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By examining the experimental data on the statistical properties of nat-
ural scenes together with (retinal) contrast sensitivity data, we arrive
at a first principles, theoretical hypothesis for the purpose of retinal
processing and its relationship to an animal's environment. We argue
that the retinal' goal is to transform the visual input as much as pos-
sible into a statistically independent basis as the first step in creating
a redundancy, reduced representation in the cortex, as suggested by
Barlow. The extent of this whitening of the input is limited, however,
by the need to suppr~ss input noise. Our explicit theoretical solutions
for the retinal filters also show a simple dependence on mean stimu-
lus luminance: they predict an approximate Weber law at low spatial
frequencies and a De Vries-Rose law at high frequencies. Assuming
that the dominant source of noise is quantum, we generate a family
of contrast sensitivity curves as a function of mean luminance~ This
family is compared to, psychophysical data.

1 The Retina and the Visual Environment

An animal must have knowledge of its environment. As Barlow (1989)
has emphasized, one important type of knowledge that needs to be stored
in the brain is knowledge of the statistical properties of sensory messages.
This provides an animal with data about the regular structures or features
in its environment. New sensory messages can then be compared to
expectations based on this background data; for example, the background
data can be subtracted. In this way, one can argue, the brain is able to
discover unexpected events and new associations. Here we explicitly

. explore the possibility that even the retina knows some of the statistical
properties of visual messages; Our prejudice is that discoverIng how
this information is used in the retina will not only help explain retinal
processing but will be invaluable in applying this idea to the cortex.

To discover what, the retina knows about the statistics of its environ-
ment, it is first necessary to find out just what characterizes the ensemble
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of visual messages in a natural environment. An imporrant step in this
dir~ction has been taken by Field (1987), who has been analyzing pictures

, of " natural" scenes, such as landscapes without human-made objects as
well as. pictures of human faces. As Field has argued, these represent a
very small subset of all possible images: all possible arrangements and

. values of a set of pixels. What he found is that natural images have
unique and clearly defined statistical properties.

The first statistical measure Field calculated is the two-dimensional
spatial autocorrelator
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(L(x)L(y)) (1.1)

which is defined as the average over many scenes (or the average over
one large scene assuming ergodicity) of the product of luminance levels
L(x) and L(y) at two spatial points x and y. Actually, by homogeneity
of natural scenes the autocorrelator is only a function of the relative
distan~e: R(x 

- y)- 

One can thus define the spatial power spectrum, which
is the Fourier transform of the autocorrelator R(f) = J dxe

if.xR(x). This is
the quantity that Field directly measured. What he found is

R(f) '" 
If I

which corresponds to a scale invariant autocorrelator: under a global
resealing of the spatial coordinates --7 ax the autocorrelator R(ax) --7

R(x). Although this scale invariant spatial power spectrum is by no
means a complete characterization of natural scenes, it is the simplest
regulqrity they possess. The retina, being the first major stage in visual
processing, is not expected to have knowledge beyond the simplest as-
pects of natural scenes and hence for understanding the retina the power
spectrum may be sufficient.

. The question at this stage is what is the relationship between this
property. of the visual environment and the observed visual processing
by the retina? To answer this, let us explore what happens to the spatial
power spectrum of the visual signal after it is processed by the retina.
The output of one major class of retinal ganglion cells2 is known to be
related to the light input approximately through a linear filter:

O(Xj) = 
f dx 

K(xj - x) L(x) - L (1.2)

where L(x) is the light intensity at point x, O(Xj) is the output of the
jth ganglion cell, and K(x - x) is the linear ganglion cell kernel (Xj is the
center of the cell's receptive field. Here we assume translation invariance
of the kernel which means that all ganglion cell kernels are the same
function, but translated on the retina). Once adapted to bright light
this ganglion cell kernel, in spatial frequency space, is a bandpass filter.

2X-cells in cat, P-pathway cells in monkey-


