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Does the brain perform a
Fourier analysis of the visual
scene?

Norma Graham

The decomposition of a complex auditory saund into its constiiuent simple harmonic varia.
figns (pure tones) is an example of Fourier analysis, Does the brain do something like this o
visual scenes, decomposing a visual pantern into some simpler representation to help ease
the information-processing load? As Norma Graham explains below, the answer to this

question is both yes and ro. Bul, yes or no,

the idea that the brain might do a Fourier

analysis of the visual scene has been a powerfil impetus to much excifing visual research in

the last decade.
Fourier analysls

To diseugs Fourier analysis as applied to
visual patterns,  find it easiest to begin by
considering one simple pattern, a sinu-
soidal grating. A sinusoidal grating is a pat-
lern which looks like a set of blurry, alter-
nating dark and light stripes (see Fig, 2a of
the article by Murray Sherman®). The
luminance in the direction perpendicular to
the stripes varies sinusoidally, while the
luminance in the direction parallel to the
stripes is constant. The spatial frequency of
a sinuspidal grating is the number of cycles
of the sinusoid per unit distance, or, in
other words, the number of dark-
bar-light-bar pairs per unit distance, {The
usual unit of distance is a degree of visual
angle,) Spatial frequency and size of bar
are inversely proportional to each other; a
grating of high spatial frequency has nar-
row bars and a grating of low spatial fre-
quency has wide bars.

The mean luminance of a grating is the
average of the luminances at every point
acruss the whole spatial extent of the grat-
ing. The conras of a prating is a measure of
the difference betwesn the maximum

luminance and minimum luminance usu-
ally taken to be one-half that difference
divided by the mean luminance. (One of
the attractions of sinusoidal gratings is that
the mean luminanee of & grating can easily
be held constant, keeping the observerina
relatively constant state of light adaptation,
while the contrast and spatial frequency are
vaned.)

Now consider any visual stimulus, the
luminance of which varies alang only one
dimension. As follows from a theorem due
to the eighteenth-century mathematician
Fourier, any such stimulus can be con-
structed by superimposing sinusoidal grat-
ings of different spatial frequencies, con-
tragts, and phases {positions). Further,
there is only one set of sinusoidal gratings
which can be superimposed o form a
particular  stimulus, Thus, any one-
dimensional  visual stimulus can  be
described as containing certain spatial fre-
quencies. The amount and phase of cach
spatial frequency contained in a stimulus
(the contrast and phase of the component
sinusoidal grating of that spatial frequency)
are given by the Fourter transform of the
stimulus,
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Analysis into spatial frequencies is not
restricted  to  one-dimensional  visual
stimuli. Consider an ordinary black-and-
white photograph as an example of a two-
dimensional visual stimulus, Any sich
stimulus can be constructed by adding up
sinusoidal gratings which differ in orienta-
tion as well as in contrast and frequency
and phase, A picture of fine-grained sand-
paper, for example, could be formed by
adding up sinusoidal gratings of high spa-
tial frequencies and many orientations. A
picture of coarse-grained sandpaper could
be formed by adding up sinusoidal gratings
of low spatial frequencies and many orien-
tations. The amount and phase of each spa-
tial frequency at each orientation is given
by a mwo-dimensional Fourier transform.
Fourier transforms can be computed in
higher dimensions as well (allowing for
depth, eolour, and time, for example), but
in this article [ will 1alk, for simplicity's
seke, as if all visual pattemns were two-
dimensional,

To do a Fourier analysis of a visual pat-
tern is to compute the Fourier transform of
that pattern, that is, to compute how much
of each spatial-frequency/orientation com-
bination is present in the pattern and at
what phase it is present. In terms of the
component sinusoidal gratings from which
the pattern could be formed, to compute a
Fourier transform is to computs, the con-
trast and phase of cach of these component
gratings. There are well-established
mathematical procedures for doing this
computation,

The brain does not perform a siric Fourler
analysis of the visual scene

What woutd we mean if we said that the
brain performed a Fourier analysis of the
visual scene? We might mean, if we were
speaking stricily, that there was a set of
neurones that computed the Fourer trans-
form of the visual pattern. The magnitude
of the response of 2 particular neurone in
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the set would be complerely determined by
the amount (or by the phase) of a particular
spatial-frequency/arientation combination
present inthe pattern. In other words, each
neurone in the set would respond only (o
in extremely narrow range of spatial fre-
quencies and  orientations. Different
neurones would respond to different
spatial-frequency/orientation combinations
50 the sl as a whole would compute an
excellent spproximation to a Fourier trans-
form. (It is an approximation because there
are only a finite number of neurones and the
Fourier transform is a continuous function,
bt ths kind of approximation has no pric-
tical consequences.)

There is no such set of neurones any-
where in the brain; at Jeast, there is abso-
lutely o evidence, either physiological or
pevchophysical, that such a set of neuroges
exists. The brain, therefore, does not pet-
form  strict Fourier analysis of the visual
=lEne,

The brain performs acrude Fourier analysig
Although there is no evidence that the
brain performs a strit Fourer analysis,
there is an accumulating mass of evidence
that the brain performs operations with
many of the characteristics of Fourier analy-
ses, operations that could be called erude
Fourier analyses. Let us look ar the
newrophysiclogical evidence first,

Neurophysialoglcal evidence

For several decades, neurones in visual
Systeres of all but the lowest animals have
been known 1o be specialized. Differem
Reurones require different stimuli for max-
imal response, Particularly important for
the present discussion is the fact that
pearones in the visual cortex of higher
ammals respond Lo gratings of certain spa-
tial frequencies, but not to spatial frequen-
cies that are much higher or lower, They
also respond enly to & restricted range of
orientations. Some particularly {nteresting
results have been obtained recently in pri-
mates by DeValois, DeValois, Albrecht,
end Thorell* at the University of California
at Berkeley, and by Movshon, Thompson,
and Tolhurst* st Cambridge University,

Since different cells respond to different
ranges of spatial frequency and orienta-
tion, one can obtain an approgimate idea of
how much of any spatial-frequency/
onentation combination is present ina pat.-
tern by finding aw which cells respond
mast (o that pattern. Thus one can obtain a
rough approximation to the Fourier trans-
form of the pattern. The whole set of cells
can be described, in short. as doing a crude
Fourier analysis,

No magic is required for cells to do this
crude Fourier analyss, They do not kter.
ally have to do the mathematical COmpuUta-
tions usually called Fourier analysis, Their
selective  senmsilivity for certain TEmow
rangles of spatial frequency and orientation
is an immediate consequency of their
receptive-ficld  orpanization. Roughly
speaking, the sizes of the excitatory and
inhibitory segments of a receptive fiekd
determine which spatial frequency the cell
responds 1o maximally; the orientation of
the receptive field determines which orien-
tation the cell responds to maximally.

Psychophysical evidence

About 10 wvears ago, Campbell and
Robson of Cambridge University, Pantle
and Sekuler of Northwestern University,
and Thomas of the University of California
at Los Angeles, suggested that there were
‘spatiah-frequency  channels' or  ‘size-
detecting mechanisms’ in the humay visual
system. A number of people have also sup-
gested that there are orientation channels.
These channels were hypothesized 1o be
selectively sensitive to narrow ranges of
spatial frequency and/or orientation,
Although the channels investigated in
psychophysical and perceptual  experi-
ments are far from established as being
identical to the cortical neurones described
above, it is a useful heuristic to assume ten-
tatively that they are. In any case, these
psychophysical channels could also be
properly described as doing a crude
Fourier analysis.

A very large amount of psychophysical
evidence from the last decade supports the
nation of these channels, T summarized this
evidenice in a recent chapter®, Here 1 will
just briefly mention the main lines of evi-
dence. In summarion experiments, the visi-
bility of a compound pattern containing
several sinusoidal grating components is
compared with the visibility of each com-
ponent alone. If all of the Components
affected the same channel, the compend
should be much more visible than any
component. In fact, however, the eom-
pound is not much more visible. The visnal
system acts as if the components were
being processed by separate channels and
therefore could not help each other out.

In adapration and masking experiments,
the visibility of test patterns is messured
either after the observer has mspected a
supra-threshold adapting pattern, or while
he is inspecting & masking pattern. The
visibility of the test pattern should be
affected by the adapting or masking paf-
tern if the patterns are processed by the
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same channel, but not otherwise. In fuct,
when the test and adapting (or masking]
patterns contain similar spatial frequencies
tnd oricotations, the visibility of the qest
pattern is affected; but when the test ang
adapting (or masking) patterns comain
very different spatial frequencies or arienr.
ations, the visibility of the 1est pattern is nor
affected.

Thesge summation, adapiation, and
masking experiments, as well as many
others, provide evidence rhat channels
selectively sensitive to spatial frequency
and orientation do exist. In short, they pro-
vide evidence that the visual s¥stem does
dea crude Fourer analysis.

The brain performs a crude Fourier
analysis. So what?

We are a long way from understanding
exactly what the neurones and psychoephys-
ical channels described abave are good for,
that is, what their function is in visual per-
ception, but people are beginning w have
ideas. One interssting possibility is that
channels/neurones sensitive 1o low spatial
frequencies may be responsible for the
global proeessing of visual scenes (the
bresking-up of the scene inta objects
perhaps) and the channels/neurones sems)-
tive to high spatial frequencies may be
responsible for the Jocal processing | the
scruting of fine details, the recognition of
particular patterns), Another possibility s
that all of the channels/neuranes may be
active in detecting texture gradients or in
doing effortless texture discrimination,

Whether these particular possibilities
are corTect or not, there is no doubt that the
idea of the brain's performing a crude
Fourier enalysis of visual patierns can-
tnues to stimulate much EXCIting ExXper-
imental and  theoretical  work in
neurophysiology, psychaphysics, and per-
ception,
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