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1.

/
ABST~~ CT

‘5i4
’
isuai acuity depends upon three components: the image upon the

retina, the dissection of this image by the retina, and the processing
of the signals f rom the receptors by the visual system. The limitations
upon the image on the retina imposed by the optical system of the eye
and the wave nature of light are summarized. The receptor mosaic is
related to the retinal image by point spread functions for both mono-
chromatic and white light. The image on the retina and receptor mosaic
are reviewed as the accepted ultimate limitations on visual acuity.
The neural organization of the retina as epitomized in the ganglion
cell receptive field is introduced as a mechanism for extending the
limits imposed by the optics and receptors. Two types of retinal
organization—point—to—point and converging——are developed. The point—
to—point representation is shown inadequate from the standpoint of
retinal anatomy. The performance of eagle and hawk eyes with ganglion
cell—to—receptor ratios of 1:4 and 1:10 are used to illustrate possible
mechanisms operating in the human fovea. Suggestions are made for
future experimental investigations to choose between alternative models.
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1. INTRODUCTION

Most theories of visual acuity ascribe the ultimate visual acuity
attained to the retinal image size as related to the size and shape of
the photoreceptors in the retinal mosaic. The details of the image on
the retina are such that the wave properties of light itself determine
the intensity distribution. That is, something so distant in visual
space that it is a point source from the standpoint of geometrical
optics. A star, for example, is focused on the retina not as a point
but rather as a diffraction—limited image. The details of the diffrac-
tion limited image are then dissected by the receptors.

The most important aspects of the retinal mosaic are the minimum
center—to—center spacing of the receptors, their size, shape, and
refractive index, all of which determine their waveguide properties.
The majority of the analyses of visual acuity in relation to the retinal
mosaic have been concerned with how the retinal anatomy is matched to
the image on the retina as calculated and measured with point spread
functions and modulation transfer coefficients derived from a spatial
frequency analysis. Models based on such analyses contain an implicit
assumption that information transfer through the visual system presents
a point—to—point topographical representation of the retinal receptor
mosaic up to the cortical level. Thus, as an end result, each retinal
receptor is represented in the cortex by a single cell or group of
cells. In these models the responses of the cortical cell contain coded
.messages representing the intensity of the light on .the appropriate
receptor. However, the details now available of the anatomical struc-
tures in the human visual system and the functions as presently known of
an~F of the cells within the visual system are not compatible with a
strict point—to—point representation for information transfer about
location of images on the retina.

In much of the retina, each ganglion cell is connected to large
numbers of receptors to produce overlapping receptive fields. In the
foveal region (the center of the retina) where the visual acuity is the
best, the histological analysis of the retina suggests that there is
nearly a one—to—one relationship between receptors and ganglion cells

V with, however , slightly fewer ganglion cells than receptors. This
agreement with a point—to—point representation may be more apparent than
real as will be discussed in more detail in a later section.

Although the standard for visual acuity is usually considered to be
a minimum visual angle of one minute of arc, this performance can be
bettered to 0.5 minutes of arc by many individuals , presumably with the
same type of retinal makeup (LeGrand , 1967). Also, within the visual
system there are neural mechanisms which could act to increase contrast
by amplifying small differences in intensity (Ratliff , 1965). This
process could aid in the detection of the borders which determi- t~ visual
acuity. It has been the purpose of this project to examine the basis
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for visual acuity, and especially to consider what role the organization
of the neural system (that is, its anatomy and coding functions as now
known) plays in determining the ultimate limit of visual acuity. It is
possible that the distortion of the information by receptor to ganglion
cell connections may form the fundamental and ultimate limit of visual
acuity.

In any model of the human visual system which has point—to—point
representation there must be as many ganglion cells as receptors and
the connections between them must be simple. A suggestion that a high
degree of visual acuity can be attained without this sort of organiza-
tion can be found in some animal eyes. For example, in hawk and eagle
eyes the optics and visual acuity are as good as in humans, if not
better (Shlaer , 1972; Miller, 1976; Pox at al., 1976). However, in
the eagle and hawk foveas, the receptor to gang].ion cell ratio is quite
different from that in the human fovea. In both birds there are at
least three and possibly 10 r eceptors to one ganglion cell (Miller,
1976; Fite and Rosenfield—Wessels, 1972). This indicates that good
visual acuity does not require as many ganglion cells as receptors.
Furthermore, in these visual systems, at least, point—to-point repre-
sentation of the receptor stage throughout the visual pathway cannot
form the basis of visual acuity.

There is an additional consideration in computing the ratio of
receptors to ganglion cells: ganglion cells are not all the same.
They are not equivalent to each other in their function. On the basis
of these differences in function they can be grouped into several dis-
tinct categories. As some categories may not be involved with visual
acuity, the ratio of ganglion cells to receptors may be far less than
is calculated from simple anatomical examinations. Ganglion cells
carry many different types of information in a sort of time sharing
relationship. They carry the intensity information required for border
contrast along with inf ormation about color contrast , for information
can only leave the retina when it is funneled through the ganglion cells.

The whole problem of visual acuity is best understood, perhaps, by
describing the various parts of the visual system beginning with the
formation of an image on the retina. An e~~mination of the receptor
anatomy and location will be followed by a discussion of the connections
of the receptors to the ganglion cells .

H. von Helmholtz (1924) introduced the notion that the brain did not
perceive visual space as exactly corresponding to the image on the retina.
This idea can be restated to the present discussion . The visual system
does not reproduce the distribution of light upon the retina in the brain ,
but calculates or guesses the moat probable source in visual space of the
retinal image.

.— ,
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As the first step in the detailed discussion of the information
flow in the visual system it is best to introduce a standard test for
visual acuity. The information about this pattern can then be traced
through each stage of the visual system with an emphasis on any dis-
tortions that are present. Figure 1 shows a checkerboard pattern which
is of ten used to test visual acuity (Goldmann, 1943). When the angle
at the eye subtended by the black square or white square is less than
the minimum resolvable visual angle (that is, below the limit of visual
acuity) then the whole pattern is perceived as a uniform grey. When the
size of the visual angle subtended by a single square is increased, the
checkerboard pattern finally becomes apparent at the minimum visual
angle. It is this minimum visual angle that will be examined in rela-
tion to the image formed on the retina, the dissection of this image by
the visual receptors, and the further processing of the receptor inf or—
mation by the various neurons in the visual pathway , although the retinal
ganglion cells will be given the largest role .

2. OPTICAL PROPERTIES OF THE EYE

The human eye is of ten compared to a camera : the cornea being the
analogue of the camera lens with the pupil corresponding to the camera ’s
iris diaphragm; the crystalline lens of the eye corresponding to the
bellows of the camera (as both compensate for changes in the distance of
the object from the image plane); and the final inverted image on the
camera film correspondi~ng to the inver ted image on the photosensitive 

V

portion of the retina. A television camera is a better comparison as
the photosensitive surface and its associated electronics more closely
approximate the retina than the passive pho tographic film.

When comparing the optics of the eye to those of the camera one
must keep in mind another remark once made by Helmholtz (1924), partially
in jest, that the eye is a poor optical instrument and would be rejected
by any self—respecting optician. Indeed, the eye is not a good optical
instrument; even an old box camera could do as well if not better. The
cornea often departs from a spherical or radially symmetrical lens . The
pupil is usually so small as to create severe diffraction diff iculties
and when it is large enough to avoid diffraction difficulties, the poor
optical characteristics of the various refractive surfaces become more
apparent.

There are four refracting surfaces in the eye, but only three of
them have an index of refraction sufficiently different from the adjacent
medium to be effective. The optical characteristics of the biological
lenses do not allow good corrections for either chromatic (LeGrand, 1967)
or spherical (Bernay , 1964) aberrations. Thus the image on the retina has
appreciable a~~unts of both.

If the eye were geometrically perfect at the ocular surfaces, the
image of a point would also be a perfect point. However, the wave nature

— — -- — V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~• ~~~~~~~~~ — V —~ — ——
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Figure 1, Checkerboard pattern which is often used to test visual acuity.
The whole figure is reduced in size to test the ‘n{1~i{1.um visual angle.
The dots in four of the diamonds (the center and thre. of th. corners)
are always email enough to be seen as grey. The f i f th  corner is a
checkerboard which can be seen distinctly above the limit of visual
acuity. Adapted from Goldmann (1943)
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of light does not permit such a solution. That is, by geometrical optics
a perfect optical system could concentrate all the flux from the source
in the smallest possible point image on the retina . The illumination
would be maximum at this point and zero at all others. This notion, of
course, is a mathematical construct. In reality the wave nature of light
puts many constraints on the appearance of the image. The theory for the
exact distribution of illumination within the image area was first given
by the astronomer Airy and has been fitted to the eye by LeGrand (1967).
In this approach the distribution of flux on the retina is determined by
interference between the wave fronts passing through the center and those
passing through the sides of the aperture (or iris). Interference between
those wave fronts forms the pattern of maximum and minimum intensities on
the retina. In the image of a point source the maximum intensity is in
the center along the optical axis. This illumination then decreases until
it becomes nil at distance r.

r A
1 
x
1/d 1 (1)

where A is the wavelength (560 urn) selected for minimum aberrations, x1
is the distance from the pupil to the source, and d1 is 0.92 of the diameter
of the entrance pupil. The substitution of these values into associated
equations shows that at least 82% of the total luminous flux is contained
in a circle of radius r. This defines a circular area on the retina which
is usually referred to as the Airy disk. Figure 2 shows the retinal i].lumi-
nation for a diffraction—limited point source of 560 urn, as the eye has a
different index of refraction for each wavelength. This disk is surrounded •

by rings, each broader than the succeeding more peripheral ones. The cen-
tral zone contains 70% of the total flux. In the .human eye, the Airy disk
is 6 ~m in diameter for a wavelength of 580 urn and a pupil diameter of 4 mm.
This calculation, of course, assumes that there are no aberrations in the
cornea or lens.

The image of a source containing many wavelengths of light can be in focus
at only one wavelength; all other wavelengths must be out of focus. Therefore,
the diffraction image of the central Airy disk at the selected wavelength is
surr ounded by b lurred images of the disk for other wavelengths. The out—of—
focus images are broader and have a higher proportion of their luminous flux
in the periphery and correspondingly less in the Airy disk (LeGrand, 1967).
In Fig. 2 the intensity distribution for a white light source is shown focused
for the same wavelength as the one shown for a monochromatic source (580 urn) .
Although in the monochromatic case only a little light appears to be outside
of the central disk , the peripheral flux must be integrated over a very large
area. However , the important thing is that the signal—to—noise ratio in
this image is the peak—to—surround ratio. For white light the ratio is
less than one—half that for monochromatic light when both sources are at
the same absolute intensity. On the basis of this analysis the minimum
visual angle in the white light should be approximately twice that in mono—
chromatic light. As all measurements of function show much less difference
between white and monochromatic tests than this, it is interesting to
speculate on the course.

— - — 
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The next problem to consider is the distribution of light in two
diffraction—limited images equivalent to the image of two adjacent white
squares in the checkerboard pattern presented in Fig. 1. For this pur-
pose an area near the light corners is selected where they are separated
by a small portion of the dark square. Figure 3 shows the algebraic sum
as the two light squares of the pattern approach each other. The luminous
flux only begins to add up as the two become very close. As the two are
from different sources, interference phenomena do not affect the calcula-
tions of flux density very much. From other experiments, it is known
that the separation can often be detected at a 2.5 i.im separation. At
this distance there is only a slight dip in intensity between the two
peaks. Nevertheless, this pattern gives the appearance of two bright
areas separated by darkness. This may be an illustration of our thesis
that the brain reports not the actual distribution of light on the retina
but tries to reconstruct the course of the retinal image.

3. RETINAL MOSAIC

Several methods have been used to determine the optimum size of the
receptor for discriminating a certain pattern of light. From an intuitive
standpoint the solution seems to be a simple one——the smaller the receptor
the better the representation of the pattern. However, there are two limi-
tations on the size of the receptor.

The first is that the receptors themselves approach a wavelength of
light in size. By this the receptor acquires waveguide properties. Further
reduction in the size of the receptors is then impractical as smaller rec~ep—
tors are less likely to be affected by photons as they would more often be
scattered or otherwise prevented from reaching inside the receptor to be
absorbed by the photopigments (Snyder and Miller , 1977).

Secondly , even in a steady light photons arrive randomly. This random
process is the so—called photon noise. As receptors get smaller each cap-
tures a smaller percentage of photons, and the lower absolute number of
photons has more photon noise (Rose, 1942). The photon noise contribution
to visual acuity can be related to the checkerboard test pattern without 

—great difficulty. As the size of the pattern diminishes the photon noise
gets larger. This is shown in Fig. 4. In order for the eye to distinguish
variations in photon flux as a pattern different from the photon noise, a
certain signal—to—noise ratio must be achieved.

For the receptor to achieve an output signal—to—noise ratio sufficient
for reliable processing by higher centers, the test target must have at
least a 1% modulation. This can also be expressed in terms of the photon
noise at the optimal receptor layer. The noise photons in a pattern on the
retina fluctuate by the root mean square relationship.

1/2a — n  (2)(noise)

- - - - -- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—- - —V - -
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Figure 4. Diagra atic representation of the size and distance between
photoreceptors and the intensity distribution of a pattern on the
retina. This intensity distribution is for a- sine wave which
appro~~mates a very sma.U checkerboard grating. The dashed line
across the center of the pattern gives the average intensity. As
the receptors get smaller and more numerous , they capture propor-
tionately fewer quanta. Adapted from Snyder and Miller (1977).

-1~
— V •V_ ~

__
~~~~~_ V_V_ . - ~~~~~~~ ~~~~~~~~ V — .__V._.~~~~~~~~~~~~~~~~~~~~~~~ V ~~~~~ —— - —V—— - •V__ _

~
•__

~T:ii:iii_



11

where a is the photon noise and n is the number of photons absorbed
during the integration time of the eye. An ana.*.ysis of this relation-
ship by Barlow (1965) and Snyder and Miller (1977) shows that the ratio
of the signal photons to the noise paotons has the following relationship:

signal—to—noise ratio — m a(noise) M1 Mr

where m is light—to—dark ratio in the original checkerboard test pattern,
N1 is the diffraction properties of the pupil size in relation to the
optical refraction of the eye, Mr is the modulation transfer function for
the photoreceptors. In general below the wavelength of the incident
light, the smaller the diameter of the photoreceptor the smaller Mr. Thus
when all other functions are held constant reducing the size of the photo-
receptor below some optimum value near the wavelength of light there is a
marked diminution in visual acuity. The best solution is a compromise
between decreasing the receptor size to give better image dissection, and
increasing receptor size to minimize photon noise. It is best to have
the receptors so large that they touch (to increase photon capture) and
small enough to be able to handle the highest spatial frequency by the
diffraction—limited optics. Snyder and Miller (1977) derive the relation
of the minimum center—to—center spacing (in a hexagonal array) of the
photoreceptors to the minimum visual angle ~ as:

— A/d/T (4)

where A is the wavelength of the light (555 urn) and d is the diameter of
the pupil in the diffraction—limited case (2.4 mm). This corresponds to
a visual angle of 27.4 arc sec. This visual angle when related to the
focal length of the eye (2.15 Mm) gives a center—to—center spacing for
cones of 2.0 to 2.3 ~m in the central region of the fovea.

With the calculations based on the detection of spatial frequencies
(bar pattern) and with different assumptions than used for Fig. 4, similar
spacing is shown in Fig. 4 but this can easily be extended to two—dimensional
cases as shown in Fig. 5.

Other models using the waveguide properties of the receptors lead to
similar conclusions. There is one difficulty with all those analyses.
The performance of the visual system is modeled on monochromatic light
input. However , although the same target in white light has a much more
blurred retinal image due to the large amount of chromatic aberration in
the eye, the overall visual performance is remarkably similar to that
achieved by monochromatic light. This is not predicted by any of the
analyses.

The preceding discussions have indicated that it is reasonable to
suppose that visual acuity, as measured by the overall performance of the
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visual system, is predicted by the limitations of the image on the retina ,
and of the dissection of this image by the photoreceptors. However, there
are certain difficulties in each of these. These calculations of the
distribution of light on the retina are based in par t on measurements of
the overall function of the visual system as they include within them the
measurements of the visual system parameters that govern the limit of
detectability of a visual signal. Thus each of the two share to some
extent a similarity in their arguments. Although there have been attempts
to measure the performance of the retina independently of the optics of
the eye with interference patterns, the theories on the limitations of
visual acuity are at best suggestive but do not necessarily exclude all
others.

4. GANGLION CELL ORGANIZATION

An examination of the anatomy and neurophysiology of the visual system
shows both lateral interconnections and convergence as information flows
f rom receptors through the various layers of the retina to the ganglion cells.
In the periphery of the retina information is most severely compressed with
one ganglion cell serving many receptors. In the fovea], region there are
also many interconnections but a major argument has developed around the
structure and function of the fovea’s so—called “midget system.” In the
midget system each foveal receptor is hooked to a midget bipolar cell
which in turn Is connected to a midget ganglion cell. With this midget
system connected to the fovea it is supposed that the sole function of all
neurons is to act as simple relay stations for any messages originating in
the recep tors . In the fovea of the human eye the ratio of ganglion cells
to receptors is nearly 1:1 by some counting techniques (Missoten, 1974)
(less by others [IColb , 1977]). In the foveas of some animal eyes (such as
tb! hawk and eagle) the best that is found is a 1:3 ratio (Pite and Rosen—
field—Wessels, 1975). In some cases there may be many fewer ganglion cells
than receptors with a ratio of as high as 1:10 (Miller , 1976) .

If the number of ganglion cells is not as large as the number of
receptors , then a point—to—point representation of the image cannot be
preserved in every stage of the visual system. Indeed , merely to connect
sufficient receptors to each ganglion cell to satisfy the ratio would not
solve the visual acuity problem. This would make it much worse. The
blocks of receptors that result would be the basis of a point—to—point
representation system which would be equivalent to a model with larger
receptors. This would have a coarser retinal grain which would obviously
degrade visual acuity. However , paradoxically, even larger visual fields
will be better; that is, larger receptive fields with overlap . In this
type of model, each receptor will, have connections to several ganglion
cells . This type of hook—up gives the possibility of achieving as good
minimal visual acuity as is actually found . A simplified schematic of
this type of system is shown in Fig. 6. The receptors are arranged in
a square array while the ganglion cell receptive fields are oblong and
form vertical and horizontal, slits. The combined signals from the

I —
~

---I~ ~~~~~~~~~~~~~~~~~~~ 
—• V_- V— —

~~
—- -

~~~~~~~~~~
---- - — --



14

r——~ r ’ j r~~i r~~ ’ i——i r~~iII I i  I I  I I I
______ 

I I  
_______ 

I I I  
______ I( 1 (‘I II ‘1 ii 1

• II • I
I • I • • II S

______ ________ _______ II I 
_______ I I  I

I 1 ‘ 

~1~i i i I
S I  • I •  •~~ • i I •

_______ ________ _______ 
Ii -I— I I

I I 
I i i  —I

I . t i s  ! •
I 
_ _ _ _ _ _ _ _______________  ______ I i i

V 

V 

•
~~~~~~~I •  i • ,~~• (  .11 .1

_______ _______

jj_ I I I I 
________ 

I
I 

• 
~~‘ . I~ II i

-i—
I .5 I’ • i i • Ii • • ii • I

__________ ___________ 

I i I I I 1.1 ‘_ j I
I I I I I] p I

• • I I S I ’ S - , i S II 
___________ 

I i ~ ii ___________ i.i __________________________I ii I p i  I
I II II I ’ j i  i i  I —

L~~ J L....._ .J L___ 1 L...._ .j L_...J L__ J

OBLONG GANGLION CELL RECEPTION FIELDS

Figure 6. Localization of retinal stimulus by ganglion call receptive
fields. The oblong receptive fields have horizontal an~ vertical
(row and column) overlap in such a way as to allow unique identi-
fication of all retinal receptors by specifying only two ganglion
cells.

V -- -~~~~~~ - - — -- - ‘ - -  
- ~~~~~~~~~~~~~~~~~ U~~’U-. — 

- .-
~~~~~~~

- 1~
—-V— 

~~~~~~~~~~~~~~~~~~~~~~~



15

ganglion cells designates a “unique location .” Actual receptive fields
with these oblong spatial characteristics are not seen in the ganglion
cells connected to the foveal region in primates and a further stage of
refinement is necessary.

The physiological data now available on foveal receptive fields is
most consistent with a round or elliptical shape. This can be approxi-
mated by the square fields shown in Fig. 7 which can operate in a more
complicated but yet analogous fashion to the oblong slits shown in Fig. 6
to uniquely locate all of the points on the surface of the retina. For
regular receptive field shapes (such as circles, ellipses and squares) a
receptor ’s representation in the ganglion cell array is unique among all
receptors if its total receptor representation is different from its
four neighbors. To establish this difference the border of a receptive
field must pass between each receptor and its neighbors. This in turn
requires that all borders summed together must be twice the length (in
number of receptors) as the number of receptors in the retina. The
number of ganglion cells needed to provide that much border obviously
depends on the size of each receptive field. For a minimal unique
receptor representation the larger the receptive field the fewer the
necessary number. If there are 106 receptors in a 1O3 x lO~ array
and a ganglion cell receptive field is 10 x 10 receptors , then 5 x lOs’
ganglion cells are needed. The ganglion cell to receptor ratio is then
1:20. This number changes slowly as the gang].ion cell receptive field
gets larger or smaller. The upper limit on the size of the field is
reached when each ganglion cell is connected to all the receptors . At
that stage localization is no longer possible.

In the mid—range, larger ganglion cell receptive fields produce
more sensitivity for the detection of single points. This performance
can be improved by introducing other parameters of the receptors based
on the physiological data known at present . One requirement would be
to consider varying sensitivities within a receptive field. If the
pattern of each receptive field sensitivity is different, then the
possibility that a few ganglion cells can identify the visual stimulus
is very large. As an example, if three ganglion cells have receptive
fields covering exactly the same set of receptors and each of the three
ganglion cells has a different sensitivity profile, good localization
is possible. The particular set of sensitivity profiles that will work
very well is to have one ganglion cell with a flat sensitivity profile,
one linearly decreasing from the center , and the third exponentiall y
decreasing from the center. These three cells can simultaneously deter-
mine the position of the light and whether it is one spot or two. The
flat sensitivity profile will describe the total quantity of light.
This taken in combination with the linearly decreasing profile defines
the exact radius at which a point of light would be located . A further
comparison with the exponentially decreasing sensitivity profile will
determine whether the previously defined radius is proper for a single
stimulus point or whether the light distribution would be better repre-
sented by several sources. An estimate of the maximum size of such
receptive fields can be made if it is assumed that a noticeable difference
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GANGLI ON CELL RECEPTIVE FIELD BORDERS

Figure 7. Localization of single points on the retina by interaction of
ganglion ceLl. receptive fields . The square fields shown here over-
lap in such a way that unique localization is possible. There are
additional. sets of ganglion cells (not shown) which are displaced
in the vertical direction in successive rows . This gives the same
localization in the vertical plane as is illustrated in the hori-
zontal. plane. The number of ganglion cell receptive fields of this
typ. needed to give unique localization in relation to a given num-
ber of receptors is discussed in the text . The square ganglion cell
receptive fields are equivalent to the circular fields in a real
retina. The same analysis applies when the ganglion cell, receptive V

fields have comparable displacement within the receptor matrix.
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along a radius will result if each receptor is 2% less sensitive than
its inside neighbor. For the linear receptive field the radius would
be limited to 50 receptors, and for a 2 log unit logarithmic receptive
field, 200 receptors. This latter disparity would allow interaction
between non—concentric overlapping fields and lead to a much more complex
retina], organization. For example, the receptive field need not have
uniform sensitivity over its entire area . An inhibitory surround can
also be assumed. A simple calculation can be made of the number of
unique points specified by any given assembly of ganglion cells. Twenty
ganglion cells are enough to specify the location of any single point
within 10 receptors, while 40 ganglion cells would allow the specifica-
tion of any two points. This is a reduced system and is not equivalent
to the whole retina with a multi—point stimulus pattern. In the present
form only a few points can be located simultaneously; many more would
produce confusion. Thus additional informat ion about the external world
could require more ganglion cells.

Even if there are as many ganglion cells as there are receptors this
number is not sufficient to allow point—to—point representation at each
stage of the visual system. Ganglion cells must carry other kinds of
information and can be sorted into different categories on this basis.
For example, there are at least two kinds of receptors with different
spectral sensitivities in the fovea. It is necessary to segregate and
compare the inf ormation from each group of receptors in such a way that
the color sensitivity can be preserved. The color and intensity categories
of ganglion cells are further subdivided into on—center and off—center types.
Presumably each type carries different information about the character of
the border contrast.

In addition to the color inf ormation there is intensity information
(the grey scale), even though discrimination of a visual acuity target
appears to depend very little on a grey scale. For example, where the
acuity target is a checkerboard compared with grey, as shown in Fig. 1
at the limit of visual acuity, it does not appear as a dark grey check
on a light grey background, which would be the case for a variable con-
trast system. Only the extremes are seen , either a solid gray obj ect
or pattern of black checks on white. This indicates that the system
responsible for contrast is nonlinear and inserts additional contrast
in certain situations. AU of these different categories tend to lessen
the effective number of ganglion cells to carry border contrast in! orma—
tion about any particular target. This suggests that in the human fovea ,
for normal computation purposes , the ratio of ganglion cells per receptor
is probably one to four and may be less.

The higher visual centers treat the information from both eyes as
part of a single image . For a given visual acuity this divides the
restrictions upon both the retinal image and the retinal grain by a
factor of two. If information can be closely correlated between the
two eyes and the two retinas kept in alignment (or register) the number
of receptors per visual angle is increased by two. The psychophysical V
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data supports a functional increase as the tests show binocular visual
acuity to be better than monocular.

Eye movements are often cited as an important part of vision
(Ditchburn, 1973), although they do not appear to play a large part in
achieving the limits of visual acuity. Approximations of the normal
limit of visual acuity can be achieved without eye movement with short
pulses of light presented to the eye by an electronic flash or some
such source. However, the integrating characteristics of the visual
system cannot be ignored either. It is possible that eye movements
act to degrade the image while the integrating effects make up for it.
The high visual acuity from long exposures can then be achieved because
the integrating properties nullify the eye movements. This balance
allows high visual acuity at lower levels of light than are necessary
for vision with a single high intensity flash.

The problem of the limitations imposed on visual acuity by the
various parts of the visual system is by no means solved. As more and
more information is gained about the various parts of the visual system
it is easier to match the functional performance with that assumed by
the various models to determine which , if any , of the present theories
are correct. A better understanding of the detailed functioning of the
visual system will perhaps indicate which factors act to increase visual
acuity and which to degrade it. Thus it will be po8sible in the future
to manipulate the features of a target in such a way that its visibility
can be increased or decreased by a knowledge of how the visual system
will act on the various components of it.

At the present time more information is needed about the fine structure
of the receptive field in order to indicate exactly how many receptors and
of which type may be connected to the ganglion cells in the foveal region.
There is also a paucity of information about the effectiveness of the
connections; for example, is the sensitivity of the ganglion cell receptive
field constant over its whole area or do the receptors at the edge have a
lower effective sensitivity than those in the center. More data on the
actual makeup of foveal receptive fields will make it possible to formulate
a more soundly—based theory of the information—carrying capability of the
retina and what limitations if any it imposes on visual acuity. Indeed,
a description of any distortion of the information which is necessitated
by the convergence of the receptors on the ganglion cell will in itself
pave the way for a more complete understanding of the overall activity of
the visual system. This review of the mechanisms of visual acuity suggests
that in some way the visual system looks beyond the image on the retina and
that perception to some extent is a guess. Thus, gestalt of the probable
cause of the retinal image may be a rather more accurate report of visual
space than the retinal image itself.
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