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S
ensitivity to contrast is one of the most important 
attributes of the visual system of humans and other 
animals. This paper is about some of the reasons for 
the dependence of visual responses on contrast, and 

the neural machinery in the retina that makes it possible. 
Although it seems that perception of the brightness of 

objects is effortless, visual scientists have known for years 
that complex neuronal computations are required to per
form the task. The perception of brightness is not simply a 
matter of counting photons. The primary determinant of 
brightness perception is local contrast—the local differ
ence between luminances on either side of a boundary 
normalized by the (local) average luminance.1-3 

CONTRAST, CONTRAST SENSITIVITY, 
AND CONTRAST GAIN 
Contrast is a physical property of the visual stimulus. When 
studying the visibility of aperiodic objects like uniform 
disks or bars or rectangles on a background, an investigator 
would define contrast naturally as: 

(1a) 

where LO is the luminance of the object and L B the lumi
nance of the background. L 0 - L B is usually called L and so 
Equation (la) is usually written as 

(1b) 

At high mean luminance and for test stimuli of large area and 
long duration, psychophysical sensitivity follows Weber's Law. 

(2a) 
(2b) 

where k is a constant, the threshold contrast. The thresh
old contrast CT is also referred to in the psychophysical 
literature as the Weber fraction. Equation (2) says, in words, 
that when Weber's Law is obeyed, the visual system's 
criterion for detection is that the stimulus contrast must 
exceed a fixed value, k, the threshold contrast. 

There is a second definition of contrast that is used for 
periodic spatial patterns like sine gratings. 

(3 ) 

There are two different definitions of contrast, each appro
priate for a particular kind of stimulus. However, the two 
definitions are related because they refer to a single physical 
quantity: the relative variation of a modulated component 
referred to a steady state component. 

Contrast sensitivity is the reciprocal of the psychophysical 
threshold contrast. When a neuron's response to patterns 
is under study, a different measure is often used: contrast 
gain.3 This quantity is the neural response divided by 
stimulus contrast in the limit as contrast approaches zero. 
In neurons that produce a modulated voltage in response to 
a visual stimulus, contrast gain has units mV/unit contrast; 
in neurons that modulate their impulse firing rate in re
sponse to visual stimulation, contrast gain is in units of 
(impulses/sec)/unit contrast. 

BRIGHTNESS, CONTRAST SENSITIVITY, 
AND ADAPTATION 
Why is brightness perception so dependent on contrast? 
The key to understanding this aspect of brightness percep
tion is in comprehending the meaning of brightness con
stancy and how constancy results from response depen
dence on contrast. 

Animals evolved in a world of reflecting surfaces. What 
characterizes a reflecting surface visually is its reflectance. 
The reflectance is determined by the physical properties of 
the surface of the object, it is invariant with respect to illu
mination. The luminance of an object is proportional to the 
product of the object's reflectance and illumination. Over a 
wide range of illumination, the brightness of a reflecting 
object is constant even though its luminance may vary 
widely. Land and McCann 4 explained this brightness con
stancy by asserting that the visual system was designed to 
calculate reflectance. We know now that this is not correct, 
but is on the right track. 
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FIGURE 1. Sixteen equiluminant circles on a lumi
nance staircase. This pattern was created on a 
cathode ray tube with a computer-controlled, 
electronic display instrument described previously 
(see Ref. 8). Each rectangular area in the staircase 
is of a fixed uniform luminance. The luminance of 
the circles—which all have the same luminance— 
is the same as the mean luminance of the staircase. 
All circles on a given rung of the luminance staircase 
have the same local contrast at their borders, and 
to most observers appear equally bright. 

The early stages of v is ion compute 
contrast, not reflectance. One can view 
contrast as relative reflectance, the 
compar ison of the reflectance of an object w i th its back
ground. The response of ret inal, geniculate, some pr imary 
cor t ical neurons is propor t ional to contrast. Prev ious ly it 
had been thought that the dependence of neural response 
on contrast was due to long distance subtract ive spat ial 
interactions in a neuron's receptive field. The recept ive f ield 
concept is one of the central ideas of neurophysio logy 
der ived from the pioneering research of H.K. Hart l ine, H.B. 
Barlow, S.W. Kuffler, and others. The recept ive f ield is 
defined as the spatial region from wh ich signals come that 
can modulate the impulse f ir ing or voltage response of a 
neuron. 

Models of neuronal funct ion usual ly include l inear sum
mation of signals across the recept ive f ield. Many neurons 
have what is cal led a "center-surround" recept ive f ield, 
wh ich means that there is a compact region of the v isual 
field cal led the receptive field center, st imulat ion of wh ich 
is very effective in modulat ing the neuron's response. A lso , 
there is a surrounding zone that antagonizes st imulat ion of 
the central region—for example, inhibi t ing the neuron if the 
center is excitatory. Thus, center-surround interact ion is 
thought to be fundamental ly subtract ive. Such subtract ive 
lateral inhibi t ion cou ld be the basis for sensit iv i ty to spat ial 
contrast (as in standard textbook accounts, e.g., Ref. 6). The 
l inear account of dependence of responses on contrast is 
not adequate to explain the fol lowing results. 

Constancy of neuronal response wi th contrast may be 
achieved for st imul i that activate only the center mecha
nism of the receptive f ie ld. 3 , 5 This means that responsive
ness of the v isual system to contrast is not s imply a result 

of center-surround interact ion, or lateral inhibi t ion. Rather, 
contrast dependence is pr imar i ly a result of the automatic 
gain contro l that produces light adaptation. 3 , 7 Light adap
tat ion is the nonl inear adjustment of gain and dynamics of 
neural responses contingent on the past h is tory of i l lumina
t ion. One can formulate an adequate theory of light adapta
t ion in terms of quasi- l inear stages of. t ransduct ion and 
signal t ransmiss ion where t ime constants and ampli f ica
t ion of the signal t ransmiss ion are modif ied by the preced
ing steady value of i l luminat ion. 3 The automatic gain con
trol that regulates contrast gain of the recept ive field center 
mechanism is local ized to the center, and thus contrast is 
computed only local ly (see Ref. 3 for a comprehensive 
review). 

CONTRAST VS. REFLECTANCE: STIMULATION CONTRAST 
1 have shown prev ious ly that it is contrast and not reflec
tance that the v isual system is comput ing by conf i rming 
and extending c lassical studies on "simultaneous contrast." 
A n example is the elaborat ion of the classic picture of 
equal ly luminant c i rc les on a non-uniform background, as 
in Figure 1. The figure shows 16 equal ly luminant c i rc les 
p laced on 6 rectangular str ips that vary in luminance. This 
could be interpreted as a scene wi th 12 equal ly reflective 
disks p laced on a c loth wi th 6 different rectangular regions 
of ref lectance. If the v isual system is comput ing local con
trast, then the disks shou ld all look different in brightness 
because their contrasts are not al l the same. If the visual 
system were comput ing ref lectance, as Land and M c C a n n 4 

suggested, then all the 16 disks shou ld look the same shade 
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of grey. It is obvious to every observer that they look 
different and so, at least qual i tat ively, the quanti ty com
puted by the v isual system must be c loser to contrast than 
to reflectance. 

Land and M c C a n n 4 ant ic ipated this refutation of their 
theory (the 1971 Retinex). In a footnote to their paper, they 
asserted that pictures such as Figure 1 were unnatural 
because the objects were complete ly sur rounded by their 
backgrounds. This is a weak argument s ince in nature 
isolated objects on backgrounds are the rule rather than 
the except ion. But, accept ing the Land and McCann argu
ment as val id for the moment, we can put it to the test by 
construct ing a "Mondr ian"- l ike pattern (that Land and 
McCann considered more natural) and by looking again at 
equal ly reflective objects on non-uniform backgrounds. 
This is shown in Figure 2, reproduced from an earl ier 
paper. 8 It can be seen that the c i rc le and square, though 
equal ly luminant, are not equal ly bright because of unequal 
local contrast around their borders. A n explanat ion is that 
neurons are comput ing local contrast and the v isual sys
tem is basing its estimate of br ightness on contrast-depen
dent neural responses. R.C. Reid and I9 measured the mag
nitude of such brightness induct ion in Mondr ian- l ike pat
terns such as Figure 2, and it was v i r tual ly ident ical to that 
seen in more convent ional d isplays such as Figure 1. 

PSYCHOPHYSICAL EVIDENCE 
Constant contrast sensit iv i ty is the ideal that ret inal light 
adaptation must str ive for if it is to achieve its main goal: 
perceptual invariance of reflecting surfaces wi th changes in 

background i l luminat ion. To the extent 
tha t p s y c h o p h y s i c s a p p r o a c h e s 

Weber 's Law, this major goal is met. A graph of threshold 
contrast vs. background ret inal i l luminat ion shows a clear 
break between rod and cone funct ion. 1 0 The min imal con
trast threshold for the rods is about 0.08, corresponding 
approximately to a contrast sensi t iv i ty of 12. There is a 
clear jump in performance when the cones come in, wi th 
contrast sensi t iv i ty increasing to 200 for, larger targets. 

In the Weber 's Law regime, contrast sensi t iv i ty is con
stant as in Equat ion (2); a graph of contrast sensi t iv i ty vs . 
mean i l luminat ion wou ld be a flat l ine. In fact, human 
contrast sensi t iv i ty increases like the square root of mean 
luminance over most of the scotopic range, though it is 
beginning to level off toward Weber 's Law behavior for the 
largest targets at the high end of the scotopic range. 1 0 

Figure 3 is a redrawn vers ion of some of Blackwel l 's results 
in terms of contrast sensi t iv i ty vs. mean i l luminat ion level. 
This graph indicates qual i tat ively that the t ransi t ion from 
square root law to Weber 's Law occurs for larger targets at 
lower backgrounds, but also reveals that, at least under the 
condi t ions of Blackwel l 's experiments, the rod system does 
not enter into the Weber Law regime before the cones take 
over. However, the results of Koender ink et a l . 1 1 on contrast 
sensi t iv i ty as a funct ion of ret inal eccentr ic i ty and back
ground suggest that, in the per iphery of the ret ina, Weber 's 
Law may be achieved in the scotop ic range. 

PHOTOPIC CONTRAST SENSITIVITY REGULATION 
The cone system (Photopic System) is l ike the rod system 
in y ie ld ing Weber 's Law under some c i rcumstances and the 
square root law under others. In human v is ion , the cones 

FIGURE 2."Mondrian"-like pattern with equally 
luminant square and circle. Again this was 
imaged on a CRT with the same electronic 
display instrument as in figure 1. The circle and 
the square are identical in luminance, and 
therefore would be of equal reflectance if this 
image had been created with reflecting sur
faces instead of a CRT. The 1971 and 1983 
versions of the Retinex Theory of land and 
McCann would have predicted that the circle 
and square must look identical in brightness. A 
different theory based on local contrast easily 
accounts for the apparent difference in bright
ness. 
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begin to take over at threshold from the rods at ret inal 
i l luminations above 1 t ro land ( cd /m 2 seen through 1mm 
pupi l) in background ret inal i l luminat ion. 1 2 The increment 
threshold curves in the l i terature tend to show a cone 
plateau up to about 10 td. Above 10 td, one usual ly observes 
Weber 's Law for a bipart i te field or moderate-sized test 
spot (diameter > 0.5°). For most targets, and in part icular 
moderate-sized spots w i th a sharp edge on a large back
ground, Weber 's Law holds from 10 td to 10 s td , i.e., 
throughout the photopic range of backgrounds. 7 

DYNAMICS OF LIGHT ADAPTATION 
The temporal f requency of a st imulus inf luences the depen
dence of sensit iv i ty on mean level. This has been shown by 
Kel ly . 1 3 At low spatial frequency and low to intermediate 
temporal frequency, he obtained Weber 's Law. At high 
spatial frequency and low to intermediate temporal fre
quencies, he d iscovered that sensi t iv i ty was more or less 
independent of mean level . This is what Kel ly cal led the 
" l inear" region of temporal f requencies, because the v isual 
system appears to be behaving in a l inear manner in that the 
sensit iv i ty for a modulated st imulus is not affected by the 
presence of different steady levels. 

A n explanation for Kel ly 's results has emerged from 
recent work on the dynamics of light adaptat ion in photo
receptors and ret inal ganglion cel ls. I wi l l refer back to 
Kel ly 's f indings when consider ing the dynamics of ret inal 
adaptat ion. In the context of our previous d iscuss ion of 
contrast and brightness constancy, it is interesting to note 
that brightness induct ion and the stable est imat ion of 
brightness fail at moderate temporal f requencies. 1 4 Thus, 
stable brightness percept ion seems to work only in the low 

temporal frequency region wi thin wh ich Weber 's Law holds. 

CONTRAST GAIN IN 
PRIMATE RETINAL GANGLION CELLS 
The effects of adaptat ion on contrast processing in the 
ret ina are accessib le to investigat ion in the neural act iv i ty 
of ret inal ganglion cel ls, the output neurons of the ret ina. 
The opt ic nerve is composed of the nerve axon of these 
ganglion cel ls. There are mult ip le types of ret inal ganglion 
cel ls in the ret ina of macaque monkeys, near evolut ionary 
relat ives of man. These different types—cal led P and M 
ce l ls 1 5 —resemble human ganglion cel ls in morphology. 1 6 

Therefore it is reasonable to suppose that they might also 
resemble human ganglion cel ls physio logical ly . 

Quite a lot is now known about the contrast gain of these 
neurons. The P cel ls have low contrast ga in 1 7 l ike their 
parvoce l lu la r ta rgets 1 8 - 2 1 w i th in the macaque 's Latera l 
Geniculate Nucleus (LGN), the main v isual nucleus of the 
thalamus. (Note that the thalamus is the sensory gateway 
to the cerebral cortex). P cel ls are color-opponent neurons 
and probably const i tute the front-end for chromat ic per
cept ion. M cel ls project to the magnocel lular layers of the 
L G N . Like magnocel lu lar neurons, M cel ls have high con
trast ga in . 1 7 - 2 1 M cel ls have a broadband spectra l sensit iv i ty 
and may be the neural basis for " luminance" percept ion. 

The dependence of contrast gain on mean level is usual ly 
informative, so my col leagues K. Purpura , E. Kaplan, and I 
have studied this funct ion in macaque ganglion ce l ls . 2 2 Some 
of our results are shown in Figure 4 as contrast gain vs. 
mean i l luminat ion. It can be seen there that M cel l contrast 
gain is higher than P cel l contrast gain at al l l ight levels. 

Fur thermore, many P cel ls have an immeasurably smal l 
contrast gain when the mean i l luminat ion is lowered into 
the scotopic range where rods determine neural responses. 
This suggests scotop ic pattern v is ion depends on the re
sponses of M cel ls, relayed through the L G N to the v isual 
cortex. Final ly, in compar ing Figure 4 wi th Figure 3, one can 
see that the contrast gain of macaque ganglion cells does 
not reach the flat l ine of Weber 's Law unti l mid- to high
photopic levels of i l luminat ion, l ike the human observers. 
In fact, the curve in Figure 3 that descr ibes human contrast 
sensi t iv i ty for 0.3° diameter targets matches the shape of 
the M cel l funct ion almost exact ly. It is interesting to 
compare the cat wi th the monkey; in the cat, a nocturnal 
animal , many ret inal ganglion cel ls reach the flat, Weber-
Law asymptote under scotop ic condi t ions. 3 , 2 3 

FIGURE 3. Psychophysical data10 on the dependence of contrast sensitivity 
on background luminance. The test targets were circular disks on a large 
concentric background. The pattern was viewed continuously. The test and 
background were neutral in color. The data were collected from 10 subjects 
and averaged. This is a subset of the data, shown only for two target sizes 
as indicated on the graph. The flat line prediction from Weber's Law is 
indicated in the upper right corner of the graph, to be compared with actual 
data. 
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There is a c lose correspondence between the contrast 
gain funct ions of ret inal ganglion cel ls and the contrast 
sensit iv i ty of human observers. This is consistent w i th the 
hypothesis that the basic mechanisms of contrast sensit iv
ity are located in the ret inal network. These basic mecha
nisms include the local gain contro ls of l ight adaptat ion, 
spat ial and temporal f i l tering by the photoreceptors and 
interneurons that prov ide input to the ganglion cel ls, and 
ampli f icat ion of receptor signals. 

DYNAMICS OF RETINAL ADAPTATION 
The site of light adaptat ion in the ret ina and the mecha
nisms of ret inal adaptat ion have been studied extensively. 
It is beyond the scope of this paper to d iscuss the subject 
fully. In an earl ier art ic le, 3 Chr is t ina Enroth-Cugel l and I 
reviewed the already large l i terature on the subject and 
concluded that there were mult iple, hierarchical ly organized 
mechanisms for light adaptat ion. The mul t ip l ic i ty of ret inal 
mechanisms is a consequence, we think, of the mult ip le 
neural channels that are set up by the funct ional connec
tions of the ret inal network. For instance, in the macaque 
monkey ret ina, there are P and M ganglion cel ls and they 
have different numbers of funct ional connect ions to photo
receptors. More cones make funct ional connect ions wi th M 
cells than wi th P cel ls, and the cone connect ions to P cel ls 
may be quite speci f ic. Therefore, gain contro ls for prevent
ing response saturat ion and for making responses invariant 
wi th level of i l luminat ion may have to exist in single cone 
photoreceptors and also in ret inal interneurons wi th in 
wh ich cone signals are pooled. However, the dynamic 
character ist ics of light adaptat ion in P cel ls resemble cone 
photoreceptor adaptat ion dynamics in lower vertebrates 
so much, it seems l ikely to me that photoreceptor adapta
t ion is the main mechanism for light adaptat ion in this class 
of retinal ganglion cel ls. 

The character ist ic "signature" of cone photoreceptor 
adaptat ion is the differential effect of mean i l luminat ion on 
cone dynamics, as i l lustrated in Figure 5. This figure, redrawn 
from Figure 2 in Sneyd and Tranch ina , 2 4 i l lustrates the 
temporal f requency response of a cone photoreceptor f rom 
the ret ina of a turtle. These data on cones resemble quan
titatively the earl ier results obtained by Tranch ina et al.25 on 
turt le hor izontal cel ls, and they are qual i tat ively very much 
like the psychophys ica l results for human observers by 
Kel ly , 1 3 c i ted above. Weber 's Law is observed for low tem
poral frequencies only. At intermediate temporal frequen

cies, the dependence of gain on mean i l luminat ion has a 
shal lower s lope on log-log coordinates, and so the contrast 
gain vs. mean i l luminat ion wi l l also have a s lope between 0 
and 1. At high temporal f requency, there is no dependence 
of gain on mean i l luminat ion, and so contrast gain at high 
frequencies grows propor t ional ly wi th mean light level in 
these photoreceptors. 

It is surpr is ing and signif icant that monkey ganglion cel ls 
of the P var iety reveal the same sort of dynamical depen
dence on mean i l luminat ion as the turt le cones. This seems 
to me to indicate that photoreceptor adaptat ion is the 
predominant inf luence on these neurons. Figure 6 shows 
some of the data on this point, redrawn from Purpura et al.26 

The pecul iar and highly st ructured dynamica l depen
dence of temporal f requency response on mean i l lumina
t ion constrains theoret ical models of photoreceptor func
t ion. The earl iest mathematical models of photoreceptor 
adaptat ion were designed to explain the l ink between gain 
and dynamics in a t ransducer wi th an automatic gain con
t ro l (e.g., Ref. 27). However, there were no sat isfactory 
phenomenological models of photoreceptor funct ion pr ior 
to the theory advanced by Tranch ina et al.,25 in part because 
the dynamical dependence of frequency responses on mean 
i l luminat ion had not been measured previously. In the 
admit tedly black-box theory advanced in Tranch ina et al., 
the cone's temporal f requency response is wri t ten as: 

FIGURE 4. Contrast gain of macaque monkey retinal ganglion cells. These 
are the averages of the contrast gains of the cells presented in Purpura 
et al.12 The stimuli were drifting sine gratings at around 3 c/deg spatial 
frequency and 4 Hz temporal frequency, near the optimum for most 
cells. The stimuli were achromatic gratings on a white CRT screen. 
Contrast gain is the slope of the response vs. contrast function and has 
units of impulses/sec/% contrast. Mean retinal illumination plotted 
along the abscissas is in units of macaque trolands = luminance in cd/ 
m2 multiplied by pupil area in millimeters. The M cells are those macaque 
ganglion cells that connect to the Magnocellular layers of the LGN. The 
P cells are the ganglion cells that innervate the Parvocellular LGN layers. 
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where R is the frequency response of the cone, A and 
B are frequency responses of (low-pass) stages of 
neural transduction and temporal integration, and I0 

is the mean illumination level. Tranchina and Peskin 2 8 

elaborated this model and made it plausible in terms 
of possible mechanisms. However, a recent concep
tual advance has been made by Sneyd and Tranchina 2 4 

in their article on a kinetic theory of cone photore
ceptor transduction, based on the known biochemistry 
of photoreceptors. These authors show that the char
acteristic frequency response data of Figure 5 can be 
accounted for very well with a model that includes 
calcium-dependent feedback in the biochemical cas
cade from activated rhodopsin to channel closing in 
the photoreceptor. Thus, the ganglion cell data in 
Figure 6 also presumably can be explained with simi
lar biochemical kinetic mechanisms at work in the 
cones of the monkey retina. There is ample physi
ological evidence for the role of calcium in photore
ceptor light adaptation.29 

Photoreceptor adaptation is only part of the story 
of light adaptation. Adaptational pooling of signals 
from many photoreceptors in retinal interneurons is 
well known, especially under scotopic conditions (see 
Ref. 3). Furthermore, not only the amount of light, but 
also the amount of contrast in the visual scene may 
regulate contrast gain in the retina.3 0 Regulation of gain 
and contrast gain under a variety of stimulus condi
tions is one of the main—if not the main—functions of 
the retinal network. Nevertheless, it is exciting to 
understand that a significant part of visual perceptual 
constancy may be due to light adaptation within single 
photoreceptors. 
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The general objectives are to highlight the similarities between various effects in 

planar waveguide, fiber, and surface polariton geometries, to provide a forum for 

the discussion of nonlinear waveguide phenomena from different perspectives, 

to improve the interaction between theory and experiment in nonlinear pulse 

propagation and nonlinear waveguide studies, to outline applications to long

distance communications and optical processing, and to address novel nonlinear 

effects including grating formation and harmonic generation. 
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