-
gorized as studies of either spatial attention or feature-
based attention. Cueing a monkey to shift spatial attention
from outside to inside the receptive field (RF) of a neuron
increases the responses of visual neurons, possibly by
increasing the effective contrast of the stimulus [1,2].
Cueing a monkey’s feature-based attention to one of two
stimuli presented together within the RF of a neuron
biases neuronal responses as though attended stimulus
was presented alone [3,4]. This is conceptually similar to
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restricting the RF to the attended stimulus. This can be
called ‘local feature-based attention’ because it describes
feature-based attentional effects locally within the focus
of spatial attention. Monkey electrophysiological [2,5°]
and functional magnetic resonance imaging (fMRI) stu-
dies [6] show evidence of ‘global feature-based attention’,
in which attention affects the response of neurons with
RFs well outside the focus of spatial attention. This might
seem contradictory because local feature-based attention
restricts the RF and global feature-based attention affects
neurons regardless of RF location. These effects of spatial
in addition to local and global feature-based attention
might seem complex. However, a simple model of atten-
tion presented in this review predicts a wide variety of
experimental results.

The neuronal contrast-response function

A variety of stimulus-driven responses in the macaque
visual cortex [7-9] can be described by a divisive contrast
normalization process. Neurons have an inherent peak
sensitivity for a specific feature of a stimulus, such as
direction of motion, color or orientation. If stimuli are
defined as consisting of multiple components presented
within the RF of a neuron, each of which has its own
feature, x;, and contrast, ¢;, then the response of a neuron
to a stimulus can be described by equation (1).

i) =20

The total excitatory response in the numerator is the sum
of squared linear responses to each stimulus component.
The inhibitory response in the denominator is the sum of
squared contrasts plus a semisaturation term, (o). This
term in the denominator corresponds to the contrast
energy of the stimulus and represents a divisive input
from a population of neurons selective across the spec-
trum of feature space [7]. This model predicts an S-
shaped, or sigmoidal, contrast-response function that is
suppressed divisively when non-preferred stimuli are
added to the RF. The model correctly predicts that
increasing stimulus contrast increases neuronal responses
without altering the selectivity of a neuron for a given
feature, such as orientation or spatial frequency [10-13].

1)

Contrast-gain model of spatial attention

Recent electrophysiological studies of attention in mon-
keys suggest that spatial attention increases the effective
contrast of a stimulus in color-selective area V4 [1] and
motion-selective area M'T [2]. This can be described
either by multiplying all contrast components by a con-
stant or, equivalently, by dividing the semisaturation
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Contrast-gain model of spatial attention. Spatial attention directed
from outside the RF (light curve) to inside the RF (dark curve) shifts
the contrast response function of the model neuron leftward. Responses
are in arbitrary units. Model parameters: semisaturation constant

o =10%, feature-based gain G = 1.4, spatial attention contrast gain
factor: 1.75. Baseline response & = 0.2.

parameter, o, by the same constant. Dividing the para-
meter o by a constant k>1 increases the effective contrast
of the stimulus by the same factor, shifting the contrast—
response function leftward on a log—contrast axis. Figure 1
shows the effect of spatial attention on the contrast—
response function of a model neuron. The light curve
is the contrast-response function when attention is direc-
ted away from the stimulus, and the dark curve is the
contrast-response function of the attended stimulus. Note
that spatial attention should have its maximal influence
for intermediate contrasts.

The feature similarity gain model of global
feature-based attention

Treue and Martinez-Trujillo [5°] have shown that, for
example, if a neuron in area MT of the macaque is
selective to upward motion, then attention to upward
motion will enhance the response of this neuron, whereas
attention to downward motion will suppress the response.
Interestingly, this modulation is found even when the
spatial focus of attention is outside the RF of the cell.
These authors suggest a ‘feature-similarity gain model” of
attention. In this model, attention directed to a particular
feature modulates the firing rate by a gain factor that has a
tuning function similar to the stimulus-driven tuning
function of that neuron [2,5°%,14].

R(xi,ci,5) = GO)[H (xi, 1) + 3] (2)

To quantify the feature similarity gain model, the
response of a neuron from equation (1) is modulated

by a gain factor, G, that depends on the attended feature
y (Equation (2)).

Here, H is the response of the neuron from equation 1.
The parameter § is the inherent baseline-firing rate of the
neuron. The gain factor G(y) peaks at a value greater than
one for the preferred feature of the neuron, and drops
below one when attention is directed to features well
outside the preferred feature. Importantly, the attended
feature y does not need to be present in the stimulus used
to map the RF and can, for example, be a feature present
in a stimulus attended outside the RF of the neuron. That
is, Gfy) is a purely feature-based effect, and is indepen-
dent of the spatial focus of attention and the properties of
the visual stimulus.

Figure 2 shows how feature-based attention affects the
response of a model neuron under experimental condi-
tions similar to those of Martinez-Trujillo and Treue [5°].
Both curves show responses to a stimulus when the
monkey was focusing attention away from the stimulus.
The light curve shows a direction-tuning curve for a
hypothetical M'T neuron when the monkey is performing
a task unrelated to motion at the point of fixation. The
dark curve shows the response to the same stimulus, but
when attention was to another stimulus outside the RF
and moving in the same direction as the stimulus inside
the RF. Feature-based attention enhances the response
when attention is directed towards the preferred direction

Figure 2
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Feature-similarity gain. The light curve is the direction tuning curve

for a model MT neuron (preferring 180 degree motion) with attention
directed outside the RF towards fixation. The dark curve is attention
directed to the same direction of motion, also outside the RF. Feature-
based attention towards the preferred direction enhances the response,
whereas attention towards the anti-preferred direction suppresses the
response. Responses are in arbitrary units. Model parameters: same as
for figure 1 except stimulus contrast: 100%, direction selectivity:

F(x) = Gaussian with 1/e width of 90 degrees. Feature similarity gain,
G(x) = 0.6 F(x) + 0.8.
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of the neuron (G>1), but suppresses the response when
attention is directed towards the non-preferred direction
(G<).

Biased competition model of local feature-
based attention

In a classic study, Moran and Desimone [3] measured
electrophysiological responses in the monkey from area
V4 and from neurons in the inferotemporal cortex (I'T)
neurons when two stimuli were presented within the RF
of a neuron. One stimulus was called the ‘preferred’
stimulus because, when presented alone, it produced a
larger response than the ‘non-preferred’ stimulus. When
attention was directed away towards a fixation task, the
response to the pair of stimuli fell between that to the
preferred and that to the anti-preferred stimuli when they
had been presented in isolation. When attention was
directed to the preferred stimulus, responses increased,
and when attention was directed to the anti-preferred
stimulus, responses decreased. Desimone described
these results with a ‘biased competition model’ in which
attention to one of two stimuli within the RF of the
neuron biases the response of the neuron as if the
attended stimulus was presented alone [15].

In a subsequent study, Reynolds, Chelazzi and Desimone
[16] made similar measurements in areas V2 and V4 using
oriented colored bars. A quantitative description of the
biased competition model predicts their results, in which
the response to the pair of stimuli is a weighted average of
the response to each stimulus alone. Attention away from
the pair results in an average response, or an equal weight
for each stimulus. Attention to one of the pair shifts the
weight towards the attended stimulus.

The feature similarity gain model predicts
biased competition

The biased competition model is analogous to shrinking
the effective size of the RF [4] but the feature-similarity
gain model seems to achieve almost the opposite effect
because it is a spread of attention to all neurons in the
visual field [17]. However, the simple model described
above can explain both effects by assuming that the same
feature-based attention mechanism operates both within
and outside the RF of a neuron.

Consider the case when attention is directed towards
fixation when a pair of stimuli is placed in the RF. Here,
we assume a neutral feature-based gain factor (G) of one.
If the stimuli are at full contrast, then the semisaturation
constant in the denominator of equations. 1 and 2 can be
ignored (because % < 1). The model predicts that the
response to each of the two stimuli, having features x;, will
be simply x?, and that the response to the pair will be
(x§ 4+ x3)/2. That is, the response to the pair is correctly
predicted to be the average of the response to each of the
two stimuli alone.
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Feature-similarity gain predicts biased competition. Model V4 neuron
with vertical preferred orientation. Icons show the stimulus inside the
RF (light circle), with the attended component inside the smaller circle
(except for middle bar when attention is directed towards fixation).
Attention to one of two stimuli inside the RF (second and fourth bars)
biases the response away from the condition in which attention is
directed towards fixation (middle bar) and towards the condition in
which the attended stimulus is presented alone (first and fifth bars).
Responses are in arbitrary units. Model parameters: same as figure 2
except with orientation replacing direction. Stimuli: 90 and 180 degree
orientations for anti-preferred and preferred stimuli respectively.

Attention to stimulus component 1 in the RF invokes the
feature-based gain factor G(xy). If, again, the effects of the
semisaturation constant are ignored, the response to the
pair will be G(x)(x} + x3)/2. This is simply the average
response multiplied by the feature-based gain factor. The
gain factor will be greater than one if the attended stimulus
is the preferred stimulus of the neuron, and less than one if
the attended stimulus is anti-preferred. This is qualita-
tively consistent with the predictions from the biased
competition model; instead of attention biasing the
response towards the response to the attended stimulus,
the model makes the equivalent prediction that attention
biases the response away from the mean response.

Figure 3 shows predictions of the responses of a model
neuron under conditions similar to those used by Rey-
nolds ez a/. [16]. The response to the pair when attention is
directed towards fixation is roughly halfway between the
responses to cach of the stimuli when presented alone.
Attention directed from fixation to the preferred and anti-
preferred stimulus increases and decreases the response,
respectively.

Model predictions of other attention studies
Spatial attention

The model described above provides a framework for
understanding a variety of studies on spatial and feature-
based attention, and helps reconcile apparent discrepan-
cies in their results. For example, McAdams and
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Maunsell [18] measured the effects of attention on the
orientation-selectivity of V1 and V4 neurons. Orientation
tuning curves in both V1 and V4 were found to increase in
a multiplicative fashion with spatial attention. This, at
first, seems like a contradiction of the contrast-gain model
of spatial attention described above. However, it is easy to
show that if the effects of contrast and orientation are
separable, a change in the semisaturation constant
changes the tuning functions multiplicatively [19].

Human psychophysical studies are generally consistent
with the contrast-gain model of spatial attention. A recent
study used the motion aftereffect to assess the response to
an attended and unattended stimulus and found that
attention acted as a contrast gain [20]. Another psycho-
physical study measuring contrast discrimination thresh-
olds is consistent with spatial attention acting both as a
contrast gain and as a multiplicative gain [21].

In addition to a contrast gain change with spatial atten-
tion, there is some fMRI and macaque electrophysiology
evidence suggesting that spatial attention might also
increase the baseline response of neurons in the absence
of visual stimulation [22-27]; for reviews see [28,29].

Local feature-based attention

Competitive interactions for multiple stimuli within the
RF of a cell have also been found in area M'T. Treue and
Maunsell [17] trained monkeys to attend to one of two
dots (that oscillated back and forth) within the RF of M'T
neurons. Firing rates increased when the attended dot
moved in the preferred direction of the neuron. In a
related study, Seidemann and Newsome [30] recorded
from M'T neurons in monkeys trained to attend to one of
two fields of moving dots in the RF, one field moving in
the preferred direction, one in an anti-preferred direction.
Responses increased when attention was directed to the
preferred motion compared with that to the anti-preferred
motion. Just as for the competitive interaction results in
V2 and V4, the feature-similarity gain model can predict
these attentional effects in MT.

Seidemann and Newsome [30] measured attentional
effects in two other conditions that can be predicted
by the model. In one experiment, the anti-preferred dots
were placed outside the RF. The modulation of response
when attention was shifted between the preferred and the
anti-preferred dots was nearly identical to that observed
when both stimuli were presented inside the RF. Note
that only spatial attention is different between the first
and the second condition; feature-based attention is the
same. The model predicts this result because the dots
were of high contrast, so the additional effects of spatial
attention should be negligible. Only spatial attention was
varied in a third experiment, in which both the moving
dot field inside the RF and the field outside the RF
moved in the preferred direction. As expected, little

attentional modulation was found when the monkey
switched spatial attention between the two stimuli.

In alater study in macaque V4 by McAdams and Maunsell
[31], when attention shifted between identical oriented
grating stimuli inside and outside the RF, response mod-
ulation was less than when attention shifted between the
grating stimulus inside the RF and a colored spot outside
the RF. The first condition manipulated spatial attention
alone, whereas both spatial- and feature- based attention
varied in the second condition.

Global feature-based attention

An analogous fMRI study in the human visual system
supports the feature similarity gain model [6]. The fMRI
response to an unattended upward moving field of dots in
one visual hemifield increased and decreased when sub-
jects alternated attention to upward and downward
motion, respectively, in the opposite visual hemifield.
These effects were found throughout the early retinoto-
pically organized visual areas (V1, V2, V3, V3A and M'T'+).
The attentional effect was also found for color; for exam-
ple, the fMRI response to an unattended red stimulus was
found to increase and decrease when attention was alter-
nated between a red and green stimulus, respectively, in
the opposite visual hemifield. A related psychophysical
study showed that it is easier to attend to two stimuli
simultaneously if they share a common direction, motion
or color [32].

A very recent study [33°] found evidence of feature-based
attention for orientation in human V1 with fMRI. A
pattern classifier algorithm was used to categorize dis-
tinctive patterns of fMRI responses in V1 associated with
different stimulus orientations. Then, when subjects
attended to one of two orientations on a plaid stimulus,
the authors could predict which orientation the subject
was attending to. Accurate prediction required incorpor-
ating the response over a large region in V1. It seems
reasonable that this experiment worked only because
global feature-based attention modified the responses
of all V1 neurons, regardless of the location of spatial
attention, so that the overall pattern of responses was
sufficiently biased to resemble the pattern induced by the
attended orientation alone.

Conclusions

The model in this review proposes a simple relationship
among the effects of spatial, local and global feature-
based attention on visual neuronal responses. Spatial
attention acts as a contrast-gain mechanism. Local and
global feature-based attention are mediated by the same
mechanism, and operate separably with spatial attention.
Although this model explains biased competition through
global feature-based attention, a related model explains
global feature-based attention through biased competi-
tion of neurons in area I'T [34,35].
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Some predictions of the model remain untested. For
example, spatial and feature-based attention should oper-
ate separably, so that the effects of feature-based attention
should have the same multiplicative gain whether atten-
tion is allocated inside or outside the RF of the neuron.
Also, as suggested by fMRI studies [22,23,36], feature-
based attention should affect baseline responses through-
out the visual field, even without the presence of a stimu-
lus. It is well known that attention changes the perceptual
quality and behavioral performance on visual stimuli. It
should be easy to modify models of the neurophysiological
effects of attention, such as the one presented here, to
predict the effects of attention on perception and beha-
vioral performance. Hopefully, this will provide a frame-
work for understanding the relationship between the
effects of attention of the brain and its effects on behavior.
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