
Image coding in the 
visual system 

By G. Buchsbaum 

N atural visual stimuli are multidimensional signals 
encompassing parameters of space, time, and col
or. Image processing research seeks methods to 

process pictorial data so as to generate a set of signals 
which can then be processed using minimum resources. 
Many of the image processing methods are designed to 
generate a set of signals which is uncorrelated. The source 
of correlation in pictorial data is in the very nature of the 
information—natural images have redundancy because 
they exhibit some spatial, temporal, and chromatic regu
larities. Further, these signal dimensions are not indepen
dent; variations in space are correlated with variations in 
time and color. Image processing methods try to capitalize 
on the properties of these complex signals to meet con
straints of limited computational resources, signal storage, 
transmission resources (channel capacity), and real-time 
requirements. 

The visual system is confronted with the same con
straints.1 It has to process spatial, temporal, and chromat
ic information employing a finite number of photorecep
tors, which after some preprocessing in the retina, feed 
into nerve fibers with limited channel capacity. Time is 
also a constraint. For all practical purposes, the visual sys
tem operates in real-time (driving and other relatively high 
speed human activities would be otherwise impossible). 

In many cases, man-made image processing and analy
sis methods are designed to meet criteria from the visual 
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In many cases, man-made image 
processing and analysis methods are 

designed to meet criteria from the visual 
system; in other cases, image processing 
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system; in other cases, image processing methods have 
evolved independently from the visual system. This article 
highlights principles of image coding in the visual system 
in the context of some principles developed in man-made 
image processing science. 

Pixels and photoreceptors 

Parallels between the visual system and man-made im
age processing systems begin at the photoreceptor level. 
Man-made systems have images with a set number of pix
els in the x and y dimensions (usually 512 x 512 or 1024 
x 1024 pixels or a similar order of magnitude). For color 
images, the systems have the same number of pixels in 
each color primary. 

There are about 120 million light sensitive elements in 
the retina. Most of these are rods sensitive to low night 
light levels; about 6 million are cones sensitive to daylight. 
There are three types of cones classified according to their 
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FIGURE 1. There are three types of cones in the visual 
system, classified according to their wavelength response. 
A major difference from man-made systems is that in the 
retina the distribution of the cones is not uniform. 

wavelength response. The number of cones of each type is 
not equal and the sensitivity of the overall response of the 
three retinal color mechanisms is not the same2 (Fig. 1). A 
major difference from man-made systems is that in the ret
ina the distribution of the cones is not uniform. They are 
more concentrated in the fovea (the center of the retina) 
and their density decreases approximately exponentially 

Preprocessing occurs in all three 
dimensions—space, time, and color. 

towards the periphery of the eye. The output of the photo
receptors undergoes preprocessing in the retina before 
transmission to higher stages of visual perception in the 
brain. 

Preprocessing occurs in all three dimensions—space, 
time, and color. In space, combinations of receptors are 
taken to form concentric receptive fields as shown in Fig. 
2. The center and surround have opposite responses. The 
center can be either excitatory or inhibitory. The receptivefield 

profile is well approximated as the difference of two 
Gaussians. In time, the coding is done by receptive fields 
with slow and fast time constants and by time delays be
tween centers and surrounds. In color, antagonistic com
binations of different cone types are taken to form oppo
nent color coding with implementation of the color an
tagonistic coding through the receptive field. The example 
in Fig. 2 has a surround and a center with different color 
responses. Combinations of the three cone color mecha
nism are taken to form a luminance channel and two chro
matic channels. 

Because of the redundancy in natural scenes, different 
pixels in a scene are correlated and so is the output of 

FIGURE 2. Retina preprocessing occurs in all three dimensions—space, time, and color. In space, combinations of recep
tors are taken to form concentric receptive fields, as illustrated above. In this example, the surround and center have 
different color responses. 
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Table 1 

Sources of Correlation 
Between Photoreceptors Outputs 

Spatial: 

Color: 

A. 

B. 

A. 

B. 

Temporal: A. 

B. 

Redundancy in real-world 
images (correlation between 
picture elements) 

Overlap of photoreceptors 
spatial span 

Redundancy in the shape of 
color spectra in the real world 
Overlap of the wavelength 
response of different color 
receptor types 

Regularity of motion in real-
world images 
Eye movement (temporal 
overlap) 

Table 2 

Transform Coding 
Advantages 

1. Distributes coding degradation favorably. 
2. Not sensitive to picture to picture variation. 
3. Reduces correlation. 

Disadvantages 

4. Requires large memory. 
5. Computationally complex (generally). 

Predictive Coding 
Advantages 

1. Designed to take advantage of correlation. 
2. Computationally simple, requires small 

memory, simple to implement. 
3. Can be implemented locally (small blocks) to 

reduce number of operations. 
4. Advantageous in high bit rate. 

Disadvantages 

5. Sensitive to picture statistics 

retinal photoreceptors. The correlation of receptor out
puts may have two sources: the properties of the receptors 
and their position in the retina and the properties of the 
signal itself. Table 1 summarizes the sources of correlation 
of receptor outputs in each of the the three visual dimen
sions. 

Transform and predictive coding 

Two classical methods in image processing are used to 
reduce the correlation of pixels—transform coding and 
predictive coding. In transform coding, the variables in
volved are transformed into a new set of uncorrelated 
variables to reduce redundancy. The signal compression 
capability of the transformation is of concern here. Loose
ly speaking, it is desirable to have as much of the signal 
energy concentrated in as few components as possible to 
reduce error and effects of noise. The optimum linear 
transformation fulfilling these requirements is the Karhunen-Loéve 

expansion, also referred to as eigenvector or 
principal component expansion. The major disadvantage 
of transform coding is that it is generally computationally 
complex and assumes awesome proportions when many 
variables, such as the number of pixels in an image, are 
involved. 

Predictive coding is also designed to take advantage of 
correlation. The basic idea is to employ differences or 
weighted differences of correlated variables rather than the 
correlated variables themselves as a means of decorrelation 

and information compression. Table 2 summarizes 
the properties of these two coding methods. 

These coding methods have been applied to the study of 
signal coding in the visual system. Predictive coding analy
sis was applied to the receptor mosaic of the retina3. A 
weighted mean of the signal in receptors in the surround is 
taken to generate a prediction of the signal at the center. 
The predicted value is then subtracted from the actual cen
ter photoreceptors signal, minimizing the required neural 
dynamic range. The correlation between receptor outputs 
was taken to be exponentially decreasing with the distance 
between receptors and was based on a model for the auto
correlation of natural images which is an exponential 
function of distance. The analysis gives rise to spatial re
ceptive fields as they happen to occur in the physiology. 
The result suggests that the visual system employs predic
tive coding methods to code spatial information. 

In the temporal domain, applying predictive coding to 
outputs of receptors excited by a moving target can ex
plain the time course characteristics of some visual cells. 
Application of position prediction considerations for mov-
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It seems that the visual system has 
evolved to employ image coding schemes 

that are optimal for each visual 
dimension. 

Table 3 

Simultaneous Redundancy Reduction and 
Efficient Coding in Space, Color and Time 

in the Visual System 

Dimension Solution 

Combined 
multidimensional 

Solution 

SPACE Predictive 
coding: Spatially 
Organized 
Center-Surround 
Receptive Fields 

COLOR Transform 
coding: Color 
Antagonistic 
(Opponent) 
transformation 

Spatially 
Organized Color-
Opponent 
Receptive Fields 
with Complex 
Temporal 
Characteristics 

TIME Sampling: 
"S low" and 
"Fast" Responses 

Predictive 
coding: Self 
inhibitory time 
course response. 

ing targets can account for the existence of slow and fast 
receptive fields.1 

In another study, Karhunen-Loéve transform methods 
were applied to decorrelate the outputs of retinal cone col
or mechanisms along the wavelength axis.3 There are only 
three types of color receptors and computation of the 
transform is relatively simple. The result has been predic

tion of opponent color transformations as they happen to 
occur in the retina. A transformation of the outputs of the 
three color mechanisms is taken in the retina to decorre
late the three signals and also to obtain an energy distribu
tion in the transformed outputs that minimizes require
ments of dynamic range. 

Multidimensional coding 

It seems that the visual system has evolved to employ 
image coding schemes that are optimal for each visual di
mension. In space, where millions of receptors are sam
pling the image, predictive coding, a simpler computation
al method, is used to enable efficient processing of the 
stimulus. Along the wavelength dimension only three 
types of color receptors sample the image and the visual 
system takes advantage of a coding scheme that is efficient 
for this case. Each of the above schemes treats one dimen
sion of vision only. A combined coding scheme would re
quire hybrid coding (i.e., different coding methods in each 
dimension). Such coding schemes have been considered 
before, for their obvious combined advantages.5 ,6 In the 
visual system they are exemplified in receptive fields that 
have spatial and chromatic antagonistic organization with 
complex temporal characteristics. Table .3 summarizes the 
general encoding scheme in the visual system. 

Signal coding methodology can be applied to study sig
nal transformations in sensory systems. In vision, such 
methods provide insightful revelations about the purpose 
and logic underlying retinal neural circuitry and architec
ture under the constraint of optimum signal decorrelation 
and compression. This accentuates the potential of apply
ing image processing methodologies designed to meet oth
er constraints to reveal more of the visual system image 
analysis strategies. 
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