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recognition when a single object is presented alone in the visual field, since the cortical
control neurons themselves may be able to handle the routing for such a simple scene.
The pulvinar control neurons may only be necessary to filter out other information
when multiple objects are present.

It seems unlikely that the parietal cortex could play a role in controlling informa-
tion flow because it is so lacking in connectivity to the occipito-temporal pathway.
Also, it does not appear to have the necessary structure for choosing a single locus
for attention, such as the RNT, although this remains an unknown. The superior

colliculus also does not appear as a good candidate for control for the same reasons.

C.5 Which data are important?

The routing circuit model was formulated to solve a specific problem - namely, the
recognition of objects in a complex environment independent of translation and scale
on the retina. We have hypothesized that the process of visual attention provides a
solution to this problem by reducing the amount of incoming information to a man-
ageable size and by bringing this information to the pattern recognition system in the
correct format (i.e., normalized for position and scale). In the psychophysics com-
munity, on the other hand, attention is largely viewed as a phenomenon - something
that gives you faster reaction times or better performance when you are pre-cued to
a particular location (or feature dimension). This view naturally leads to differences
between the way attention is commonly investigated and the way one would investi-
gate attention if testing our model. However, we must make do with the data that
are available, and so we need some means of judging which data to weigh seriously
and which to weigh less seriously.

Since the model is directed at the task of pattern recognition, then those exper-

iments involving the processing of patterns, such as the experiments of Bergen and
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Julesz (1983) and Triesman (1988), are probably ones that we can most directly re-
late to our model. On the other hand, those experiments involving such tasks as
detecting the onset or dimming of a spot of light, or color or orientation discrimina-
tion, are more difficult to relate to our model. Although these tasks may qualify as
“attention-related” since certain stimuli can be processed quicker or more efficiently
when computational resources are focused on them, they can be solved with much
simpler models that do not require a routing circuit for shifting and scaling informa-
tion. It may well be that the capabilities of our model could transfer to such tasks, but
the outcome of these experiments, either way, cannot be weighed as serious evidence
for or against the model.

Lesion studies, in particular, need to be interpreted with extreme caution. Pre-
vious lesion studies of other parts of the brain have revealed that it is a highly dis-
tributed, redundant system. This makes it very difficult to discount a particular area
taking part in some function just because one doesn’t obtain a substantial behavioral
effect. For example, lesions of SC or FEF alone seem to have only a mild effect on
eye movements, but simultaneous lesions to both areas produce a dramatic effect (eye
movements are virtually abolished). Also, as Ungerleider and Mishkin have pointed
out, initial lesion studies of the prestriate cortex seemed to indicate that it was not
the principal pathway between V1 and IT, but later studies made it clear that sparing
even small amounts of the prestriate cortex left viable pathways between V1 and IT
that enabled the animals to still perform object recognition tasks. Even prosopag-
nosics seem to retain more or less normal visual function in most respects, except
that they may occasionally confuse one object for another.

In this context, I would evaluate each of the physiological and lesion studies of

the pulvinar to date as follows:

e Petersen et al.’s (1985) physiology experiment utilizes the task of detecting the
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dimming of a spot of light. It is assumed that the spot of light was attended if its
dimming was correctly detected. This task is unrelated to pattern recognition
and can be solved by many other means besides the dynamic routing circuit,
so we would be hard pressed to use the outcome as direct evidence. They find
an enhancement in 50% of the cells recorded in Pdm when the attended spot
of light falls within its RF. Attentional enhancements are absent in PL and PI,
but one does find cells here, and in Pdm, that are modulated by saccades. Cells
in Pdm are connected with both IT and PP. Perhaps the Pdm cells are exerting
an attentional effect on IT, or on PP? Or perhaps the Pdm cells are merely
reflecting the enhancement of PP cells - i.e., they are an effect, and not the

cause, of attention.

Petersen et al.’s (1987) neuropharmacological experiment utilizes the task of
detecting the onset of a spot of light in pre-cued and un-cued conditions. Re-
action times are faster in the pre-cued condition than the un-cued condition.
Again, this task is unrelated to pattern recognition, so it provides relatively
weak evidence. Injecting GABA agonists and antagonists into Pdm seems to
respectively slow down or speed up shifts of attention, insofar as reaction times
get slower and faster. The results of this experiment would seem to support a
causal role for Pdm in visual attention, although whether the effect is exerted
on PP or IT cannot be resolved. Presumably, either of these areas could be

involved in performing this task.

Rafal and Posner’s (1987) lesion experiment also utilizes the task of detecting
the onset of a spot of light (actually, an asterix). Subjects were precued to
one of two locations on opposite sides of the visual field and asked to respond
as quickly as possible when an asterix was presented in one of the locations.

The subjects with thalamic lesions (i.e., pulvinar + presumably other parts of
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the thalamus) consistently had slower reaction times on the contralesional side,
although the improvement obtained with increasing SOA times was the same
for both sides. This is in contrast to what one obtains with SC lesions, in which
targets presented on the contralesional side result in a much slower improvement
with increasing SOA times, suggesting an impairment in the “move” operation
of attention. Thus, it is concluded that patients with pulvinar lesions are moving
their attention OK, but not “engaging” it as thoroughly as without the lesion.
Although it is noted that all the thalamic lesioned patients had “no clinical
evidence of visual impairment,” it is still hard to rule out the possibility that

the thalamic lesions merely screw up the visual system in some general way

unrelated to attention.

Desimone et al.’s (1990) lesion experiment utilizes the task of color discrim-
ination. The animal is pre-cued to a certain location in the visual field and
must make a judgement of the color of a bar subsequently presented at that
location (maintaining fixation) with and without a distractor. Although this
task does not involve pattern recognition, it does at least involve a distractor
stimulus - albeit one - that would seem to force the animal to process one lo-
cation preferentially over the other. They find that complete deactivation of
PL (the posterior portion, connected to V4 and IT) of one hemisphere results
in an increase in errors (~ 30%) when a distractor is present in the opposite
hemifield. One does not get this effect, however, without a distractor, or when
the distractor is placed in the same hemifield as the target. On the other hand,
local deactivation of the superior colliculus does produce an increase in errors
when the target and distractor are in the same hemifield. Thus, it would seem
that both pulvinar and SC play some role in directing information processing

to a particular part of the visual scene; but note the only way that SC could
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actually affect cortical information flow is through the pulvinar, or perhaps via

its direct connection to LGN.

Chalupa et al.’s (1976) tachistoscopic pattern discrimination experiment is get-
ting closer to an appropriate experiment for testing the model, in that he utilizes
spatial patterns with brief presentation times. They find that lesions to PI re-
sult in a dramatic impairment in pattern discrimination ability, whereas lesions
to PL and PM do not. However, his lesions to these latter two areas are in-
complete. Also, the patterns being discriminated are an “N” vs. a “Z”, which
are probably not substantially complex to tax the monkey’s pattern recognition
system. Bender attempted to repeat Chalupa’s experiment, however since he
used cynomolgus monkey’s, which are slower learners of visual discriminations,
he had to scale up the patterns so they were 20°x20° in size! So it does not
come as a great surprise that his lesions produced no effect. Both Chalupa and
Bender utilized RF lesions, which damage fibers of passage. Thus, it is difficult
to say whether Chalupa’s effect is due to destroying the cortico-tectal pathway

or the pulvinar itself.

Bender and Butter’s (1987) study also included a visual search task in which the
monkey scanned a display (with eye movements) to look for a particular target
item - for example, a circle - placed in a field of distracting items - squares,
triangles, crosses, etc. The patterns were 2°-4° in size. Although this task relies
on overt instead of covert attention, it does require the animal to discriminate
among patterns. Bender’s lesions produced massive bilateral damage to PI and
PL - and in one monkey much of PM too. However, only a very mild increase in
errors was observed. This result is not inconsistent with our model, since it is
conceivable that the animal could simply be homing in on a particular feature

in the target, and hence there would be no need for a routing circuit. However,
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it 1s still a bit disturbing that a stronger effect was not observed.

Nagel-Leibey et al.’s (1984) lesion study utilizes the task of discriminating a
plus vs. square pattern. Both RF and kainic acid lesions are used (the latter
leaves the cortico-tectal fibers of passage intact). Both lesions result in mild
deficits in the retention of the ability to learn these tasks. The lesions involved
large portions of PI and PL. The effect obtained here seems to be suggestive of
some role for the pulvinar in pattern discrimination, however the patterns used
here are still quite simple. Nor is the task particularly demanding of attention

(long presentation times, no distractors, etc.).

Laberge and Buchsbaum’s (1990) PET study utilizes the task of discriminating
the shape of a target item when it is surrounded by a field of distractors vs. when
it is displayed alone. This is probably the best designed task of any experiment
to date for testing the model, in that it involves both pattern discrimination and
the filtering out of irrelevant information. They report that the pulvinar shows a
higher differential activation when the target item is surrounded by distractors
than when it is displayed alone. However, his data are less than convincing.
Only the left pulvinar shows enhanced activity when the distractors are present.
In addition, V1 shows enhanced activity too when the distractors are present.
Thus, it could well be the case that the presence of the distractors causes more
activation overall in V1, which then excites the pulvinar differentially. This
experiment would have been more compelling had he done a control in which

the distractor stimuli were viewed passively, as opposed to attentively.

Finally, it should be noted that Robinson et al. (1986;1990) have carried out
several studies investigating the responses of pulvinar neurons in relation to eye
movements. Most cells are enhanced before an eye movement, irrespective of

the direction of the eye movement; others are selective for direction. Some cells
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are suppressed during eye movements, others not. Also, some cells seem to show
activity signaling the end of a saccade. It has been determined that most of
these effects are due to an extraretinal signal - i.e. proprioceptive information.
In general, it makes sense that the control for covert attention would somehow
have to be coordinated with eye movements, but since the model does not yet
address this issue it is hard to say what one would expect of pulvinar neurons
with respect to eye movements. At this stage, my best guess is that the general
enhancement effect observed before and after saccades could possibly be a way of
resetting the pulvinar before and after an eye movement (this effect is also found
in V1 and other visual cortical areas). The suppression during eye movements
would also be desirable in order to filter out irrelevant information as the eye

sweeps over a scene (such an effect has also been observed in the LGN).

C.6 Design of experiments

Consider the problem a monkey faces in recognizing another monkey in the jun-
gle, among the many other objects—coconuts, flowers, foliage, etc.—that clutter the
natural visual environment. This task demands enormous amounts of sensory in-
formation processing, yet it probably comes quite naturally and effortlessly to the
monkey. Now compare this with the situation a monkey typically faces in any one
of the above experiments—for example, detecting the dimming of a spot of light in
the periphery, or judging whether the orientation or color of two bars is the same
or different. These latter tasks demand trivial amounts of visual computation by
comparison, yet I would guess that they are conceptually much more difficult for the
animal to perform.

The model we have proposed is meant to address a problem of the former type—

i.e., computationally intensive, yet effortless. Thus, experiments designed to test the
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routing circuit hypothesis should be designed along these lines. The task used in the
experiment should be computationally challenging, but not necessarily conceptually
difficult for the animal to perform. Indeed, designing tasks that naturally fit an
animals capabilities would be an advantage in training. An example might be to
train an animal to discriminate among two or more complex shapes - for example,
different faces - and then test the animals performance with the same shapes presented
at different sizes and locations on the retina, or among a field of distracting items.
If an animal could still perform such a task with extensive pulvinar lesions, or if no
modulation of activity were observed in pulvinar neurons during such a task, then we
would have to reconsider what role, if any, the pulvinar plays in visual attention.
Another important consideration in the design of experiments is to determine
where data are most needed to test a certain theory. Here, it would be helpful to
have an alternative theory against which to judge the evidence - i.e., does the data
fit model A or model B? Finding data that don’t fit model A will tend to lower the
likelihood of model A somewhat, but if it could be shown that the data better fit an
alternative model B that solves the same problem as model A, then this makes the
case against model A even stronger. Unfortunately, few models exist that are designed
to solve the same problem as ours. One popular theory that is often touted is that
recognition is achieved through a succession of feature selective and complex-like cells
that allow for some variability in the position of the feature. The features become
increasingly more complex and less position sensitive as one proceeds through the
hierarchy of visual areas until - voila! - one achieves face-selective and hand-selective
cells in IT. However, no one has yet spelled out a coherent neurobiological theory
that goes beyond this rather intuitive, two-sentence description. In order to qualify
as a valid neurobiological theory, one must be able to show (a) that the method
actually works for recognizing shapes over wide ranges of position and scale, (b) that

it does so in a manner consistent with known neuroanatomy, neurophysiology and
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psychophysics, and (c¢) that it makes solid, experimentally testable predictions about
what one would expect to find in various cortical areas.

On the other hand, there are plenty of other models of attention in general that
could be tested against ours. The model of Niebur et al. (1993), for example, would
predict 40Hz oscillatory activity in the pulvinar and within attended regions of V1,
and non-oscillatory activity during states of inattention. Their model also predicts
shifts and enlargements of V4 receptive fields, but our model would predict that an
RF would cover only a fraction of the attentional window, whereas in their model
the RF could easily cover the entire attentional window, since spatial relationships
within the attentional window are not preserved. Another consequence of preserving
spatial relationships is that the patterns of activation on the cortical surface should
translate, or dilate and contract, as attention is shifted and scaled over the scene. This
prediction could probably be tested most directly with optical recording techniques,

but this method still seems to be in its infancy.

C.7 Conclusion

The available data on the pulvinar leave us with a mixed bag of evidence. All of
the physiological and lesion study evidence is rather weak, with most of it for, and
some (namely, Bender’s search task) against the pulvinar playing an important role
in attention and pattern recognition. Thus, the strongest argument for the pulvinar
as a control site comes from the way that it is anatomically situated with respect
to the rest of the cortex. Until additional data are obtained to the contrary - from
experiments designed in the appropriate manner - it would be premature to discount
the pulvinar’s role in controlling attention with what little negative data exist.

The brain has been wonderfully constructed to perform computational feats that

are beyond our most powerful supercomputers. In order to deduce how the brain
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carries out these operations, it is important to observe the system during periods of
intense computation. Simple probes have traditionally been used in order to isolate
various aspects of the stimulus, and this approach has been useful at giving us a first
cut estimate of what may be going in different brain areas. However, revealing the
more complex operations of the brain - such as visual attention and complex pat-

tern recognition - will require experimental designs that better challenge an animal’s

natural computational capabilities.
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