
Rtprin:ed fro'" H~.~n~ool( OT THYSJOLOCY • THE ""kYO';. syrp, '"

P,m'td In /.' S.A

CHAPTER 7

The beginnings of visual perception: the
retinal image and its initial encoding

Appendix: Fourier transforms and shift-invariant linear operators

JOHN I. YELLOTT, JR.

BRIAN A. WANDELL

TOM N. CORNSWEET

Cnit:ersity of California, Iruine, California

Stan.ford Un.iversity, Stanford, California

[,-nil.·ersity of California, Iruine, California

PHYSIOLOGICAL EXPLANATION IN VISUAL SCIENCE:

THREE CLASSES OF PERCEPTUAL PHENOMENA

can be thoroughly explained in physiological terms at
the present time? This introductory section surveys
the overall status of physiological explanations of vis­
ual phenomena. At present, tight explanatory links
between perception and physiology are still largely
confined to the level of the optics of the retinal image
and its initial neural registration by the photorecep_
tors. However, understanding of the neural events that
immediately follow quantum absorption is growing
very rapidly: A number of perceptual phenomena seem
tantalizingly close to complete explanation. The sub­
sequent sections provide fairly detailed discussions of
three special wpics: 1) high spatial frequency sensitiv­
ity or visual acuity (p. 260), 2) color vision (p. 280),
and 3) light and dark adaptation (p. 293). The first two
topics furnish outstanding examples of important vis­
ual phenomena that now seem to be thoroughly ex­
plainable in physical terms. The third topic is an
example of a perceptual phenomenon that seems
within reach of current physiological techniques and
explanatory principles, but still some distance from a
thoroughly satisfactory physical explanation. Finally,
a mathematical Appendix, p. 302, outlines the Fourier
analytic ideas underlying much current work in vision,
and in particular the discussion of retinal imagery and
spatial contrast sensitivity in our section VISUAL ACU­

ITY p. 260.

CHAPTER CONTENTS

Scope ann OrganiUltion
Physiological Eitplanation in Visual Science: Three Classes of

Perceptual Phenomena
Visual Acuity

O~·erview

The retinal image
Retinal image representations of object properties

Spatial modulation detection
High-frequency resolution under normal viewing conditions
The optical transfer function and photoreceptor spacing
Bypassing the optics of the eye

:-Jeurallimits of visual acuity
Psychophysical pointspread models
Spatial ambiguity of the receptor image: the aliasing problem
Conclusiom

Color Vision
Scotopic spectral sensitivity
.\1onochromacy
Dichromacy
Trichromacy
Color blindness
Seeing colon

Visual Adaptation
Overview
Experimental paradigms
Identifying neural substrates

Detection by rods
Adaptation by rods
Summary

Single-variable theories
Equivalent-background principle
Tests of equivalent-background principle
A specific sUlgle-varillble theory: the noise hypothesis
Related studies .
A constraint on single-variable theories: threshold reco\'el)'
Summary

Concluding comment

SCOPE AND ORGANIZATION

The phenomena of human visual perception can be
usefully divided into three classes. The smallest and
most exclusive class consists of phenomena whose
properties can presently be explained in terms of ac­

The organizing theme of this chapter is the general cepted physical principles together with weU-estab­
question: What aspects of human visual perception lished anatomical and physiological properties of the
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visual apparatus. In this class one can place two of the
major phenomena of color vision-trichromacy at
high-illumination levels and monochromac)' (total
color blindness) at low levels; and al<;o the main fea­
tures of visual detection of fine spatial detail-tech­
nically, the high-frequency end of the spatial contrast
sensitivity function (the spatial "modulation transfer
function" of the visual system). In addition one could
include here various pathological effects having to do
with visual field losses produced by lesions in the lower
visual pathways (where the anatomical ..",iring dia­
grams are uncontroversial) and a few perceptual curi­
osities such as the blind spot (the 6° gap in the visual
field produced by the hole in the receptor mosaic
through which ganglion cell axons leave the retina)
that can be attributed to straightforward anatomical
considerations. The reader may be able to think of a
few other candidates, but at the moment we do not
think there are very many.

All of these class 1 phenomena can be conceptual­
ized as a loss of information potentially available in
the visual stimulus. In the case of color vision the
visual system loses wavelength information, so that
spectrally different lights are perceptually indistin­
guishable; in spatial vision the system loses high-fre­
quency modulation information, so that stimuli which
differ only in their fine detail cannot be discriminated;
and the other cases mentioned above can be charac­
terized in a similar fashion. This preoccupation with
information loss is not accidental: The only perceptual
phenomena universally acknowledged as being suscep­
tible to explanation in physical terms are those that
can be described as sensory losses of information-or
equivalently (since information is ultimately camed
by differences) in terms of a perceptual inability to
discriminate between physically different stimuli.
Brindley's (29) statement of the epistomological issue
here has been especially influential:

The main function of science, in those of its branches that
have advanced beyond the primitively exploratory stage,
is the formulation and testing of hypotheses which have
exact and potentially observable implications. The ines­
capable implications of any hypothesis can necessarily be
expressed in terms which appear either in the statement
of the hypothesis, or in the background of generally
accepted theory assumed in conjunction with it. For
physiology, the terms used in stating the theoretical
background are physico-chemical and anatomical; so it
would seem that no physiological hypothesis that is also
stated in physical, chemical and anatomical terms can
ever predict the result of a sensory experiment, in which
a report of sensations is concerned. There is, however,
one class of predictions that can be made if we add to our
theoretical background a single hypothesis that is very
difficult to doubt. The additional hypothesis required is
that whenever two stimuli cause physically indistinguish­
able signals to be sent from the sense organs to the brain,
the sensations produced by these stimuli, as reported by
the subject in words, symbols or actions, must also be
indistinguishable. (p. 132-133).

Brindley's (29) assessmem of other potential explan­
atory principles is also wonh quoting, because it rep·
resenr.s the most conservath'e position, and probably
r~!flc-cr.s the views of the majority of sensory physiolo-
gISr.s: ..

If a physiological hypothesis, i.e. a hypothesis about
~.!lction that is stated in physical, chemical and anawm­
ica! t"rms, is to imply a given result for a sensory experi­
roem, the background of theory assumed in conjunction
""-;th it must be enlarged to include hypotheses containing
p",ychological terms as well as physico-chemical and an­
awrnical. These may be called psycho-physicol linking
h:.porheses. The one that has already been stated above.
namely that physically indistinguishable signals sent from
SHl~ organs to the brain cause indistinguishable sensa­
tions. is the most general, and at the same time the most
difficult to doubt, lhat has yet been proposed. It seems to
me that it is the only one that is at present sufficiently
SE:'Cute to deserve inclusion in the body of generally ac­
cepted theory. (p. 134).

This degree of skepticism as to the value of other
linking hypotheses is not universally shared, but at
presem there is apparently no general acceptance of
any explanatory principle except the one endorsed
here by Brindley.

The distinguishing property of the perceptual phe­
nomena in our first class is that they can not only be
characterized in terms of a loss of information, but in
addition-and most important-we can confidently
pinpoint the anatomical and physiological factors reo
spo03ible for the specific form of the loss. Thus in the
case of color vision, wavelength information is lost at
the point of light absorption in the photoreceptors
because any given receptor only records the fact that
a photon has been absorbed, and not the wavelength
of that photon (Rushton (112) calls trus the
H\Uli ..-ariance" principle]. Consequently wavelength
discrimination is only possible by virtue of a compar­
ison between the quantum catches of receptors that
have different absorption spectra, and the specific
quantitative form of the chromatic information loss in
human ..ision can be explained as an inevitable con·
sequence of the limited variety of absorption spectra
represented in the human retina: Night vision is mon­
ochromatic because all rods share the absorption spec­
trum of rhodopsin and daylight vision is trichromatic
because there are three different cone pigments. In
the case of spatial contrast sensitivity, high-frequency
spatisJ. information is lost because of the opticallimi­
tations of the eye: We cannot see ultrafine spatial
detail.;; becaUSe they are washed out in the physical
process of image formation and consequently never
appear in the retinal image (though as We shall see in
VISUAL ACUITY, p. 260, however, this story is compli­
cated by a subsequent neurally imposed frequency
cutoff that nearly-and quite mysteriously-matches
the limir.s imposed by the optics). The anatomical and
physiological factors responsible for the losses char­
acterizing our other class 1 phenomena have already



been noted in connection with their original descrip­
tions.

In a second class, one can place a large number of
visual phenomena for which one can envision plausible
physiological models, but for which the specific ana­
tomical or physiological mechanisms remain uncer­
tain. Most of these can be characterized as information
losses and fall into the explanatory framework com­
mon to our class 1 phenomena. The outstanding ex­
amples of class 2 phenomena are light and dark adap­
tation, i.e., changes in visual sensitivity due to changes
in the mean illumination leveL These effects might in
principle be entirely accounted for in terms of photo­
receptor properties (that is, one could readily imagine
a visual system constructed in that fashion), and both
psychophysical evidence and single-unit recordings
indicate that receptors playa very substantial role in
light adaptation: Changes in their sensitivity certainly
account for a significant share in the overall perceptual
effect. In the particulm' case of the phenomenon of rod
saturation (the inability of rod-mediated vision to
detect contrast at high-illumination levels) it has been
suggested that the perceptual effect may be entirely
explained in terms of a limiting of the rod outer
segment membrane potential due to the closure of all
of its sodium-permeable channels (97). However, in
general it is clear that more proximal cells adapt to
the prevailing visual environment and require some
time to readjust when that environment changes. (12,
46) At the present time noL enough is known about
the quantitative properties of retinal circuits to sup­
port any definitive allocation of responsibility for the
overall adaptation effect; this is an important target of
current investigation.

The same can be said of many temporal phenomena;
notably the inability to detect very rapid temporal
modulation (flicker fusion), which might in principle
by entirely explained in terms of the temporal smooth­
ing properties of receptors-again, in the sense that
one could construct plausible models on this basis, and
also in the sense that receptors are known to act like
temporal filters (26) and certainly play an important
role in damping out rapid flicker. However, there is
substantial evidence that "photopic nicker sensitivity
is normally controlled, not by cone cells, but by the
interactive pathways of the retina" (77).

Many other loss-like phenomena could also be
placed in this second class, e,g., the subjective disap­
pearance of stabilized retinal images, the suppression
of low-frequency spatial contrast (together with such
associated phenomena as mach bands), visual masking
effects (28), various pattern and motion aftereffects
[e.g., grating adaptation effects of the sort reported by
Blakemore and Campbell (21), and Purkinje's water­
fall illusion], and some aspects of depth perception
[those related to pathological deficits in binocular
stereopsis caused by developmental abnormalities that
eliminate the disparity sensitive cortical neurons de­
scribed by Barlow et al. (11)]. In all of those cases the
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major barrier to full understanding is not the inability
to construct plausible physiological models that could
in principle account for the phenomena, but rather the
lack of a sufficiently rich physiological data base to
force conseo.;;us on a single specific.~nodel. What. is
needed, of course, is a detailed quantitative under­
standing of neural circuits, and especially of neural
signals as they are actually transmitted, Le., by trans­
mitter substance release or electrical coupling. Studies
aimed at obtaining infonnation of that sort have only
recently become technically possible (see, for example,
ref. 12), and in fact it has only lately been established
that receptors reduced their rate of transmitter release
in response to light (102). This central fact is perhaps
not surprising, since the membrane response to light
~ hyperpolarization, but it does pose a new challenge
for modelers and also presents the functionally curious
spectacle of a receptor-signaling mechanism that
works hardest in the dark, when it has nothing to
report.

Finally in connection with class 2 it is necessary to
say something about heterochromatic brightness,
which is the classic example of a visual phenomenon
that cannot readily be described in terms of informa­
tion loss, but instead both requires and suggests a
physiological explanation based on some other prin­
ciple. lntuitiYely it seems clear that lights can be at
least roughly ordered on a dimension of. "brightness"
even when their colors are different-for example, one
has no difficulty in judging that the sun is brighter
than the sk....-and the precise quantitative relation­
ship between the physical properties of lights and their
psychological classification in terms of brightness has
been a long-standing psychophysical problem (78).
Early experimental work suggested that brightness
exactly satisfied an additive relationship: If light A
matches light B in brightness, and C matches 0, then
the combination A + C (i.e., the physical superimpo­
sition of lights A and C on the retina) must match B
+ D [Abney's law (1)]. This additivity hypothesis has
important practical impUcations in photometry and is
officially embodied in applications of the Commission
Internationale de !'Eclairage (C.LE.) photopic lumi­
nosity cun·e (the "photopic standard observer") which
supplies the spectral weighting function for automatic
photometers. The extent to .....hich it actually holds
appears to depend on the nature of the bright.ness
judgment required of an obsen·er. When the observer
is simply ask€d to make 8 direct brightness comparison
between isolated steady lights, Abney's law fails quite
dramatically (60). '\Then brightness is measured by
minimizing apparent flicker against a standard, the
deviations from additivity are significant, though ap­
parently tolerable for industrial standards (71). When
measured by the relatively ne..... technique of minimiz­
ing apparent contrast at a border (25, 127), additivity
appears to hold within measurement error (71).

Suppose Abney's law is valid for some psychophys­
ical context: How could one account for it physiologi-
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cally? Clearly this is not a straightforward case of
sensory loss of information potentially available in a
physical stimulus, since the observer is not incapable
of discriminating between heterochromatic lights
equated for brightness-on the contrary, his task is to
overlook their color differences and base his judgment
on some perceptual dimension on which they are the
same. What is at issue then is not an inability to
discriminate, but rather an ability to classify discri­
minable stimuli in a systematic way. How can such an
ability be brought within the scope of physiological
explanation?

A first step is to determine the neural coding de­
mands implied by the ability to classify stimuli in this
particular fashion-in other words, what kinds ofnum­
bers (i.e., Ileural signals) would a mechanism have to
assign to stimuli in order to match the observed psy­
chophysical classification? The precise form of the
relational structure implied by Abney's law has been
informally understood for some time, and recently has
been spelled out rigorously in two papers by Krantz
(79, SO) which apply modern ideas of fundamental
measurement theory to the classic problems of color
vision. From the standpoint of physiological modeling,
the essential result- is that any device which classifies
lights according to Abney's law must base its decision
on a linear combination of the trichromatic color­
matching coordinates-a condition that would be sat­
isfied most naturally in the retina by a mechanism
that based its output on a weighted average of the
quantum catch in all three cone systems.

A second step is to imagine a sensory "channel" that
carries the signal computed by our hypothetical
brightness mechanism: operationally such a channel is
defmed simply in terms of the assumption that its
response to two lights is the same whenever they
produce the same value on the brightness dimension­
e.g., the same value of weighted average quantum
catch. Therefore, the state of this channel can be
completely specified by a single real number. Physio­
logically, such a channel might be identified with the
nonopponent ganglion cells found in primate retinas
(42). Of course Lhis channel is assumed to exist in
parallel ......ith other channels carrying information
about other properties of the stimulus (notably, op­
ponent ganglion cells carrying chromatic information),
and on those channels the responses to two stimuli of
equal brightness will generally not be identical. How­
ever, one can suppose that when brightness judgments
are called for, the observer can somehow base his
decisions solely on the output of the brightness chan­
nel, ignoring information on the other channels.

Now if such channels really existed ·(and an enor­
mous amount of current work on many problems
assumes more or less explicitly that they do), we could
think of brightness in terms of a sensory loss along one
channel, and in this way the psychophysical linking
hypothesis described by Brindley would still in a sense
apply. However, it will not apply strictly unless one
can somehow manage to silence all t.he other channels,

so that the observer's discriminations have to be based
on the brightness channel alone. Unless this can be
arranged, there remains an uncomfortable nonphysical
component in the theory, namely.. the fact that we
cannot predict what an observer must do in a bright­
ness judgment task because we do not know what
factors determine his ability or willingness to base his
judgments on the proper channel. This nonobligatory
"psychological" aspect of such multichannel models is
epistemologically disturbing. Nevertheless, modeling
along such lines seems to present the only obvious line
of progress, since not many visual phenomena can be
clearly characterized in tenns that strictly fit the link­
ing hypothesis quoted earlier. What seems likely is
that converging evidence will gradually increase the
apparent tangibility of certain specific sensory chan­
nels, so that it will eventually come to seem natural to
regard them as legitimate entities in a physical the­
ory-notwithstanding the possible psychological foi­
bles of a still physically elusive human "observer" who
reads their output. This in fact is already happening
in the case of the brightness channeL There is reason
to believe that this channel can be isolated by means
of rapid nicker, so that discrimination tasks can be
arranged that are only possible on the basis of its
output, the chromatic channels being irrelevant (77).
Conversely, the brightness channel itself can be si­
lenced by requiring a discrimination bet-ween stimuli
equated for brightness, and this results in rather dra­
matic perceptual effects (e.g., ref. 58a), which strongly
support the idea that some fundamental cleavage in
the visual system is being revealed.

Finally, in a third class one can place all those visual
phenomena for which we have no clear conception of
even the outlines of a physiological explanation. Most
prominent here are phenomena involving memory­
pattern recognition abilities in particular, but also
such purely subjective phenomena as visual imagery
and visual experience in dreams and hallucinations.
Most aspects of three-dimensional spatial perception
(especially monocular depth perception) should also
be included here, along with most aspects of motion
perception. In all these cases the phenomena cannot
be characterized in terms of information loss along
well-established visual pathways, and we have no clear
understanding of how they might be related to neural
mechanisms. Consequently the shape of their ultimate
physiological explanations cannot easily be foreseen
at the present time.

The following handbooks, textbooks, and review
articles may be useful in gaining an overview of the
current slate of visual science: references 12, 35, 40,
50, 62, 66, 68, 73, 81, 90, 99, 106, 144.

VISUAL ACUITY

Overview

One of the most obvious aspects of visual experience
is our limited ability to resolve spatial detail: If a



black-and-white grating is made fine enough, it cannot
be distinguished from a unifonnly gray field. (At 25­
cm viewing distance one can just tell the difference
when the width of each bar is 40 lim.) Early in the
17th century the Spanish physician Daza de Valdes
(in ref. 84) measured the spatial resolution ability of
his patients by having them count grains of mustard
in a line; by the end of that century Phillipe de La
Hire had "calculated that the limiting fineness of
vision was 1/8000 inch on the retina" (which corre·
sponds w a grating in which each stripe subtends 0.6
min of visual angle, i.e., 0.83 cycle/min), and attributed
t.his limit to the structure of the retina: "... such is the
smallness of the net of which it is made up" [(84), p.
107]. Modern research on visual acuity, influenced by
ideas from information theory and Fourier optics, has
concentrated on the ability to detect sinusoidal spatial
modulation, and has attempted to detennine the spe­
cific limitations imposed first by the optical apparatus
of the eye, and subsequently by neural factors. Under
normal viewing conditions it turns out that smearing
of the retinal image due to optical factors can account
for the observed upper limit of resolution capacity
(which according to contemporary measurements is
essentially the same as that reported by de La Hire (in
ref. 84), i.e., roughly 1 cycle/min]: The optics of the
eye simply cannOt transmit spatial information at
higher frequencies. Consequently one can say that the
invisibility ofspatiaJ detail beyond this resolution limit
is due to the optics of the eye: No matter how the
retina and subsequent neural stages of the visual sys­
tem are designed, they cannot extract spatial infor·
mation from a visual stimulus unless it is available in
the retinal Unage. In this sense, the upper limits of the
spatial resolution capacity of the visual system under
normal viewing conditions can be regarded as well
understood.

However, this simple story is complicated by the
fact that local acuity outside the center of the retina­
and also at the center under special conditions that
eliminate the normal optical blurring-cannot be ac­
counted for in terms of optical factors, but instead
requires a neural explanation. At present not enough
is known about the details of neural interactions to
aUow one to construct definitive models of spatial
infonnation processing in the visual system: A great
many important facts have been discovered by single­
unit recording and other modem techniques, but one
still cannot confidently assign any specific aspect of
spatial contrast vision to a specific neural mechanism.
In this sense, firm understanding has still not pro­
gressed beyond the level of the physical properties of
the retinal image. In fact it does not appear that we
fully understand the general principles underlying the
neural processes that limit visual acuity: In Neural
Limits of Visual Acuity, p. 275, we point out that
current physiologically motivated models for spatial
contrast detection do not explain how the visual sys­
tem is able to suppress the counterfeit spat.ial frequen­
cies that should be generated by its relatively coarse
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sampling of the retinal image. In a sense......e still do
not understand tbe role played by the smallness of the
retinal net.

This section first reviews the optical properties of
the eye, .....ith particular emphasis ol\"":actors tbat de­
grade the quality of the retinal image. Then .....e discuss
the psychophysics of human spatial contrast sensitiv­
ity and attempt to relate these results to the optics of
the eye and the physical and neural properties of the
retina. The discussion centers around concepts derived
from information theory and Fourier optics (27, 51, 62,
96); the mathematical details here are summarized in
the Appendix to this chapter, p. 302. Other recent
review articles related to the topic of this section are
those by Westheimer (140), Thomas (124), Ripps and
Weale (103), and Kelly (74). Le Grand's (84) classic
text provides an extensive and authoritative discussion
of visual acuity, and a recent theoretical paper by
Snyder et aI. (118) describes an interesting calculation
of the spatial information capacity of the retina that
takes into account quantum noise effects as well as the
optical and anatomical factors considered here. [We
do nOt deal explicitly witb quantum noise because we
are concerned with the ability to see fine spatial detail
under optimal conditions, which means at illumination
levels high enough to guarantee very high quantum
signal-to-noise ratios in the retinal image. For general
discussions of quantum noise effects in vision, see
Barlow (lOa) and Rose OOS.)]

The Retinal Image

Strictly speaking, the term "retinal image'" is am­
biguous, because from an optical standpoint the thick·
ness of the retina is quite appreciable-an image in
focus on its vitreal surface can be as much as 2 diopters
out of focus at the outer segments of the photorecep­
tors, where vision is actually initiated. Throughout
this discussion we use "retina" to mean the outer
segment layer and "retinal image" to mean the image
formed at that level of the retina. To understand the
limits of visual acuity the flIst problem is to determine
how the physical parameters of this image are related
to those of the enemal scenes that give rise to it. We
will assume that these scenes produce incoherent light,
since that is the normal situation in natural vision.
However, coherent light enters the discussion when
we consider experiments that use interference tech­
niques to create very high frequency retinal images.
(The Appendix to this chapter, p. 302, describes the
difference betv.'een coherent and incoherent imagery.)

RETIN....L IMAGE REPRESENT....TIONS OF OBJECT PROP­
ERTIES. Shape and size. The strongest refractive sur­
face in the eye is the anterior surface of the cornea,
this air-to-comea interface accounting for about two­
thirds of the overall refractive power of the eye. Es­
sentially alI of the remaining refraction occurs at the
surfaces and within the internal stria oftbe crystalline
lens. The interacting effects of these various refractive
elements are complex, but for a normal eye and a



262 HA DBOOK OF PHYSIOLOGY THE NERVOl.' SYSTEM III

distant object, a good first-order approximation to
their optical behavior can be made by substituting for
all those elements a single thin lens with a focallf:ngth
of 17 mm, located 17 mm in front of the retina, or
about 7.5 mm behind the anterior surface of the cornea
(45, 84, 144). The center of this equivalent lens is
called the nodal poin of the simplified eye. To find
the location in the retinal image of any given point in
a scene, one draws a straight line from the point
through the nodal point of the eye and the intersec­
tion of that line with the retina is the location of the
corresponding region in the retinal image. Because the
distance from he nodal point of the eye to the retina
is about 17 mm, the size of the iluage of any object in
the plane perpendicular to the line of sight, or as
projected onto that plane, is given by

Si 17
-=-
So do

where So is the size of the object, or its projection on
the perpendicular plane, and do is the distance from
the nodal point of the eye to the object, in rnm.

Object and retinal image sizes are often expressed
in units of visual angle, that is, the angle subtended by
the object or its image at the nodal point of the eye.
For example, an object 1 m long, in a plane perpendic­
ular to the line joining one of its ends with the nodal
point of the eye at a distance of 100 ill, subtends a
visual angle of

1
tan-1

- = 0.57° = 34'
100

Intensity relations. When an object that is radiating
light is viewed, the intensity at each point in its image,
that is, the number of quanta per unit time per unit
area incident on the retina in the region corresponding
to the object, is directly proportional to a) the inten­
sity of ligh radiated by the object in the direction of
the eye, and b) the area of the pupil of the eye. As the
light travels from the objects to the retina it passes
through various media, e.g., air, corneal tissue, etc.,
that absorb, reflect, or scatter some proportion of it,
reducing the intensity of the image. If pupil size and
the fraction absorbed, scattered, and reflected are
fixed, the intensity of the retinal image is linearl)
related to tbe intensity of the light radiating from the
object. Thus the retinal image contains information
about an important physical parameter of the object,
namely how mu·ch light it radiates in the direction of
the eye. However, the reliability of that information
depends upon the extent to which the pupil has a
constant area. Because the normal pupil ranges in
diameter from about 8 mm to 2 mm, the intensity of
the retinal image of a given luminous object can vary
over a range of about 16:1. Consequently, unless a
brain mechanism knows the size of the pupil (infor­
mation not directly available to introspection, for ex­
ample), it cannot know this parameter exactly, but

only within an interval of roughly one log unit. The
information contained in the retinal image about the
relationships among the intensities of two or more
sources seen simultaneously is much better, because
pupil size affects all their images by t~~ same factor.

In the natural environment in which the eye evolved
most objects do not actively generate light, but in­
stead, reflect light generated elsewhere. The intensity
of the retinal image of a reflective object depends
jointly on a property of the object, reflectance, and the
intensity of incident light. The retinal images of re­
flec ive objects thus do not contain information spec­
ifying their reflectance directly, but only the product
of incident illumination and reflectance. Because the
reflectances of ordinary objects vary from about 909(;
to about 10%, that is, over a range of only about 10:1,
while the incident illumination varies by more than
106:1 in our normal environment, the intensity of the
retinal image of an object does not uniquely tell us the
reflectance of the object. However, the retinal image
does contain accurate information about the relative
reflectances of two or more objects if it is known that
they are equally illuminated. Over a broad range of
light intensities (luminance> 1 cd/m2

) the increment­
threshold intensity is proportional to the background
intensity (i.e., !::.III = constant-Weber's law.) Conse­
quently over this range reflectance differences that are
visible at any illumination level will be visible at all
levels.

Optical effects that blur the retinal image. When
the object viewed is a point source, that is, a source of
light that subtends a negligibly small visual angle (a
star, for example), several properties of the eye will
cause light from the source to be spread over some
finite area of the retina.

Focus errors. Figure 1 represents a simplified eye
looking at a point source. Some of the rays from the
source are refracted by the equivalent lens, pass
through the pupil, and strike the retina.

The rays in this figure are shown crossing in front
of the retina, representing a condition where the image
of the point source falls in front of the retina as it
would in an uncorrected myopic (nearsighted) eye. If
the pupil of the eye is circular, then the retinal light
distribution predicted by geometrical optics will be a
uniform disk whose diameter increases linearly with
the distance between the retina and the point where
the rays cross (that is, the focus error), and also
linearly with the diameter of the pupil. This disk is
called a "blur circle." (The shape of the distribution

@ Ret,nal
Iris blur Circle

0---=~;;;;;~~~~k:::~ - ©
Image

FIG. 1. Blur circles in a schematic misfocused eye for two differ­
ent pupil sizes. [From Cornsweet (36).]
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FIG. 2. Chromatic aberration of the human eye. A, Wavelength;
D, magnitude of chromatic aberration in diopters (assuming the eye
is in perfect focus for 578 nm, D gives the power of the spectacle
lens required to focus other wavelengths). Solid lin.e and solid dots,
average from 12 observers of Bedford and Wysz;ecki (19); crosses,
average from 14 observers of Wald and Griffin (133); dashed lines,
total range for all observations of Bedford and Wyszecki. [Adapted
from Bedford and Wyszecki (19).]

Irregular refractive strengths over the surfaces of
the eye, a.<; in Figure 3, further degrade the image of
each point in the object. The pattern of these irregu­
larities varies considerably across observers and, for a
given observer, across states of accommodation. Fig­
ure 3 shows a map of "isopower" lines across the pupil
of one observer at zero accommodation; at higher
levels of accommodation the map for this observer
looks very different (125).

Coma refers to complex aberrations that arise as
the angle between a collimated beam and the lens is
varied. This effect has recently been shown to contrib­
ute importantly to the overall aberration of the eye,
and to vary among different eyes (72).

Diffraction. Even if none of the aberrations just
discussed were present in the eye, the light from a
point source would spread over a fmite region of the
retina as a consequence of diffraction at the pupil.
This can be thought of as an inevitable consequence
of the fact that an optical instrument of limited size
can only intercept a portion of the wave front arising
from a source. The resulting distribution is approxi.
mately Gaussian, with a diameter that varies inversely
with pupil diameter and directly with wavelength.
(See Figs. 6 and 7.)

Scattering within the retina. As noted earlier the
retina has an op ically appreciable thickness: before
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will be the same as the shape of the pupil. If the pupil
were square, it would be a "blur square."} Blur circle!'>
for pupils of two different diameters are shown in
Figure 1.

If two or more stars are imaged at the same time,
each will form its own blur circle, and because light
intensities add linearly, the resulting retinal light dis­
tribution will simply be the sum of the individual blur
circles. An extended source can be considered as an
array of independent point sources, each of which
forms its own blur circle. The resulting retinal light
distribution is simply the sum of the distributions from
each of these points. Since the blur circle for each
point is identical, the defocused image of any object is
simply the light distribution in the object convolved
with the appropriate blur circle. [The opera ion of
convolution is described mathematically in the Appen­
dix to this chapter, Shift-Invariant Linear Operators
and Convolution, p. 303 and TWO-DIMENSIONAL CASE,

p. 304. Intuitively, this amounts to a smearing process
in which each point in the object is imaged as a disk
of light on the retina; the entire image of the subject
is the sum of these (normally overlapping) disks.]

Aberrations. Even if a point source is focused as
well as possible on the retina, the light from the source
will still be distributed over a finite area as a result of
imperfections or aberrations in the refractive system
of the eye.

Spherical aberration (a consequence of differences
in refractive power across the pupil as a function of
distance from its center) varies strongly from one eye
to another, within a given eye as a result of changes in
accommodation, and from one meridian to another in
the same eye.

Chromatic aberration results from differences in
refractive power as a function of the wavelength of the
incident light. When middle wavelength rays from a
heterochromatic stimulus are in focus on the retina,
rays from the blue end of the spectrum come to a
focus in front of the retina and rays from the red end
converge "behind" the retina. The magnitude of this
aberration is relatively constant across individuals,
and is quite substantial, as shown in Figure 2. Note
that when the eye is accommodated for the red end of
the spectrum, which seems to be the natural state of
accommodation in viewing distant targets [(84), p. 45­
46] deep blue light from the same target will be roughly
2 diopters out of focus.

Astigmatism (resulting from differences in refrac­
tive power as a function of meridional angle, i.e., for
an eye with a horizontal line of sight, the power of the
eye in a vertical plane might be different from its
power in a horizontal plane) causes the retinal light
distribution from each point in an object to be more
or less elliptical in shape, the lengths of the major and
minor axes of the ellipse depending upon the amount
of astigmatism and the corresponding focus errors.
Eyes differ greatly both in their amount of astigmatism
and in its meridional orientation.
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FIG. 3. Irregularities in refractive power across
the pupil of II normal eye during relaxed accom·
modation (pupil diam, 7.2 mml. Contours join
points of equal excess power (dioptersl. [From van
den Brink (29a), with permission from Pergamon
Press, Ltd.)

reaching the outer segments, light must pass through
a layer of neural tissue that ranges from roughly 80
.am at the center of the fovea to nearly 400.am at 5°
eccentricity. This tissue and its vascular system must
scatter some light, and that has generally been reo
.garded as the functional explanation for its thinness
in the region specialized for high acuity [but cf. Ro·
dieck (106), p. 368). Light that passes through the
outer segment layer must also scatter upon reflection
from the underlying tissues. Measurements of retinal
scatter have recently been reported by Gorrand (52).

Pointspread and linespread functions. As a result
of all of these factors, the light distribution in the
focused retinal image of each point in an object is
spread over a region of the retinal surface. The two­
dimensional function that describes the image distri·
butian for a single object point located at the origin is
called the pointspread function: Figure 4 illustrates
the concept for an idealized optical system consisting
of a single lens: If the pointspread function is known
for a given eye, the actual light distribution in the
retinal image of any scene can be obtained by con­
volving the light distribution in the scene with the
pointspread function. (In actuality the pointspread
function varies with distance from the center of the
fovea, and so in principle the entire set of pointspread
functions must be known in order to derive the retinal
image. However, because the high acuit.y phenomena
that concern us here are mediat.ed by the fovea, a

single pointspread function is sufficient for present
purposes.)

In practice, direct measurement of the pointspread
function of the human eye is very difficult. (In fact, it
has not yet been achieved.) But this function can be
calculated from measurements of the linespread func­
tion, which are somewhat easier to obtain. The line­
spread function describes the cross section of the
image of a thin (in principle, infinitely thin) line, as
illustrated in Figure 5: If this function is known, and
the optical system is circularly symmetrical (so that
the linespread function does not depend on the ori·
entation of the object line), the pointspread function
can be derived from it by Fourier analytic methods, as
outlined in the Appendix to this chapter, p. 302.

Figure 6 shows the foveallinespread function of the
human eye for various pupil sizes [as measured by
Campbell and Gubisch (33)], and Figure 7 shows the
profiles of the corresponding pointspread functions as
calculated by Gubisch (59). (In this instance it happens
that the linespread and pointspread functions look
roughly the same, but mathematically this need not
always be the case.) These figures show two spread
functions for each pupil size. The narrower function in
each case is the theoretical spread that would result
from diffraction at the pupil alone, while the wider
function is the actual observed line or point spread.
Notice that as pupil size increases the effect of diffrac­
tion at the pupil decreases but the actual spread
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••

FIG. 4. Pointspread function of an optical sys­
tem. I:o is the object plane, with coordinates y,z;
I:" is the image plane; S(y,z), irradiance distribu­
tion produced in I:, by point source located at
origin of I:o• Illustration is schematic. [From Hecht
and Zajac (62).]

FIG. 5. Linespread function of an optical syst. m.
S(Z) is the irradiance distribution in the image plane
produced by an infinitely long thin line source in
object plane. (The absence of secondary ripples here
like tho in Fig. 4 has no significance; both illustra­
tions are schematic.) [From Hecht and Zajac (62).]
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FIG. 7. Pointspread functions of the human eye for white light

at various pupil diameters. Solid curves, radial profiles of theoretical
pointspread functions calculat.ed from linespread curves in Fig. 6.
Narrower dashed curves, the point spread resulting from diffraction
alone. [From Gubisch (59).)

oidal grating, that is, a pattern for which intensity in
one direction varies sinusoidally, while intensity is
uniform in the orthogonal direction, as shown in Fig­
ure 8. The contrast C (or modulation) of such a grating
is defIned as

6.6mm

where I mu is the maxImum intensity, I min the mini·
mum.

The image of such a grating will also have a sinus­
oidal intensity distribution, regardless of the nature of
the pointspread function. (The convolution of a sine
wave with any other function remains sinusoidal.) The
ratio of image to object contrast is a measure of how

L.-_-'-~~L.:..=~---'-_~' well the optical system transfers the modulation of the
2 0 2 4 object to the image plane. The fidelity of this transfer,

that is, the value of this ratio, plotted as a function of
the spatial frequency (i.e., cycles/deg) of the object
grating is the MTF of the optical system. (Figure 9
shows the MTF of a typical human eye for three
different pupil sizes [as calculated by Gubisch (59) on
the basis of the linespread data in Fig. 6]. For this
optical system, and for all ordinary optical systems,

2

Angular Distance (minutes of orc )
FIG. 6. Linespread functions of the human eye for white light at

various pupil diameters. Heavy dotted curves, measured intensity
(along horizontal axis) of retinal image of a line target as measured
ophthalmoscopically. Narrower dashed curves, theoretical spread
resulting from diffraction at the pupil alone. (All curves have been
nonnalized to equal 1.0 at origin.) [From Campbell and Gubisch
(33), with permission from Cambridge University Press.]

increases a bit due to the increased importance of
other factors. For pupil diameters ::':52 nun (the lower
limit in natural viewing) the observed spread functions
aTe practically the same as those that would l'esult
from diffraction alone in an idealized optical system.
(The light source here was a broad-band white light
with a spectrum approximating the photopic luminos­
ity function. Diffraction predictions were made by
calculating monochromatic diffraction patterns for
many different wavelengths and then weighting and
averaging the resulting curves.)

The modulation transfer function. If the point­
spread function of an optical system is known, the
light distribution in the image of any object can be
derived by convolving the light distribution in the
object with the pointspread function. As mentioned
above, the pointspread function can be derived fl.-om

_. measures of the linespread function. An alterna ive
procedure is to measure the modulation transfer func­
tion (MTF).

To measure the MTF one uses as an object a sinus-
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..

FIG. 8. Sinusoidal gratings. [From Comsweet (36).1

of an optical system is known its linespread and point~

spread functions can be calculated by Fourier analytic
methods. The mathematical details of this calculation
are spelled out in the Appendix to this chapter, p. 302
but the essential fact is that the MTF is the absolute
value (i.e., modulus) of the one-dimensional Fourier
transform of the linespread function, or equivalently,
the profile of the absolute value of the two-dimen­
sional Fourier transform of the pointspread function.
Before taking absolute values here, one has what is
called the optical transfer function (OTF). When the
OTF is entirely real and nonnegative-as will be the
case when the optical system produces no phase
shifts-the MTF and OTF are identical, and so the
distinction need not be preserved. Both conditions are
met by a well-focused eye, and in the vision literature
one usually encounters only the MTF. However, it is
important to keep in mind that the MTF by definition
must be nonnegative and consequently does not reflect
effects in which the OTF becomes negative for some
spatial frequencies. Such effects can be produced by
defocusing as discussed later in Defocus and spurious
resolution, p. 268.

In general, then, if the MTF of a lens is known, the
light distribution in the image of any object can be
derived by 1) analysis of the object into its Fourier
spectrum, 2) multiplication of the spectrum with the
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FIG. 9. Modulation transfer functions (MTFs) of the human eye
for various pupil diameters. Each curve shows contrast reduction
(i.e., retinal image contrast divided by the object contrast) imposed
on sinusoidal targets as function of their spatial frequency. Solid
curves (from top to bottom) correspond to pupil diameters of 2.4,
3.8, and 6.6 mm; dashed curve corresponds to 1.5 mm. MTFs
calculated from linespread data of Fig. 6. [From Gubisch (59).]

the contrast ratio approaches one as the spatial fre­
quency approaches zero. That is, for low spatial fre­
quencies, the image contrast is as great as the object
contrast and as spatial frequency increases, the con­
trast in the image decreases relative to the object,
until at very high frequencies (that is, for very closely
spaced gratings) the image contrast is essentially zero
regardless of the contrast of the object. Once the MTF
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TF (or more prec- ely with the OTF, in cases where
he TF and OTF are not identical), and 3) Fourier
ynthesis of the resulting produc pectnull. Beca e

of the directne of this operation the quality of an
image-forming stem is usually specified in terms of
its MTF rather than its point- or linespread function.

Defocus and spurious resolution. As noted earlier,
defocusing can be modeled by assuming that the image
is convolved with a blur circle whose width is directly
proportional to the distance be ween the retina and
the aetuallocation of the image plane. In the frequency
domain this convolution correspond to multiplication
of the transfer function by the Fourier transform of a
disk (Fig. A2. in the Appendix to this chapter, p. 302,
illustrates this transform). Broad! peaking the effec
of the multiplication is to reduce contrast in the image,
\Iritb greater reductions for higher frequencies. How­
ever, at a finer level of anal. sis (spelled out in the
Appendix to this chapter p. 302) i urns out that the
actual effect will be to reduce con ast first 1:0 zero
(i.e., as frequency increases); then 0 reverse the COD­
trast of the image for higher frequencies-over this
range absolute contrast first increases a bit, and then
declines again to zero; next to re-reverse the contrast
for the next range of frequencies and so on. Thus a
sinusoidal input with spatial frequency in one of the
reversed contrast ranges will appear in the image 180
deg out of phase, i.e. with its peaks urned into valley
and vice versa. In the optical literature this phenom­
enon is known as "spurious resolu ·on."

Figure 10 illustrates this proce in terms of its effect
on the ITF, and compares the theoretical optical
e ults (dashed lines) with the actual effect of defocus

on human con as sensitivity as determined by Camp­
bell and Green 32). (The dashed lines iP- he figure
represent the MTF, which it will be rec8..iled is he
absolute value of the OTF, hence nonnegative. The
contrast reversal regions correspond to intervals be­
tween the first and second zeros of the MTF, also
between the third and fourth, etc. This illustrates the
point that the MTF by itself is ometimes misleading,
since it can on! specify amplitude reductions, and not
contrast reversals, which from a technical standpoint
are phase·shift effects, the inu oida! input being
shifted b r half a period in the output.

The reader can observe these spurious resolutioD
effects subjec 'vely by carefull exa.mining the uppeT
spoke pattern in Figure 11 with one e e from a distance
close enough that i is blurred on the retina. (The
lower pattern is an out-of-focu photograph of the
upper one, designed to illustrate how the latter will
appear when viewed very cIa e up.) The apparent
contrast decreases toward the center of the figure,
where spatial frequency is highest. Looking carefully,
one can see a narrow ring or hourglass-like region
where the contrast is zero. Inside that ring, the stripes
are again visible, bu with rever ed contrast (a conse­
quence of the convolution referred to above) then
another ring and another contrasl: reversal, etc. If the
observer has no astigmatism, the ring of zero contrast
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FIG. 10. Effects of defocus on human spatial contrast
nsitivity (2-mm pupil). Data points show retinal image

contrast reduction (inferred (rom thr hold data of one
ob rver) imposed on ea h spatial frequency function
of defocus. 'pper panel: ., 1.5 diopters myopic); 2.5
diople Lol er ponel: 2.0 diopters, O. 3.a diopteTS.

pstiai frequency expr as fraction of high fre-
quency passed b)' the opti of the eye, le., 1.0 ::: 60
cycl Ideg. Solid lin drawn b' hand through data
poin s. Dash d line how r ults predicted from diffrac­
tion alone. [From eam"blill and Green 32), with permis·
ion from Cambridg ni enri y Press.]
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will be round. If it is hourglass-shaped, the long axis of
the hourglass is the meridian that yields the largest
blur circle, and the orthogonal meridian will probably
yield the smallest blur circle and thus the small axis of
the hourglass. (The reader may also notice that when
this spoke target is viewed from a distance at which it
can be sharply resolved, the central region when fix­
ated appears tinged with yellow. This is not due to
macular screening pigment, because fixation on a
blank portion of the page does not produce the same
effect. \Ve suspect his illusion may be related to the
low density of blue cones in the central fovea, as
discussed later in THE OPTICAL TRANSFER FUNCTION
AND PHOTORECEPTOR SPACING, p. 270.)

Spatial Modulation Detection

HIGH-FREQUENCY RESOLUTION UNDER NORMAL VIEW­
ING CONDITIONS. We have seen that for a number of
physical reasons the retinal image is normally a de­
graded copy of the visual stimulus. The combined
effect of all these degrading factors can be summarized

FIG. 11. Top: spoke larget for demonstrating spurious resolution
in human vision. See text for directions. Bottom: out-of-focus picture
of tiplJke pattern illustrating spurious resolution in a photographic
image.
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by the MTF of the e 'e (or, more precisely, its OTF),
which specifies the attenuation imposed on each spa­
tial frequ Dey in the stimulus and consequently allows
us to determine ho.... any stimulus will appear at the
level of the retina. Clearly the visual s:'stem cannot
detect stimulus information that is not physically pres­
ent in the retinal image, and so the modulation transfer
function sets an upper bound on the ability to resolve
fine spatial detail under normal viewing conditions.
("Normal" here means incoherent illumination viewed
with a natural pupil. Under special conditions, de­
scribed below, it is possible to bypass the optics of the
eye and form retinal images containing spatial fre­
quencies higher than the normal cutoff.)

Suppose in particular that the 5 imulus is a vertical
sinusoidal grating (as in Fig. 8) with intensity profile

B[l + C cos(2'IT</>x)]

where x is measured in units of visual angle along the
horizontal axis of the retina (i.e., degrees or minutes),
</> is the spatial frequency (cycles/unit of visual angle),
B is the mean intensity, and C is the contrast of the
sinusoidal modulation. (0 ~ C ~ 1). At the level of the
retina the image of this stimulus will take the form

aBEl + t(</»C cos(2w</>x)]

where a is an attenuation factor representing light loss
due to reflection and preretinal absorption in the
ocular media, and t(¢) is the OTF ofthe eye evaluated
at frequency </>. Consequently ifwe require an observer
to discriminate between one stimulus in which C = 0
(i.e., a uniform field of intensity B) and another in
which C is some nonzero value (in the extreme, C = 1)
we are really asking him to discriminate between the
retinal images aB and aBEl + t(</»C cos(2'IT¢x)]. Ob­
viously discrimination is impossible when t(</» = O.
The MTFs of Campbell and Gubisch [Fig. 9; (33)]
show that for the human eye under optimal conditions,
t(</» vanishes around 50-60 cyc1es/deg. We can con­
clude from this that spatial contrast in the stimulus at
frequencies higher than 1 cycle/min can never be
detected because, in effect, it never reaches the retina:
under normal viewing conditions this represents the
physically imposed upper limit of visual acuity.

Of course it would be entirely possible for human
contrast sensitivity to be substantially worse than the
ideal limits imposed by optical considerations, and in
fact this is the case under low light conditions and-at
all intensity levels-for stimuli presented outside the
fovea. However, under optimal conditions the per­
formance of the visual system as a whole matches the
upper limit imposed by the optics of the eye. Figure
12 shows psychophysical contrast thresholds for a
variety of mean intensity levels as determined by van
Ness and Bouman (126). These curves plot the small­
est value of C at which an observer can discriminate
B[l + C cos(2-::-</>x)] from a uniform field of intensity
B. (Such plots are known as "spatial contrast sensitiv­
ity functions." Sometimes they are loosely referred to
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FIG. 13. Cone density as a function of distance from the center
(0°) of the fovea. [Data from OSlerberg (95); figure adapted from
Ripps and Weale (103).]

ing between receptors should equal (2<pc)-l, where <Pc
is the highest spatial frequency that can be present in
the retinal image. (This is the well-known "Sampling
Theorem": its mathematical basis is spelled out in the
Appendix to this chapter, p. 302). At this f'9acing the
receptor mosaic is theoretically capable or providing
an undistorted reproduction of any retinal image, i.e.,
no harmonic distortion will be introduced by the fact
that the continuous optical image is sampled by an
array of discrete receptors. Taking <pc to be 1 cycle/
min, this analysis implies an optimal center-to-center
spacing of 0.5 minute. Osterberg's (95) cell counts of
the human retina (Fig. 13) and the data of Polyak (98)
indicate a peak cone density of roughly 150,000­
200,000 cells/mm2 at the center of the fovea; this
corresponds to a spacing of 0.59-0.51 minute. Evi­
dently in the central fovea there is a good match
between the dimensions of the receptor mosaic and
the optics of the eye: Any coarser sampling would lose
(or distort) information potentially available in the
retinal image, while any finer sampling would be su­
perfluous, since it would never reveal any new infor­
mation.

The idea that overall receptor density in the center
of the retina has evolved to match the spatial fre­
quency cutoff imposed by the optics of the eye raises
the question of how this density should be parceled
out among the three spectrally distinct classes of
cones. At present there is no direct anatomical evi­
dence as to the actual spacing of "red," "green," and
"blue" cones in the human retina, because in primates
there is no known way of identifying a cone's spectral
class by its appearance alone. However, staining tech·
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FIG. 12. Human spatial contrast thresholds faT vertical sinusoi­
dal gratings at various mean intensity levels (2-rnm pupil mono­
chromatic light, wavelength 525 nrn). Each curve plots threshold
contrast as a function of spatial frequency for mean retinal illumi·
nation level (trolands) indicated by curve parameter (100% corre­
sponds to contrast of 1.0). [Data from Van I\ess and Bouman (126);
figure from Westheimer (140).]

THE OPTICAL TRANSFER FUNCTION AND PHOTORECEP­

TOR SPACING. The fact that the normal retinal image
never contains spatial fTequencie higher than 1 cycle/
min has implicatiolli! for the optimal spacing of pho­
toreceptors. Clearly, if the retina consisted simply of
one giant receptor which integrated quantum catch
over the entire retinal surface, the eye would be incap­
able of discriminating spatial modulation at all fre­
quencies-Le., it would be limited w registering only
the overall mean intensity of the retinal image. On the
other hand there would be no evident utility to packing
in more individual receptors than is justified by the
quality of optics of the eye. Fourier analytic consid­
erations show that the optimal center-to-center spac-

as "modulation transfer functions," by analogy to ac-
. tual MTFs as determined for lenses and other imaging

devices.) At the highest intensity levels (B = 90 and
900 trolands) contrast thresholds become independent
of mean intensity (Weber's law), and discrimina ion
"becomes impossible when cJ> reaches approximately 55
cycles/deg (trolands = target luminance in candelas/
m2 X pupil area in mm2

). This is in good agreement
with the upper limit of 50-60 cycles/deg predicted
from the optical MTF. Many other psychophysical
measurements have led to the same results (184). The
data in Figure 12 were obtained with vertical gratings.
Horizontal gratings give rise to similar values, but
sensitivity to oblique gratings is somewhat worse. This
difference disappears beyond a degree of retinal eccen­
tricity ranging from 8° to 18° (20) and apparently is
due to central effects, since it shows up in cortical
evoked responses bu not in the electroretinogram
(91).



niques that allow such an identification haw recently
been introduced and successfully applied to the ba­
boon retina [see Marc and Sperling (94)]. Conse­
quently it seems likely that definitive infol'I!l.ation on
human cone spacing will be available before long, and
so some speculation seems in order. Here we concen­
trate on the blue cones, whose spacing has long been
a subject of controversy [(29), p. 240-244].

Clearly the key optical factor here is chromat-ic
aberration, which as we have seen is quite substantial
in the human eye (Fig. 2). Apparently when accom­
modation is entirely relaxed the eye is nonnally in
focus for the red end of the spectrum (lvanoffs data
for 10 observers, cited in I.e Grand (84), suggests a
range from 625 run to 725 run]. Then with increasing
accommodation the focal wavelength shifts dov.'!l­
wards (sparing the eye some accommodati\-e effort),
reaching a lower limit around 500 nm for targets
requiring 2.5 diopters of accommodation (40-cm view­
ing distance). Consequently retinal images in the range
400-500 run are always out of focus by an amount
ranging from 0 diopters to 2 diopters of myopia. This
means that over the spectral range to which the blue
cones are most sensitive the OTF of the eye goes t.o
zero not at 60 cycles/deg but at some lower frequency,
the exact value of which depends on pupil size and the
assumed magnitude of "blue myopia." Sampling con­
siderations in turn suggest that the density of blue
cones ought t.o be lower than that of red and green
cones.

To make an exact prediction of blue cone spacing
based on the sampling theorem one needs to assume
that the visual system is wired for some "typical"
combination of pupil size and amount of blue myopia.
Then one can calculate the spatial frequency cutoff of
the corresponding optical transfer function-call this
spatial frequency q,b-and predict the blue cone spac­
ing Sb = (2q,b)-I. [Formulas for the OTF of a misfocused
retinal image are given in the Appendix, Equations
A17 and AlB. As noted earlier in our discussion of
spurious resolution (see Defocus and spurious reso­
lution, p. 268) the OTF here goes monotonically to
zero as frequency increases, and thereafter oscillateS­
within a monotonically shrinking envelope-between
negative and positive values. For present purposes, it
seems natural to identify the cutoff frequency ¢to with
the first zero of the OTF.] The difficulty is that it is
not obvious what pupil size and degree of blue myopia
to assume. One plausible course is to assume the
smallest normal pupil (2 mm diam) and 1-2 diopters
of myopia-as though the retina were designed for
distant viewing in bright light, with a focal wavelength
of 675 nm [the uverage for IvanofCs observers (in ref.
84)], and the blue cones spaced to sample an image in
the range 400-500 run. Then 1 diopter of blue myopia
yields a cutoff frequency <Ph ... 10.2 cycles/deg and a
spacing St, = 3' visual angle, while 2 diopters );elds 9to
- 4.8 cycles/deg, with S'b - 6.3'.

The later figure agrees closely y,>ith Marc and Sper-
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ling's (94) measurement of blue cone spacing in the
center (±0.5°) of the baboon fovea (mean = 6'), where
overall cone density is roughly the same as in the
human retina. However, in baboon, blueJ;one density
is not maximal at the center of the fovl!.. (as it is for
both red and green cones) but instead at an eccentric­
ity of 1°, where the spacing averages 3'-exactly the
prediction for 1 diopter of blue myopia.

For the spacing of blue cones in the human retina
we have only psychophysical evidence-based either
on spatial mappings of detection thresholds for blue
points superimposed on yellow backgrounds designed
to silence the red and green cones (132, 141) or on
visual acuity for targets visible only to blue cones (29,
41,57). Both methods indicate that blue cone spacing
in man has the same characteristics as in the baboon:
The density is low in the very center of the fovea, with
no evidence of any blue cones in a region subtending
somewhere between 8' (132) and 20' (141). (Assuming
a 6'-intercone distance we would expect only 2 blue
cones in the ftrst area and 11 in the second. Thus there
is no serious discrepancy between these psychophysi.
cal observations of a "blue-blind" central zone and the
notion that the spacing is actually constant at 6' out
to an eccentricity of ±0.5°). Outside this tiny central
region the mapping technique (141) has produced an
estimate of 10' spacing out to 40' from the center of
the fovea, while acuity measurements with foveal tar­
gets yield spatial frequency cutoffs ranging from 9 ±
1 cycles/deg (41, 47) down to 4 cycles/deg (29). These
cutoffs translate into blue cone spacings ranging from
3.33' up to 7.5'-figures very close t-o the upper and
lower spacings found in baboon fovea. [These esti­
mates assume that the psychophysically determined
spatial frequency cutoff is related t.o blue cone density
by the sampling theorem. There is no necessary reason
why this should be so, and it has been conjectured­
e.g., by Brindley (29), that the poor acuity of the blue
system is due to convergence of many blue cones onto
the same second-order neuron rather than a sparsity
of the cones themselves. However the weight of cur­
rent evidence rons counter to that hypothesis.]

In surrunary then, what we know about blue cone
spacing lends support to the idea that not only is
overall foveal cone density matched to the overall
spatial frequency cutoff of the retinal image, but in
addition the same principle governs the individual
densities of the various color systems. In a nutshell,
blue cones are relatively sparse because from their
spectral perspective the retinal image is always rela­
tively coarse. This idea in turn raises intriguing ques­
tions as to how the visual system integrates spatial
information arising from receptor systems that have
different sampling capabilities. Speculation on this
topic, however, would carry us loO far afield.

BYPASSING THE OPTICS OF THE EYE. Using coherent
light (e.g., from a laser source) it is possible to create
interference patterns on the retina that contain spatial
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frequencies well beyond the normal I-cycle/min Cut­
off. The technique, introduced in the 1930s by Le'
Grand (84), involves forming on the retina a diffraction
pattern equivalent to the one produced by a pair of
small apertures illuminated by the same coherent
source. (In this case the eye acts like an optical com­
puter of Fourier transforms as noted in the Appendix
to this chapter, p. 302.) This procedure allows one to
bypass the normal optical limitations of the eye (ex­
cept for scattering within the retina itself), and deter­
mine whether the neural components of the visual
system are capable of resolving spatial frequencies
higher than those normally present in the retinal
image. Figure 14 shows contrast thresholds as a func­
tion of spatial frequency measured under these con­
ditions by Campbell and Green (32). The basic finding
is that here, just as in normal viewing, resolution
becomes impossible at spatial frequencies on the order
of 1 cycle/min. (This was also found by Le Grand (84),
Westheimer (138), and Green (58). The only excep­
tional results are those of Byram (31), who obtained
limits on the order of 2.5 cycles/min. These results are
discussed later in Neural Limits of Visual Acuity, p.
275.) Figure 15 shows a comparison between contrast
thresholds obtained with interference patterns and
normal targets at the same mean retinal illuminance:
In both cases the high-frequency portions ofthe curves
are fairly well fitted by straight lines (in this semilog
plot) with the line for normal viewing having a some­
what steeper slope-necessarily, since in this case the

1000

effective contrast at the retina is attenuated by the
MTF of the optics of the eye, which does not affect
the contrast of the interference targets.

Vlhy should the postoptical components of the vis­
ual system be incapable of resolving spatial:modula­
tion beyond 1 cycle/min? Clearly from the standpoint
of design efficiency such a limitation makes sense,
since under normal viewing conditions no higher fre­
quencies would ever be informative about the outside
world-i.e., they could only arise as a result of optical
phenomena within the eye itself. However, the ques­
tion still arises as to the actual mechanisms responsi­
ble for the loss. Two kinds of factors need to be
considered: first, purely physical limitations imposed
by the size and spacing of the photoreceptors and by
residual optical spreading that affects interference tar­
gets as well as normal ones; and second, physiological
limitations due to neural mechanisms.

Physical factors affecting resolution ofinterference
targets. Dimensions of receptor array. Anatomical
evidence (95, 98, 104) indicates that in the central
fovea [what Polyak (98) called the "foveola," a circular
region 80' across] the cone outer segments form a
dense array of tightly packed cylinders, each having a
cross section shaped somewhere between a circle and
a hexagon-so that seen end-on "the entire formation
here resembles an evenly distributed mosaic, like the
cobblestones in an old fashioned pavement" [(98), p.
269; see Fig. 18 below). Receptor width in this region
is approximately 0.25 min, the length of the outer

FIC. 14. Spatial contrast-sensitivity functions
for sinusoidal interference targets formed with a
coherent source; wavelength, 633 nm. Data for two
observers; smooth curves drawn by hand through
data points. Mean illumination level, 500 trolands.
[From ampbeU and Green (32), with permission
from Cambridge University Press.]
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segmen is roughl 30 times their width, and the
center-to-cen r distance between receptors is approx­
ima ely 0.5 min. The foveola contains approximately
104 cones and no rods. As one moves out from the
c ntral fovea, one densit falls off approximately as
the inverse di tance from he center (as shown in Fig.
13), and the cones themselves become shorter and
fatt r. Convers Iy, rod density increases, reaching a
p ak approximately 20° from the center. (Rod dimen­
sions are not of primary importance here because the
upper limits of visual acuity are always obtained at
m an illumina ion I vel high enough to guarantee rod
saturation.)

R idual optical factors. In terms of these dimen­
sion it would not take a great deal of optical spreading
within the retina produce an effective spatial reso­
lution eu off of 1 cycle/min. As an example (motivated
b he roughl linear falloff in emilog coordinates
shown in Fig. 14) an optical spread corresponding to
the MTF e (where s denotes spatial frequenc in
cycles/min) wolJld reduce contrast by 95% (i.e., from
1.0 0 0.05) at 1 cIe/min. The corresponding point­
spread function in this case (which is gi en explicit!
b Eq. AI7 in h Appendix, p. 302) would be TOUgh!

Ga ian with a heigh of 0.64 at the origin and 0.05
one min awa.. hus light would be spread 0 er a
circular region ha 'ng an effective radius of 3 recep­
tors_ In 0 her words, the l-c cIe/min cutoff obtained
with in rference targe could be produced by a rel­
ati e1 mall pread of light within the retina i elf.

The actual behavior of light within the retina is far
from fully understood. (Ref. 117 surveys the relatively
new field of photoreceptor optics, which studies the
waveguide propertie of receptors.) However, Gorrand
(52) bas r cent! reponed a few measurements of
retinal scattering based on a new ophthalmoscopic
technique tha allows one to decompose the linespread
function into wo separate components corresponding
to preretinal pread and scattering v.rithin he retina.
(The technique used to produce the linespreads in Fig.
6 lumps both gether.) Psychophysical methods can
also be used to separate preretinal and intraretinal
spread (32): The top portion of Figure 15 represents a
psychophy ical estima e of the preretinal MTF. Both
physical and p ychophysical methods yield about the
same value for reretinal spread in the fo ea (52), and
agree in showing hardly any intraretinal spread in that
region (wher the retina is, of course, very thin).
Consequently i seems fairl certain that optical
spr ading is not the major factor limiting foveal acuity
for interference pa ems-though in view of the rela­
tively large effect to be expected from even a cry
small spread, and the fact at only a few physical
me uremen have so far been reponed it cannot be
concluded that it pIa s no role at all

Outside the fovea Gorrand's (52) measurements
how that retinal scatter becomes more appreciable.

For e ample a 6° eccentricity the contrast of a ­
c cI Ideg interfer nee grating is reduced by a factor
around 0.7 and that of an ll-c ele/deg grating by 0.4.
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between local spatial acuity (i.e., highest resolvable
spatial frequency) and local interreceptor spacing: Let­
ting Sd denote the highest resolvable frequency at
distance d from the center of fovea, and Wd the center­
to-center receptor spacing at distance c{- Figure 16
shows that out to d = 2°

s" = (2Wd)-J

As Green pointed out, this relationship has a natural
interpretation in terms of information theory. As we
noted earlier, Fourier analytic considerations (the
Whittaker-Shannon sampling theorem, described in
the Appendix, p. 302) show that a two-dimensional
array of sample points spaced W units apart (e.g., an
array of photocells located at the nodes of a checker­
board with square size W X w) permits perfect recon­
struction of any image in which the highest spatial
frequency does not exceed (2W)-1. On this basis one
can say that from 0° to 2° local spatial resolution
capacity equals "the theoretical limits for a mosaic of
receptors" [Green (58)].

However, this neat relationship should not be inter­
preted as an explanation of local spatial acuity, be­
cause the sampling theorem does not imply that spa­
tial frequencies above (2W)-1 simply vanish when sam­
pled by an anay with inteneceptor dis ance w-in the
sense that their sampled output will be indistinguish­
able from that produced by a uniform field. Rather,
(2W)-1 only represents the highest frequency that can
be resolved without distortion: If a regular sampling
array is confronted with frequencies above this limit
it can ransmit them, but their sampled output will be
identical to that produced by lower frequencies. In
communication theory this sort of distortion is known
as "aliasing" (27, 96). [The mathematical details are
explained in the Appendix to this chapter, p. 302,
which also provides a figure illustrating the effect (Fig.
A4).] To avoid aliasing in artificial image transmission
systems one must prefilter the input to ensure that the
sampling array never receives spatial frequencies
higher than (2W)-1: Mathematically this is accom­
plished by convolving the input with a pointspread
function whose MTF vanishes at (2W)-1. (Ideally tbis
MTF should be 1.0 at all lower frequencies for opti­
mum efficiency, but this usually cannot be achieved in
practice because the corresponding point spread must
contain negative regions.) In the human eye, of course,
such prefiltering is normally performed by the optical
transfer function, which vanishes at 1 cycle/min-the
appropriate cutoff for receptor spacing in the central
fovea. However, outside this region the optically im­
posed frequency cutoff will not be appropriate for the
coarser sampling dimensions of the receptor mosaic
(and of course with interference targets it does not
operate at all, except for residual spreading within the
retina itself). Consequently on sampling grounds alone
there is no reason why spatial frequencies above (2W)-1
should be entirely invisible in a retinal interference
pattern-one might just as reasonably expect that
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FIG. 16. Comparison betweenlocaJ spatial acuity for interference
targets (633 run) and intercone spacing at various distances from
the center of the fovea (0° eccentricity). Closed circles show center·
to-center intercone distances (l/distance in min). Open points show
local spatial acuity for tWO observers. Visual acuity here is arbitrarily
dermed as twice the highest resolvable spatial fr Quency in cycles/
min. This definition allows a direct comparison between local spatial
acuity and local cone density: if acuity and cone density were
matched according to the sampling theorem, both should fall on a
common curve-as they do out to 2°. Targets subtended 32.4 min;
mean intensity level was 1,200 trolands. [From Green (5 ), with
permission from Cambridge University Press.]

However, here it is even more certain that retinal
spreading is not the major factor limiting acuity, be­
cause at 6° the highest resolvable frequency for inter­
ference patterns is 6-8 cycles/deg (see ref. 58; Fig. 16).
In other words a 7-cycle/deg grating that has an
effective contrast at the outer segments of 0.7 is ju t
at the threshold of visibility, whereas at the center of
the retina the same frequency can be detected when
its contrast is less than 0.005 (Fig. 12). Evidently
postoptical differences between these two regions of
the retina must be responsible for an effective contrast
reduction of more than two log units.

Recep or sampling effects. The first postoptical fac­
tor that differentiates various regions of the retina, is
of course, receptor density (Fig. 13). We have already
noted that in the center of the fovea, receptor density
matches the value prescribed by the sampling theorem
for reconstructing inputs up to 60 cycles/deg, and this
is also the psychophysical acuity limit for that region.
If receptor density is the critical factor limiting visual
acuity it is natural to expect that local acuity should
be systemically related to local receptor density. Green
.(58) has measured local acuity for interference gratings
in 30-min patches out to 8° eccentricity and compared
the results to local receptor densities based on Oster­
berg's (95) cell counts. Figure 16 shows his results. It
can be seen that out to 2° there is a striking agreement



substantially higher frequencies could be dete'cred,
though their appearance would be that of low-fre­
quency counterparts produced by aliasing.

In summary then, residual optical spreading within
the retina cannot account for the limils of visual acuity
for interference targets: In the center of the fovea it is
apparently physically negligible, and outside the cen­
ter its effects, while physically appreciable, are no­
where near large enough to explain the dramatic de­
cline in acuity. Out to 2° local resolution capacity
matches the (2W)-1 sampling theorem limit, but this
relationship is itself more of a puzzle than an expla­
nation of visual acuity, because sampling considera­
tions alone do not imply that higher spatial frequencies
should be invisible: The (2W)-1 limit only specifies the
range of frequencies that can be transmitted without
distortion, and some additional mechanism is neces­
sary to explain why higher frequencies are apparently
undetectable. Beyond 2° spatial resolution capacity is
substantially worse than the sampling theorem cutoff.
Finally, it should be noted that local spatial acuity in
scotopic (rod-mediated) vision is best around 4° from
the center of the fovea, while rod density is greatest
around 20° (124). Thus it appears that receptor geog­
raphy alone cannot account for any spatial acuity
limits. Consequently in order to explain the overall
spatial resolution capacity of the visual system one
has to turn to neural mechanisms.

Neural Limits of Visual Acuity

We have seen that everywhere on the retina the
highest detectable spatial frequency either equals or
falls below the aliasing cutoff implied by local receptor
density. The problem now is to understand how these
limits are produced by neural mechanisms. In the
recent past, spatial contrast detection has been the
subject of a great deal of theoretical work aimed at
constructing physiologically realistic models that can
account for psychophysical phenomena in terms of the
receptive-field properties of cells in the visual pathway
(53~55, 142). This kind of neural model building has
reached quite a high level of sophistication, and one
might imagine that even though many details remain
to be worked out, at least the general neural principles
underlying spatial contrast sensitivity are well under·
stood-in the same way that we understand the prin­
ciples underlying trichromacy.

However, if one begins to trace the flow of spatial
contrast information up the visual pathway, beginning
with the distribution of quantum catch in the receptor
mosaic, one immediately encounters a theoretical road
block that does not seem to be dealt Ylith by any of
the current models. This section focuses on this diffi­
culty, which we shall call the "aliasing problem." The
conclusion of our analysis is that because of this prob­
lem it is not at all clear that current theories of spatial
contrast detection actually capture the fundamental
principles underlying the neural mechanisms that
limit visual acuity. To make this point we first give a
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brief overview of current theoretical ideas, and then
explain why something more seems necessary to ac­
count for the limits of visual acuity.

•
PSYCHOPHYSICAL POINTSPREAD MODE\.S. In his reo
view of theories of visual acuity, Le Grand [(84), p.
102] distinguished a class of "continuous theories"
which "voluntarily neglect the discontinuous receptive
structure of the retina." Current models for spatial
contrast sensitivity (that is, models designed to ac­
count for the spatial contrast sensitivity function and
similar data) are continuous theories, and we shall
argue that as a consequence they cannot give a com­
plete account of visual acuity. All of the models we
haye in mind are motivated primarily by the well­
known antagonistic center-surround receptive.field or­
ganization first identified in retinal ganglion cells, and
now known to characterize cells at every level of the
visual pathway from receptors (16-18, 47) to level IV
of the striate cortex (68). The discovery of this general
organizational feature of the visual system corrobo·
rated Ernst Mach's (in ref. lOla) nineteenth century
prediction-based entirely on perceptual analysis­
that the light distribution in the retinal image must be
spatially filtered by neural processes of lateral inhibi­
tion and excitation. To model this process it is natural
to imagine that the neural components of the visual
system operate on the retinal image in a fashion anal­
ogous to an optical pointspread function, but with the
important difference that optical pointspread func­
tions must be nonnegative, whereas a neural point
spread can be both positive and negative. (This is
critical, because a nonnegative point spread necessar­
ily produces an MTF that is maximal at the origin and
consequently could not explain the nonmonotonic
shape of human spatial contrast sensitivity functions
obtained at moderate-to-high mean luminance
levels-e.g., the curves above 0.09 troland in Fig. 12.)
If this neural filtering were linear its effect could be
directly combined with the point spread produced by
the optics of the eye to yield an overall pointspread
function which, convolved with any stimulus, would
yield its "neural image." The contrast in this neural
image would then detennine the liInits of spatial can·
trast sensitivity: if the neural contrast for a given
spatial frequency is zero when its physical contrast is
1.0, the frequency must be undetectable.

Figure 17A and B illustrate this kind of model in its
basic form. Figure 17A shows spatial contrast sensitiv­
ity functions for several observers obtained in an ex­
periment by Kelly and Savoie (76) that concentrated
on the low-frequency end of the spatial speCtrum. Also
shown is a theoretical curve of the form S2e-· which
provides a good fit for all observers. Suppose now that
spatial contrast detection obeys the follo\\ring model:
the stimulus pattern S is first convolved with a point­
spread function P (which combines both optical and
neural spread) and the result P·S is Fourier trans­
formed to obtain its amplitude spectrum. If for any
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patial frequene he amplitude spectrum exceeds a
fixed threshold t, he observer detects contrast. When
the stimulus is a sinusoidal grating of the form 1 +
C cos 2?Tsx, where s is spatial frequency in cycles/unit
of x (e.g., cycles/deg) and C is contrast, then detection
will occur when CITp(s) I = t, where ITp(s) I is the
absolute value of the Fourier transform of the point-
pread function P. In other words, ITp(s) I is the mod­

ulation transfer func ion of this m del visual system.
Thus in this model the threshold contrast C(5) for

detecting a sinusoid of frequency is inversely propor­
tional to ITp(s) I. and so the spatial c ntrast sensi 'vi y
function (C(S»-l (e.g., as plotted in Fig.17A) is directly
proportional 0 the modulation transfer function of
the visual system. Consequently to obtain the psycho­
physical pointspread function P (up to a constant
factor reflecting the threshold t) one can simply cal­
culate the inverse Fourier transform of the spatial
contrast sensitivity function. Figure 17B (74) bow
the outcome of applying this principle to the contrast



sensitivity function (i.e., the fitted curve) in Figure
17A. The result, according to this model. should be the
overall pointspread function of the visual system, in­
corporating both optical and neural effects. The func­
tion in Figure 17B is obviously reminiscent of the
center-surround organization of the receptive fields of
retinal ganglion cells, and so it is u:mpring to suppose
that spatial COntrast sensitivity can be explained phys­
iologically by a combination of optical blurring and
lateral neural mechanisms of a kind that are well
established_

This kind of model was first employed in connection
with sinusoidal contrast detection by Schade (115).
who had in mind the practical task of incorporating
human contrast sensitivity into the design of television
systems. In effect, the human visual system could in
this fashion be treated as the final stage in a series of
linear filt.ering operations. Subsequent psychophysical
work (see ref. 66, chapt. 1) coupled with results from
neurophysiology (ref. 66, chapt. 2) has led to a consid­
erable elaboration of the basic idea. Current models
(36a, 53, 142) are designed to take account of the
inhomogeneity of the visual field (by allowing the
psychophysical pointspread function to change shape
85 a function of retinal position), and of the possibility
that each point on the retina is served by several
"mechanisms" or "channels," each having its own
point spread (hence, its own spatial bandwidth) and
ita own sensitivity to the lemporal parameters of the
stimulus (i.e., some channels prefer flashes, others
slow changes). For example, the recent model of Wil­
son and Bergen (142) assumes four channels at each
point on the retina.

These psychophysical pointspread models account
for the limits of local visual acuity in terms of the
effective contrast transmitted by the most sensitive
local channel. Le., the channel which imposes the
smallest contrast reduction on high spatial frequen­
cies. If the output of this channel is below threshold
for a grating of physical contrast 1.0, the limit of acuity
has been reached. (Actually the detection process is
currently assumed to involve "probability summation"
between channels, so that the less·sensitive channels
still contribute something to detection even when
other, better tuned, channels are present. This makes
a difference in estimating channel bandwidths, but is
irrelevant to our main point here.)

Now there is no question that the most highly
evolved of these psychophysical spread models can
make good predictions of spatial contrast sensitivity
functions. and of contrast thresholds {or cenain other
stimuli besides sinusoidal gratings. Why then do we
say that they are not obviously capable of accounting
for the limit of visual acuity, which after all is only the
high-frequency cutoff of the contrast sensitivity func­
tion? Put more broadly, could not lateral neural pro­
cesses act in a manner analogous to optical point
spread and thereby limit visual acuity by reducing the
effective contrast of high-frequency retinal images?
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The answer, in a nutShell, is that by neglecting the
discontinuous receptive structure of the retina (i.e..
the receptor sampling process) these models bypass
the aliasing problem mentioned earlier, BYPASSING
THE OPTICS OF THE EYE, Receptor upling effects,
p. 274. The key point is that spatial frequencies above
the aliasing cutoff implied by local receptor density
must be represented in the input to the neural part of
the visual system as counterfeit low frequencies and
therefore cannot be filtered out by the kind of static
pointspread operations envisioned by current models.
The next section explains this point in detail.

SPATIAL A.MBIGUITY OF THE RECEPTOR IMAGE: THE
A.LIASING PROBLEM. Suppose that in a given patch of
retina the receptors are laid out in a checkerboard
array (i.e., each centered on an intersection>, with
center-to-center inlerreceptor distance w deg, and re­
ceptor width pw (0 < p .s 1). Then suppose we image
on this patch a vertical sinusoidal grating of frequency
{cycles/deg and contrast C (i.e., a grating of the fonn
1 + C cos 2-:r{x). The aliasing cutoff in our patch is
(2W)-1: If{is always below this limit we know that in
principle it can be reconstructed from its sampled
image_ However, if {> (2W)-1 it can be shown that its
sampled image will be identical to that produced by a
lower frequency sinusoid of the [onn 1 + C cos 2T.(w- 1

-f)x, i.e., a sinusoid of frequency w- I
-{ and contrast

C'. (This is worked out in the Appendix to this chap­
ter, p. 302: see Eq. A23. The contrast reduction from
C to C' is due entirely to integration over the surface
area of the receptor). For example, if w = 0.0080 (0.5
min) and pw - 0.004 0

, as in the cenr.er of the fovea,
the aliasing cutoff (2W)-1 is 60 cycles/deg, and a 90­
cycle/deg grating of contrast C will produce the same
sampled image as a 30-cycle/deg grating of contrast
o.Ge. Similary, if w - 0.033° (2 min) and pw - 0.008
(to simulate the dimensions at 8° eccentricity) the
aliasing cutoff is 15 cycles/deg and a 25·cycle/deg
grating of contrast C produces the same sampled im­
age as a 5-cycle grating of contrast O.BC.

Thus as a consequence of the aliasing possibilities
inherent in receptor sampling there is an intrinsic
spatial ambiguity in the input to the visual system:
Any given distribution of Quantum catch in the recep­
tor mosaic-say a distribution consistent with spatial
frequency {-could either have been produced by a
real stimulus having frequency {, or by a higher fre­
Quency (here, w- I -f) masquerading as f However,
the psychophysical literature tells us that frequencies
greater than (2w)-1 are seen as unifonn fields, while
lower frequencies are seen as spatially modulated.
This means that the neural component of the visual
system somehow manages to solve the aliasing prob­
lem without prefillering the retinal image-a feat tel­
evision engineers might well envy. How is it possible?

To forestall polential misunderstandings and objec­
~ions, four points should be noted immediately. First,
It should be clear that under the assumptions we began
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with (the realism of which we discuss in a moment) no
neural mechanism of any kind can discriminate be­
t.ween the stationary retinal images of real spatial
frequencies and their aliases (e.g., between 30 cycles/
deg and 90 cycles/deg when w >= 0.5 min) This is so
because after sampling by the receptors these images
present identical inputs to any subsequent neural
process.

Second, it should not be thought that aliasing is
only a real possibility with unnatural stimuli such as
interference patterns. That is true in the center of the
fovea, where the spatial limits of the eye match the
aliasing cutoff of the receptors, but outside that small
region the retina must be routinely exposed to spatial
frequencies above its local aliasing cutoffs, because the
optical quality of the retinal image remains roughly
constant out to 30° (84) while receptor density de­
Creases dramatically. (The example for 8° eccentricity
given earlier illustrates this point.) Consequently the
aliasing problem is one the visual system encounters
in its normal operation, and presumably must be de­
signed to solve.

Third, it is natural to wonder whether aliasing is
only a mathematical possibility that depends critically
on the unrealistic assumption of precisely regular re­
ceptor spacing. Certainly the real geometry of the
receptor mosaic is not nearly as regular as that of our
checkerboard model, and the exact consequences of
irregular receptor spacing pose an open theoretical
problem. However, one can get some immediate in­
'sight by constructing sampling arrays that simulate
the actual distribution of receptors in real retinas. We
have used Polyak's photographs of the human retina
[(98), p. 268] to construct arrays of pinholes that
simulate the sampling effects of the central fovea (by
simply poking a pin through the apparent center of
each receptor). When such an array is superimposed
or. gratings simulating frequencies beyond 60 cycles/
deg (e.g., displayed on a television screen) one sees
aliasing effects in the form of moire patterns that look
like low-frequency "worms"-broad, elongated, irreg­
ular shapes that change as the grating moves (Fig. 18
illustrates the effect). This shows that the irregulari­
ties of actual receptor spacing do not automatically
eliminate aliasing effects. Rather, it seems that they
make these effects less exact: instead of a frequency
beyond the (2W)-1 cutoff aliasing back into a single
lower frequency (e.g., 90 cycles/deg aliasing into 30
cycles/deg), it looks as though the effect of irregularity
is to scatter a given high frequency into a range of
lower frequencies, giving rise to patterns comparable
to low-frequency spatial noise. However, there is no
obvious reason why these low-frequency patterns
should not be detected by the visual system and used
to discriminate very high frequency gratings from
uniform fields. In other words, the realities of receptor
geography do not seem likely to provide a solution to
the aliasing problem.

Finally, if aliasing is a real visual phenomenon (Le.,

a real problem of the visual system, rather than simply
a theoretical possibility), why has it not been
revealed in previous experimenrs, Le., in form of acuity
values higher than the aliasing cutoff? (Of course, in
a sense these would be artificial acuities m-.:diated by
a kind of false resolution, because the frequencies
actually seen would not be physically present in the
retinal image. However, that is not the issue.) Perhaps
it has, because the acuity literature is too enormous
for a thorough re\'iew, but the fact that one does not
find results of this sort reported routinely could very
well be due to three points of methodology. To dem­
onstrate super acuity mediated by aliasing one must
first ensure that frequencies higher than the local
aliasing cutoff actually reach the retina. Consequently
measurements in the fovea made ....'ith ordinary stimuli
could never be expected to yield acuities higher than
60 cycles/deg. Second, it is essential to control image
motion (i.e., by flashing the stimulus, or stabilizing its
retinal image) because when motion is allowed the
visual system has available information that in prin­
ciple could allow it to discriminate between real spatial
frequencies and counterfeits due to aliasing (e.g., if the
eye moves at u deg/s a real 30-cycle/deg grating pro­
duces 30 u Hz flicker at each receptor, while a 90­
cyc1es/deg grating masquerading as 30 cycles/deg will
produce 90 v Hz flicker). As far as we know all of the
experiments measuring acuity with interference tar­
gets have allowed sustained viewing with natural eye
movements. Third, because detection of aliased fre­
quencies would be a somewhat unnatural task, it
seems essential to use an objective psychophysical
method, e.g., forced choice discrimination between
uniform and spatially modulated fields. This point is
underscored by the exceptional results of Byram (31)
mentioned earlier. He reported acuity limits as high
as 150 cycles/deg, but stressed that the choice of an
upper limit depended on what one was wJling to
accept as a legitimate experience of spatial contrast:
At his highest values, regular square~wave gratings
appeared as "wriggling curved line segments" [(31), p.
273]. Because Byram gave few details of his methods,
and all other interference experiments have produced
acuity values approximating 60 cycles/deg, his results
may have been due w some artifact. However, it is
also possible that he happened to achieve conditions
facilitating actual detection of aliased frequencies.

Outside the fovea aliasing could be expected to show
itself with ordinary stimuli, pro...ided they were flashed
or presented as stabilized images and objective psy­
chophysical methods were used. We are not aware of
any experiments satisfying both requirements. How­
ever, Le Grand (84) mentions the interesting point
that in the periphery of the retina, unlike the fovea,
acuity is significantly better for flashed targets than
for steady ones. It seems conceivable that this is due
to false resolution mediated by aliasing, though other
explanations based on the greater prevalence of tran­
sient ganglion cells in the periphery are also plausible.
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FIG. 18. The lop and middle row iUustrate aliasing by an arra . of photoreceptors. Top left:
photomicrograph of a 12' x 13' patch of human retina near the center 0 the fovea. The mean center­
to-center distance between recep ors is 0.53', implying nn aliasing cutoff of 57 cycles/deg. Top right:
sampling grid made by punching a pinbole through the cw"e of each ree ptor in the 12' x 13' patch.
Middle left: 3O-cycl /deg square wave grating seen through the pinhole grid. Middle right: 8O-cycle/
deg uare .....a\·(; gratin ~ through the pinhole -d... "me the appearance of broad curved Line
segmen due ttl aliasing. The bottom row illustrates the effect of a regularl)' spaced (checkerboard)
array of sampling point.s baYing roughly th same sample-point distan as the avera e "alue for the
retinal array. Bottom left: 3O-eycle/deg square wa e grating seen through the regular mpling grid.
Bottom right: _ -cy I Ideg square wa e grating 5e n through the r gular sampling grid. [Top left
fTorn Polyak (9-1, p. 2 .J
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CONCLUSIO:-;S. The preceding line of analysis suggests
tWO puzzles. First, because of sampling effects, visual
acuity meas.ured by the highest spatial frequency at
which a sinusoidal interference pattern can be discrim­
inated from a uniform field should be greater than the
local sampling theorem limit everywhere on the retina.
Second, spatial "noise" produced by aliased higb fre­
quencies should normally be present in the extrafoveal
visual field. The fact that neither phenomenon ordi­
nariiy occurs perceptually seems to imply that t.he
visual system has some active mechanism for sup­
pressing counterfeit spatial frequencies, i.e., a mecha­
nism that prevents false resolutions that would other­
wise contaminat.e its spatial analysis of the retinal
image. As far as .....e know, current neural models for
spatial contrASt detection do not explicitly provide
such a mechanism, and consequently our ability to
trace the flow of spatial information through the visual
pathway has a missing link. We will not try to guess
the nature of this link, except to make the obvious
point that the most natural neural mechanism for
suppressing aliased spatial frequencies would be one
that relies on information supplied by retinal image
motion. It is weU known that during normal vision the
retinal image is always in motion, and that when
motion is artificially stopped vision fails almost im­
mediately. This disappearance effect is usually attrib­
uted (in a functional sense) to a kind of neural bore·
dom, but it also seems conceivable that the visual
system is not so much concerned with suppressing
unchanging spatial signals as with suppressing signals
that are spatially ambiguous.

In any event. it seems clear that the answer to these
questions must come from studies that measure visual
acuity under conditions that control retinal image
mOlion. Kelly (75) has recently reported t;he first mea­
surements of the !;plltial contrast sensitivity function
for gratings that drift across the retina at a controlled
velocity independent of the subject.'s eye movements,
His measw'ements concentrate on lower frequencies
and consequently are not directly related to our prob­
lem, but they do demonstrate clearly that spatial
contrast sensitivity is sharply dependent on t.he rate
of retinal image motion. Visual acuity must now be
analyzed from this point of view.

COLOR VISION

Newton's prism 'experiments of 1666 showed that
light comes in different degrees of refrangibility (today
we would say different wavelengths or frequencies);
that each wavelengt.h in isolation produces its own
unique color experience (i.e., t.he spectral colors); and
that lights composed of wavelength mixtures generally
produce color experiences indistinguishable from
those produced by other mixtures that are physically
entirely different (e.g., a red/green wavelength mix­
ture is indistinguishable from a suitably adjusted yel­
low/blue mixture). For nearly 300 years this last (act

was the outstanding problem of color vision. What
causes the \;sual system to lose so much wa\'elength
information? By the middle of the 19th century exper­
iments by Maxwell had established the precise quan­
titati"e nature of this information loss, w}-~··.h at day.
light levels of illumination takes the form of trichro­
m.ac)": "Given any four lights, whether spectroscopi­
cally pure or not, it is always possible to place two of
them in one half of a foveal photometric field and two
in the other, or else three in one half and one in the
other, and by adjusting the intensities of three of the
four lights to make the two halves of the field indistin­
guishable to the eye." [(29), p. 199]. The psychophys­
ical laws of color matching were formalized by the
mathematician Grassman in 1853, and it became ap­
parent that the set of color experiences could be
modeled as a three·dimensional vector space, in which
the three trichromatic "primaries" (that is, three lights
of fixed wavelengths which can be weighted in inten­
sity and mixed to match other lights of arbitrary
composition) play the role of basis vectors: JUSt as any
point in three-dimensional space can be produced by
a linear combination of the vectors (1, 0, 0), (0, 1,0),
and (0,0, I), so t.he color experience generated by any
wavelength mixture L can be produced by a linear
combination of primary lights A, B, C: Either L - aA
+ bB + cC (where aA means a quanta/s at wavelength
A, and + means the physical superposition of two
lights-e.g., by overlapping the beams of two projec­
tors) for some set of positive weights a, b, c, or one
primary must be added to L to produce a match, in
which case we interpret its weight as negative-so
that, for example, aA + L .., bB + cC. (For a thorough
discussion of Grassman's laws and their measurement­
theoretic implications, see Krantz, refs. 79, BO.)

Maxwell and Helmholtz (in 89a) independently rec­
ognized that trichromacy could be neady explained by
a physiological mechanism for light transduction sug­
gested 50 years earlier by Thomas Young (in 89a).
Impressed by the physical impossibility of equipping
each retinal point with separate detectors for every
wavelength, Young (in 89a) proposed that there might
be only three broadband detectors, each corresponding
to a "particle," analogous to a resonator, that re­
sponded best to some peak wavelength and more or
less strongly to other wavelengths according to their
distance from that peak. He supposed the peaks of the
action spectra of his particles would correspond to the
"three principle colors, red, yellow, and blue."

Modem work has exactly confirmed Young's pro­
posal: "His particles are the ~·electrons of the chro­
mophores of the visual-pigment units of the cones."
[See Rodieck (106), p. 714.] However, for a hundred
years after its revival by Helmholtz and MaxweU (see
ref. 89a), Young's model could not be physiologically
confirmed, and in the absence of any clear understand­
ing of the neural substrate of color vision, competing
theories flourished. The most radical alternative (or
so it seemed) was Hering's (668) idea that photorecep-



tors might. operate in an opponent-process (ashion,
with some substance being created by certain wave­
lengths and destroyed by others. Variations on
Young's idea included the addition of more than three
cone phowpigments; the idea that each type of pho­
topigment is (or is not) segregated into its own private
set of receptors; the idea that the spectral sensitivities
of the cones might be determined by optics rather
than photochemistry, and the notion that the blue
cones might be rods.

Many of these hypotheses could be decisively tested
by psychophysical experiments (see chapt. 8 in ref.
29), and during the period 1850-1950 color science was
largely dominated by psychophysics, which achieved
some important successes. In the nineteenth century,
perhaps the most notable example was Konig's dem­
onstration (1894; see ref. 77a) that. the action spectrum
for detect.ion in rod vision agrees with the absorption
spectrum of the rod photopigment rhodopsin. That
result (since confirmed by modern methods-see Fig.
21) showed that the spectral properties of rod vision
at least could be explained by the absorption charac­
teristics of a photopigment. In this century a compa­
rable achievement is the long-tenn effort of W. S.
Stiles to identify the spectral properties of the mech­
anisms underlying cone vision by the analysis of inere­
ment thresholds (120).

From the standpoint of industrial colorimetry, psy­
chophysics alone was sufficient for the practical prob­
lem of specifying the color experiences produced by
isolated lights of arbitrary spectral composition. [We
say isolated because Grassman's laws do not predict
the color experiences produced by juxtaposing two
lights-e.g., the fact that white light turns pink when
surrounded by a green field. These simultaneous con­
trast phenomena, which Land (82) has demonstrated
so effectively, are still not fully understood.] However,
psychophysical methods alone could not provide de­
finitive answers to the fundamental questions: Are
there really exactly three cone photopigments? If so
what are their absorption spectra? Are the photopig­
ment types segregated in different receptors? These
questions persisted largely because the cone pigments
of the human retina, unlike rhodopsin, could not be
successfully isolated (and have not been to this day).
The impasse was finally broken in the period 1950­
1970 by two new techniques: retinal densitometry,
which measures the absorption spectra of visual pig­
ments in the living retina, and microspectrophotome­
try, which measures the absorption spectra ofindivirl­
ual receptors. Both techniques have agreed in showing
that besides rhodopsin, the human retina normally
contains three cone pigments, which Rushton (112)
has called erythrolabe ('\max = 570), chlorolabe ('\max
= 540), and cyanolabe ('\ma~ = 440). Microspectropho­
tometry has shown in addition that these pigments
are segregated in different receptors-the (so-called)
"red," "green," and "blue" cones. [There are good
grounds for objecting to these colorful labels-ex-
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pressed, for example, by De Valois and De Valois (42)
and in the chapter in this Handbook by De Valois and
Jacobs. However, they are probably too convenient to
be readily discarded.]

On the basis of these results-torether with con­
verging evidence from a hundred years of psychophys­
ics and physiology-there is today general agreement
that the nonnal human retina contains four photopig­
ments (three cone pigments and rhodopsin), each
housed in a separate class of receptors, and that this
fact together with the inability of receptors to signal
anything beyond their rate of quantum absorption
(Rushton's univariance hypothesis) can account for
the basic properties of color matching (e.g., see refs.
29, 106, 112, and chapts. 9-15 in ref. 40). The purpose
of the present section is to show how the quantitative
psychophysical facts of color matching arise from the
underlying physiology of the retina. We first consider
the special case of rod vision, which serves as an
illustration of what can be expected in a monochro­
matic visual system-I.e., a system in which only one
class of receptors is active, all of which share a com­
mon absorption spectrum. Then we extend the argu­
ment to cover dichromatic and trichromatic systems.
We also briefly consider the major fonns of color
blindness, which can (probably) be explained in terms
of losses or spectral distortions of one or more receptor
systems. Our discussion does not extend beyond color
phenomena that can be explained in terms of the
absorption properties of receptors. Consequently we
have nothing to say about such important perceptual
phenomena as simultaneous color contrast, or about
the neural mechanisms that process the color infor­
mation supplied by the outer segments. On these
topics the reader is referred to the chapter by
De Valois and Jacobs in this Handbook.

Scotopic Spectral Sensitivity

Figure 19 is called the scotopic spectral sensitivity
curve of the human eye. It represents psychophysical
data, in that it was obtained by systematically varying
physical parameters (intensity and wavelength) and
measuring the corresponding perceptual effects. To
obtain the curve in Figure 19, the subject was flrst
fully dark adapted. Then flashes of light of a given
wavelength and adjustable intensity were delivered to
his peripheral retina, where rods are most densely
packed, and, for each wavelength the intensity was
found for which the flash was just on the threshold of
visibility (i.e., the intensity for which it was reported
to have been seen on 60% of the flashes). In other
words, this is a plot of the effectiveness of light on the
dark-adapted (scotopic) visual system as a function of
wavelength-the scotopic visual action spectrum.

The ocular media absorb some quanta before they
arrive at the retina, and the wavelength dependence
of this absorption is plotted in Figure 20. When the
spectrum in Figure 19 is corrected for the absorption
shown in Figure 20, the result is as plotted with
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molecule within the rods. When a quantum passes
through the space occupied by a rhodopsin molecule,
it has some probability of being absorbed, and th
absorption spectrum is really a plot of his probability
as a function of wavelength. Now an extremely impor­
tant question arises. When a quantum is rr'~130rbed by
a rhodopsin molecule, does the resulting activity retain
information about the wavelength of the absorbed
quantum? All available evidence indicates the answer
is no. Quanta of different wavelengths (and energies)
may have different probabilities of being absorbed,
but if a quantum is absorbed, the physiologically sig­
nificant effect is apparently identical, regardless of the
wavelength (or energy) of the quantum. Strong psy­
chophysical evidence that the wavelength information
is lost is that, if two patches of differing wavelengths
are presented to a dark-adapted eye and their relative
intensities are adjusted to compensate for the differ­
ence in scotopic sensitivity between the two wave­
lengths, the two patches will be completely indis­
criminable, so long as the intensities of the patches are
below the photopic threshold, so that only the scotopic
system is operating. Any pair of lights that produce
equal numbers of quantal absorptions are indistin­
guishable from each other. The information that the
two patches are different in wavelength must therefore
have been lost by the visual system, and that is true
for all wavelengths. That information loss evidently
occurs during the absorption of the quantum, all ab­
sorptions producing identical effects (the cis-trans
isomerization of rhodopsin) regardless of the energy in
the quanta. The differences in energy among absorbed
quanta are evidently manifested in small temperature
differences that are not signaled to the re t of the
visual system.

The assumption that wavelength information is lost
at the point of quantum absorption is generally re­
ferred to as the principle of "univariance," a term
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symbols (x) in Figure 21. It is the action spectrum of
that part of the scotopic visual system that is proximal
to the ocular media, The dashed curve in Figure 21 is
the absorption spectrum of rhodopsin. The coinci­
dence of the dashed curve and the symbols in this
figure, that is, the agreemen between a psychophysi­
cally determined action spectrum and a physically
measured absorption spectrum, is strong evidence for
a physiological theory, namely, that the absorption of
quanta by rods is the initial step in the crucial trans­
duction of light into physiological signals, under sco­
topic conditions.

Wave number (em-I)

FIC. 19. The scotopic visual action spectrum ploned two ways.
Horizontal axis is linear with wave number (number of waves per
em). See text for explanation of data collection procedure. [From
Cornsweet (36).]

Monochromacy

The absorption spectrum of intact rods is primarily
determined by the quantal absorption of the rhodopsin
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FIG. 21. cotopic visual action spectrum corrected for absorption
by ocular media (x) compared with absorption of rhodopsin (dashed
curue). [From C<Jmsweet (36).]

introduced bRushton (112). Because this hypothesis
is central to understanding the relationship between
the p ychophysics and physiology of color vision, its
meaning (and. of course, empirical validity) deserves
close examination. Here we take univariance to mean
that the effective input to the visual system is the
quantum catch of the receptors so that the response
of any given recep or ro is some function fo(co, CI,

C2, ..• , ) whose arguments are the quantum catches
of ro itself, Co, and the catches CI, C2,... of other
receptors rl, r2, .... Thus two stimuli that produce the
same quantum catch in every receptor (i.e., the same
values of Co, CI, C2, .•• ) constitute identical inputs to
the visual 5yst ill and are necessarily indiscriminable.
Note that this is not equivalent to assuming that the
response of a rec ptor depends only on its own quan­
tum ca ch- he special case in which fo depended on
Co aJone, and not on Cl, C2, .... This point is important
because there have now been several demonstrations
hat receptor membrane potentials do depend on he

quantum catch of more than one receptor (17, 18, 47)
and one ometimes reads that such demons ations
disprove the univariance principle-which clearly they
do not.

In fact there seems to be no evidence contradicting
univariance. However, his does not mean the princi­
ple is undoubta Ie: Romeck (106) points out that
receptors could provide wavelength information by
varying their ou pu ignal as a function of the posi 'on
along the outer egment at which absorption occurs.
(For example, quanta ab orbed nearer the base migh
be more effective at modulating transmitter release.)
Because the a rage position a which photons are
absorb d depends on heir avelength (the mean dis­
tance tra eled before absorption is in ersely propor-

tional 0 the absorption probability) a device reading
the output to a fixed number of absorptions could
make a better-than-chance guess as to the wavelength
of the stimuJation if it knew where those absorptions
had occurred. This would be a violation of univariance
because the response of the visual system would de­
pend on something more than quantum catch. How­
ever, it does not appear that the human visual system
takes an ignifican ad antage of this possibility. e
do not rule ou he possibility that the mechanism
suggested b Rodieck might produce failures of uni­
variance in a p • choph ical experiment designed spa­
cificall for tbe purpose, bu we would expect any such
failures to be very small.) At the moment. then it seems
safe to assume that univariance is strictly true and to
develop a model of color vision based on that hypoth­
esis. I is wilikely tha future developments will force
us to alter this assumption in any significant way.

Assuming univariance, lights that produce the same
rate of quantum absorption in each receptor must be
indistinguishable. To understand wha this entails one
needs a model of the light-absorption process. The
tandard firs approximation is to assume that the

light..ca ching parts of receptors (e.g. rod outer seg­
ments can be treated simply as tubes filled with
photopigment e.g., rhodopsin) molecules; photopig­
ment concentration is assumed to be uniform through­
out the tube and all quanta are assumed to enter the
tube straigh -on, and travel down its length until they
are ei her absorbed or reach the end. In this case
absorption can be modeled by a spatially homogene­
ous Poisson process in which the probability density
for absorption of a quantum of wavelength Ai at dis­
tance x along the ou er segment is a,-c e-cp

, where ai
is the chromophore absorptivity at Ai (in other words,
the in rinsic absorption spectrum of the pbotopig­
ment), and c is the photopigment concentration. Then
if the length of the outer segment is L, the probability,
P(i, c), that an incident quantum of wavelength Ai will
be absorbed during its journey down the receptor is

P(i, c) = 1 - e-cf'L

P(i, c) is the ab orption spectrum of the photorecep­
tor i depends on both wavelength and concentration
and is nonlinearly related to the intrinsic absorption
spectrum of the photopigment.

If Ii quanta/s at wavelength A; are incident on the
receptor, and the catch rate is small enough to leave
the concentration c effectively unchanged then the
rate of absorption will be P (i, c )1; per second. Assum­
ing tha every receptor has the same absorption spec­
trum (e.g., onI rods are active, and all have the same
value of be product a,-cL), two uniform patche of
light of wavelengths AI and A2 are indistinguishable if
their in en iti ,11,12, are adjusted so that

PU, c) II = P(2, c) 12

ow i is ob 'ou from . equation that at an. fixed
pbotopigment concentra 'on Ie el, any pair of mono­
chromatic lights can be made indistinguishable b
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adjusting the intensity of one light. However, because
the absorption spectrum P(i, c) depends nonlinearly
on C, it is also clear that in general, lights that produce
equal absorptions at one concentration level \\ill not
necessarily do so at other levels. In other words, lights
that are indistinguishable at one adaptation level need
not match at all adaptation levels. This nonlinearity
is formally awkward, and so it is natural to look for
simplifying assumptions that can justify getting rid of
it. If one requires a model that will guarantee the
stability of color matches for all states of adaptation
there are only two possibilities. One is that the prod­
UCt, a,eL, is always small enough (.5:0.2) to justify the
approximation 1 - e-GFL :; a,cL. In this case two
monochromatic lights match at any concentration if
their intensity ratio It112 equals the ratio aual, and if
this is true for any concentration it is tnJe for all Early
estimates of the absorption probabilities of individual
receptors suggested that P(i, c) could be well approx­
imated by a,eL, but more recent measurements for
both rods and cones yield values on the order of 0.5 or
more [(06), p. 142-143], so this linear approximation
assumption does not seem well founded.

The other alternative is to assume that photopig­
ment concentration changes are negligible over the
range of light intensities one is concerned with. In this
case P(i, c) can be regarded as a function of wave­
length alone and written simply as Pi. Then the con­
dition for indistinguishability of twO monochromatic
lights, L l and ~, whose wavelengths are respectively
Ai and A2 is simply

Pill"" P2 12

and for wavelength mixtures (say hl denotes the num­
ber of quanta/s at wavelength AJ produced by Ll) the
matching condition is

'foPj III - 1:Pj 12l
J j

For the rod system this constant concentration as·
sumption seems reasonable, because rods become vis­
ually ineffective (i.e., saturate) at intensity levels that
bleach only a small fraction (ca. 10%) of the available
rhodopsin (1a). For cones, on the other hand, visual
matches can be disrupted by very intense adapting
lights that bleach substantial fractions of photopig­
ment (29), and so in this case a breakdown of the
constant concentration assumption can have signif­
icant perceptual ~onsequences.However, throughout
most of the intensity range encountered in normal
vision such breakdowns do not occur, and because the
formal simplification permitted by that assumption is
more important in cone vision (due to the additional
complications introduced by the three-dimensionality
of phototopic vision) it seems reasonable to adopt the
hypothesis that for both cones and rods the photore­
ceptor absorption spectrum, P(i, cl, is independent of
c, and for each receptor depends only on wavelength_

Thus we assume that all receptors of a given class can
be characterized by a common absorption probability,
P" that depends only on the wavelength, Ai, via the
intrinsic absorption spectrum, UI of the photopigment
common to that class. In that case, tht"' requirement
for indistinguishability of monochromaiic lights by a
given receptor system under all conditions is simply
Pdl = PJ2, and when several receptor systems are
active-as we shall see in the following discussion­
the requirement for indistinguishability is a straight­
forward multidimensional generalization of this equa­
tion.

As a consequence of the loss of wavelength infor­
mation, the scotopic visual system is often said to be
tot.ally color-blind. That terminoto&}' can be mislead­
ing, however. A less ambiguous statement is that the
scotopic system cannot discriminate among lights on
the basis of their wavelength compositions_ IT two
patches of differing wavelength composition are side
by side, it is always possible to adjust the intensity of
one until the two patches produce identical effects
(numbers of absorptions and isomerizations) on the
visual system, and thus to render them indistinguish­
able. Any visual system for which this is tnJe is said to
be monochromatic, or "tot.ally color blind:' Note that
the term monochromatic does not in any sense refer
to the perception of colors. If a totally color·blind
person asserts that he sees a full spectrum of colors in
the world, there is no class of evidence that can refute
him. If he is truly monochromatic, what is missing is
sensitivity to wavelength differences, and if he were to
attribute color names to objects in the world, a manip­
ulation of the intensity and wavelength of light re­
flected from objects would reveal that there was no
consistent relationship between the wavelength com­
position of the reflected light and his color names.

Dichromacy

When the ambient light level is well above the cone
threshold, the scotopic system evidently ceases to be
functionally significant, and the cone, or photopic,
system mediates normal human vision. Suppose that
a person had both functional rods and cones, and all
of his cones contained a pigment whose absorption
spectrum was shifted with respect to rhodopsin, as in
Figure 22. At low·light levels, only his rod system
would operate and he would be a monochromat. At
high levels, only his cone system would be functional,
and he would still be a monochromat, since all of the
arguments showing that the rod system is monochro­
matic would apply equally well. [Recent evidence in­
dicates that the rod system can influence perception
at relatively high light levels under certain conditions.
See, for example, Stabell and Stabell (119). Those
conditions are not relevant to the logic of this argu­
ment and will be neglected, here, to facilitate the
discussion.]
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effectively consists of two kinds of receptors, differing
in their absorption spectra (see curves for systems A
and B in Figure 23A and B. When hese people are
presented with photopic stimuli, tMlr visual systems
contain wo simultaneously operating cone subsys­
tems, and their ability to discriminate wavelength
mixtures has the same properties as the person de­
scribed above under mesopic conditions.

If two patches of differing wavelength composition
are adjusted in intensity to have identical effects on
the A system, they will have differing effects on the B
system, and vice versa. Thus, such a person is not a
monochromat under photopic conditions. (He will be
under scotopic conditions.) The point labeled 620 in
Figure 23B is a representation of the effects on the A
and B cone systems of a patch of light of wavelength
620 om and an interu;ity of 1,000 quanta·s-1 ,mm-2

.

The location of that point in the two-dimensional
space of Figure 23B is found simply by multiplying the
intensity (1,000) by the proportion of quanta absorbed
at 620 om in each cone subsystem as plotted in Figure
23A.

The space in Figure 23B is linear. That is, if the
interu;ity of the 620-nrn stimulus were doubled, the
number of quantal absorptions in each system would
double, and a point representing this new stimulus
would be twice as far from the origin. Thus, the dashed
line in Figure 23B represents the effects of all inten­
sities of 620-nm light. As noted above, this linearity
only holds exactly as long as the intensity is not so
great that a substantial fraction of either pigment is
bleached. As a practical matter, this kind of linearity
holds for almost all light levels experienced in the
world. The space in Figure 23B represents the joint
consequences of the action spectra of two visual sub­
systems, and we will call it the visual action space.

Suppose a second stimulus is now placed next to the
first, at a wavelength of 560 nm and an interu;ity of
1,000 quanta.s- l .mm-2

• Its effect on the A and B
systems is represented by the dot labeled "560" in
Figure 23B. The fact that this dot is not coincident
with the point labeled "620" (i.e., that the effects of
this stimulus are different from those of the fIrst one)
means that the two stimuli are discriminable (provided
that the differences between their effects are not lost
at any later stage in the system). Furthermore, chang­
ing the interu;ity of either patch would simply move
its effect along the line connecting it with the origin,
and thus there is no interu;ity adjustment that will
render the two stimuli indiscriminable.

Now suppose that the patches are left the same,
1,000 quanta,s-l.mm-2 at 560 run and 1,000 quanta·
S-1 • rom-2 at 620 om, but a new component, 1,000
quanta·s-1 ·mm-2 at 500 nm, is added to the 620-nm
patch. The effect on the visual system of this mix ure
(620 run + 500 om) of lights can be represented simply
as the vector sum of the effects of each of its compo­
nents, as in Figure 24, because the action space is
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FIG. 22. pectral sensithity curve of rods (upper curve) com­
pared with spectral sensithity curve for a hypothetical set of cones
(lower curve). ote that this lower curve does not represent any
real set of cones and is st.rictly for explanatory purposes.

If a pair of patches of light of differing wavelengths
are adjusted to be indiscriminable, that is, to produce
equal numbers of absorptions, under scotopic condi­
tions, and then the interu;ities of both patches are
doubled but remain below the photOpic threshold, the
patches will still have equal effects on the visual
system, and so will still be indiscriminable. If the
interu;ities of both patches are now increased by a
factor sufficient to raise them well above the cone
threshold, the rods will cease contributing to vision
and the visual action spectrum will shift to that of the
cones. As a coru;equence, the probabilities of absorp­
tion of the various wavelength components will change
and the patches will no longer match. However, it will
now be possible to readjust the relative intensities of
the two patches until they are again indiscriminable,
and so the system is again monochromatic.

N ow suppose that the interu;ities of the two patches
were lowered until they were above the cone threshold
but low enough that the rod system still functioned
too. (This interu;ity range, between pure scotopic and
pure photopic vision, is called mesopic vision.) If the
intensities of the two patches were adjusted to produce
equal absorption in the rods they would have differing
effects on the cones, and so the viewer could tell them
apart. If the interu;ities were readjusted to produce a
match for the cones, the rod signal would provide the
information necessary to discriminate them. There­
fore, a person with rods containing rhodopsin and
cones containing a pigment with a different absorption
spectrum would be a monochromat at high- or low­
light levels, but. would not be under mesopic condi­
tions.

A fairly large class of humans (those afflicted with
the form of color blindness known as dichromacy)
have a normal rod system and a cone system that
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linear-that is, because each wavelength component
produces a number of absorptions that is independent exactly matched by the effects of any other mixture of
of the absorptions produced by the other component:. wavelengths if the intensities of two different wave­
The total number of absorptions in each pigment length components were properly adjusted. The ef­
system is simply the sum of the absorptions that would fects of each mixture are found by vector addition of
have been produced by each wavelength component its components. The effects of the two mixtures are
alone. represented by two points in action space. By changing

Now suppose that one patch delivers 1,000 quanta· the intensity of anyone wavelength component of a
S-I. mm-2 at 560 nm and the other is a mixture of2,050 mixture, the effect of the mixture can be moved along
quanta·s-1 .mm-2 at 500 nm and 910 quanta.s- 1 • a line parallel with the line through the origin repre­
mm-2 at 620 nrn. Figure 25 shows that the vector sum • senting the effects of that particular wavelength. lithe
of the 500 and 620 nm mixture is represented by the intensity of a different wavelength is changed, the
same point in action space as is the patch of 560 nm at effects of the mixture move in a different direction.
1,000 quanta.s- l .mm-2. Because the effects of the Therefore, by changing the intensities of any two
mixture on both the A and B systems are identical wavelengths, the effects of a mixture can be placed
with the effects of the 560-nm stimulus, the two anywhere in the two-dimensional action space; that is,
patches must be indistinguishable. Furthermore, it is any mixture can be made to match any other mixture
easy to see that, given a mixture of any two wave- by the adjustment of the intensities of any two com­
lengths, one shorter and one longer than 560 nm, ponents.
intensities can be found for the two components of the Consider the simple case illustrated in Figure 26, for
mixture such that their vector sum equals the vector which a match is to be made between a 620-n.m patch
for the 560-nm patch. If it were possible to present and a mixture of 540 nm and 580 nm. If the match is
stimuli of negative intensity (the physical representa- to be made by adjusting the intensities of the 540-nm
tion of which will be discussed later), it should be clear and 580-nm components, the 580-n.m component must
that this property would not be restricted to a mixture have an intensity of 790 quanta-s- l .mm-2

, but the
of wavelengths one on each side of 560 nm, nor re- 540-nm component must have an intensity of -425
stricted to a mixture of just two wavelengths. In gen- quanta·s-1 .mm-2

, which is not physically realizable.
eral, if negative intensities were possible and if a visual However, if the 540-nm component were moved from
system contained just two classes of receptors whose the patch containing the 580-nm component to the
action spectra were different, so that the effects of any 620-nm patch and given an intensity of +425, the two
mixture of wavelengths could be represented in a twO- patches would match. In general, if a match between
dimensional action space like that in Figure 23B, then two patches requires a negative intensity as repre­
the effects of any mixture of wavelengths could be sented in the action space, the match can be physically
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FIG. 26. If a mb.'1ure of two wavelengths is to match a third

whose effects do nOl lie On a line between the two to be mixed, one
of the two components of the mixture must have a negative inten­
sity, as shown by the downward direction of the 500-nm '·ector. The
physical realization of this negative vector requires the addition of
500 nm light of that magnitude to the 620·nm component.

achieved by changing the sign of the intensity and
adding it to the other patch instead.

The action space in Figure 23B is two dimensional
because it represents the actions of lights on two
systems, each of which is one dimensional (that is, the
effect of light on each system depends only on the
total number of quantal absorptions, not on their
wavelengths). It follows that any visual system con­
taining only two classes of receptors that differ in their
absorption spectra must have the following property:
any mixture of wavelengths can be exactly matched
by any other mixture if the intensities of any two
component wavelengths can be arbitrarily adjusted
(including the realizable equivalent of negative inten­
sities). A visual system with those properties is called
dichromatic.

Trichromacy

Most humans cannot produce a match between two
mixtures by adjusting the intensities of only two com­
ponents. Three adjustments are required. That is,
normal human vision is trichromatic and it must be
represented by a hree-dimensional action space. This
is to be expected from the fac that the normal human
visual system contains receptors with three different
action spectra. One estimate of these spectra is shown
in Figme 27, and Figure 28 is a representation of the
corresponding three-dimensional action space.

If a normal human observer is shown two patches

of light, one containing any arbitrary mixture of wave­
lengths and the other any three wavelengths (except
for a special case to be described below), and if the
intensity of each of the three can be adjusted (includ­
ing negative values, i.e., added as positive quantities
to the other patch), it will always be pO~Jsible to find
a set of three intensities such that the two patches are
indistinguishable. In three-dimensional action space,
this is represented in the following way. The three
actions of light (on the three color systems) of any
single wavelength component are represented by a
vector through the origin whose length is proportional
to intensity and whose direction depends upon wave­
length, and the actions of any mixture of wavelengths
can be represented by the vector sum. of its component
vectors. Thus a patch containing an arbitrary mixture
is represented by some vector or point in the action
space. Given any set of three wavelengths in a second
patch, the sum of their vectors can always be made to
equal the vector representing the arbitrary mixtme, if
each intensity can be adjusted. However, this state­
ment is only true so long as the vectors representing
the three wavelengths do not all lie in the same plane.
If they did, then a mixture of any two of them could
be made indistinguishable from the third by the ap­
propriate intensity adjustment. In other words, for
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human cone pigments. [From Wald (13]). Copyright 1964 by the
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hree wa el ngLbs \ hose vectors all lie in the same
plane, he hree-dimensional visual system is in effec
two dimensional That condition can occur in normal
human vision only in the long-wavelength region of
the spectrum wh re the blue-sensitive system pro­
vides a negligibl con ribution.

Color B lindne

The thr -dimensional pace in Figure 28 represents
the action of lights on the normal or trichromatic
visual ystem. If the y tern were lacking any of the
thre normal color systems, i s action space would
collap e 0 a two-dimensional one, with axes corre­
sponding to he two remaining color systems. This is
precisel wha s ms 0 happen psychophysically in
the type of "color blindness" known as dichromac .
B definition a dichromat is a person who can match
ever Ugh (i. . an wavelength mixture) b adju ting
the in ensiti s' of nly two primaries rather than the
normal hr his 0101' deficiency is further ubdi·
vided intO three ca egone : pTotanopes (who need only
a green and a blue primary), deuteranopes (who need
onl red and blue>. and tritanopes who need onl red
and gr en). Pr tanopia 0 curs in about ICC of males,
deu eranopia al 0 in about I %, and tritanopia in
O.OO2~. (However, as noted earlier everyone is appar­
en y mean pic in a tin region a the center of the
fovea.) or femal (144 the corresponding frequ n·
cie are mu h low r for protanopia 0.02% and deu-

teranopia (0.01%), but about the same for tritanopia
(0.001 ).

Th implest physiological explanation for this p y­
chophysically defined color deficit is tha one of he
hr e one types is missing: protanopes presumably

lack he long-wavelength sensitive cones, deuteran­
opes the middle-wavelength sensitive cones, and tri­
tanopes the short-wavelength sensitive cones. This
idea i called he receptor-loss hypothesis and dates
back to a suggestion in 1807 by Thomas Young (145).
For many years i s major competitor was the hypoth.
esis ha two of the normal cone systems might be
neurally fused into one at a very early stage, thereby
effec ively crea ing a single system whose action p c­
trum would be a weighted average of its two compo­
nen . Retinal densitometry seems to have disproved
the latter hypothesis, since it shows that protanope
lack a long-wa elength photopigment, and deuteran.
op lack a middle-wavelength pigment (112). Conse­
quently, toda th receptor-lo hypothesis is the gen­
eral1 a cepted explanation of dichromacy.

Howe er recenl work indica es that the classic er-
.on of at hypothesis needs to be amended some­

what. uppo one urnes that not only do dichro­
rna lack one of he tbre cone sv ems. but in addi.
tion their 0 r maining tems have the same action
p a tho of normal trichromatic ob ervers-

who in tum all shar identical action spectra for all
hr e of their cone s s ems. If we perform a confron-

tation experiment in hich a trichromat adj the
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intensities of three primaries to produce a mixture M
that matches any given light L. this ex.panded version
of the receptor-loss hypothesis predicts that any di­
chromat must also perceive a match between M and
L. This is so because the normal observer's match
implies that M and L produce the same quantum
catch in all three cone systems, and consequently they
must also produce the same catch in whichever two of
those systems are possessed by the dichromat.

By the same reasoning, the converse experiment
should lurn oul differently: two patches that match to
a dichromat will generally not match to a trichromat.
Consider the set of mixtures represented by any line
parallel to the axis representing system A in Figure 28.
These mixtures have differing effects on a trichromatic
visual system and can therefore be discriminated.
However, because their effects lie along a line parallel
to the axis representing the long.wavelength sensitive
system (that is, they differ only in their effects on the
long-wavelength sensitive sysrem) a protanope would
not be able to distinguish among them. (This line is
called a protanopic color· confusion line.) Similarly,
all mixtures whose effects would be plotted along any
line parallel to the axis representing the middle-wave­
length sensitive system would be indiscriminable to a
deuteranope, etc. Thus dichromats cannot distinguish
between the colors of certain objects that look differ­
ent to most people, and so they are called color· blind.

Curiously, the idea that dichromats accept the same
color matches as normal trichromats was for many
years generally accepted, and widely cited as a proof
of the receptor-loss hypothesis, even though there was
really not much evidence to support it. Recently,
Alpern and his collaborators (3-5) have made a sys­
tematic study of the question and have shown that in
general, dichromats do not accept trichromats'
matches, neither do they generally accept the matches
of other dichromats. The differences between observ­
ers are fairly small, but well outside the bounds of
measurement error.

To understand dichromacy in light of these results,
one needs to consider the other major form of color
blindness: the so-called trichromatic anomalous de­
fects, which occur in about 5.5% of the male population
and 0.4% of females (144). Anomalous trichromats are
people who require three primaries to match every
light (and consequently are t.richromatic by defini­
tion), but whose intensity adjustments of those pri­
maries are signi.ficantly different from those of
"normal" trichromatic observers. Like the dichromats,
anomalous trichromats are subdivided into three
classes: protanomalous, deuteranomalous, and tritan­
omalous, according to the spectral range in which their
differences from the norm are most apparent. If a
patch of light containing an arbitrary wavelength mix­
ture is to be matched by a mixture of short-, middle-,
and long-wavelength primaries, a protanomalous ob­
server requires a more intense long-wavelength pri­
mary than does a normal observer; a deuteranomalous

requires a more intense middle-wavelength primary,
and so on. It is as if the protanomalous observer has
a long.wavelength system whose action spectrum is
shifted down toward lower wavelengths, so as to be
relatively less sensitive to red light. ..

Now classically the anomalous trichromats were
sharply distinguished from both dichromats and nor­
mal trichromats, as though they corresponded to three
completely different underlying conditions: trichro­
mats all had three "normal" cone systems; dichromats
had only two of the three nonnal systems, and a third
whose action spectrum was shifted away from the
norm. The results of Alpern et al. (3-5) suggest a
somewhat different story: Apparently there is random
variation across the population in the exact location
of the action spectra of each color system-as though
every person constructed his own idiosyncratic visual
system by sampling randomly from a collection of
possible long-wavelength action spectra, and again
from a collection of possible middle-wavelength spec­
tra, and so on. In the continuum model, a dichromat
is simply an unlucky person who happened to select,
for example, a long-wavelength system that has effec­
tively the same action spectrum as his middle-wave­
length system, whereas an anomalous trichromat is
not quite so unfortunate, having selected, for ex.ample,
a long-wavelength action spectrum that is substan·
tially shifted away from the model position but still
does not entirely overlap the spectrum of his middle­
wavelength system. "Nonna! trichromats" are those
to whom chance has allocated three systems with
action spectra that are all close to the modes of their
respective populations. This model thus retains the
essential feature of the receptor-loss theory of dichro­
macy-the idea that the dichromat has only two dis·
tinct cone action spectra instead of three-but blurs
the old sharp distinctions between classes of normal
and color-deficient observers, replacing them instead
with purely statistical categories.

Dichromats are called color·blind not because they
don't see colors, but because they confuse colors that
appear clearly different to people with "nonnal" color
vision. However, from an absolute standpoint,
"nonnal" color vision is only a little less color blind
than dichromacy. There is still an infinite set of mix­
tures of wavelengths that physically differ from each
other and yet are indistinguishable to the trichromat.
A monochromatic visual system loses all information
about the wavelength composition of a stimulus, a
dichromatic system loses a lot but not all such infor­
mation, and the nonnal trichromatic system loses a
little less than the dichromatic system.

The very large loss of wavelength information that
occurs in trichromatic vision is exploited in many
aspects of technology, especially in the printing, pho­
tographic, and television industries. That very long
story is briefly mentioned here. If a television techni­
cian wants to show the audience a scene containing,
say, a banana, and if the scene is to be viewed by an



imaginary person whose visual system has lost no
wawlength information (e.g., if his retina contains
receptors with an infinite variety of action spectra and
the rest of his nervous syst,em retains information
related to t.he differences among the outputs of these
systems), the technician will have to deliver to the
observer's eve a mixture of wavelengths that is iden­
tical to the ~ixture renected by a banana, and that is.
in fact, a very complex and continuous spectrum span­
ning the entire visible range of wavelengths. Thus his
camera will have to be able to detect every wavelength
independently, the screen of the receiver will have to
contain an independently excitable phosphor that
emits at each visible wavelength, and the electronics
will have to permit the appropriate independent exci­
tation of each of tbose phosphors. However, if the
observer is as color-blind as a trichromat, the camera,
receiver and electronics can be much simpler. Thus
the typical studio color TV camera has three camera
tubes vlithin it, each viewing the same scene through
a differently colored filter, so that there are three
sensing systems whose action spectra are different.
Similarly, the color receiver screen contains only three
different phosphors each emitting light in a different
region of the spectrum, and the electronics permit the
relatively independent control of intensity of excita­
tion of each.

Note that, because there is no operation in television
reproduction that corresponds to the production of
negative intensities, once any given set of phosphors
has been chosen, there are some colors that cannot be
reproduced. Referring to the action space in Figure 28,
if the three phosphors each were to emit monochro­
mat-ic light of a different wavelength, then the receiver
can exactly reproduce any color whose action can be
planed as a point somewhere within the volume in­
cluded in a triangular pyramid whose venex is the
origin and whose edges are the lines representing the
effect of each of the three emitted wavelengths. How­
ever, the volume that includes all possible colors is
roughly cone-shaped and cOnvex everywhere except in
the extremely long wavelength region of the spectrum;
it includes and is larger than the pyramid-shaped
volume that is enclosed by any finite set of wa\·e­
lengths. In the television industry, phosphors are cho­
sen to emit wavelengths whose vectors in action space
include as much of the entire spectral volume as
possible.

Seeing Colors

The reader will have noticed that in most of the
preceding discussion we have refrained, sometimes
with evident awkwardness, from mentioning any color
names, like red, blue, and so on. In fact, none of the
evidence or arguments presented so far has dealt with
questions about the actual perception of colors. We
have been concerned exclusively with discrimination
or lack of it among patches of differing wavelength
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compoSlllOn, and. paradoxically, the only definitions
of the various forms of color blindness that are un­
ambiguous are thD.!:ic that refer to discrimination.,;, not
to colors seen. However, once the preceding founda­
tions have been established, lllany aspects of the per­
ception of colors become easier to descrK,e, systema­
tize, and understand.

Each point in the trichromat's action space is a
represent:ation of the effects of some light, 01' mixture
of lights, on his three COIOI' systems. Imagine the
following simple procedure. We present various mix­
tures of wavelengths and intensities to a trichromat,
mixtures represented by a broad sampling of points in
the action space, and simply ask him to describe each
mixture. (Each mixture is presented as a steadily
illuminated patch on a dark background.) We can then
map his descriptions onto the volume of action space
and look for correspondences between his perceptions
and the various combinations of actions on the three
color systems. When this is done, the map displays
certain regularities. The most obvious ones are: 1) as
the effects of a mixture move away from the origin,
the stimulus is called "brighter," and 2) all stimuli
plotted along any straight line running thl'ough the
origin are given the same hue name, e.g., orange, and
stimuli not on the same line through the origin are
given different names. Evidently, the hue name is
somehow closely correlated with the ratios of excita­
tions of the three systems and brightness is correlated
with the strength of excitation. (Note that these state­
ments are only approximately correct. A line that is
the locus of all mixtures given the same hue name is
generally not quite a straight line, and points equally
far from the origin but at different places in action
space are not necessarily called equally bright.)

From a phenomenological point of view, neither of
these properties of the map is surprising. If an object
is illuminated with a light of varying intensity, all
wavelength componems of the reflected light vary in
proportion to the intensity of illumination and so the
ratios among the intensities of the reflected wave­
length components are constant, and the map simply
says that, under these conditions, the hue of the object
will stay the same and its brightness will vary. But
when the statement is seen in the context of action
space, one is led to wonder about the physiological
mechanism that yields a constant response, e.g.,
"yellow," when all the inputs are varying but main­
taining a constant set of ratios. No physiological mech­
anism that performs such an operation is obvious.
[One plausible mechanism pelforms a transformation
on each of the three quantum catches that is approx­
imately logarithmic and then performs subtractions
between the transformed outputs (14, 49).]

Now consider a line running through the origin and
forming equal angles with all three axes in Figure 28,
and then imagine a section through the trichromatic
action space that is a plane perpendicular to that line.
Such a plane is represented in Figure 29. The trian-
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gular! shaped line in t.hi plane can be called the
spectral locus. It· th I cu f the intersections in
a tion pace between thi plane and the lines repre­
s n ing every wavelength in the visible spectrum.

timuli whose actions can be plotted as points in thi
plane must lie \~ithin the sp ctrallocus, and they will
b called by various hu name, some of which are
Ii ted in Figure 29. To the extent that the lines of
constant hue in action spa are straigh and run
through the origin, all sections of action space that are
parallel to this one can e represented by map that
dif£ r only in magnification or cale factor and there­
for , to the extent that line of constant hue are
traight, the two-dimensional map in Figure 29 com­

pi tely represen the relationship between the ac­
tions of lighrs on the color :terns and the resulting
hue names. In other word because there are three
ub stems, action pace is three dimensional, but

because hue names are correlated well with ratio of
color s em excitation the pace representing hue is
onl 0 dimensional, the dimension representing in­
ten ity being collap ed. ( imilarl', to the exten tha
brightness is correlated with di tance from the origin
the space repre cnring brightne is one dimensional.)

If the angle of the plane in Figure 29 were changed,
e.g., if the plane were made parallel to one containing
wo of the axes, the hape of the hue map would

change correspondingly, bu all the arguments above

would still appl . Funherm re if the action p c
weT plotted 0 tba h thr axes were not mutually

erpendicular the hap ofth hue map would change,
bu its important prop rtie would not. The familiar
c.r.E. (Commission Int rnationale de l'Eclairage) dia­
gram, extensively us d to p if hues, is one of h se
Unesr transforma ions of a ection through ac ion
pa .

ow suppose that two Ugh of wavelengths 640 nm
and 490 om are mixed together. As the ratio of the
intensities of the two components is varied the vector
in action space that r pr nts their mixture will mo e
in s plane defined and bounded by the 640-nm and
490-om vectors as hOWD in Figure 30. To the ext nt
that lines of constan hue ar straight in action pace
the hue names for all of the rn.ixmre of 640 om and
490 om can be represented along a straight line in the
two-dimensional hue map th line of intersection b ­
tween the plane defined b the 640-nm and 490-nm
components and the arbitraril chosen hue plane. This
line and the hue names ciared with vmou poin
along it, are shown in Figure 31. If 0 different
wavelengths are now mixed for example «0 om and
578 om, there will be om ratio of their intensiti for
which the mixture i repr ed b a vector who
angle is coinciden with a 640-nm + 490-nm mixture,
and it is seen as the am hue, as represented by the
point in Figure 31 where the two lines cross.
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640
I

VISUAL ADAPTATJO~

Overview

As we pass from sunlight to shade or as we emerge
from darkness co day, vision is at first difficult. But
v.ith time, our e~'es adjust to the new surroundings.
The adjustment of the visual system 0 changes in
illumination is called visual adaptation. In this section
we discuss the nature of this adjustment, this adapta­
tion.

Three problems have dominated the psychophysical
analysis of visual adapta ion. The first problem-an­
atomical in nature-ha been to identify the class of
photoreceptors that mediates detection of lights at
threshold. The econd-al 0 anatomical-has been to
identify the clas of photoreceptors tha controls the
observer's sensitivity to threshold ligh s. These (\,'0

, problems are distinct, for even though an obsep;er
may detect a signal originating in a single class of
photoreceptors sensitivity 0 that signal may be influ­
enced by the adapted state of other photoreceptor
classes via lateral and proximal interactions. The third
problem is to model the physical and physiological
mechanisms of \isual adaptation. The analysis of the
mechanism of adaptation stands as a central open
problem in visual science. The history of the analy:is
is rich and we devote more han half of our discussion
o this problem.

A complete re\'iew of the research devoted to the e
three problems requires far more space than we can

"viOlet,,,
, "purplish

" violet,
"",,

~"o
,,1, ~

578
I

red yellow

FIG. 31. The hue name of mixtures of 490-nm and 640-nm light
change as the ratio of the intensities of the twO components change,
as indicated alonl'; the line between 640 nrn and 49{) nm. There is a
particular mixture of 440·nm lind 578-nm light.! t.hat will produce an
identical hue, liS indicated where the two srraight lines cross.

allot. We limit our discussion to research conduc ed
under sco opic \iewing conditions, that is, conditions
where detection depends upon a rod-initiated signal.
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The organization of this section is as follows. In the
next section we briefly describe the basic, experiniental
paradigms of psychophysical adaptation, Le., the in­
crement-threshold and dark-adaptation experiments.
In Identifying Neural Substrates, this page, we review
the major findings concerning the identification of the
neural substrates that influence detection of weak test
lights.

In Single- Variable Theories, p. 296, we turn to a
discussion of the mechanisms of adaptation. In partic­
ular, we review the status of the hypothesis that the
state of adaptation in a small region of the retina may
be characterized b a single real number. Many classic
theories of adaptation (e.g., refs. 9, 64, HI, 121, 130)
have incorporated this assumption. Its rejection,
which is likely though not yet certain, is largely re­
sponsible for the current interest in multiple channel
theories of adaptation (see ref. 90).

Experimental Paradigms

Consider the following experiment: An ob erver cen­
ters his gaze on a large (say, 10°), uniformly illumi­
nated field of light, called the conditioning field. The
observer's threshold to a small, brief, test flash is
measured. The conditioning field may be presented
steadily, and the observer allowed to fully adapt, be­
fore threshold is measured. This is the equilibrium
case. The experiment is then called a light-adaptation
or increment-threshold experiment.

The classic increment-threshold data collected by
Aguilar and Stiles (la) under scotopic viewing condi­
tions is shown in Figure 32. As can be seen in the
figure, threshold rises as the intensity of the condition­
ing field rises. Threshold intensity is proportional to
conditioning-field intensity over a sizable range. This
part of the increment-threshold curve is generally
referred to as the Weber's law region.

When the conditioning field is made to vary over
time, the observer's adapted state also varies. Thresh­
old may then be measured relative to the changing
conditioning field. This is the dynamic case. A most
important dynamic experiment is the measurement of
threshol.? following the offset of a previously steady
conditioning field. The experiment is then called a
dark-adaptation or recovery experiment. Examples of
dark-adaptation curves are shown in Figure 33.

In both the light- and dark-adaptation experiments,
the conditioning field establishes the ambient illumi­
nation at the observer's eye, i.e., the action of the
conditioning field-its adapting effect-is the object
of study. The test light is used to probe the effect of
the conditioning light upon the observer's eye; Le., the
test serves as a measuring device, and it is assumed to
be too weak to disturb the state of adaptation estab­
lished by the conditioning field.

Identifying Neural Substrates

Earlier in Overview, p. 293, we outlined three basic
problems that must be solved before an adequate
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FIG. 32. Increment-threshold curves for rod-initiated deteCtion.
Test stimulus, 9° diarn, 0.2 s, centered 9° fr m fovea. Conditioning
field, 20° diam. exposed steadily. Means from four observers are
shown. Lowest curve correctly placed with respect to both axes.
Other ~urves displaced. upwards by 0.5, 1.0, and 1.5 log units,
respectIvely. [From Aguilar and Stiles (la).]

understanding of scotopic adaptation may be claimed.
First, he psychophysical parameters that cause detec­
tion to be mediated by a rod·initiated signal must be
specified. Knowledge of these parameters can enable
us to assert that the scotopic pathway has been well
and truly isolated. Second, the class, or classes, of
photoreceptor signals that govern the state of adap-
arion of the scotopic pathway must be identified,

because, although detection may be initiated by rods
alone, adaptation may depend on both rods and cones.
Finally, the mechanisms of adaptation that determine
the pathway's sensitivity must be described. The
strongest proposal in this regard is the hypothesis that
different states of adaptation may be described by the
value of a single variable.

It is important to realize that the resolution of the
last problem is logically independent of the other two.
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FIG. 33. Dark-adaptation ClliVes follow adaptation to condition­
ing fields of various intensities. Filled symbols indicate thresholds
where the te:;t flash had a colored appearance [From Hecht et al.
(65).]

To see why this is so, consider the following: If one
rejects the hypothesis that sensitivity depends on the
quantum catch of a single class of photoreceptors, one
can still maintain that a single variable, computed
from the quantum catch of all photoreceptors at a
proximal level, governs sensitivity (69, 70). Conversely,
if one accepts the hypothesis that sensitivity depends
on the quantum catch of a single class of photorecep­
tors, the possibility remains that the state of adapta­
tion in a small region of the retina cannot be charac­
terized by a single ri:!al number. An important model
that incorporates this feature is a version of the mul­
tiple channels model proposed by Campbell and Rob­
son [(34); see also ref. 54]. The model assumes that
any region of the retina contains many spatially over­
lapping, nonidentical channels, each receiving input
from only one type of photoreceptor. If the channels
adapt independently, sensitivity to a test flash would
depend on both 1) the receptor quantum catch and 2)
the identity of the detecting channel. Thus, no single­
variable theory would suffice to describe the state of
adaptation, despite the dependence of adaptation on
only a single class of photoreceptors.

Because of the logical independence of these issues,
we treat them in different sections. We turn now to
the identification of neural substrates.

DETECTIO~'BY RODS. Three fundamental psychophys­
ical techniques exist for distinguishing rod-initiated
detection from cone-initiated detection.

One method is to measure the observer's sensitivity
to different wavelengths of a test light. Since the rods
all conUlin a single pigment, rhodopsin, the wavelength
sensiti\ity to test lights must be equal to the spectral
sensitivity of this pigment (corrected for the stable
preretinal filters of the eye).

A second method is to measure the change in the
observer's threshold as the angle of incidence of the
test light is varied. Stiles and Crawford (122) were the
first to demonstrate that cone photoreceptors al·e se-

til
Z
~ 8
a
I
Cl­
a
c.::
u 6
~

I

o
-'a
I 4
if)
UJ
0::
I
I-

ADAPTING INTENSITY

0400000 PHOTONS
t:> 38900 PHOTONS
c 19500 PHOTONS
" 3800 PHOTONS
V 263 PHOTONS

CHAPTER 7: V1SUAL PERCEPTION 295

lectively sensitive to the angle of incidence of light,
being maximally sensitive to light passing through the
center of the pupil and progressively less sensitive as
the bundle of rays pass closer to the pupil's edge. The
directional sensitivity of the cones is cah2d the Stiles­
Crawford effect of the first kind (39). Rods, however,
show no such directional sensitivity (i.e., for angles of
incidence within the physical limits imposed by the
pupil, but see ref. 48). Therefore, the presence or
absence of directional sensitivit) is diagnostic of de­
tection based upon a cone- versus rod-initiated signal.

:\ third method is to use very weak test lights in the
periphery of the eye where rods are dense and cones
are sparse. Figure 33 shows an example of the way in
which threshold declines in the periphery following
adaptation to various conditioning fields. The two
branches of the recovery curve following the intense
conditioning fields have markedly different properties
with respect to test-spectral sensitivity a.nd test-direc­
tional sensitivity. The upper branch shows directional
sensitivity and a spectral sensitivity quite different
from rhodopsin. The lower branch shows no direc­
tional sensitivity, and test-spectral sensitivity is that
of rhodopsin (appropriately corrected). For these and
other reasons (see ref. 2) the upper branch is thought
to be detection by cones and the lower branch detec­
tion by rods. If rod signals do not affect the sensitivity
of cone-initiated pathways, the plateau of the recovery
curve represents the absolute threshold of cone pho­
toreceptors to the test light. By using a test light below
the intensity level of the plateau one renders the test
light invisible to cones and thereby forces detection by
rods.

use of these echniques has led to the discovery of
other properties that generally but not reliably, dis­
tinguish rod-initiated from cone-initiated detection.
For example, scotopic spatial and temporal pooling is
generally greater than photopic pooling (8). While
these observations are of considerable interest, they
are not diagnostic of rod-initiated detection, since
under some adapting conditions thee spatial and tem­
poral pooling of the scotopic and photopic detection
are similar. We refer the reader to Alpern (2) and
Barlow (10) for a more comple e review of the differ­
ences between rod-mediated and cone-mediated de­
tection.

ADAPTATION BY RODS. A strong simplifying hypothe­
sis for scotopic adapUltion is the proposal that the
quantum catch of only rods governs the state of adap­
tation. We call this the rod-independence hypothesis.
An early and influential study by Flamant and Stiles
(48) tested this hypothesis in two ways. Using a large
(10°) conditioning field and a square 10 test flash,
Flamant and Stiles (48) measured 1) the action spec­
trum of the conditioning field for a 1 log-unit elevation
of res hreshold and 2} rh effect on threshold of
varying the angle of incidence of the conditioning fi ld.

The prediction of the fad-independence hypothesis
are as follows. First, the action spectrum of the con­
dirioning field must be that of rhodopsin (corrected
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for preretinal filters). (A methodologically superior
test-used by Flamant and Stiles (48J-is to compare
the action spectrum of the conditioning field with t.he
absolute spectral sensitivity of the obser\:er's eye for
rod-initiated delection. This comparison is preferred
because it obviates problems thai may arise due to
individual differences in preretinal absorptions.) Sec­
ond, the effect of the conditioning field must be inde­
pendent of the angle of incidence of the bundle of rays
of the field. This follows from the rod-independence
hypothesis because if 1) adaptation is due to a signal
mediated by rods, and 2) rods sho..... no directional
sensitivity, then changes in the angle of incidence of
the conditioning field should not affect threshold. Fla­
mant and Stiles's (48) data were consistent with both
of these predictions, and they concluded that under
their testing conditionings scotopic adaptation was
controlled by the quantum catch of the rod photore­
ceptors, i.e., scotopic sensitivity was independent of
cones, and the rod-independence hypothesis could not
be rejected.

One limitation of the validity of the rod-indepen­
dence hypothesis has been reponed by Makous and
Boothe (92) and Makous and Peeples (93). Using
stimulus conditions nearly identical to those of Fla­
mant and Stiles (4 }-most imponantly a large, 10°
background-Makous and Boothe (92) observed dif­
ferences in the action spectrum of the conditioning
field measured at high- and low-criterion levels. When
the conditioning field elevated the test threshold about
a log unit, or less, they confirmed Flamant and Stiles's
findings of an action spectrum that coincided with test
sensitivity at absolute threshold. For higher condition·
ing field intensities, however, which raised threshold
about one-and-a-half to two log units, the action spec­
trum for the conditioning field deviated from test
sensitivity at absolute threshold. Moreover, at high
field intensities the conditioning field showed a direc­
tional sensitivity effect, a finding that was again incon­
sistent with the rod-independent hypothesis.

Other studies of adaptation have also shown that
the independence of the scotopic pathway from the
influence of cones obtains only within a limited range
of experimental conditions. For example, Lennie and
MacLeod (86), Blick and MacLeod (24), Frumkes and
Temme (49), and Latch and Lennie (B3J measured
sensitivity to scotopic test lights using conditioning
fields of various diameters. They found that when field
diameters afe large, as in the Flamant and Stiles (48)
eXI>eriments, the rod-independence hypothesis cannot
be rejected. For small-diamete conditioning fields,
however, the action spectrum of the conditioning field
differs significantly from the action spectrum for de­
tection under rod-isolation conditions at absolute
threshold. This is true even for relatively low intensity
conditioning fields. This difference in spectral shape is
attributed to the effect of cone photoreceptor signals
on the rod-initiated detection pathway.

Lennie and MacLeod (86, 90) suggest a hypothesis

to account for these findings. They point out that, in
general, the sensitivity measured by a test stimulus
falling on one parL of the retina will depend on the
conditioning-field intensity at retinal locations other
than the test region (e.g., ref. 113).' rherefore, the
pathway that deLermines psychophysical sensitivity
must include neural elements whose sensitivity de­
pends, in pan, on spatial pooling across the retina.
The distances over which this pooling occurs are quite
large, "'hich suggests that a pooling process more
extensive than simple receptor coupling is involved.

Lennie and MacLeod (86, 90) thus argue that
postreceptor neural adaptation plays a role in deter­
mining psychophysical sensitl\;ty. For postreceptor
elements. large unifonn fields are quite ineffective
stimuli. Thus, any part played by postreceptor adap­
tation should be small when a large, uniform condi­
tioning field is used. As the conditioning-field diameter
is reduced toward the size of the test spot, the condi­
tioning stimulus becomes potent for the same class of
proximal neurons that are most sensitive to the Lest
spot because of their recepti\-e-field size. Therefore,
small conditioning fields should cause relatively more
adapt.ation than large conditioning fields at the prox­
imal neurons that mediate detection of the test spot.
Since proximal neurons receive signals from more than
a single class of receptors (e.g., refs. 46, 56), sensitivity
depends on more than a single class of receptors. Thus,
the rod-independence hypothesis is rejected for small
conditioning fields, but not necessarily for large fields.

SUMMARY. The isolation of rod-initiated detection
paLhways has met with considerable success. Identifi­
cation of such pathways may be made from measure­
ments of test-spectral sensitivity, test-directional sen­
sitivity, and test-intensity levels below the cone pla­
teau of the recovery curve.

The identification of the photoreceptor classes that
control the sensitivity of rod·initiated detection path­
ways has proved subtle. Under certain viewing condi­
tions (e.g., those of Flamant and Stiles, ref. 48) the
hypothesis that adaptation is governed by Lhe rod
quantum catch alone has not been rejected. Variation,
however, in the spatial properties of the backgrounds,
or measurements with conditioning fields above one
scotopic troland have led to the rejection of the hy­
pothesis. Thus we draw the inference that cone pho­
toreceptors may influence the sensitivity of rod-initi­
aLed detection pathways.

Single- Variable Theories

EQUIVALENT- BACKGROUND PRINCIPLE. Stiles and
Crawford (121) made the foUowing imponant argu­
ment in 1933. Suppose that the state of adaptation in
a small patch of the retina, under steady-st.ate adap­
tation to conditioning field, lil. may be described by a
mechanism whose sensitivity is completely character­
ized by a single, real number. This number mighL
represent the concentration of a chemical substance,



or the number of sites available at a membrane.
Threshold at this patch of the retina may be measured
with a test probe, '\. The threshold \'alue is a single,
real number. If we as.<;ume that the threshold of,\ is
monotonically related to the real number which char­
acterizes the state of adaptation caused by Ill, then we
may take the threshold of;" as a measure of the state
of adaptation. Further, should it be the case that;" has
the same threshold on conditioning field, 112, as on
conditioning field, Ph we would conclude that the state
of adaptation due to Il~ was the same as that due to
Ill, i.e., Il~ and III are equivalent backgrounds. as meas­
ured by;".

Now, if the adapted state of this patch of retina is
equivalent under III and .11.2 adaptation, then threshold
to a second test, ,\', must also be identical when
measured on III and 1l2. If these thresholds were not
identical, we would have to conclude that III and Ilz
had different adapting effects in contradiction to the
measurements with ;... We call the predicted equiva­
lence of these backgrounds (for all test flashes) the
equiualent·bachgrollnd principle.

Should empirical conditions exist where Pol and 112
are equivalent with respect to a fIrst test, '\, but not
with respect to a second test, N, we would have to
reevaluate some part of our hypothesis. One difficulty
may be that ;.. and ;..' are measuring the state of
adaptation of different physiological pathways, al­
though the state of each pathway can be well described
by a single variable. Alternatively, ;.. and ;..' may be
detected by the same anatomical pathway, but the
single-variable hypothesis is false; that is, the state of
adaptation may require more than one variable in
order to be completely described.

TESTS OF EQUIVALENT- BACKGROUND PRINCIPLE.

With these arguments in mind, Stiles and Cra\\ford
(121) carried out an experimental test of single-vari­
able theories of light adaptation. They used three
kinds of conditioning fields: 1) a glare source (point of
Ught) 6<> above the observer's fixation, 2) an annulus
with inner diameter of 1<> and outer diameter extend­
ing over the whole visual field, and 3) a uniform field,
also extending over the entire visual field. For each of
these conditioning fields, Stiles and Crav;ford (121)
determined the intensity required to elevate six test
lights of various spatial, temporal, and spectral param­
eters to an equal level. This was done with both foveal
and parafoveal presentation of the stimuli, and for two
intensity levels of the test light.

There were measurable deviations from the equiv.
alent-background principle of the single-variable hy­
pothesis. The data are somewhat problematic, how­
ever, because Stiles and Crawford (121) made no at­
tempt to isolate different visual mechanisms in their
measurements. Thus failures of the equivalent-back­
ground principle of single-variable theories could have
been due to either differences in the pathways being
probed, or a failure of the single-variable hypothesis.
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Crawford (38) later returned to the equimlem-bfl.ck­
ground principle. He tested the single-variable hypoth.
esis using experimental conditions different from those
reported by Stiles and Cra\\ford (121). Specifically,
Crawford (38) extended the equivalem·background
measurement to include the dynamic Cl:\':><:.

The logic of Crawford's (38) extension, also de­
scribed in Stiles and Cra\\ford's (121) 1933 paper, is as
follows. For a test, ;.., threshold is measured at various
intensities of a conditioning field, 1lJ. Threshold recov­
ery is then measured following adaptation to a bright
conditioning field, Il~, using this same leSt. ;... For each
intensity of!J.h a time during recovery from p.~ is found
such that Athreshold at that intensity of PI and at that
time of recovery from J.l~ were equal. This generated a
set of equivalences. Each intensity of III is equivalent
to some time during recovery from 1l2. On a single.
variable theory, when adaptation is measured with a
different test, ;"', the various intensities of III must
remain equivalent to the same set of times during
recovery.

Crawford (121) performed such measurements with
six test stimuli. His results did not reject the equiva­
lent-background prediction. Thus, the single-variable
hypothesis was consistent for equivalences between
light and dark adaptation but inconsistent for the
equivalences between different spatial distributions of
steady-state conditioning fields (121).

Again, however, Crawford's (121) data are problem­
atic. One problem is that fixation was not carefully
controlled. (His data were taken for applied reasons
during World War II.) A second problem is that the
separat.ion between rod- and cone-initiated detection
is not at all clear from his measurements. Hence it is
difficult to know which physiological mechanisms are
being investigated.

Because of the general importance of single-variable
theories, the problem was again studied by Blakemore
and Rushton (22). The subject in their experiments
was a rod monochromat, so the problem of isolating a
rod-initiated detection pathway was solved by nature.
The equivalent-background principle, derived from
single-variable theories, was tested following Craw­
ford's method of comparing increment thresholds and
dark-adaptation curves. In Figure 34 we have replotted
Blakemore and Rushton's (22) measurements. On the
right are two increment-threshold curves, for test
lights of 5' and 360' upon a 3,600'-diameter condition­
ing field. On the left-hand side are two recovery curves
for these same test lights. The conditioning field was
again the large, 3,600' field, at an intensity that Blake·
more and Rushton (22) estimated to bleach "about
half" of the rhodopsin in the rods.

These recovery curves illustrate an important ob·
servation emphasized by earlier \\Titers including
Craik and Vernon (37), Lythgoe (88), and Arden and
Weale {6l. Notice that the vertical separation between
the recovery curves for the small and large lest flashes
grows as recovery proceeds. The increasing separation
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indicates that the e e is better able to integrate rod
signals across the 'etinal urface as recovery proceeds.
Thi increase in spatial integration is accompanied by
a decrease in spatial acuity (22, 30). These observa­
tions are difficult 0 reconcile with any theory that
supposes the photopigmem con entration as the direct
me hanism that limits sensitivity. Rather, orne sort
of neural changes appear to be involved (37,88).

As Rushton, Barlow, and their collaborators (7 9,
10, 110, 11 , 113) point our, however, it remains pos­
sible that the nonphotochemical mechanisms are con­
trolled by a signal whose value is determined exclu­
sively by the photopigment concentration. Thus, while
postreceptor mechanisms may be involved in the pro­
cess of adaptation, they may all be driven by a single
common variable. In such a circumstance, the equiv­
alent-background experiment still measures equiva­
lences in rhodopsin concentration (a one-dimensional
variable) and thus the equivalent-background princi­
ple should still obtain.

The dotted lines in Figure 34 illustrate the test of
the equivalent-background principle for these incre­
ment-threshold and recovery curves. For the 5'-flash
threshold, 15 min into recovery was equal to threshold
with a steady conditioning field at approximately 4
sco opic trolands, Thus the equivalent-background
principle asserts that 15 min into recovery and a 4
scotopic-trolands background should generate an
equal threshold for any other test. Blakemore and
Rushton (22) tested this prediction for the 360'·test
flash shown in the figure. The agreement here, as well
as for other time and intensities, is very good.

On the basis of these (and other) observations,
Rushton (111) concluded that the single-variable hy­
pothesis could not be rejected. Using the letter G
(gain) as the variable defining adaptation, he wrote:

. .. what Crawford did was to change G by bleaching
[dark adaptation] and by backgrounds [increment thresh­
olds) and to compare the organization of the G-box in the

two cases using different types of test AI. He found that
when the G settings matched by one test they matched
by aU. Intensit and spatial integration were not inde­
pendent variables tha needed separate matching adjust­
ments. All the factors that G controls ar the function of
a single variable (one knob).

A SPECIFIC SINGLE-VARIABLE THEORY: THE NOISE HY­

POTHESIS. An important, single-variable hypothesis
was studied by Barlow (7 9). Following the suggestion
of Rose (107) and de Vries (44) Barlow tested the
hypothesis that threshold elevation on intense condi­
tioning fields is due to noise in the receptor signals.
According to this view, the single-variable controlling
psychophysical sensitivity is the level of receptor
noise. In the light-adaptation experiment the inevita­
ble quanta! fluctuations of the bleaching process gen­
erate the noise. In the dark the time-va.r}ing free opsin
produced by photopigment bleaching generates the
receptor noise.

In addition to tests that apply to all single- ariable
theories of adaptation, the receptor-noise hypothesis,
together with the assumption of optimal signal-to­
noise discrimination, leads to the prediction that
threshold will rise as the square root of the condition­
ing-field intensity. This prediction is generally contra­
dicted when long-duration, large-area test spots are
used (e.g., see refs. la, 8). Incremen -threshold curves
for small, brief tests follow a different increment­
threshold curve from long, large tests. The slope of
this curve grows more slowly. Thus increment thresh·
olds for small, brief stimuli can be tolerably well fit
over a somewhat greater range by a curve obeying the
square-root relationship than can increment-threshold
curves for large, long-dura ion test stimuli. This has
led some authors to suggest that the theory may be
correct for a restric ed range of test stimuli (e.g, ref.
108).

The receptor-noise hypothesis, however, as an ex­
planatory principle is only of restricted value. For, as
Stiles wrote (120):

RELATED STUDIES. Further work on the problem of
equivalent backgrounds was reported by Barlow and
Sparrock (14) and Westheirner (139).

The reason why a uniform field raises the incremen
threshold is now often discussed in relation to the inevi­
table fluctuations in the number of light quanta from the
field that are absorbed by the individual receptors, or
strictly by completely summating groups of receptors.
The test stimulus intensity must omewhat exceed these
fluctuations, if it is to be detected. This is certainly true.
But since we do not in fact see the fluctuations as such
we must also suppose tha somewhere in the neural chain
a barrier is raised high enough to preven the fluctuations
passing into consciousness. The raising of this barrier
corresponds to an increase [sic: decrease is meant] in the
effective sensitivity of the receptors of summating recep­
tor groups. It would seem that this is the true adaptational
change. The fluctuations theory merely places a lower
limit on the height of the barrier: its nature remains to be
explained.
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Le tin F he monotonic) indefinite integral of 9-1,
it follows that

d
- = -lol( ) + 0,,( )dt . .-

r~()= t-

1)

o 0 20 30 40
TI E I DARK. (MI )

F1C_ 35. Oar: ·-adapl.ation CW"'es following adaptation [0 condi­
tioning fi ds 0 vario ;n ensiti [From "'-lllSOT and Clark 1431.]
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Consider th hypothe i that sen itivity depends
monotonically anI on the instantaneou ;;igmen con­
centration in the ob erver's e e s, FollO\\-mg equilib­
rium bl aching b a condi ioDing field will var as

hu his h~ othe' and first-order kin ti of
bleaching lead to the conclusion that all recovery
curves allowing rne off t of a conditioning field must
follow the arne time course, up to displacemen with
re p c to h tim axis by an amount - F (Eq.
1).

This argument was noted by or and Clark (143
as well as L tbgo ( ) Cra\'.ford (3) and Stil
(LO). Figure 35 replot insor and Clark's (14-3) mea-
uremen of cOtopic r cover_ 0 a 1.3 0 20-ms t t

follo ....ring adap aoon LO three lev Is of a large condi­
tioning fi ld. Iearl. " no sliding of these curves along
the tim axi will bring their rod branches into coin­
cidence.

Furthermore recall that Figure 33 replo the re­
sul of Hecht et al. 5), Again it can be en that no
horizontal di placement of these curves will bring th
rod branch s inc coincidence.

Finally, we no ha Pugh (1 0, 101), in a recent
udy of rod dark adaptation and rhodopsin regener­

ation in i u has hown tha rod dark-adaptation
curves, following adaptation to different intensity con­
ditioning lights follow different ime cours . In Fig­
ures 36A od 36B we replot Pugh's data showing th
relationship be w n h tim constant of the be t-

:r,....

g-4

Barl w and parro k 14," orking from Barlow'5
receptor-no' e hypo h si a ked wh the noise signal
during dark ada tat ion did not appear a_ bright as the
equival n -background Dais signal in the ligh -adap­
tation xperim n . The Le ted the h~"pothe~' that
the brighme dift ren e been the afterimage Ci= I
and real-ligh (2 0) ba kground that raised thre hold
b equal amoun was due to the tabilization a the
afterimage. Th .' measured the apparent brigbme of
the afterimage b rna ching its appearance with a
stabilized annulu . Th intensit of the stabilized an­
nuIu that rna hed the afterimage in brighme was
equal the in n' ty of th real-ligh backgrolWd tha­
raised the tes bre hold b the same amOlWt as the
afterimage. Thi provided further suppon for a . gle-
ariable theor bu no particularly for the receptor­

nois bypoth i.
~ theimer (l39 examin d the following importan

point. uppo we perform an equi alen -background
exp riment wiLh conditioning field III and bleaching
field j.I , that ha the same spatial distribution on the
retinal wfac . This penni identification of imensi­
tie of III as b ing equi alent to times during recovery
from 1-12.

ow upp we ary tbe spatiaJ distribution of !II
and Il~ to a ne ,bu common, spatial distribu ion using
th same L ligh . The que tion po ed by W e beimer
139 is: ill the et of equivalences of intensities and

time -as m a ured wi b the ame teSt A-remain
unchanged as the spatial distribution of the back·
ground is ari d? The an wer is no. Rather, \'ar~ing

the patial di ribution of the conditioning fields gen­
erate a n w S t of equivalences.

These obs rvations are not inconsistent with the
single-variabl hypoth is. But what must be true on
h single-variable hypo hesis-and is so far un·

t sted-is tha hese n w equival nces are preserved
a th t flash param tel'S are varied. The general
is ue of equivalenc and some potential problems in
th e erimen a1 me hodology of Westheimer's work
is reviewed by Barlow and Sakitt [(13); see also ref.
123].

A CON5TRAI T 0 51 GLE-VAR1ABLE THEORIE:

THRESHOLD R OVERY. Historically, the most impor­
tant h othes' to account for threshold recovel) fol­
lowing adaptation to a conctitiouing field has been the
effort to equate the tate of adaptation with the con·
centration of visual pigment, rhodopsin, in the ob-
ervel' r d ou er gments. For a general chemical

light-driv n r action, we ma write that the change in
concentration 0 er time, t, depends on the light
intensi ,I, 'a

cis
- = -!¢I( , Xl, X2, ••• , XII) + 4n(s, Xl, X2 ••. , x,,)
dt

here h x, (i.e., XI x, ... x,,) are \'ariables tha
aff, c th reaction. now know from Rushton's
(109) and eale' (134-136) tumes of the bleaching
of human rhodop in in ito that pigment kinetics obey
first-ord r qua ions quite well. Thus
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fitting exponential curve to th.reshold recovery (Fig.
36A) and rhodopsin regeneration (Fig. 36B) as a func­
tion of conditionjng-field energy. Notice that the time
course of rhodopsin regeneration is approximatel
constant, independent of bleaching energy. Threshold

s = HIl/J.(t),~l(t)J

where ..pI and th are the two variables on which the
concentration, s, depends. This single-variable the­
ory-where the controlling variable's recovery de­
pends on two variables-is the simplest form to which
we must. advance.

SUMMARY. The time course of dark adapta ion, at one
time thought to be identified with rhodopsin concen­
nation, depends on more than a single variable. If a
single substance is found whose concentration is pel'­
fectly correlated with the sensitivity of rod-initiated
pathways, that material s oncentration must depend
on the ffect of at least two variables (120, 143). We
use the term sub lance broadly to include variable
such as membrane sites.

Concluding Comment

The single-variable hypothesis tested by the equiv­
alent background postula ed the existence of some
unnamed substance, or site, whose value completely
characterizes the state of adaptation. The classic view
of adap ation as a proces controlled by the concen­
tration of photopigment-whether Hecht's (64) pho­
tochemical depletion, Wald's (130) compartments,
Rushton's (111) gain-box, or Barlow's (9) dark noise­
is currently being questioned. A se,uch for new sub-
trates and mechanisms must follow. The advantage

recovery, howevH, proceeds more slowly following
more intense bleaches.

Winsor and Clark (143) concluded from the failure
of their prediction of a single haped curve that either
]) first-order kinetics equa ions were f(j,.lse, or 2) sen-
itivity depended on variabl s other th~Ul the fraction

of bleached pigment. ince no objective measurements
of rhodopsin kinetic were then available, and Wald's
(128, 129) work had led them to believe that rhodopsin
kinetics would not be firs order, Winsor and Clark
(143) argued that 1) and no 2) should be rejected,

Twenty ears after Winsor and Clark's (143) exper­
iments, Rushton (09) and Weale (134) accomplished
the difficult feat of measuring human rhodopsin in
situ. From their measurements it became clear that
rhodopsin densit) did follow first-order pigme:nt ki­
netics following equilibrium adaptation, Thus, since 1)
is true within measurement error, it follows that 2),
the dependence of threshold solely upon rhodopsin
concentration, mu t be rejected.

otice that the objectionable aspect of the hypoth­
esis is the identification of bleached rhodopsin as he
controlling factor. The results do not allow us to reject
all single-variable heories. However, Winsor and
Clark's (143) arguments demand that if sensitivity
depends on a single substance, that substance cannot
obey fIrst-order pigment kinetics. It is possible, how­
ever, that there exists a controlling substance, S, and
that its concentration (s) depends on at lea t two
variables. In such a case, the time course of recovery
for this substance ~ould have the functional form
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FIG. 36. Time co'n tant of best-fitting exponential curve to A:
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rhodopsin regeneration in the living human eye. Both are plotted as
a function of energy in the conditioning field. Open symbols in B
are individual ru n.". filled . ymbuls are the arithmetic means of
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of testing the equivalent-background principle is that
its failure would signify the failure of all single-variable
theories. Hence, no single subst.ance or site could
suffice to describe the state of adaptation. If the equiv­
alent-background principle were accepted over a wide
range of experimental conditions, however, the hope
of identifying a single controlling substance would
increase.

NOTE ADDE:D IN PROOF

Since this chapter was completed, new developments have
suggested answers to both of !.he psychophysical puzzles
mentioned in Concluding Comment, p. 300. Publishing lo­
gistics forbid a thorough discussion of these developments­
the reader is referred instead to the references at the end of
this note. However, the highlights can be briefly outlined.

First, it now appears that the nearly unanimous failure to
detect foveal interference fringes above 60 cycles/deg has
been a matter of psychophysical methodology rather than
retinal physiology. Using a refined interferometer, D. R.
Williams (personal communication) has recently shown that
spatial frequencies at least as high as 130 cycles/deg can
definitely be detected in the foveola. The appearance of
gratings at these very high frequencies seems entirely con­
sistent with aliasing by the cones, whose inner segments in
the foveola approximate a spatially regular hexagonal lattice.
[Fig. 18 in this chapter shows an array of foveal outer
segments. Miller and Bernard (3A) have recently presented
a convincing optical argument that the image-sampling prop­
erties of photoreceptors should be analyzed on the assump­
tion that the effective aperture of the receptors is located
midway along their inner segments. Miller (2A) and Borwein
et al. (lA) have shown that in the rod-free central fovea the
spatial arrangement of the inner segments is much more
regular than that of the outer segments. Thus our Fig. 18
suggests more spatial disorder than is apparently present in
the effective foveal image sampling array.]

Second, it now appears that aliasing outside the fovea in
nonnal vision is forest.alled by spatial disorder in the pho­
toreceptor array. Nagel (4A) pointed out that the conse­
quences of image sampling by a spatially irregular array,
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such as the extrafoveal cones, are determined by the Fourier
power spectrum of the array. Mathematically, the key fact
is that the power spectrum of any in)age after sampling by
a random array is its original power spectrum convolved
with that of the sampling array. Subsequent!\· Yellott (5A)
COUllluted the power spectra of sections of~ rhesus cones
ranging across the entire retina. These spectra reveal that
throughout the extrafoveal retina the cones provide a form
of optimal random sampling-spatial frequencies above the
aliasing cutoff implied by local cone density are not aliased
back to discrete lower frequencies as would happen with
spatially regular sampling arrays, but instead they are scat­
tered into broadband spatial noise at all orientations. On the
other hand, spatia] frequencies below the nominal aliasing
cutoff (which could have been recovered with no distortion
by the same number of cones arranged in a regular lattice
according to the classical sampling theorem) are transmitted
with minimal noise. These twin goals are accomplished by a
spatial arrangement based on constrained random placement
[Yellott (6A)].

Overall, it now appears that in nonnal photopic vision
aliasing is prevented in the fovea by the optics of the eye,
which bandlimit the retinal image to 60 cycles/deg, and
outside the fovea by an optimal spatial disorder in the cone
mosaic.

lA. BORWEIN, B.. D. BORw£UoO, J. M£D£IROS, AND J. W. Mc­
GOWAN. The ultrasuucture of monkey foveal photoreceptors,
with special reference to the structure. shape, size, and spacing
of the foveal cones. Am. J. Anat. 159: 125--146. 1980.

2A. MILLER. W. H. Intraocular filters. In: Handbook of Sensory
Physiology. InlH'rtebrate Photoreceptors. edited by H. Au­
trum. Berlin: Springer-Verlag, 1979, vol. 7, pt. GA.

3A. MILLER, W. H.. AND G. D. BJ.:RNAIl.D. Averaging over the foveal
receptor aperture curtails aliasing. Vision Res. In press, 1983.

4A. NAGEL, D. C. Spatial sampling in the retina. Invest. Ophthol.
mol. ZO, Suppl. 3: 123, 1981.

5A. YELLOTT, J. 1., JIl.. Spectral consequences of photoreceptor
sampling in the rhesus retina. Science 221: 382-385, 1983.

6A. Y'F;LLO"IT, J. I., JR. Nonhomogeneous Poisson disks model the
photoreceptor mosaic. Invest. Ophthalmol. 24, Suppl. 3: 145,
1983.

NOTE: The complete list of references for this chapter and its
Appendix starts on p. 313.
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Appendix: ourier transforms and
shift-invarian linear operators

CO.·TE T

One-Dimensional C
G neralized func.io

hift·invariJUl linear operators and convolution
Exampl

Two·Dim ionaJ C
Re1 tiooshi be een linespread and pointspread fuottio
Coherent and incoh rent illummation

ampling theorem
pplica 'on to samp' by phoUlrecepto

Optical transfo and patial ftltering

THIS APP • DlX 01:TLINES the basic mathematical
ideas underlying the kind of Fourier analytic treat­
ment of r tinal imagery gi en earlier in VIS AL AC ­

ITY, p. 260. Broadly speaking the idea is that inputs to
the e e can b thougbt of as functions [i.e. {(x,y)
represen the ligh intensi in the object scene at
spa ial p int (x,y)J" associated with each input {is an
equi alen func ion, tr (the Fourier trans{onn of (
which d crib s [ as a weighted sum of sinusoidal
compon n . Th effect of passing an input through
the opti of th eye is then represented by an opera­
tor 0, that tr fonns ach input function [(x,Y), into
an outpu fun cion, o(f(x,y)], corresponding to light
intensity in th retinal image of fIfo satisfies two
conditions (lin arity and shi[t-invariance, both as-
umed to be approrima ely valid for the optics of the

eye), i effect an be completely specified either by
an associated function 0 (x,y) called he impulse reo
pan e, or by l.h Fourier transform of 0, to, which is
aIled the tran fer function of o. If either of these

functio is known, the retinal image corresponding to
any inpu (or equivalently, its Fourier transform) can
be immedia ely written down. Consequently if one
knows either the impulse re ponse, o(x,Y), or the
transfer func into, f an eye, one can calculate the
retinal image corresponding to any visual stimulu and
thereby determine wha information is aetuall avail·
able at the level of the pho oreceptors.

The purpo e of this section is to flesh out these
ideas b sketching the basic mathematical steps ex­
plicit! "Foun r analytic notions have been very widely
emplo ed in phy iological optics for some time, bu
we ar no aware of an te1.1: devoted specificall to
this application. Brace ell (27 is an excellen practi­
cal introduction to he transform generally Goodman
51 and H ch and Zajac (62 cover Fourier optics,

and Lighthill 7) e plains the mathematical ju rifi-

cation for the con nien operationaJ calculus methods
\ hich ha e made the Fourier transfonn uch a popular
analytic tool.

o -D m. 10 "AL CASE

Although optical problems generall) deal with func­
tions of LWO variables e.g.,.r and y, corresponding to
the horizontal and vertical axes of an image plane, it
. more con enient mathematically to begin with func­
tions of a singl ariable. uppose rex is a real- alued
function of a r aJ ariable x for example (x migh
repT n a ligh -intensity profile along the x axis of
the retinal plane. Th Fourier ansform ofr another
function If( ), gi en b the integral

If( ) = L'" e-~ ((x) dx (AI)

where e' the constant 2.71828 ... and i is the imagi­
nar uni H. In g n ral tr( ) is a complex function
of he real ariable s: That fac can be made explicit
by u ing the EuleI'rela ionship ei8 = cos 8 + i sin 8 0

rewrit Equation Al in the form

ires) = i~ I(x) cos 217SX dx

- i i ((x) sin 217SX dx (A2)

= Re tr(s) + i 1m tr(s)

Here Re tr( ) and 1m ir( ) ar the r al and imaginar
parts of i( both are real functions of s. Recalling that
any complex number z = a + ib can be wri en in he
form z = Izl eiphaCzl [wher Izi =.Ja'! + b2 and pha(z)
is the angle through hich a vector of length Iz Imust
be rotated to bring its tip intO coincidence with the
point (a b)] Equation A2 can be rewritten in the form

(A3)

Here Itf I' a nonnegative real function of s, called
the amplitude :pectrum of [. and pha tf ) is another
real function of s called the phase :pectrum of f The
nam ar moti a d by the roles these functions play
when [(x) i r pr nted as a weighted urn of sinu-
oids, as \ e how next.
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0[((.)] - f~ ((. -r)o(r) dr (AG)

i.e., the output to { is the convolution of f and 0

(denoted f·o). Intuitively this means that the output
O[f(x)] at any point, x, is a weighted sum of the inputs
at x ± r, 0 :s r < 00, each input being weighted by a
factor o(r) that depends on the distance from x. Con­
sequently the operator 0 is completely specified by its
weighting function o. This function 0 is called the
impulse response oCO because when the input function
is a single brief pulse of unit energy delivered at x - 0,
the output function is exactly o(x). (In optical appli.
cations. the one·dimensional impulse response is
called the linespread {unction.)

The second important property of sa operators
arises from the fact that the Fourier transform of the
convolution of two functions f and g is the product of
the transfonns of{and g alone, i.e.

t,... (s) - 1,(s)/.. (s)

Consequently from a transfonn standpoint the effect
of applying an Sn.. operator 0 to any input (is simply
to multiply the original transfonn I, by the transform
of the impulse response of 0, i.e.

area under the pulse is nonzero. [Bracewell (27) ex­
plains this concept in detail.]

Shi{t·/nttariant Linear Operators and t?0nvolution

Suppose 0 is an operator that transfohns real func·
tions into real functions; 0 can be thought of as a black
box to which we input a function {(x) and observe an
output function o[{(x)]. For example, if{(x) is a light­
intensity profile along the x axis of a visual stimulus,
c{ {(x)] might represent the intensity profile along the
x axis in the retinal image. 10 this case the operator
o represenLS the degradation of the image imposed by
the optics of the eye. The symbol 0 is said to be a
linear operator if the output corresponding to the sum
of two input functions., {and g [i.e., we input ((x) +
g(x)], is always the sum of the two outputs produced
by (and g sepuate1y, i.e, 0(((.) + C(,)) - 0[ (.)]
+ o[g(x)). The symbol 0 is said to be shift inoorianl
if the output to {(x + S) [ie., (x.) shifted bodily S
units La the left] is the output to ((x) shifted by the
same amount S [i.e., if the output to (x.) isO(x), then
the out.put La {(x + S) is O(X + S)]. Many physically
important operators are both shift invariant and linear
(SIL), or at least satisfy both conditions closely
enough for practical purposes..

The beauty of Sn.. operators depends on two theo·
rems. First, if an operator is SIL it can always be
represented as a conuolutwn. H 0 is Sn., then there
exists a function 0 such that. for every input func·
tion {

The fundamental theorem of Fourier analysis
(Fourier's inversion Iheorem, e.g., ref. 87, p. 16) shows
that a function {and its transform If contain exactly
the same information, in the sense that if If is known,
(can be recovered from the relationship

((.) -L~ e'- I,(s) ds (M)

[f If(8) is expressed in exponenrial form (i.e., Eq. A3),
the inversion formula (Eq. A4) can be re~Titten (after
a little calculation) as

(.) -f~ 1',«>1 cos(2... + pba t,(s)] ds (AS)

This version sho\\"S explicitly that (can be expressed
as a weighted sum of sinusoidal components: I/,{s) I
cos[2-::,sx + pha If(S)] is a cosine of amplitude II,(s)I
and a frequency of s cycles per unit of x. The phase
term pha 1,(8) means that this cosine is shifted to the
left along the x axis by an amount equal to (2'::'"S)-1 pha
1,(8). Consequently Equation AS expresses the fact
that the original function ((x) can be thought of as 8

sum of cosines of various frequencies: For each fre·
quency s, the amplitude spectnlm 11,(5) I tells how
much 00 weight the cos.ine tenn at that frequency, and
pha I,(s) how much to shift it to make the entire sum
(integral) equal {. [Actually, the amplitude of the
cosine at frequency s is 21 t,(s) I because the integral
(Eq. AS) contains teons at. +s and -s; each repre:oents
the same cosine component. and each has amplitude
It,(s) I.] Not.ice that we cannot generally expect. to
recover a function from its amplitude spectrum alone;
the phase spectrum also must. be kno....'l1.

Genera.lized Functions

It is apparent from the defining Equation A1 that
many useful functions (such as the constant function
f(x) - I, cos x, etc.) do not actually have Fourier
transforms because the necessary integration cannot
be carried t.hrough. Nevertheless such functions can
still be treated ","ith Fourier analytic methods. The
mathematical justification for this extension is pro­
vided by the theory of generalized functions (87), in
which transforms of functions such as cos x are defined
in terms of limits of sequences of transforms of func­
tions which converge to cos x. The resulting entities
are called transforms in the limit, and for most pur­
poses can be formally manipulated in the same way as
ordinary transforms, provided one exercises a little
care. For example, t.he transform (in the limit) of cos
2'::'"~ (8 cosine of frequency ~ cycles per unit of x) is a
pair of impulses (Dirac delta functions) located at
s - ±9. These entities can be thought of as very talL
thin rectangular pulses-so thin that their horizontal
spread can be treated as zero, even though the total lc(n(s) - 4(S)I,(s) (A7)
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This rela'o hip in the uan form domain enormoU5ly
implifi anal i 0 IL operators and by extension

the anal . ofsy ems in which e eral such operators
are applied equenriall (e.g., suppose an operaror Jl
i firsl ppli d 0 an inpu (, and then a econd opera or
O! is applied 0 h re ult. 0 that he final output of
he s tem' :::>z[~[r(x )]]. Then the Fourier transfonn

of the outpu \\ill be simpl the product
tt< )(t.,) 1 to 2 • It hould be clear that an IL op-
erator 0 can be pecified either in terms of its impulse
response o(x or by the Fourier transform of 0, I ).
The la er function is called he transfer function of
the operator. ing the fact that for any pair of com­
plex num IS 21,2 IZ,Z:! I = 12111221 i follows imme­
diatel . from Equ cion 7 that the amplirude spectrum
of the outpUt 0 an opera or 0 applied to an input, {,
. the product of the amplitude spectra of the inpu
and the impulse r ponse i.e.

The ampli ude p ctrum of 0 ie., lto( I is called the
modulaticn tran fer function (MTF) of 0, because i
pecifi ho the amplitude of inusoidal modulation

at each frequenc ' in th input is altered b . :). IT th
inpu contains a inusoidal component at a frequency

having an amplitude of A (i.e., Il/{s) I = A) the
output contains a inusoidal component a frequenc

having amplitude A If.,,(s) I. Thus if 10 (5) is zero, the
operator canno ansmit sinusoidal modulation at
frequenc j hat information is lost when f is passed
through o.

In general an IL operator alters not only the am­
pli udes of the sinusoidal components of an input but
also their phas . Writing the transform in Equation
A7 in exponen ial form (using Eq. A3) we obtain

t fj(s) = It,(s) Ilto( )Ie'lpha IfCSI+pha '0 (01) (A9)

The int rpreta ion of quation A9 is tha the co­
sinusoidal comp nent in the input at frequency s
r emerges in the output shifted to the left on the axis
by an amoun equal to (2'1T )-1 pha to( ). Pha toes) can
be regarded as h phase transfer runction analogous
to MTF. If both Ito j and pha to are known, the operator
o is completely specified, since the transfer function,
to() is Ito ) leiPF.. /.1•••

EXAMPLE . Figure Al illustrates the concepts just dis­
cus ed wi pecial referen e 0 the phenomenon of
spuriou r solution produced b) defocusing (i.e. the
effect d monstra d ubjectively b Fig. 11). Across
the £igor each sequence of four panels represents
successi ely a function, its Fourier transform (in all
these cas the transform is entirely real and so can
be graphed as a sin Ie function), the amplitude spec­
trum (whicb in h e cases is just the absolute \'alue
of the O'ansfonn graph next to it), and finally the
phase p ctrum. he impulse function 6(x), that is. in
effect, a r etangle of unit ar a and z.ero width i.e. the
Dirac d Ita function mentioned earlier in this ppen-

co [2w ux + ) + pha tr(u,v)]dud

Here Iir (u,l..') I . again the amplitude spectrum of
f, pha tr<u the ph spectrum.. The function
cos[2'1T u:c + ) + phs tt<u, .)] describes a vertical
cosinusoidal grating in the x plane [ie., a o-dimen-
ional fune 'on of the form f(x,y = cos 2-a¢X as shown

uppo now that f is a real-valued function of two
Teal variables, e.g., f (x,y) denote light intensity at the
spatial point (xJ'). All of the Fourier analytic concepts
from he one-dimen iooal case can readil be gener­
aliz d to two (or more dimensions. No new ideas are
involved, though na urall the technical apparatu
become somewha more complicated. The two-di­
mensional Fourier transform of f is given by

tr(u, ) = L~ J~ e-i2~hu+''Y)f(x,y) dxdy (AlO)

(A12)

10 'AL CASETWO-D

which is a complex function of two real variables, u
and v. The inver ion formula becomes

f(x,y) .. L~ ioe: e,'2·*u+V)')tr(u,v) dudu (All)

In the same way that the one-dimensional case (Eq.
A4) can be rewri ten in a mOTe infonnative version
(Eq. AS), Equation All can be rewritten in a fonn
that how explicitly how f(x,y) is composed of a
weighted sum of elementary sinusoidal functions

f(x,y) = f~ i~ It,(u,v) I

di:c) i' repre need by equence A. A function which
provides a r . good fit 0 the one-dimensional im­
pulse re ponse (i.e. the line pread function) of the
human eye for a 2-min pupil as determined objectivel
by Campbell and Gubisch (33) is illus ated in e­
quence B. The transform of this functio • is the trans­
fer function of the e . The profile of a cosine grating
at IOOC! contrast is illu trated in equence C. The
effect of con olving that input with the linespread
function B is illustrated in equence D. Sequence E
shows a rectangular window of width b and unit area.
Th con olution of this function with an input repre-
en the e t of defocusing, i.e., the image of a point

is pread 0 er a . blur egmen • analogous to the 0­

dime 'onal blur circle) of width b. Finally, the com­
bined effect of defocusing and line spread is illustrated
in Sequenc F. The transform here is the product of
the transforms in equences B, C, and E. When the
inpu cosine frequency¢ falls between lib and 2/b the
outpu co in . reversed in sign so that bills in the
input become valle s in the outpUt and vice ersa, as
shown in the figure.

(A )I ~f1( 1=ltt<s Ilto(s I
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f (x) PhaTf (S)

A

o ...

B

~I ~I o

I+Cos 211"41x b(s)+ ~2 [b (s+4»
0

+b(s-~)]

C I
¢I

b(s)+
B.e ."4> 0\ [b(s+~)

+b(s-¢l)]

0 -.;> 4>

i Reef (~) Sinc(bs) ISindbsl1

r_

E -b b -I I -2 -I 1. 2 ~
"2 "2 -.1.

b b bJ D b D
b .r

a_CeE f~r .!.<4><1.
6(s)+e- 1r4>1

b b {Sin~(b¢)

[6(.+4»+ 11" •
F

-4> 6('-4>n 4>
-I 1. -~ 4> -~ 41
~ ¢I • -11"

!'lG. AI. Fourier analytic concepts involved in one-dimensional spurious resolution. See teXl for
description.
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earlier in Fig. ], of frequene Ju 2 v 2 wh.ich has
b en rota ed awa from the vertical by an angle of
tan-I jul. Thus when v = 0 the grating is vertical
when u = 0 the grating' horizontal. In general, the
grating co [27i(ux + ] is perpendicular to the
traigh line = v/u x. The phase term indicates how

far the grating must be shifted along its axis [ie. along
the line = ( /u)x]: a distance (2, )-1 u 2 + 2)-1_
pha tf(U to the left. Altogether then Equation AI2
expre es he fact tha f (x,y is a weighted sum of
cosinusoidal gratings of various frequencies and ori·
entations' [tf(u,v) I indicates how much to weight the
cosine of frequency JU2 + v2 a orientation
tan-I (u/u), and pha tf(U,U) indicates how much to
shift it, in order for the sum to reproduce f.

A wo-dimensional SIL operator 0 is a device that
transforms input functions f (x,y) into output functions
O[ f (x,y)) and satisfies the two conditions of 1 ) linear­
ity: f + g] = O[fJ + o[g); and 2) shif invariance: if
O(x ) is the outpu to f (x,y) O(x - a, y - b) is the
outpu to f (x - a, y - b) i.e. shifting the input bodil
to a new origin (a,b) shifts the output bodily to the
same origin]. Such an operator can alwa s be repr .

nted as a o-dimensional con olution

f x )] = I~ J.... f x - x' y - y')

.o(x' ') dx'd ' 13)

wh re the function 0 is the impulse response of o. If
th input is a o-dime ional pulse of unit energy
[ .g., a v ry tall thin cylinder of unit volume] at the
origin, he output will b ex cHy o(x,y). In optical
appli ations 0 is called he point pread [unction. The
Fou i r ransform of 0, lo(u,u), is h transfer function
of o. Knowledge of eith r the impulse response or the
tJ.·ansf r function completely characterizes the op ra­
t r 0 just as in the one-dim nsional case, since th
r sponse to any input, f, can be determined ei her
directl by the convolution f 0 or indirectly (i.e., in
th transform domain via a multiplicative relation­
ship corresponding to Equa ion A7 in the one-dimen-
ional case

n(U, ) = tr(u,v)t.,(u v) AI4)

Taking ab olute values on both ide of Equation A14
·elds the two-dimensional ersion of Equation A8

the linespread function for the e.'e illusu-ated in Fig.
AI. equence B]. If the y em i circularly s 'mmetric,
so that rotating the object line simply rotate the
original image with no change in spread the point­
spread function o(x ) (and consequenl..-:- the two-di­
mensional transfer function) can be immediatel de­
termined. At an) point in he u plane the two-di­
mensional transfer function toCu, ) depends onl on
he di tance from the origin .Ju 2 + v2

, and its value
will be the one-dimensional transfer function at that
distance i.e. t,,(u,v) = lOI( Ju 2 + v~. Consequently the
wo-dimensional impulse response (i.e_, the point

spread) can be obtained by Fourier inversion

o(x,y) = L~ L~ ei2~(=+UJ'llol(,ju2 + u2) dudv (AI6)

In the case of the linespr ad function in our illustration
this yields he circularl symmetric pointspread func­
tion

o(x,y) = 2~ .:f1 + 4~r2)-3f2 (AI?)

where r = .Jx2 + y2.

To determine the effe of defocusing we assume
ilia each poct [(x ) in the obj ct is first con olv d
wi h a disk function of th fonn D(x .) = 4(rrb2)-1 for
Jx1 + :I':s b/2; D(x,y) = 0 elsewhere [this corre­
sponds to a blur circle of diameU!r b· the fac or
4("b 2

-I makes the area qual one], and the result'
then con olved with the poin pread function given
b 'Equation Al7. The ansform of D(x,y) is

lo(u v) I; (~) [Jl~:q)] Al )

where q = Ju 2 + v 2
, and J I i a Bes el func ion of h

first kind. The graph of Equation AlB (for the ca e b
= 2) is illustrated in Fil,'Ure A2. Notice that his wo­
dimensional function has ngativ regions, analogous
to the negative regions of i ne-dimensional analog
inc (b ) (Fig_ AI, Sequence E). However, in this case

the zeros are not evenly spaced along the radiu .)
Consequentl the transfer function of a misfocused
e e (i.e., the product of Eq . Al and AI?)' also
nega .ve in the same r gioos of the u, plane. TID
means tha sinusoidal inpu with patial frequenci
in these regions will appear in the image ~""ith re ersed
ign i.e., spurious resolu ·on.

It.."{fl u, )1 = Itr(u I Ito(u,U) I (15) Coherent and Incoherent nlumination

The nonnegative function 14 u v I is the MTF of
operator o.

Relation hip Between Linespread and
Pointspread Functions

uppose the linespread function of an optical system
(e.g., he eye) is Ol(X) [e.g., 0\(.") = 277-1[1 + 2x)2r l

,

The discussion 0 far has been carried on in terms
of the 'intensi[)''' of op 'cal images-implicit! , a
quantity proportional to quanta/s per unit area inci­
dent on the image plane, or emitted from the object.

e have identified an input function, f(x,y), with the
intensity of light in the object plane at (x,y), and an
output function, o[f(x,y)] with intensity at (x,y) in
the image plane. This description does not explicitly



acknowledge the wave properties of light, and so one
might wonder how (or whether) these are taken into
account. The story, very briefly, is as follows. Fourier
optics is based on scalar diffraction theory (51) in
which the (monochromatic) light at a spatial point
(x,y) in some plane is represented by a pair of numbers
a(x,y), p(x,y) that correspond respectively to the am­
plitude and phase of a sinusoidally varying electric
vector at (x,y). The expression for this vector is a(x,y)
cos[2'1Tept + p(x,y)], where t is time and ¢ is the fre­
quency of the monochromatic light. Thus the light at
(x,y) can be expressed as the real part of a complex
nwnber of the form A(x,Y) = a(x,y)e'lPlx.v )+2r.</>l]. The
intensity of the light at (x,y) is then defined to be
IA(x,y) 12 [i.e., I a(x,y) 1

2
]. This quantity is proportional

to quanta/s at (x,y), and consequently determines the
response of any photoreceptive device (e.g., photopig­
ments, film) in the image plane. The phase termp(x,y)
plays a role when the light at image point (x,y) is the
sum of two or more sinusoidally varying components
that may reinforce or cancel one another depending

eire (r)

y

-----;----of----I-------~x
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on their phase relationships. This is how the scalar
diffraction model encompasses interference effects.

Now there are two cases to consider, depending on
whether he light emitted from the object is coherent
or incoherent. The coherent ca e as~mes that the
phases of the electric vectors at eac'h point in the
object are locked together, so that the phases p(x,y)
and p(x',y') corresponding to any pair of object points
have a difference that remains constant over time. (By
definition, if there is only one object point, i.e., a point
source, the light is necessarily coherent.) This can be
achieved in practice by laser illumination, or (much
less efficiently) by ensuring that all of the light stems
from a single point source. In the incoherent case,
which is the ordinary state of affairs under natural
viewing conditions, the phases corresponding to differ­
ent object points vary randomly and independently
over time. In the image plane the coherent case allows
for the possibility of stable phase relationships be­
tween contributions to A(x,y) coming from many dif­
ferent object points, and so interference must be taken

FIG. A2. Two-dimensional disk function (top) and its
Fourier transform (bottom). Up to a constant factor "', the
latter is the graph of Equation AlB. [From Goodman (51).]



308 HANDBOOK OF PHYSIOLOCY - THE NERVOUS SYSTEM JIJ

Sampling Theorem

Suppose {(x) is a function (e.g., a light-intensity
profile) which we can only observe at a series of
equally spaced discrete values on Lhe x axis, Le., we

The second case is the one assumed in all of the earlier
discussions. It expresses the fact that the intensity of
the image (i.e., IA2 12

) is the convolution of the inten·
sity of the object lA ,12 with the .intensity impulse
response, IM(x,y) I·. In tenDS of Lhe notation used
earlier, IAd 2 is the input function (x,y), IMI 2is the
impulse response, o{x,y), and IA2 1

2 is the output func­
tion O[(x,y)]. So Equation A20 corresponds exactly
to the earlier relationship Equation A13. Equation
A19, on the other hand, describes the result expected
with coberent objects, which is quite different, since
in general 1M * AI 2 is not the same as IMI 2 -IAI 2

•

For example, lof may be negative, but IMl 2 can never
be. It is interesting to note that when the object is a
single point (Le., necessarily coherent) so that the
appropriate expression for IA2 (x,y) 12 is Equation A19,
t.he result is IAz(~,,}'1I2 = IM(x.Y)l2, which is the
impulse response for the incoherent case. Conse·
quently the coherent impulse response M(x,y) is never
observed in isolation, even with coherent illumination.

into account. In the incoherent case, on the other
hand, no sUlble phase relationships exist. between coho
tributions stemming from different object points, and
so no sUlble interference patterns can arise.

The two cases of coherent and incoherent. illumi­
nation give rise to tWO different (but simply interre·
lated) Fourier analytic treatments. Let Adx,y) denote
the complex electric vector a(x,y)e llp(.."' ...2........ 1 at point
(x,y) in the object plane, and Adx,Y) the electric
vector at (x,Y) in the image. [It is assumed that the x
and Y axes are parametrized so that (x,y) in the image
plane is the geometrical optics image of (x,y) in the
object plane, i.e., by measuring both in terms of visual
angle.] And let M(x,y) denote the complex impulse
response produced by an object consisting of a single
point source at the object point (0,0). Such an object.
is necessarily coherent, and M(x,y) is the complex
response lM(x,y) Ie·p~..phAM(.>'"," representing both the
amplitude and phase of the electric vector at image
point (x,)') produced by a point object at (0,0). Now
consider an extended object consisting of many points.
The quantity of interest is 1A 2 (x,y) 1

2
, the intensity at

image point (x,Y), since this determines quantum den­
sity on the photoreceptive surface in the image plane.
Then it can be sho....n (17) that the coherent object
case gives rise to the relationship

IA,(xS) I' - IM(xs)·A,(xS) I' (A191

[where, as usual, (-) denotes convolution], while the
incoherent case gives rise to

IA,(xs) I' - IM(xs) 1"IA,(xs) I' (A20)

can only know (CO), few), {(-w), {(2w), {(-2w), "',
where w is the distance between successive sample
points. (This is essentially the way a one·dimensional
array of equally spaced thin phoLOrecepLOrs views the
retinal image. A model for receptors that have appre­
ciable width relative to the spatial periods'uf the input
is given below.) How does such a sampling affect our
ability to reconstruct the entire function (? Fourier
analysis provides an elegant. answer to this ql1estion in
the form of the sampling theorem: If the Fourier
transform of (vanishes for frequencies greater than
some cutoff frequency (s..) [i.e., I,(S) = °for 15 J > S..],
(r) can be perfectly reconstructed from a series of
equally spaced sample values; reO), few), {(-w), "',
((nw), f(-nw), . .., provided the sampling rate, w- l

, is
greater than or equal to 2(5..). The proof of Lhe sam­
pling theorem is straightforward but a bit. too long to
include here (see ref. 27). However, Figure A3 (from
ref. 27) illustrates Lhe underlying idea and also shows
what happens when the sampling rate is too slow (i.e.,
less than twice the highest frequency in the input). in
the frequency domain, the effect of sampling ((x) at
discrete intervals is to create a new function whose
transform is the sum of a series of replicas of the
original transfonn if. [Note: the figure uses F(s) to
denote the transform of ({r).] These replicas are cen­
tered at 0, l!w, -l/w, ... nlw, -nlw, ... " When the
sampling rate l/w is ::!: 2s.., these replicas do not
overlap on the 5 axis. Consequently the replica cen­
tered at the origin provides an undistorted image of
the original transform tf, which can be used to recon­
struct an undistOrted image of the original function f
However, if the sampling rate is less than 2s.., so that
the replicas on the s axis overlap, the replicas centered
at higher frequencies add nonzero values to the one
centered at the origin, so that it is no longer an exact
image of t" and consequently the reconstruction pro­
cess will yield a distorted version of (. This kind of
distortion is known as "aliasing," because its effect is
that high-frequency components in the input f reap­
pear in the sampled version of {in the guise of low­
frequency components. This can have the effect of
introducing frequency components in the sampled ver­
sion which were nonexistent in the original function.
Consequently, in order for a sampling scheme to yield
undistorted reconstructions of all potential inputs, it
is essential to set the sampling rate equal to (or greater
than) twice the highest frequency that will occur in
any input. (It does not matter if the rate is higher than
needed for some inputs, since sampling too fast does
not introduce any distortion.) Figure A4 illustrates the
aliasing effect.

In two dimensions, sampling consists of observing
((x,y) at a set of discrete points in the x.y plane (e.g.,
a square lattice of the form (wlt,wm), It = 0, 1, "',
m - 0, 1, ... l. In this case the optimal sampling scheme
depends on the shape of the region in the U,V plane for
which t,(u,v) is nonzero. The basic idea is still that {



can be exactly reconstructed from a discrete set of
sample values, provided tf vanishes outside some r .
gion, bu the appropria e spacing of these samples

fix I

III(f)

x
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depends on the shape of tha region, and consequently
the two-dimensional sampling theorem cannot be
stated quite as neatly as the one-dimensional version.

..
•

I11(f)f(%)
'T lII(u} • F(s)

FIG. A3. Concepts involved in the one-dimensional sampling theorem; {(x) is an input signal with
transfoml F (s) which vanishes for s> s.. III (xlt) is an infinite row of delta functions (i.e., sample
points) spaced t units apart; its transform is a row of delta functions spaced t- 1 units apart. The third
row shows the sampled version of f (i.e., the product ((x) III (xlt)) and its transform. Note that her
the sampling rate is inefficiently high: successive replicas of F (s) are separated by empty intervals.
The fourth row illustrates the optimal sampling scheme, where t = (2s<)-': Here the replicas of F (5)
in the transform of the sampled signal are precisely adjacent. The fifth row shows the effect of
sampling too coarsely: In the transform of the sanlpled signal the replicas of F (5) overlap (aliasing).
[From Bracewell (27). The Fourier Transform and Its Applications (2nd ed.1. by R. Bracewell.
Copyright © 1978, McGraw-Hill Book Company. Used with permission of McGraw-Hill Book
Company.]
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Probably the most useful exact statement can be based
on the assumption that the two-dimensional transform
of ( .•,y), i.e., tr(u,u), vanishes outside some square
region in the U,U plane, i.e., u ~ c, usc [that is, the
smallest square enclosing the actual nonzero region of
tr(u,u)]. In this case (can be exactly reconstructed by
a square lattice of sample points x = wn, y = wm, with
wS (2C)-1 (see ref. 17).

Application to Sampling by Photoreceplors

Consider a one-dimensional retina consisting of a
tightly packed line of photoreceptors, each with di­
ameter w (e.g., an array of cones along the x axis of
the retina). Suppose the input to this model retina is

a function (x) (e.g., a light-intensity profJle along the
x axis), and that each receptor integrates the portion
of (which lies directly above it and outputs that value.
Thus, for example, the output of the receptor centered
at the origin is f~'~f2 {(x) dx. How mucll information
about the input function [can be obtamed from the
output of the photoreceptor array? Notice that this
model is not exactly the same as the case envisioned
by the sampling theorem, because our receptors do
not report the values of [(xl at x = 0, ±w±2w, but
rather the values of f(x)dx over intervals of width w
centered at x = 0, ±w, ±2w, .... However this simply
means that we are sampling the function F (:c + w/2)
- F(x - w/2), where F(x) "" f=- ... (y) dy. and it can
readily be shown that the resulting output function
takes the form

PIG. A4. One-dimensional aLiasing effects. Row a is a linearly increasing frequency pattern. Row
b shows the sampled appearance of pattern a viewed through a raster plate consisting of fine vertical
slil..'l spaced at a frequency equallo n, on the scale. (This sampling rate guarantees perfec.:t reconstruc­
tion for frequencies up to 0.5 n" with aliasing distortion for higher frequencies.) Row c shows the
effect of spatially postrtltering the sampled image b (in this case by adjusting the scanning spot size
in a television camera which views pattern b. The visual analogue would be lateral neural interactiolls
at the receptor>; or beyond.) r-;otice that this removes the raster lines but does not eliminate aliasing:
Frequencie.s higher than 05 n, still appear as Lower frequencies. Row d shows the effect of the spatial
postfilter alone (i.e .• on pattern a viewed without the raMer plate). [From Sc.:hllde (116).]
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output to input (x) (A21)

= ~ comb (;). [f(x)qec (;)]

where llw comb(xlw) denotes a series of impulses of
unit energy (Le., a series of delta functions as in Fig.
34) spaced at 0, ±w, ±2w, ... , and rect(xlw) is a
function which equals one for -w/2 s x s w/2 and
zero elsewhere (.. denotes convolution). Now the factor

llw comb(~) represents a sampling scheme with

sampling rate w-\ and Equation A21 means that this
scheme is applied to the convolution of the input f
with a rectangular function of width w. The Fourier
transform of this convolution is tr(s), w sinc(ws)
[where sinc(y) = (sin 'TTY)I",y is the function depicted
in Fig. 32], and the transform of the receptor output
(i.e., of Eq. A21) is

shrinking receptor width while keeping he spacing
between receptor center the same, to model the effect
of gaps between receptors. Specifically, suppose the
width of each receptor is reduced frorr w to pw, °S
pSI, while the spacing between receptor centers is
kept at w. In this case the output is

~ comb(:)[ ((x)" rect(p:)] (A23)

which represents a sampling at rate w- 1 of a

function [i.e., (x)* rect(p:)] which has transform,

tr(s) ·pw sinc(pws). Consequently the effect of shrink­
ing receptor width is not to increase the effective
frequency bandwidth of the system (i.e., for transmis·
sian with no harmonic distortion), since aliasing will
still occur for s> (2W)-I. However, it will increase the

Thus Equation A21 tells us that the receptor output
represents a sampling at rate l/w of a function whose
transform is essentially the product t,(s) sinc(ws),
which has zeros at s = ±l/w, ±2/w ... (because of the
sinc factor). Beyond the first zero sinc(ws) becomes
negative (for a time), and so beyond this point the
reproduction scheme introduces spurious resolution.
Consequently we concentrate on input frequencies
<l/w-i.e., consider the effect of the scheme on inputs
with frequencies below the sampling rate. According
to the sampling theorem, the sampling scheme l/w
comb(x/w) is perfect for inputs with frequencies s <
(2w)-\ and one can conclude that sinusoidal input in
this range can be recovered with no frequency distor-

-tion, though the amplitude of each input frequency s
will be attenuated by the factor sinc(ws). For input
frequencies in the range (2W)-1 < s < w-\ however,
sampling by receptors of width w leads to aliasing
distortion in the output.

To see explicitly the form this aliasing takes, con­
sider a cosinusoidal input with frequency ep, with
(2W)-1 < ep < w-1. In this case the spectrum of the
output of receptor sampling will contain energy at
s = w-1 - q, (which lies in the interval [0, (2W)-1]),
and also at s = w-1 + ep, plus all other points of the

,form s = nw-1 ± ep, n = 0, ±1, ±2, .... This output
spectrum is identical to the one that is produced by
an input cosine of frequency w- I

- q" except that each
spike in the output spectrum of cos[2'TT¢x] is atten­
uated (relative to the output spectrum of COS[21T(W- 1

- ep)x]) by the constant factor sinc(w¢)/sinc(l - wq,)
= r(q,). Consequently, the sampled output of input cos
21TepX is indistinguishable from the sampled output
produced by inputting the lower frequency function
r(q,) COS[21T(W- 1

- ep)x], and any reconstruction process
must confuse these two inputs.

Finally, it is natural to wonder about the effect of

Object

~ I1-<--1

r-- d. __!.........c--- 1

FIG. A5. Configurations for producing optical Fourier trans­
forms. The focal length of the lens is represented by (: thin vertical
lines represent the illumination (a monochromatic plane wave).
[From Goodman (51).)

Object

11-1[--I--~I

(A22)w comb(ws)"[sinc(ws)tr(s)]
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range between the cutoff frequency (2W)-1 and the
point (i.e., S = (pu' )-1) at which spurious resolution
begins to occur.

The same ideas can be carried over to two dimen­
sions by imagining (for the sake of convenience) square
receptors "'lith areas (pW)2 centered at the poin x =

0, ±w ±2w, ... ; y = 0 ±w, ±2w .... If each receptor
integrates the portion of f(x,y) directly above it the
resulting output is

w- 2 comb(x/u') comb(y/wl

. [f(x,y) • rect(x/pw) rect(y/pu')]

The factor outside the square brackets is a square
lattice sampling scheme that provide reproduction
without harmonic distonion for all two-dimensional
inputs whose transforms vanish outside the square
u ~ (2w) -\ u == (2W)-I. Consequently, if the highest
spatial frequency in the input at any orientation is c,
the required receptor spacing w is (2c) -1, just as in the

one-dimensional case. Any sparser sampling will lead
to alia ing.

Optical Transforms and Spatial Filtering

Calculating the two-dimensional Fourier tran forms
of input functions corresponding to com~lex natural
scenes (e.g., photographs of real objects) is extremely
laborious, but for many purpo es the same result can
be obtained directly by elegant optical methods re­
quiring no calculation at all. These methods depend
on the fact that the diffraction pattern formed by an
aperture is essentially the Fourier transform of that
aperture (51). Three optical configurations used to
compute transforms are illustrated in Figure A5. In
each case the 'object" is a screen whose transparency
can be described by a transmission function T (x,y)
(which varies between zero and one) and the illumi­
nation (represented by the vertical lines to the left of
the object) is assumed to be a coherent monochro-

FIG. A6. Optical Fourier transforms. Eachpanel in the left block (Ihree left·hand colum.ns) shows
the optical transform (i.e., amplitude spectrum) of the corresponding image in the right bloch (three
right-hand colum.ns). [From Harburn et al. (61). Reprinted from G. Harburn, C. A. Taylor, and T. R.
Weiberry: Atlas of Optical Transforms. Copyright © 1975 by G. Bell and Sons, Ltd. sed by
permission of the publisher, Cornell University Press.]



matic plane wave (e.g., from a laser). All three config­
urations will result in an image on the screen at the
right whose intensity distribution I(x,y) is essentiaUy
the squared absolute value of the Fourier transform of
T(x,y). (That is, the image intensity will be propor­
lional to the squared amplitude spectrum of the trans·
mission function of the object, the proportionality
constant depending on the intensity and wavelength
of the light and the focal length of the lens.) A number
of complex objects and their optical transforms (in
effect, their amplitude spectra) are illustrated in Fig­
ure AG. The figure also shows the effects of spatial
filtering, which can readily be achie,'ed by placing a
SlOp in the transfonn plane to block cenain spatial
frequencies, and then reuansforming the image in the
transfonn plane (i.e., by repeating the optical trans·

REFERENCES

I. A8SEY, W .. ANO E. R. FESnNO. Colour photomeU')'. PhdM.
7hms. R. Soc. London 1ii: 423-456, 18513.

lLAcUIUJI, M., AND W. S. SnLES. Saturanon of the: rod meeh·
anWn of the retina at high levels of sumulation. Opt. ANa I:
59-64, 1954.

2. ALPER-'1, M. Rod vision. In: Thl: ASKUI7ll'lIt of Visual Fullt~·

lion, ediUld by A. M. Potu. 5t. Louis: Mosby, 1972.
3. ALPERN, M .. AND J. MOEL1.Vt. The red and gret!n cone \"1sual

pipnenll of deuleranomalous t.richroml~·.J. Ph)"5ioi.1.oIIdon
266: 647-675, IBn.

... A1.P£RN, M., 1Ui'0 E. N. PuCK, Ja. Variation in the antOn
speetnun of e.ryt.hrob.ble among deuteranope$. J. Ph;>uo/.
LotukJn 266: 613-64&. 1977.

S. ALPltRN, M., AND T. WAK.£. Cone pigmenUi in human deutan
colour vbkln defeeu.. J. PhysioL London:!'66: ~12, 19:i.

6. ARDEN, G. B., ASD R. A. WE41.£.. l'o"ervous mechanWnf and
dark·adapu.tion. J. Physiol.1.oIIdoll 12h: .. 17......26, 19[)4.

7. BARLOW, H. B. Incremem threshold at 10'" intensities conak!·
ered u aignal·noi5e discrimination&. J. Phlsw1. London 119:
69-aB, 1957.

8. BARLOW, H. B. Temporal and apatial 5U!lUllation in human
\ision al different background inteositif!!. J. Ph18iol. London
141: 337-350,1958.

9. BARLOW, H. B. Dark·adaptation: II new hypothesis. "lsioll
Rtf.": 47-58, 1964.

10. BARLOW, H. B. Dark and light IId.pUlion: psychophyaics. In:
HandbooJt of ~II.M)'" Ph,JiDlo/J1, Vi.sual P!ryCJwph'SiCS, ed­
ited by L Hurvich and D. Jamesan. Ikrlin: Springer-Verlag.
1972, yol. 7, pl. 4, p. 1-28.

1000B.uu.ow, H. B. Retinal and central factors in human \~n
limited by noR In: Vl'"rtebrate PhotorecqJtion, edited b~'

H. B. Barlow and P. Fatl. New York: .....cademic. 1977, p.337­
358.

lL BARLOW, H. B., C. BUlItDCOR~ ASD J. D. PET'nCRE"·. The
neunJ mec:hanWn of binocu.lM depth discrimination. J. Ph,.,
iol. London 193: 327-342, 1967.

12. B.uu.ow, H. B., AND P. FloTT (editors). VI'"Tll'brall'"Photorl'"Cl'"p­
tion.. New York: Academic, 1977.

13. B.uu.ow, H. B.. AND B. SAItITT. Doubts about scotopic- inter­
actions in atabiliud vWon. Virion Rea. 13: 523-52", 1973.

14. BARLOW, H. B., AND J. M. B. SPARROCL The role of after·
images in dark ..dapu.tion. Sdl'"lIC'l'" 144: 1Xl9--13H., 1964.

16. BAYLOR, D. A.. AND R. f'rrTtl>1.Acr.:. Transmission from pho­
toreceptor'S to ganc1ion «11s in the retina of the tunIt. In:
\'UCl'"brate Photot"ffl'"ptorr, edited b,,' Ii. B. Barlo..... and P.
Fatt. New York: Academic;. 1977, p. 193--2n1

Ii. Bnl.01t, D. A.. ~. G. F. FuoftTES, ....."D P. ~1. O'BJttAs.

CHAPTER 7; VISUAL PERCEPTIO~ 313

fonn process using the image in the transfonn plane
as an object). The result is a filtered "ersion of the
original object, i.e., T(.r,y) minus the blocked spatial
frequencies.

The same principle naturally appli~ ;:0 the eye, the
optics of which can serve as the lens in Figure A5.
This is the basis of the technique employed by
Le Grand and others for circumventing the normal
spatial frequency cutoff' of the e;ye, as discussed in
VISUAL ACUITY, p. 260.

We thank R. Bai11ar&eon. N. Graham. ~i. Hayhot, and D.
MacLeod for belpfullWUtstions.. FinanriaJ 'uppon from the e.s.
National lNututft of Health (Gl1lnt I·ROI·£YOOl64-01 to B. Wan·
deU) and the University of Cabfonua. lr\ine fFocwtd Rewan:b
Project on Perception and K"~ Mtllt.a1 P~) II p-atefuUy--

Receptive rl(!lds of cones in the retina of the tun.le. J PhvuoL
London 21... 265-294, 1971. .

18. BAYLOR, O. A.. AND A. L HOO<llltIN.Change& in time lCa.le and
aeru.ilivity in turtle photoreceptor'S. J. Ph)'Siol. London 242:
729-758, 197...

19. BEDFORD, R. E., AND G. WYSZECJtI. AnaJ chromatic aberration
of !.he eye. J. Opt. Soc. Am. 47: 564-565, 1957.

20. BUXLItY, M. A., F. KITTEJU.It, AND D. "'. WATRIS5. Gratinc
yqjbility ... function of orienu.tion and retinal KCf'nrricit)'.
VWon Re•., 15: 239-2«, 1975.

2L BUItE.MORE. c~ AND F. W. C4MP8UL Adaptation to spatial
Wmuli J. Ph.YPOI. London 200: 11-13, 1969.

22. BUlIIOltMolt1l, C. B.. ""'''0 W. A. H. Rl:SHTOS. Dark adapt&liorI
and increment threshold in .. rod monochromat. J Ph:,uoL
1.oIIdon 181: 612-628, 1965.

Z3. BUnMDlt1t, C. B., ASD W. A. JL RCSKTOS. The rod mcrement
threshold during darlt ..dJiptalion i.D normal and rod mono­
chromat. J. Ph,5io/. London 181: 629-640.1965.

2... BUCK, D. W., AND D. I. A.lo14cLItOD. Rod threshold: influence
of neighboring conet,. Vision Ru. 18: 1611-1616, 1978.

25. BOYNTON, R. M. Ten ye8J'1l of tesean:h with the minimally
di.$tim:t border. In: Visual P$)'Chophysics and Ph'Siolo/D',
ediled by J. C. Armington, J. Krauskopf, and B. R. Wooten,
New York, Academic, 1978.

26. BoYNTON, R. M., AND W. 5. BARON. Sinusoidal nicker char·
aCleristiCi of primate conell in response to beterochromatic
stimuli. J. Opt Soc. Am. 65: 1091-1100, 19i5.

27. BRACEWE.l.L, R. Thl'" Fourier Trana{orm and Us Appli('OtioM
(2nd mi. New York: McGraw-Hill, 1978.

28. BRE.fTMI:VU. B. G., ASO L GAl"L implications of 5wWned
and tn.naient channell for theories of vitiuaJ. panem ~kinc.

saccadic IIUppreasion, and Wonnation proceslloing:. Ps;ochoL
Rev.8J: 1-36, 1976.

29. BJUSDUl', G. S. Ph]$loloo 0{ thl'" Rl'tina ond \7isual Path·
UJal. Baltimore, Williams and Wilkins, 19;0.

29a.BRISlIl:, G. VAN DES. MeUW'emenli of the geomttric:aJ abet­
rations of the eye. VisWII Rea. 2: 233-244.. 1962-

30. BROWN, J. 1-, M. P. KURNS, AND H. E. .~LER. Relation of
threshold criterion 10 the functional receptors of the: eye. J.
Opt. Soc. Am. 47: 196-2I).l" 1957.

31. BYR.oI, G. M. The physical and photochemiea1 basis of \isual
~Ivingpower. Part IJI. Visualaeuity and tbe photochemistry
of lhe relina. J. Opt.. Soc. Am. 34: 718-738. 19+1.

32.. CAMPBItLl., F. W~ ASD O. G. GIt£E..". Optical and ",tina!
factor'S atrectinc visual resolution. J. PhysiDL London 181: 5i8­
593.,....

31. CAMPBnL, F. W~ ASO R. W. Gt:8ISCH. Optical qualit)· of the



314 HASDBOOK OF" PHYSIOLOGY - THE NERVOUS SYSTEM JII

human I'yt' J Phy.,oL London 186: 5S8-578. 1966.
34. CA.\lPBELL F. W., A""O J. G. ROBSON. Application of Fourier

analysis to the visibiJi~y of gratinp. J. Phy3iol. LDndon 19i:
MI-566, 1968.

35. CARTERETrE, E. C., AND M. P. FRIEOMAS (editon). Handbook
of PerceptlOli. Biology of Perceptual System&. New York:
Academic. 1973. vol. III.

S5a.CARTERE'M'E. E. C.• AND M. P. FRIF.DMAN (editoI'll). Handbook
of Perception. Seeing. New York: Academic. 1975. vol. v.

36. CORSSWEET. T. N. Visuol Perception. New York: Academic,
1970.

86a.CoWA1'". T. D. Some remarks on channel bandwidths for visual
contrast delection. In: E. Poppel. R. Held, and J. E. Dowling.
Neuronal mechanisms in visual perception. Neurosd. Res.
Progrom Bull. 7. 15.3. Cambridge, MA: MIT Press. 19n. p.
492-515.

37. CRAIl'. K. J. W.• AND M. D. VERSON. The nalure of dark
adapution. Br. J. PS)'dwI. 32: &4-81. 1941.

38. CRAWFORD. B. H. Visual adaptation in relation to briefcondi·
tiolling 5timuJi Proc. R. Sot. LondOli 5er. B 134: 283-302.
19-1.7.

39. CRAwrORO. B. H. The Stiles·Crawford effecu and their .IIignif.
icanee in vision. In: Hondbook of 5ellM)ry PhY.lliolol/Jl. Visual
PS)-chophysic', edited by 1.. Hurvich and D. Jameson. Berlin:
Springer·Verlag, 1972, vol. 7. pI.. 4, p. 4i0-483.

40. DAVSOS, H. (editor). The Eye. Visual Function in MWl. NIlW
York: Academic, 1976, vol. 2A.

41. DAW, K. W.• AI'O J. M. ENOCH. Conlrast8ensitivity. Westhei·
mer function and Stiles·Crawford effect in a blue cone man·
ochromat. Vision Res. 13: 1669-1680, 1973.

42. DoE VALOIS, R. L.• AND K. K. DoE VALOIS. Neural coding of
color. In: Handbook of Perception. Seeing, edited by E. C.
Canerette and M. P. Friedman. New York: Academic. 19i5,
vol. \'. p. 117-166.

44. DE VRILS. H. The quantum character or light and its bearing
upon the thn:shold of vision, the differential sensithity and
acuity of the eye. Physico. 10: &53-ti6of, 1943.

45. Dl."KE·E1.Du. 5 .. AND D. ABRAMS. OphJha1mD.Jic Optia and
Refraction. SL Louis: Mosby. 1970.

46. ESROTH-CcGEU.. C.. B. G. H£RTz, A""O P. 1.£:<SIE.. Conver·
genct of rod and cone fiignals in lhe cat'S retina. J. PhYliiol.
London 269: 297-318. 1977.

47. FAIS, G. The threshold signal of photoreceptors. In: Vertebrate
Photoreception, edited by H. Barlow and P. Fatt. New York:
Academic. 1977.

48. Fu.~AI'T. F.• A""o W. 5. STILES. The directional and spectral
sensitivites of the retina.! rods to adapting fields of different
wave-lengths. J. Physiol. London 107: 187-202. 1948.

49. FRl:~KES, T. E.• AND 1.. A. TEMMED. Rod·cone interaction in
human-scotopic vision: II. Cones inOuence increment thresh·
olds detected by rods. Vision Ref. 17: 673-679, 1977.

SO. GAZZAI'IGA. M.S.• AND C. B. BLAIlENORZ (editor). Handbook
of Psychobiology. New York: Academic, 1975.

51. GOOoMA..... J. W. InlTOduction to Foun'er Optics. New York:
McGraw·Hill, 1965.

52. GORRA..... D, J. M. DiffU$ion of the human retina and quality of
the optics of lhe eye on the fovea and the peripheral retina.
VU/.On Ru. 8: 907-912, 1979.

53. GRAHAM. K Visual detection of aperiodic apatiaI stimuli by
probability summation among narrowband channels. Vi/iion
Res. 17: 637-652, 1977.

54. GRAHAM, ~ .• AND J. NACHMIAS. Detection of grating p.IIttert1.ll
containing two spatial frequencies: a comparison of single·
channel and multiple·channels modeb. Vi/iion Res. 11: UI­
259, 1971.

55. GRAHAM. N., AND F. RATLIFf'. Quantitative theories of the
integrative action of lhe retina. In: Contemporal)' Develop·
mtIlts in Mathematical Psychology. Measurement. Psycho·
phYlics. OIld Neurallnfl)m101i4n Prouuing, edited by D. H.
Kranu., R. C. Atkinaon, R. D. Luce. and P. SUppe:ll. San
Francisco: Freeman. 1974, vol II. p.306-371.

56. GRANIT. R. The dark .daptation of mammalian ,isual rtc:ep­
IOrs. Acta Ph)'./.Ol. Scond. 7: 21&-220. 19-«.

57. GREEN, D. G. The conlrast sensitivity of the colour meeha·
nisms of the human eye. J. PhyJioL London 196: 41S-429,
1968. ~

58. GREEN, D. G. Regional variations in the villl..al acuity for
in~erference frinltt on the retina. J. Phy,iol. London 2Oi: 351­
356. 1970.

58a.GIIEGORY, R. L. Stereovision and iIoluminence. Prec. R. Soc.
London Ser. n 204: 467--476. 1979.

59. GU8ISCH, R. W. Optica.! performance of the human eye. J. Opt.
Soc. Am. 57: 407..... Ui. 1967.

60. GUTH. 5. L., N. J. DON1.EY. AND R. T. MARROCCO. On lumi·
nance additivity and related tOpiC$. Vision Res. 9: 537-575,.....

61. HARBlIRN. G.. C. A. TAYLOR, AND T. R. W&l.Br.:RJI.Y. Atlcu of
Oplic:a11'rOll.form-. Ithaca. NY: Cornell Univ. Press, 19i5.

62.. H£CHT. E., AND A. ZAJAC. Optic.. Menlo Park, CA: Addison·
Wesley. 1974.

63. HECHT.S. Photochemistry of visual purple. I. The kineticl of
the dewmposition of visual purple by light. J. Gen. Physiol. 3:
1-13,1920.

&4. Hr.:cHT. S. Rods, cones, and the chemical basi& of vision..
Physiol. Rev. Ii: 239-290. 1937.

65. HECHT. 5., C. HAtG, AND A. M. CHASr.. The influence of light
adaptation on subsequent dark adaptation of the eye. J. Gen.
Physiol. 20: 831-850. 1937.

66. HELD. R., H. W. LEIBOWITZ, AI'D H.·L. TEUBER. Handbook
of SensaI)' Physiology. Perceptum. Berlin: Springer·Verlag,
1978. vol. 8.

66a.H£R.lSG, E. Gmndringe des !.ehre von Lichtsinn. In: Hand·
buch der ge.ammten AugenheilkUflde. edited by A. Graefe
and E. T. Saemich. Le.ipz:i,:: Eugelmann, 1905. voL 3. [1'rAn!li.
1.. M. Hurvieh and D. Jameson.. Outlme. of a Theory of the
Licht Sen$e. Cambridge. MA: Harvard Univ. Press, 196of.}

67. HOWLAND. H. C.• AND B. HOWLAND. A flUbjective method for
the measuremeot of monochromatic aberrations of the 1')'1'. J.
Opt. StK. Am. 67: 1508-1518, 1977.

68. HUBEL, D. H•• A....DT. N. WIESJn.. Brain meehanisms of vision.
Sei. Am. 2-t I: 1~162. 1979.

69. L"CUNG, C. R The r;pecual sensitivity of che opponent-coloI'll
channel. Vision Re.. 17: 1083-1090, 1977.

10. ISGUNG, C. R.. AND B. H. Tooo. Orthogonal combination of
three visual channels. Vision Res. 17: 107~1082, 1917.

71. L"'GUNG, C. R.. B. H. P. Tsoll. T. J. GAST, 5. A. BURl'S. J. O.
E:-IERICK. AND L RIESENBERG. The achromatic channel. I.
The non·linearity of minimum·border and nicker matches.
Vision Res. 18: 379-390, 1978.

72. IVANOFf'. A. About chI' spherical aberration of the eye. J. Opt.
Soc. Am. 46: 901-903, 1956.

73. JANESOI'. D., ASD 1.. M. HURvlCH (editors). Handbook of
Sensary Physiology. Visual Psychoph)'$iC$. Berlin: Sprinl;er.
Verlag, 1972, vol 7, pt. 4.

i4. KEu.y. D. H. Vis.tJal colltras1&emitivity. Op.Acta 24: 107-129.
19n.

75. K£u.y. D. H. Motkln and vi.llion. llStabiliud 3p.IItio-temporal
threshold surface. J. Opt. Soc. Am. 69: laro-l349. 1979.

i6. K£u.y. D. H. AND R. E. SAVOtE. A 5ludy ofsine,wa,"e contrast
aensitivity by ",'0 psychophysical melhocls. Prrr:ept. P$)·cha·
phYJ. 14: 313-318. 1973.

77. KEu.y. D. H.. ASD D. VAN NORREN. Two-band model of
heterochromatic nicker. J. Opt. Soc. Am. 67: IOBI-I091, 1977.

n •.KONIG, A. Ober den mensehIichen Sehpurpur und r;eine Be·
deutung fur dll.llSehen. S. B. Akad. Wiss. Berlin 5.59-575, 1894.

78. KRANTZ, D. H. l\fe/lllurement theory lind qualitative III\\" in
psychophyBies. In: Contemporal)' Dcudopmellts in Mathe·
matical Psychology. Measurement, Psychophysicf. and
Neural InformatIOn Pror:euing, edited by D. H. Kranu. R. C.
Atkinson, R. D. Luce. and P. Suppea. SIIn Francisca: F'reemlln.
19i4. vol. II, p. 160-199.

79. KRA",'TZ. D. H. Color mea.su.re.ment and color lheory. I. Rep-



resf;nta.:lon theorem for G:assoal1 structURS.. J. Afath. Pgy·
ehol. 12: 253-300, 19.5.

80. KJI.A:-"TZ.. D. H. Color r.l....aHlrecent and color theory. D. 0p­
ponent colors theon'. J_ .\lath. Psychol, 12: 304-327, 19i5.

81. Kl:fTUR. J. \Y., .uio J. G. ~ICHOu.s,From Neuroll to Brom.
Sunderland, ~1A: Sinauer A'i$IX". 1976.

82. LA....o. E. H. Color vision and the natural image. Parts I and t1.
Proe. ""·ad. Acad. Sci. USA.. 45: 115-129. 639--644, 1959.

83. LATCH. ~t, AND P. LI:~~u.::. Rod-cone interaction in light
adaptarion. J. Physiol. London 269: 5Ii-534. 1977.

84. LE GRA~D, Y. Space and Form Vision. Bloomington: Indiana
Univ. Press. 1967.

85. LE GR"':-'O, Y. Lichl. Colour, and Vision (2nd ed.). London:
ChaplIl2Jl and Hall. 1968.

86. LES~LE. P.. A:-'O 0.1..4... MAcLEOD. Background configuration
and rod threshold. J. Phvsiol. London 233: 143-156, 1973.

87. UGHTHlU., ~1. J. lntroiucnon to Fourier Analysis and ~n·
eraliud FunctiOM. Cambridge: Cambridge Univ. Press, 1964.

88. LYTHGOE" R. J. The meeharW:m of dark adaptation. Br. J.
OpthalrrwL 24: 21-43, 1940.

89. LUOVIGR. E., AI"O E. F. ~ICCARTlIY. Absorption of visible light
by refractive media of tb.... humlLO eye. Arch. Ophlh.almol. 20:
37-51, 1938.

89a.MAcADA."C, O. 1. Sources of Color Science. Cambridge, MA:
MIT Presll, 1970.

90. MA.CUOD, O. I. A. Visual sensitivity. Annu. Rev. Psychol. 2:
613-645. 1978.

91. MA.FI'·EI, L., ASD F. W. CA.)l.PIlELL. Ncurophysiologicallocali.
zation of the vertical and horiwntnl visual coordinates in man.
Science 167: 386-387,19;0.

92. MAKOl.:S. W., A.:-'O R. BooTlfE. Cones block signals from rods.
Vision Res. 14: 2&-294, 19;4.

93. MAKOUIii, W., AND o. PEEBLEIii. Rod-eone inteTllction: recon·
ciliation \\;th F1amam and Stiles. Vision Rts. 19: 69a-698,
1979.

94. MARC, R E... A.I"D H. G. SPERLr.<G. Chromatic: organization of
primate cones. Science 196: -.154-456, 1m.

95. Osr£RBUG, G. Topogroph~· of the layer of rods and cone&: in
the human retina-Acta OpthalmoL SuppL 6: 11-97, 193:1.

96. PEARSOS. O. E. Transmission and Dilplay ofPictoriallnfor·
motion. ~ew York.: Wiley, 1975.

97. PENS. R.. A.I"D W. A. HAGC"s. Kinetics of the photoeurrent of
retinal rods. Biophys. J. 12: 10;3-1094, 1972.

98. POLYAIt. S. 1.. The Vertebrate \'",ual System. Chicago: Univ.
ofChicBgo Press. 1957.

99. POPPEL, E., R. HELD, A."D J. E. DOWUNG. Neuronal mecha·
nisms in dllual perception.l\·eurosci. Res. Program Bull. 7,15,
3. Cambridge. MA: MIT Press, 1977.

lOll PUGH, E. ~., JR. Rhodopsin fla.sbphotolysis in man.J. PhysioL
London U8: 393-412, 19;5.

101. PUGH, E. N., JR. Rushton's paradox: rod dark adaptation after
flash photolysis. J. Physwl. London US: 413-431, 1975.

101a.RATLU'F, F. •\lach Bands: QUrultitative $ludWi on Neural
Nelu'oru 111 the RetinaL San Francisco, CA: Holden·oay,
1965.

102. RIFFS, H.. M. SHAKIB, A.....O E.. D. MA.cDosA1.D. P....roDdue
uptake b...· photo~ptor termin&b of the skate retina. J. Cell
Bioi. 70: e6-96, 1976.

103. RlPps. H.. A.SD R A. W!:ALL. Contrast and border phenomena.
In: The Eye. Visual FunctIOn in .\fan, edited by H. DaVllOn.
N....w York: Academic, 19.6, \'01. 2A, p. 133-184.

104. RIFPS, H. A.ND R. A. Wu.l.£. The vilJual photoreeeptora. In:
The Eye. Visual Function in M01I, edited by H. oavson. New
York: Academic, 1976, \'01. 2.-\, p. 5-4l.

105. ROBSOS, J. G. Receptive fields: neural representations or the
spatial and intensive attrihutes of the visual image. In: Hand·
book of Perception. Seeing, ~diled by E. C. Carter~tte and M.
P. Friedman. X~w York: Academic, 1975, vol. 5, p. 82-116.

106. RootECIt. R. W. The Vertebrote Rttill0. San Franeisco, CA:
~man, 1973.

107. ROSE, A. The sensitivit}· performance of th.... human eye on an

CHAPTER 7: VISUAL PERCEPTION 315

absolute scale. J. Opt. Soc. Am. 38: 196-208. 1948.
lOS. ROSE. A. ViBwn: Human and EleClrOnic. New York: Plenum,

1973.
109. RUSHTOS, w. A. H. Th.... diffen!nee spectrum and the photo­

5enJIirivity or rhodopsin in the living human eye. J. PhyslOI.
London 134: 11-29. 1956. .-

llO. RUSHTON, W. A. H. Bleached rhodopsin and visual adaptation.
J. Physiol. London 181: 645-655, 1965.

Ill. RUSHTON, W. A. H. The Ferrier lecture. Visual adaptation.
Proc. R. Soc. London Ser. B 162: 20-46, 1965.

112. RUSHTON, W. A. H. Review lecture: pigments and signals in
cotOlU vision. J. PhyswL London 220: 1-31, 1972.

113. RUSHTON, W. A. H., A.ND G. WESTHEIMER. The effect upon
the rod threshold of bleaching neighbouring rods. J. Ph)'sioL
London 16: 318-329, ]962.

114. SAVOIE. R. E. The Bezold·Brocke effect and visual non·linear­
ity. J. Opt. Soc. Am. 63: 12S3-1261, 1973.

115. SctiA.o£. O. H. Oplical and pbotoeleetric analog of the eye. J.
OpL Soc. Am.. 46: 121-739, 1956.

116. ScHADE. O. H. Image Quality. A Ct>mpari&ol1 ofPhoiographic
and TelelJision Systenu. Prineeton, NJ: RCA Laboratories.
1975-

117. SNYDER, A W., ASO R. MEI"ZEL (editors). Photoreceptor
Optic•. New York: Springer·Verlag, 19i5.

118. SNYDER, A. W.. S. B. LAUGKUN, ASD O. G. STA\'ENGA.lnfor·
mation capacity of eyes. Vision Res. 17: 1163-1175, 1977.

119. STA.BELL. U., A.ND B. STA.BELL. The effect of rod activity on
colour mau:hing functions. Vision Res. 15: 1119-1125, 1975.

120. STILES, W. S. Mechanisms of Colour Vision. Ne.... York: Aca·
demic, 1978.

121. STlLES, W. S.. A.SO B. H. CRAWFORD. Equivalent adaptation
levels in localized r....tinal &reas. In: Report ofa JomlDiscussioll
on Vision, Physical Society of London. London: Cambridge
Univ. Pres5, 1932.

122. STILES, W. 5.. Al"O B. H. CRAWFORD. The luminous etr)l::jency
of rays entering the pupil at different points. Proc. R. Soc.
London Ser. B 112: 428-400, 1939.

123. Tn.LER. O. y .. o. P. ANDREWS. AND H. B. BARLOW. toe.l
adaptation in stabilized vision. Vision Ru. 6: 701-705, 1966.

124. THOMAS, J. P. Spatial resolution and spatial int....nction. In:
Handbook of Perception. Seeing, edited by E. C. Canerette
and M. P. Friedman. New York: Academic; 1975, vol. 5, p. 233­
26<.

126. VAN Nus, F. 1., A.NO M. A. BOtJMA:-". Spatial modulation
transfer in the human eye. J. Opt. Soc. Am. 57: 4(11-406, 1967.

127. WA.GNER, G., AND R. M. BOYNTON. Comparison of four meth­
ods of heterochromatic photometry. J. Opt. Soc. Am. 62: 1508­
1515,1972.

128. WA.LD, G. Carotenoid!; and the visual cycl..... J. Gen. Phy,iol.
19: 351-372, 1935.

129. WALD, G. Pigments of the bull frog retina. Nature ]36: 382,
1935.

130. WALD, G. 011 the mechanism of the visual t.hreIhold and visual
adaptation. Scie"ce 119: 887-892. 1954.

t31. WALD, G. The receptors of human cotor vision. Science 145:
1007-1011, 1964.

132. WA1.D, G. Blue·blindness in the nonnal fovea. J. Opt. Soc. Am.
57: 1289-1301, 1967.

133. W.u.o, G., A.NO GRlFnl". D. The change in refncth'e power of
the human eye in dim and bright light. J. Opticol Soc. Am. 37:
321-336,1947.

134. WEALE, R. A. Observations on photochemical reactions in
living eyes. Br, J. Optholmol. 41: 461-474, 1957.

135. WEALE, R. A. Further studies of photo-chemical reacliol1l! in
living human eyes. Vision Rell. I: 354-378, 1!)62.

136. WEA."'~, R. A. Photo·chemical changes in the dark-adapting
human retu\a. Viswn Res. 2: 25·33, 1962.

137. WERBLlS, F. S. Adaptation in 1I vertebrate retina: intrace.Uular
recording in NecturU8. J. Neurophysioi. 301: 228-241, 1971.

138. WESTHEIMER. G. Modulation thresholds for sinusoidal light
distributions on th.... retina. J. PhysioL Londo" 152: 67-;4,



316 HANDBOOK Of PHYSIOLOCY - THE SERVOUS SYSTEM III

1960.
139. W£STlI£IM£Jt. G Bluched rhodop$Ul and reli:a.t intt~raclion.

J. Ph)·.iol. London 193: 97-106.1968.
140. \\'ESTH£IME.R. G \'isual acuit~· and $~tia1 moc!.ulation thruh­

olds. In: Handbook. of Sen$Or:' Ph)'$iology. \'isual P.ycho­
physirs. edited by D. Jameson and L. M. Hur;1Ch. Berlin.
Sprinller-\'trla~. 1972 "01. 7, pl. ". p. 170-187.

141. WILLI ....MS. D. ft., D. 1. A. ~fJ.cL£oo. "I'D M. M. HAYNOE.
Punctate 6eruiti,;t)· of the blue-sen$itive mechanism. Vision
Res. 21: 1357-1375, 1981.

142. Wll.sOS, H. R ....:-:0 J. R. BEReEs. A four mechanism model

for lhrmold spatial vision. VisIon Ru. 1: 19-32. 1979.
143. \\'L'\:SOR, C. P......1'0 A. CLAJt.x. Dark ad.apUl.tion afw v8l')ini

degrees of light $daptatiOJL Prot:. NotL Af'Od. Sci.. USA 22:
4Q0....404. 1936.

14.4. WYSU:CXl, G., AI'D W. S. STIL£S. Color Sdl!nce. New York:
Wiley, 1967. •

145. Y£LLOTT, J. L JR. Spectral analyaia of ~palia1 aamplini by
pholoreceptol'5: topoloilcal disorder prevenll aliasing. Vision
Res. 22: 1211-1218, 1982.

146. YOUNG, T. Nole On a paper by Dalton. In: Lectures on NfltlIrflf
Philorophy, (1st ed.), 1807. 1101. 2, p. 315.


	The beginnings 1-3.pdf
	The beginnings 1.pdf
	The beginnings 2.pdf
	The beginnings 3.pdf

	The beginnings 4.pdf
	The beginnings 5.pdf
	The beginnings 6.pdf
	The beginnings 7.pdf
	The beginnings 8.pdf
	The beginnings.pdf
	The beginnings 9.pdf

