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Light Adaptation



Behavioral Phenomena
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• Desensitization at higher background light levels 
• Behavior ← RGC ← Photoreceptor 

• Behaviorally: threshold vs. (background) intensity curve 

• Neurally (RGC and photoreceptor): response vs. (flash) intensity curve or sensitivity vs. 
(background) intensity curve 

• Can behavioral curve be derived from the neural curves, and can the two neural curves 
be derived from each other? 

• Partial recovery of sensitivity after light exposure
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Behavioral Desensitization

• Increment threshold experiment 
• Given a background light level (Ib), adjust 

the test light level 𝚫I (“increment”) so that 
the test light is just barely noticeable. 

• 𝚫I is the Just Noticeable Difference (JND) 
under Ib. 

• Then repeat this for a wide range of 
background light levels.

https://webvision.med.utah.edu/imageswv/KallDark10.jpg

Ib + ΔI

Ib

Threshold vs. Intensity (TVI)
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Behavioral Desensitization

Blakemore & Rushton 1965

contrast =
ΔI
Ib

≈ constant

618 C. B. BLAKEMORE AND W. A. H. RUSHTON
The increment threshold curve for 60 test patch (Fig. 2 b) follows closely

the shape already found in a similar cone-weak subject (Fuortes, Gunkel &
Rushton, 1961) and previously by Aguilar & Stiles (1954) in the normal
subject using a special technique. If the line rose at 450 it would corre-
spond exactly to the Weber-Fechner relation: actually it is slightly less
steep. The line for the 5' test patch, on the other hand, is very much less
steep as Barlow (1957) has found, though it does not drop to a gradient
of & as would be required for a constant signal/noise ratio. Barlow found
that it needed a brief flash of only a few msec to achieve this, and, in the
1 sec of exposure which we used, eye movements may have spread the
small image over a larger area.

a b d
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Fig. 2. a, Left half, dark adaptation curve, log threshold plotted against time in
the dark; b, right half, increment threshold curve, log threshold plotted against
log background field. Threshold flash subtending 60, open circles; subtending
5', filled circles.

At higher background fields the curves rise sharply and 'saturate' at
a field intensity of about 1000 td as Aguilar & Stiles (1954) have shown.
The fact that the curve with a small test patch rises in the same way and
saturates at about the same background level has not previously been
shown.

Equivalent luminance. The object of the experiment of Fig. 2 was to find
how exact is the idea that at each moment of dark adaptation the threshold
corresponded to some equivalent background whose value was independent
of the size of the test patch. Figure 3 shows dark adaptation expressed as

ΔI

Ib

Ib + ΔI

Ib
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Weber-Fechner Law

ΔI = k(Ib + I0)

“Dark light”Background intensity

Threshold for JND

lo
g 1

0(
Δ

I)
log10(Ib)

ΔI = 2(115 + Ib)
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Generalized WF Law

“Dark light”Background intensity

Threshold for JND

ΔI = k(Ib + I0)b

lo
g 1

0(
Δ

I)
log10(Ib)

ΔI = 2(115 + Ib)

ΔI = 2(115 + Ib)2
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Four Regions

https://www.webvision.pitt.edu/book/part-viii-psychophysics-of-vision/light-and-dark-adaptation/

Sensitivity limited by 
photon shot noise

Sensitivity limited by 
internal neural noise

ΔI

Ib

Ib + ΔI

Ib
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Cones and Rods

https://www.webvision.pitt.edu/book/part-viii-psychophysics-of-vision/light-and-dark-adaptation/

ΔI

Ib

Ib + ΔI

Ib
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HUMAN COLOR VISION22

Light Adaptation
Light adaptation is essentially the inverse process of dark adaptation. How-
ever, it is important to consider it separately since its visual properties differ.
Light adaptation occurs when leaving the darkened theater and returning
outdoors on a sunny afternoon. In this case, the visual system must become
less sensitive in order to produce useful perceptions since there is signific-
antly more visible energy available.

The same physiological mechanisms serve light adaptation, but there is
an asymmetry in the forward and reverse kinetics resulting in the time
course of light adaptation being on the order of 5 minutes rather than 30
minutes. Figure 1.15 illustrates the utility of light adaptation. The visual
system has a limited output dynamic range, say 100:1, available for the sig-
nals that produce our perceptions. The world in which we function, however,
includes illumination levels covering at least 10 orders of magnitude from a
starlit night to a sunny afternoon. Fortunately, it is almost never important
to view the entire range of illumination levels at the same time. If a single
response function were used to map the large range of stimulus intensities
into the visual system’s output, then only a small range of the available 
output would be used for any given scene. Such a response is shown by the
dashed line in Figure 1.15. Clearly, with such a response function, the 

Figure 1.15 Illustration of the process of light adaptation whereby a very large range
of stimulus intensity levels can be mapped into a relatively limited response dynamic
range. Solid curves show a family of adapted responses. Dashed curve shows a hypo-
thetical response with no adaptation

HUMAN COLOR VISION14

cell rather than by the voltage difference across the cell wall. To represent
the physiological properties of these cells, the concept of receptive fields
becomes useful.

A receptive field is a graphical representation of the area in the visual field
to which a given cell responds. In addition, the nature of the response (e.g.,
positive, negative, spectral bias) is typically indicated for various regions in
the receptive field. As a simple example, the receptive field of a photoreceptor
is a small circular area representing the size and location of that particular
receptor’s sensitivity in the visual field. Figure 1.9 represents some prototyp-
ical receptive fields for ganglion cells. They illustrate center-surround antag-
onism, which is characteristic at this level of visual processing. The receptive
field in Figure 1.9(a) illustrates a positive central response, typically gener-
ated by a positive input from a single cone, surrounded by a negative sur-
round response, typically driven by negative inputs from several neighboring
cones. Thus the response of this ganglion cell is made up of inputs from 
a number of cones with both positive and negative signs. The result is that

Figure 1.8 Relative energy responses for the rod and cone photoreceptors

Figure 1.9 Typical center-surround antagonistic receptive fields: (a) on-center, 
(b) off-center

* note that it’s hard to quantify the magnitude of behavioral responses, unlike neural responses
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Functional Specialization of the Rod 
and Cone Systems 
The two types of photoreceptors, rods and cones, are dis-
tinguished by their shape (from which they derive their 
names), the type of photopigment they contain, their dis-
tribution across the retina, and their pattern of synaptic 
connections. These properties reflect the fact that the rod 
and cone systems (i.e., the receptor cells and their con-
nections within the retina) are specialized for different 
aspects of vision. The rod system has very low spatial res-
olution but is extremely sensitive to light; it is therefore 
specialized for sensitivity at the expense of seeing detail. 
Conversely, the cone system has very high spatial resolu-
tion but is relatively insensitive to light; it is specialized for 
acuity at the expense of sensitivity. The properties of the 
cone system also allow humans and many other animals 
to see color.

Figure 11.11 shows the range of illumination over which 
the rods and cones operate. At the lowest levels of illu-
mination, only the rods are activated. Such rod-mediated 
perception is called scotopic vision. The difficulty of mak-
ing fine visual discriminations under very low light con-
ditions where only the rod system is active is a common 
experience. The problem is primarily the poor resolution 
of the rod system (and to a lesser extent, the fact that there 
is no perception of color because in dim light there is no 
significant involvement of the cones). Although cones be-
gin to contribute to visual perception at about the level 
of starlight, spatial discrimination at this light level is still 
very poor.

As illumination increases, cones become more and more 
dominant in determining what is seen, and they are the 
major determinant of perception under conditions such 
as normal indoor lighting or sunlight. The contributions 

of rods to vision drops out nearly entirely in photopic vi-
sion because their response to light saturates—that is, the 
membrane potential of individual rods no longer varies as 
a function of illumination because all of the membrane 
channels are closed (see Figure 11.9). Mesopic vision oc-
curs in levels of light at which both rods and cones contrib-
ute—at twilight, for example. From these considerations it 
should be clear that most of what we think of as normal 
“seeing” is mediated by the cone system, and that loss 
of cone function is devastating, as occurs in individuals 
suffering from macular degeneration (see Box 11B). Peo-
ple who have lost cone function are legally blind, whereas 
those who have lost rod function only experience difficulty 
seeing at low levels of illumination (night blindness).

Differences in the transduction mechanisms utilized 
by the two receptor types are a major factor in the ability 
of rods and cones to respond to different ranges of light 
intensity. For example, rods produce a reliable response to 
a single photon of light, whereas more than 100 photons 
are required to produce a comparable response in a cone. 
It is not true, however, that cones fail to effectively capture 
photons. Rather, the change in current produced by single 
photon capture in cones is comparatively small and diffi-
cult to distinguish from background noise.

Another difference is that the response of an individual 
cone does not saturate at high levels of steady illumina-
tion, as the rod response does. Although both rods and 
cones adapt to operate over a range of luminance values, 
the adaptation mechanisms of the cones are more effec-
tive. This difference in adaptation is apparent in the time 
course of the response of rods and cones to light flashes. 
The response of a cone, even to a bright light flash that 
produces the maximum change in photoreceptor current, 
recovers in about 200 ms, more than four times faster than 
rod recovery (Figure 11.12A).

PURVES: Neuroscience 6e
Figure: 11.11
02/10/17
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FIGURE 11.11 The range of luminance values over 
which the visual system operates. At the lowest levels of 
illumination, only rods are activated. Cones begin to contrib-

ute to perception at about the level of starlight and are the 
only receptors that function under relatively bright conditions.
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How Does Our Vision Desensitize?

• Pupil size change 
• The pupil diameter ranges from 1 or 2 mm to about 8 mm, for an increase in area (or 

total light entering the eye) of a factor of 16-64 

• For light adaptation, as light level increases pupil size reduces, which requires more 
intense flashes to evoke the same level of response 

• Switch over between cones and rods 
• The cells themselves also become desensitized 

• We will look at the RGCs and photoreceptors

�12
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We have already considered the specializations in the rod 
and cone systems and the adaptation mechanisms in the 
phototransduction cascade that adjust the sensitivity of 
the retina to these dramatically different light intensities. 
But even within a single visual scene there are significant 
differences in light intensity that must be accommodated 
quickly by the visual system as we make rapid and frequent 
eye movements to objects of interest. The problem is well 
illustrated by considering the experience one has with dig-
ital photography, where even when adjusting exposure for 
the average level of light in a scene, it is often the case that 
details in some regions of the photographic image are lost 
because the light levels exceed or fall below the camera 
sensor’s operating range. Circuits within the retina do a 
remarkable job of adjusting the operating range of retinal 
ganglion cell responses so that they continue to supply in-
formation despite rapid changes in luminance.

Figure 11.19 shows how the response rate of an ON-cen-
ter ganglion cell to a small spot of light turned on in its 
receptive field center varies as a function of the spot’s inten-
sity. The response rate is roughly proportional to the spot’s 
intensity over a range of about 1 log unit. However, the 
intensity of spot illumination required to evoke a given dis-
charge rate is dependent on the level of illumination in the 
receptive field center prior to the onset of the spot. Increases 
in background level of illumination are accompanied by 
adaptive shifts in the ganglion cell’s operating range such 
that greater stimulus intensities are required to achieve the 
same discharge rate. By scaling the ganglion cell’s response 
to prevailing levels of illumination (adjusting the gain), the 
entire dynamic range of a ganglion cell’s firing rate can be 
used to encode information about intensity differences over 

the range of luminance values that are relevant 
for a given part of the visual scene. Thus, gan-
glion cell firing rate is not an absolute measure 
of light intensity, but a value that reflects the 
prevailing luminance conditions. 

Several lines of evidence indicate that adjustments in 
the gain of ganglion cell response are due to changes that 
occur beyond the level of the photoreceptor. In particular, 
dynamic regulation of neurotransmitter release within the 
bipolar cell terminal is thought to play a major role in gan-
glion cell adaptation. Other factors such as synaptic inputs 
from amacrine cells and mechanisms intrinsic to ganglion 
cells’ spike generation mechanism are also implicated.

Luminance Contrast and Receptive 
Field Surrounds 
Kuffler’s work also called attention to the fact that retinal 
ganglion cells do not act as simple photodetectors. Indeed, 
most ganglion cells are relatively poor at signaling differ-
ences in the level of diffuse illumination. Instead, they are 
sensitive to differences between the level of illumination 
that falls on the receptive field center and the level of illu-
mination that falls on the surround—that is, to luminance 
contrast. The center of a ganglion cell receptive field is 
surrounded by a concentric region that, when stimulated, 
antagonizes the response to stimulation of the receptive 
field center (see Figure 11.20). For example, presentation 
of a small spot of light in the center of the receptive field 
of an ON-center ganglion cell generates a response that is 
enhanced as the spot size increases. But once the size of 
the spot exceeds the receptive field center and enters the 
surround, further increases in the diameter of the stim-
ulus lead to a progressive decrease in the cell’s response. 
OFF-center ganglion cells exhibit a similar surround an-
tagonism with reversed polarity: the increase in response 
that occurs to the presentation of a dark spot that fills the 

PURVES: Neuroscience 6e
Figure: 11.19
06/24/16
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FIGURE 11.19 Adaptive changes in ganglion 
cell operating range. A series of curves illus-
trating the discharge rate of a single ON-center 
ganglion cell to the onset of a small test spot of 
light in the center of its receptive field. Each curve 
represents the discharge rate evoked by spots of 
varying intensity at a constant background level 
of receptive field center illumination, which is giv-
en by the numbers at the top of each curve. The 
highest background level is 0, the lowest –5. Ex-
amples at top of figure depict the receptive field 
center at different background levels of illumina-
tion. The response rate is proportional to stimulus 
intensity over a range of 1 log unit, but the oper-
ating range shifts to the right as the background 
level of illumination increases. (After Sakmann 
and Creutzfeldt, 1969.)
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RGC Desensitization

Purves et al. Neuroscience 6ed; Sakmann and Creutzfeldt 1969

• RGCs use a small dynamic 
range to reliably signal 
contrast information across a 
much wider dynamic range in 
ambient light level. 

• Another perspective: 
• stronger signal is needed at high 

light level to produce a criterion 
level of RGC response. 

• “Desensitization” ΔI

Ib + ΔI

Ib Ib

Response vs. Intensity
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FIG. 28. Change of time course and gain in cone-driven X ganglion cell responses as a function of increasing background 
illumination. The curve plots the retinal illumination (referred to the cornea) required to evoke a criterion peak response 
of 35 impulses s -~ above the mean impulse rate. Stimuli were 0.2 ° diameter red spots located at the midpoint of the receptive 
field center, and were modulated in a square wave manner at 0.5 Hz. The background was blue - green, in order to suppress 

the rods and yield an isolated cone-driven response. From Enroth-Cugell et al. (1977a). 

larger than the transition illumination IRO, and the 
response is driven by rods, the slope of the contrast 
gain curve on l o g -  log coordinates is 1 - P ,  when 
the slope of  the gain curve is - P. Thus, Weber 's  
Law, when the slope of the gain curve is - 1, implies 
a slope of the contrast gain curve of zero. When 
P is greater than 1, in the region of rod saturation, 
the slope of the contrast gain curve becomes 
negative, and the contrast gain actually drops. 

3.4. Effect of Adaptation on the Size of  the 
Receptive Field Center 

There is evidence that the size of  the receptive 
field center in cat retinal ganglion cells is practically 
constant over wide ranges of  mean level or 
background level of  illumination. Smaller and 
larger spots which fall completely within the central- 
summing area of  a receptive field have almost 
identical gain vs background curves, as implied in 
Fig. 30 (Cleland and Enroth-Cugell,  1968). In the 
figure, gain vs area was measured for a single 
gangl ion cell at several d i f ferent  scotopic  

backgrounds. The parallelism of the curves suggests 
that all these spots of  different sizes were affected 
to the same extent by the increase in background 
illumination. Cleland and Enroth-Cugell (1968) also 
showed that the distribution of luminous flux 
among several spots produced exactly the same 
response in magnitude and time course as the same 
luminous flux concentrated in a single spot, as long 
as all stimulus spots were placed at equally sensitive 
points in the receptive field center. This led to the 
concept of  a single center-mechanism or central 
summation pool within which neural signals are 
added; the evidence of Fig. 30 suggests that, at least 
under some experimental conditions, the receptive 
field center adapts as a unit at a site in the retina 
at which the center's signals have been pooled. This 
finding applies to the receptive field in the photopic 
as well as the scotopic range (Enroth-Cugell et al., 
1977a). 

However,  there are some data indicating some 
variation of receptive field center size with mean 
level. All these results have been obtained f rom 
experiments which used sinusoidal grating stimuli 
to estimate the size of  the center. The first result 
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trating the discharge rate of a single ON-center 
ganglion cell to the onset of a small test spot of 
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RGC Desensitization

Purves et al. Neuroscience 6ed; Sakmann and Creutzfeldt 1969; Enroth-Cugell et al., 1977;

Plots the test light intensity (y-axis) that’s needed to 
produce a criterion level RGC response (35 spikes/s here) 
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of 35 impulses s -~ above the mean impulse rate. Stimuli were 0.2 ° diameter red spots located at the midpoint of the receptive 
field center, and were modulated in a square wave manner at 0.5 Hz. The background was blue - green, in order to suppress 

the rods and yield an isolated cone-driven response. From Enroth-Cugell et al. (1977a). 

larger than the transition illumination IRO, and the 
response is driven by rods, the slope of the contrast 
gain curve on l o g -  log coordinates is 1 - P ,  when 
the slope of  the gain curve is - P. Thus, Weber 's  
Law, when the slope of the gain curve is - 1, implies 
a slope of the contrast gain curve of zero. When 
P is greater than 1, in the region of rod saturation, 
the slope of the contrast gain curve becomes 
negative, and the contrast gain actually drops. 

3.4. Effect of Adaptation on the Size of  the 
Receptive Field Center 

There is evidence that the size of  the receptive 
field center in cat retinal ganglion cells is practically 
constant over wide ranges of  mean level or 
background level of  illumination. Smaller and 
larger spots which fall completely within the central- 
summing area of  a receptive field have almost 
identical gain vs background curves, as implied in 
Fig. 30 (Cleland and Enroth-Cugell,  1968). In the 
figure, gain vs area was measured for a single 
gangl ion cell at several d i f ferent  scotopic  

backgrounds. The parallelism of the curves suggests 
that all these spots of  different sizes were affected 
to the same extent by the increase in background 
illumination. Cleland and Enroth-Cugell (1968) also 
showed that the distribution of luminous flux 
among several spots produced exactly the same 
response in magnitude and time course as the same 
luminous flux concentrated in a single spot, as long 
as all stimulus spots were placed at equally sensitive 
points in the receptive field center. This led to the 
concept of  a single center-mechanism or central 
summation pool within which neural signals are 
added; the evidence of Fig. 30 suggests that, at least 
under some experimental conditions, the receptive 
field center adapts as a unit at a site in the retina 
at which the center's signals have been pooled. This 
finding applies to the receptive field in the photopic 
as well as the scotopic range (Enroth-Cugell et al., 
1977a). 

However,  there are some data indicating some 
variation of receptive field center size with mean 
level. All these results have been obtained f rom 
experiments which used sinusoidal grating stimuli 
to estimate the size of  the center. The first result 
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Plots the test light intensity (y-axis) that’s needed to 
produce a criterion level RGC response (35 spikes/s here) 

under different background light intensities (x-axis) contrast =
ΔI
Ib

≈ constant

• Over a wide range of illumination 
levels, the contrast needed to 
produce a criterion level of RGC 
response is constant. 

• Assuming that the behavioral JND 
corresponds to a criterion level of RGC 
response.

ΔI

Ib

Ib + ΔI

Ib

cat RGC
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larger spots which fall completely within the central- 
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figure, gain vs area was measured for a single 
gangl ion cell at several d i f ferent  scotopic  

backgrounds. The parallelism of the curves suggests 
that all these spots of  different sizes were affected 
to the same extent by the increase in background 
illumination. Cleland and Enroth-Cugell (1968) also 
showed that the distribution of luminous flux 
among several spots produced exactly the same 
response in magnitude and time course as the same 
luminous flux concentrated in a single spot, as long 
as all stimulus spots were placed at equally sensitive 
points in the receptive field center. This led to the 
concept of  a single center-mechanism or central 
summation pool within which neural signals are 
added; the evidence of Fig. 30 suggests that, at least 
under some experimental conditions, the receptive 
field center adapts as a unit at a site in the retina 
at which the center's signals have been pooled. This 
finding applies to the receptive field in the photopic 
as well as the scotopic range (Enroth-Cugell et al., 
1977a). 

However,  there are some data indicating some 
variation of receptive field center size with mean 
level. All these results have been obtained f rom 
experiments which used sinusoidal grating stimuli 
to estimate the size of  the center. The first result 
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The increment threshold curve for 60 test patch (Fig. 2 b) follows closely

the shape already found in a similar cone-weak subject (Fuortes, Gunkel &
Rushton, 1961) and previously by Aguilar & Stiles (1954) in the normal
subject using a special technique. If the line rose at 450 it would corre-
spond exactly to the Weber-Fechner relation: actually it is slightly less
steep. The line for the 5' test patch, on the other hand, is very much less
steep as Barlow (1957) has found, though it does not drop to a gradient
of & as would be required for a constant signal/noise ratio. Barlow found
that it needed a brief flash of only a few msec to achieve this, and, in the
1 sec of exposure which we used, eye movements may have spread the
small image over a larger area.

a b d

6 ~~~~~~~~~~~ 6 5~~~~~~'flash'
6 I6It,I.1b

0

0 120 30 0 4 -32 -

4m 4 4

6la flashbo 3 . .. 3 . .~ . -
0-A

2 2

0
0 10 20 30 40 -4 -3 -2 -1 0 1 2 3

Minutes log ID Background in log
trolands

Fig. 2. a, Left half, dark adaptation curve, log threshold plotted against time in
the dark; b, right half, increment threshold curve, log threshold plotted against
log background field. Threshold flash subtending 60, open circles; subtending
5', filled circles.

At higher background fields the curves rise sharply and 'saturate' at
a field intensity of about 1000 td as Aguilar & Stiles (1954) have shown.
The fact that the curve with a small test patch rises in the same way and
saturates at about the same background level has not previously been
shown.

Equivalent luminance. The object of the experiment of Fig. 2 was to find
how exact is the idea that at each moment of dark adaptation the threshold
corresponded to some equivalent background whose value was independent
of the size of the test patch. Figure 3 shows dark adaptation expressed as

Contrast needed to stimulate RGC is 
constant across background levels

Constant needed to be noticeable by 
humans is constant across background levels 
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Photoreceptor Desensitization
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during dark adaptation. This process has also been stud-
ied in considerable detail by visual psychophysicists
(summarized in Refs. 7, 8, 23, 153, 243).

Stiles and Crawford (265) first suggested that light
bright enough to produce significant bleaching of the
photopigment desensitizes by producing an “equivalent”
background light. This equivalent background was later
proposed to be produced in some way by bleached pig-
ment and to persist until the pigment was regenerated
(see Refs. 7, 8). Although the equivalent background hy-
pothesis was originally proposed without reference to a
molecular mechanism, we now know that in single pho-
toreceptors, bleached photopigment can in fact stimulate
the visual cascade and produce a steady excitation much
like the one produced by steady background light.

In this review, we summarize what is presently
known about the molecular mechanisms of both back-
ground and bleaching adaptation. We begin by describing
visual transduction, since a detailed knowledge of this
process is fundamental to our understanding of adapta-
tion. The regulation of key components of the transduc-
tion cascade is almost certainly responsible for the
changes in sensitivity produced by background light and
bleaches. We then describe what we know about adapta-
tion itself, beginning first with the role of Ca21 as a
second messenger controlling the sensitivity of the pho-
toreceptor and then presenting recent evidence for pos-
sible pathways regulated by Ca21. Finally, in section IV,
we present our current understanding of the mechanism
of bleaching adaptation. We describe the evidence for

FIG. 1. Light adaptation of responses from a salamander rod recorded with a suction pipette. Timing of flashes and
steps of light are indicated by upward deflections in top trace. Intensities of flashes (IF) are given for the responses in
A-C by the numbers above each of the flash markers, in units of log10 photons (F)zmm22. Flashes increase progressively
in intensity with each flash about 4 times as bright as its predecessor, in darkness (A) or in the presence of steady
backgrounds of intensities 0.24 (B) and 1.57 (C) log10 photonszmm22zs21. Note decrease in amplitude and speeding of
kinetics of the response to any given flash intensity for backgrounds of increasing brightness. [From Matthews (171).
Reprinted with the permission of Cambridge University Press.]
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salamander rod

SENSITIVITY OF TOAD RODS
or greater, recovery after prolonged exposure was very slow, so that for
the most part only one measurement per cell could be made at these
intensities.
The variations in the measurements of Text-fig. 6 reflect potential drift

introduced by the micropipette and recording system, and differences in
the sensitivities of individual rods. For the photoreceptors from which
these data were taken, the dark-adapted sensitivity varied between

log Ig =8.8 8.7 92 97 101 10-7

3 sec

log Ia.=97 8.8 93 9.8 104 109

log IB =10-7 9-7 10-1 10-7 11-2 11.8

Text-fig. 5. Rod responses to steady background illumination. Records
show responses of a rod to diffuse, 605 nm background light at three inten-
sities (IB), given in the figure in units of log equivalent quanta cm-2 sec-'.
Cell was allowed to recove* to its dark-adapted sensitivity between back-
ground presentations. Increment stimuli consisting of 9 msec, diffuse flashes
of 502 nm (middle trace) or white light (upper and lower traces) were given
at 1O sec intervals. Intensities of these stimuli are shown above their respec-
tive responses, in units of log equivalent quanta cm-2 flash-1. Dashed lines
show dark resting membrane potential.

2-6 x 10-5 and 1-5 x 10-4uV quantum-1cm2 (or 2-6 and 15 mV quan-
tum-1 /ctm2). Similar variations in receptor sensitivity have been reported
for turtle cones (Baylor & Hodgkin, 1973), and are probably due to
differences in the condition of the preparation, the position of the pene-
tration, the orientation of the outer segments, and so on. In spite of this
variability, the data in Text-fig. 6 demonstrate that the difference between
the amplitudes of the peak and steady responses is greater in the presence

83

toad rod

IB + IF

IB
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86 G. L. FAIN
stabilized (Text-fig. 8). Intensity-response data could be satisfactorily
fitted at all background intensities with a modification of eqn. (1),

AV -VmaxIA (2)

where A V is the increment response amplitude measured from the plateau
potential to the peak of the response, AVmaX is the maximum amplitude
of A V, Al is the increment flash intensity, and o- is a constant for any

20

10

E 5

C
0

Dark 77 6 9 8 10.8

0.5
I I I I lI I

7 8 9 10 11 12 13
log I (quanta cm-2 flash')

Text-fig. 8. Effect of background light on rod intensity-response curves.
Peak response amplitude is plotted on a log scale v8. log flash intensity.
Data points give dark-adapted responses (@) or increment responses (0O
U, E. and A), measured from the steady plateau level to the peak of the
response in 505 inn, diffuse background illumination. Intensities of the
backgrounds are given to the left ofeach series of data in units oflog quanta
cm-2 sece-. Data have been fitted with equations 1 or 2 as in Text-fig. 7.

given background intensity. For small amplitude responses AI is much
smaller than o, and eqn. (2) can be reduced to

ADV AEdSaM (3)

Hence near threshold the increment response amplitude is proportional to
test intensity, and the constant of proportionality, AVMax/o, is the
increment sensitivity which will be denoted by SF (Baylor & Hodgkin,
1974). SF was determined from intensity-response data by a procedure
similar to that used for dark-adapted receptors (Fain, 1975a; Fain et al.

Ib + I

Ib

* toad rod

• Illuminant the photoreceptor at a 
given background level until the 
response settles 

• Flash a spot light at the 
photoreceptor and measure the 
peak response vs. flash intensity



RESPONSE AND SENSITIVITY OF MONKEY RODS

amplitudes of the outward-going photocurrents were graded with the photon density
of the flash. The saturating photocurrent, which presumably corresponds to
complete suppression of the inward dark current (Penn & Hagins, 1972; Baylor
et al. 1979a), was 34 pA in this rod and varied between cells (Table 1). The dark
currents measured here agree with estimates of 18-40 pA from recordings of

30

pA 20-

10

I ,I

0 1-0 2-0
Time (s)

Fig. 1. Family ofsuperimposed responses to 11 ms flashes ofincreasing strength, with outer
segment current plotted relative to dark level (outward change in membrane current
plotted upwards). Stimulus timing shown by flash monitor below records. Lower traces
averaged from up to six responses, uppermost trace is a single sweep. Flash photon
densities raised from 1-7 to 503 photons 4m-2 at 500 nm. Band width 0-50 Hz, temperature
36 'C, bicarbonate buffer. Cell 7 in Table 1.

massed currents of albino rat rods at the same temperature (Hagins, Penn &
Yoshikami, 1970, confirmed by our measurements with suction electrodes). After the
two brightest flashes in Fig. 1, the photocurrent showed a long tail 2-5 pA above the
dark level. This component of the response is described further on p. 593.

Dependence of response amplitude on flash strength. The variation of peak response
amplitude with flash strength is plotted on normalized axes in Fig. 2, which collects
results from five rods with large responses. The smooth curve was drawn according
to the exponential saturation characteristic (Lamb, McNaughton & Yau, 1981):

r/rmax=- e-kri, (2)

where r is the amplitude at the peak of the response, rmax the amplitude of the
maximal response, i the flash photon density (in photons ,um-2) and kf is a
proportionality constant characteristic of the cell. The constant kf is related to the

19-2

579(Peak) Response vs. Flash Intensity

�19Baylor et al., 1984

* Macaque rods



(Peak) Response vs. Flash Intensity

�20Rodieck, 1998

• Electrical response vs. light 
intensity is not linear! 

• ~exponential saturation 

• as if the photoreceptor becomes less 
sensitive when light becomes more 
intensity: desensitization 

• essential for adaptation 

• This doesn’t contradict the Principle of 
Univariance!

If the initial rate were maintained, 
the rod would very quickly saturate



Why Do Photoreceptors Desensitize?
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• As background light level increases, fewer 
pigments are available to absorb photons, 
so the absorption rate naturally reduces. 

• The probability a photon meets a pigment is 
proportional to the # of pigments available 

• This is a classic example of exponential decay 

• The actual desensitization is slightly better 
than exponential decay 

• There are negative feedbacks in the dynamical 
system

© 1988 Nature  Publishing Group
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Fig. 2 Normalized steady response (a) and incremental sensitiv-
ity (b) as functions of background intensity / 8 (photons f.Lm- 2 s- 1

) 

for rods. e, Ringer; 0, for background illumination presented 
during exposure to low-Ca2+/zero-Na+; and (in b)(), for low-
Cal+ /zero-Na+ exposures presented after equilibration to the 
background. Steady current response (i) has been normalized to 
the maximal response (imaxl obtained with bright light; flash sensi-
tivity (SF) has been normalized to the sensitivity in the appropriate 
solution in darkness Curves are as follows. In a: for 0, 
1-exp( -k/8 ) with k- 1 = 0.38 photons f.Lm- 2 s- 1

• In b: for 0, 
exp( -k/8 ) with the same k as in a; and fore and ct, 10/(18 + 10 ) 

with 10 = 0.8 photon f.Lm- 2 s- 1• Error bars represent ±s.d. Down-
ward arrow indicates upper limit (assuming minimum detectable 
response of 0.5 pA) when the response was too small to be 
measured above the noise of the recording. Results are from seven 
rods in (a) and from five of the same rods in (b), but measurements 
were not made at each intensity for every cell. Qualitatively similar 
results were obtained from four additional rods for which Ca6+ 

was -10 f.LM, but unbuffered. 

Ringer6
. We find that, in low-Ca2+ /zero-Na+ solution, this 

equation fits not only steady responses as shown in Fig. 2a but 
also flash responses, both at fixed early times and at the peak. 
This suggests that, when changes in Caf+ are prevented, rods 
sum responses to photons with an integration time that does 
not vary with the intensity or duration of illumination. 

Measurements of sensitivity (Fig. 2b) show that the normal 
Weber-law desensitization recorded in Ringer (e) 1- 3 was 
replaced by simple compressive saturation (of the form seen in 
primate rods23

) when the background illumination was presen-
ted during low-Ca2+ /zero-Na+ exposure (0). The steep curve 
fitted to the open symbols in Fig. 2b is the normalized derivative, 
exp (-k/8 ), of the curve fitted to the same symbols in Fig. 2a. 
Thus the light-induced decrease in incremental sensitivity in 
low-Ca2+ /zero-Na+ solution is simply the result of the non-
linearity of the response-intensity relation. The half-filled sym-
bols in Fig. 2b give the incremental sensitivity when the low-

Light 1 
___j 

a 

c 

ot -5 

-10 

15 20 
Time (s) 

Fig. 3 Response of a red-sensitive cone to bright steps of light 
(1.2 x 105 photons f.Lm- 2 s- 1 ) presented at time zero, followed by 
saturating flashes (2 x 105 photons f.Lm- 2 ). Response in (a), which 
was recorded with the cone in Ringer, shows that at this intensity 
most of the normal recovery of circulating current and response 
amplitude was complete within 5 s of onset of the background 
illumination. Stepping the outer segment to low-Ca2+ /zero-Na+ 
solution at 0.5 s after onset of light (b) prevented normal recovery. 
Note the larger circulating current and responses recorded when 

cell was stepped to low-Ca2+ /zero-Na+ solution at 5 s (c). 

Ca2+ /zero-Na+ exposure was presented after equilibration to 
the background (()). The desensitization remained in approxi-
mate agreement with Weber's law, indicating that the compres-
sive behaviour shown by the open symbols was not the result 
simply of guanidinium exposure. 

Another manifestation of light adaptation which is abolished 
in low-Ca2+ /zero-Na+ solution is shown in Fig. 3 for a salaman-
der red-sensitive cone. Upon exposure to bright illumination, 
the photoreceptor's response normally recovers from an initial 
peak to a maintained level (Fig. 3a). It is this recovery which 
contributes to the shallowness of the response-intensity relation 
to steady light'. In Fig. 3b presentation of low-Ca2+ /zero-Na + 
solution at about the time of the peak in Fig. 3a prevented the 
normal recovery. Hence, this aspect of light adaptation also 
appears to be produced by a change in Caf+. 

The experiments shown in Figs 1 and 2 (for rods) and in Fig. 
3 (for a cone) have been performed on both types of photorecep-
tor with comparable results. Hence all of the manifestations of 
light adaptation in vertebrate photoreceptors seem to be abol-
ished by treatment designed to minimize changes in Caf+. This 
statement should be qualified in two ways. First, at the high 
intensities needed to saturate the response of cones, photo-
pigment bleaching becomes appreciable and makes an addi-
tional contribution to desensitization. Second, during exposures 
to low-Ca2+ /zero-Na+ solution lasting longer than 10-
20 seconds, responses to dim or moderate intensity backgrounds 
showed a slow recovery of circulating current. We believe that 
this slow recovery was caused by a change in Caf+, because its 
time course (in rods) was greatly prolonged when, in preliminary 
experiments, we injected the calcium buffer BAPTA (1,2-bis( o-
aminophenoxy)ethane-N,N,N' N' -tetraacetic acid)24 into the 
cytoplasm. The existence of this slow recovery indicates a 
gradual removal of Ca2+ from the cytoplasm even in the absence 
of N a+ bathing the outer segment. 

We conclude that Caf+ is the messenger for light adaptation 
both in rods and cones, and that the requisite changes in Caf+ 
are produced primarily by Ca2+ fluxes across the outer-segment 

Matthews et al., 1998
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closing, as the response-intensity curve saturates and pro-
gressively fewer channels remain open and available to
close.

The notion that exposure to low-Ca21/zero-Na1 so-
lution eliminates adaptation is tested in Figure 4, B and C,
in the following way. The responses to flashes in Figure
4A were corrected for response compression, scaled ac-
cording to the flash and step intensities, integrated with
respect to time, and then compressed according to the
exponential saturation relation. These predicted step re-
sponses in the absence of adaptation (smooth traces)
were then compared with responses to steady light (noisy
traces). In normal Ringer solution (Fig. 4B), the recorded
responses initially rose according to the predicted curves
but then sagged below them at later times, corresponding
to the onset of light adaptation (12). In contrast, when
exposed to low-Ca21/zero-Na1 solution (Fig. 4C), the
compressed integral of the flash response came close to
predicting the responses to steps of light, as if the adap-
tation to the steady light produced in normal Ringer so-

lution was essentially eliminated. Similar results have also
been obtained for cones (180).

The relaxation in the response to steps in normal
Ringer solution is a well-established manifestation of light
adaptation (12) that results in the characteristically shallow
response-intensity relation for steady light, illustrated for
salamander rods in Figure 5A by the solid symbols. In con-
trast, when steady light is presented in low-Ca21/zero-Na1

solution, and this relaxation is abolished, the response rises
more steeply as a function of intensity (Fig. 5A, open sym-
bols) and can be fitted by the exponential saturation relation
(181), which in Ringer solution is appropriate only for re-
sponses to flashes or to steps during the early rising phase
before the onset of adaptation (157).

Another way to investigate the effect of superfusion
with low-Ca21/zero-Na1 solution is to measure changes in
sensitivity from flashes delivered in darkness and during
exposure to backgrounds of increasing intensity (181).
The curves in Figure 5B compare the normalized flash
sensitivity (SF/SF

D) as a function of steady intensity for

FIG. 4. Prediction of step responses from flash re-
sponses for a salamander rod. A: flash responses in Ringer
solution (labeled R) and in low-Ca21/zero-Na1 solution.
Flash intensity for both responses was 2.8 photonszmm22.
B and C: responses to steps (noisy traces) and predictions
(smooth traces) in Ringer solution (B) and in low-Ca21/
zero-Na1 solution (C). Predictions were calculated from
the flash responses in A by integration (after scaling ac-
cording to the measured step intensity) and compression
(according to the measured response-intensity relation)
(see text and Ref. 67). Intensities of steps for traces D and
1–4 were 0 (dark), 2.4, 9.1, 37, and 140 photonszmm22zs21.
Traces have been normalized according to the circulating
current in darkness. [From Fain et al. (67).]
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SENSITIVITY OF TOAD RODS
intensity-response curve measured before turning on the background
light is given for comparison (@). Between the first series (begun at
24 sec after onset) and the second (begun at 1 min 24 sec), sensitivity
increased by a factor of 10, and the maximum amplitude of the increment
responses doubled. Between 1 min 24 see and 4 min 44 sec, sensitivity
and maximum amplitude both increased by about another factor of 2.
After 5-6 min of exposure to the background light, the cell stabilized and
no further changes in sensitivity were detected.

20 -

10

E log 'B =10-8
Dark

0 2

0 ~~~~4144ff

1' 24"

0-5 24"

6 7 8 9 10 11 12 13
log I (quanta cm-2 flash-')

Text-fig. 7. Increase of sensitivity in bright background illumination. Data
points give responses measured in the dark (*) before exposing the cell to
background light and then 24 sec (U), 1 min 24 sec (e), and 4 min 44 sec
(0) after turning on a diffuse, 505 nm background of intensity 10-8 log
quanta cm-" sec-1. Dark-adapted response amplitudes have been fitted
with eqn. (1), and light-adapted increment response amplitudes with eqn. (2).

In most cells the potential produced by the background illumination
reached a steady plateau level less than 1 min after turning on the back-
ground, even for very bright intensities (cf. Text-fig. 10). Thus for these
cells long-term changes in sensitivity occur after the background response
has stabilized. On the other hand, in few cells (including the one illustrated
in Text-fig. 7) long-term changes in sensitivity were accompanied by
hyperpolarizing or depolarizing drifts in potential. Since these were small
(1-2 mV) and very slow, it was difficult to decide if they were physiological.
The sensitivities of rods in the presence of background light were

determined from intensity-response data taken after the cell had

85
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FIGURE 7.10 Recovery of the response after a long exposure to background intensities [69].

where the semisaturation σb is a function of background intensity Ib . In summary,
photoreceptor adaptation, which can be modeled by the Naka–Rushton equation,
provides us with the most important mechanism of adaptation.

Response–Threshold Relation The observed relationship between visual thresh-
old and background intensity (Figure 7.5) can be derived from the cellular adap-
tation model, as shown in Figure 7.12. For this derivation, we assume that the
threshold "Ib is the incremental intensity required to create an increase in cel-
lular response by a small criterion amount δ [333,112]. Based on this assumption,
we derive "Ib from the response equation as follows. We begin by rearranging
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Dark Adaptation



Behavioral Phenomenon

�26https://www.eurekalert.org/multimedia/883263



Psychophysics

• Expose a participant to a 
particular intensity level 

• Remove the light, and periodically 
• Flash a spot light in the dark 

• Measure the minimal spot light 
intensity needed for it to be detectable 

• Plot the threshold vs. time 

• Switching from cones to rods 
leads to the bi-phasic curves

�27https://www.cns.nyu.edu/~david/courses/perception/lecturenotes/light-adapt/light-adapt.html



Mechanisms

• Pupil size change 
• Photopigment re-generation 

• Photopigments are bleached when exposed to light and are constantly being re-
generated. At a stable background light level, generation rate matches that the bleach 
rate. 

• When we remove light, no bleaching only regeneration. As more pigments are 
regenerated, our visual sensitivity increases (threshold reduces).

�28



Pigment Regeneration

�29Rushton, 1963 & 1965

W. A. H. RUSHTON
derived from the results of Fig. 2 without any arbitrary feature at all.
The good fit of the curve with the experimental points of Fig. 3 means
that the rate of regeneration in the dark is the same as that in bright light
at each pigment level. This rate is simply proportional to the fraction of
pigment which is still unregenerated at the moment, and is not detectably
affected by photo-isomerization, early photoproducts or any other direct
action of light.

0

1 2 3 4
Minutes

5 6 7

Fig. 3. Black and white circles, regeneration of chlorolabe in the dark after full
bleaching (2 runs); scales on the right show fraction p of pigment or true density
ofchlorolabe. Curve, regeneration derived from Fig. 2. Squares, log dark-adaptation
curve (log threshold scale on the left).

The general kinetic equation
Equation (6) gives the rate of bleaching under any light, equation (8)

the rate ofregeneration at any level. We have shown that the two processes
are independent; hence the resultant bleaching is given by their difference

dp
- pIx 10-622-(l-p)/l25,

dt (9)

where p is the fraction of chlorolabe present, t is time in seconds, I in
trolands. I may have any time course whatever, and the resulting value
of p at any moment should be given by solving equation (9).
One simple and important application is the equilibrium level of p

2

O-P

I

0o

0.1

02

03

0o4

0O5 X
0X6

0-7

0X8

o-9
1.0

380

Human Cones

The Ferrier L, 1962 27

Dowling (i960) showed in the ra t th a t there was linearity between the amount of 
pigment still bleached (free opsin) and the logarithm of the light flash required 
to elicit a constant small response from the electro-retinogram. The same result 
was obtained (Rushton 1961) in the visual threshold of man using as subject a rod 
monochromat, one who possesses no (or very few) cones tha t otherwise would 
interfere with the scope of rod measurements. Figure 3 is a replot of one of those 
experiments.
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F ig u r e  3. Open circles show the regeneration of rhodopsin in normal eye following a full 
bleach. Scale on right shows the per cent unregenerated after various times in the dark 
(abscissae). Closed circles show the same for a rod monochromat. Scale on left, log 
threshold during dark adaptation. Irregular line, the log threshold traced by a rod 
monochromat following full bleaching exposure. The rod threshold falls over a million-
fold (7 to 0-5 on log scale). Dotted curve, cone and rod branches of normal eye. 
Continuous curve, an exponential with time constant 7-5 min.

The white circles show (for a normal eye) the time course of the regeneration of 
rhodopsin from the fully bleached state (100%, see scale on right) until full re-
generation (0 % bleached) some 40 min later. The rod monochromat (black circles) 
is seen to follow the same time course though less regularly. The dotted curve 
shows the normal dark adaptation curve (scale of log threshold on left) and the 
continuous irregular line is the dark adaptation curve actually traced by the rod 
monochromat, each after a bleaching exposure similar to that used for the pig-
ment regeneration. As is well known the normal dark adaptation curve shows an 
early branch due to cones, and the rod branch only appears after about 17 min 
following a full bleach. The rod monochromat has no cones to steal the threshold 
and thus the dark adaptation curve may be traced over more than a million-fold
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Human Rods

% of bleached 
pigments

% of available 
pigments

Bleach all pigments using intense light, then remove light, and measure % of pigments vs. time. 
Pigment regeneration in cones is faster than in rods — half time 3X faster (ignore left y-axes).



Sensitivity Recovery Rate > Pigment Regeneration Rate

• Threshold decays exponentially as the 
number of available pigments increases. 

• So the pigment sensitivity recovery rate 
is higher than the pigment regeneration 
rate. 

• So the photoreceptor itself must also 
become more sensitive over time. 

• "Free opsin” (Lamb & Pugh 2004; Lamb & Pugh 
2006, Proctor Lecture)

�30Illustration based on raw data in Cornsweet, T.N., Visual Perception. 1970
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Chromatic Adaptation
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Does it look white? 
Should it look white?

https://photographylife.com/what-is-white-balance-in-photography

It doesn’t look white as we are looking at the photo now, but would look 
white to our eyes when we were sitting in front of it at the moment.



“Color Constancy”

�33https://www.dpmag.com/how-to/shooting/what-is-white-balance-on-your-camera/

Objective colors under different illuminants 
are very different, but our subjective color 

perception is not nearly that different.
Clear blue poleward sky Overcast daylight sky



“Color Constancy”

�34https://photovideocreative.com/en/have-color-neutral-photo-with-smartphone-neither-too-bluish-nor-too-orange/

The objective color of 
the scene. Color is 

reddish because the 
illuminant is ~tungsten.

The color you actually 
see when in the scene.



Color Constancy and Chromatic Adaption

Human visual system adjusts to changes in 
illumination to preserve the relatively 
constant appearance of “white”. 

Informally, a white paper is seen as white 
under many light sources. But different light 
sources actually have very different colors. 

Appearances of other colors adapt too, but 
don’t adapt fully. 

• Why? Evolution.

�35https://www.cg.tuwien.ac.at/research/publications/2009/wilkie-2009-cc/



Von Kries Chromatic Adaption Model

Hypothesis: The cone responses adapt to the 
illuminant. Cones become more/less sensitive 
depending on the illuminant. 

• Each cone adapts independently. 

• Each cone’s “adaption factor” is inversely 
proportional to the cone's responses of the 
illuminant itself.

�36Color Imaging: Fundamentals and Applications (1e)

✐
✐

✐
✐
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✐
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✐

10.3. Mechanisms of Chromatic Adaptation 535

focusing on the top frame for about 60 seconds, one should move one’s gaze to the
bottom frame. The image shown on the bottom should now look approximately
uniform, despite the fact that the left side is tinted red and the right side is tinted
green. This is because the photoreceptors in the retina have adapted to the red and
green fields. Staring at a blank piece of paper should result in an after-image that
is opposite to the adapting field (green/cyan on the left and reddish on the right).
See also Figure 5.20 for another example.

Another way to think about the von Kries receptor gain control is to consider
that the cones themselves become more or less sensitive based upon the physical
amount of energy that is present in a scene. For instance, if a scene is predomi-
nantly illuminated by “blue” light, then we would expect the S cones to become
less sensitive, while the L cones would become (relatively) more sensitive. Con-
versely, if there is more red energy in the illumination, such as with an incandes-
cent light bulb, then we would expect the short cones to become relatively more
sensitive than the long cones.

This example is illustrated in Figure 10.6. The spectral power distribution
(SPD) of incandescent illumination (e.g., CIE Illuminant/Source A; see Section
9.1.1) is illustrated by the green curve in Figure 10.6, while the individual cone
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Figure 10.6. An example of von Kries-style independent photoreceptor gain control.
The relative cone responses (solid line) and the relative adapted cone responses to CIE A
(dashed) are shown. The background color represents CIE A rendered into the sRGB color
space.
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Von Kries Chromatic Adaption Model

Neutral points all look as the same 
color under different illuminants. 

• Neural points: points whose spectral 
reflectance is 1 everywhere. Informally 
we call it the white point. 

• The color of a neural point is the color of 
the illuminant without illumination. 

• So adaptation discounts the illuminant.

�37
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White Balance, a.k.a., Camera Chromatic Adaptation

Human evolved over millions of years to 
learn to adapt to illuminants. But 
cameras don’t have this luxury — 
camera SSFs are fixed once fabricated. 

Goal: adapt colors so that the resultant 
image appears as the photographers 
“remember” based upon their 
adaptation state.

�38

Photo without AWB Photo with AWB



White Balance and Color Temperature

If a photo it assumed to be viewed under daylight (~D65, 
6500K), AWB forces the white object in the photo to be 
D65 (sRGB reference white, blue-ish). 

If the capture illumination is warmer (cooler), WB adds blue 
(red) to the scene. Some cameras allow you to explicitly set 
the temperature of the illumination for WB.

�39https://starlight-manual.readthedocs.io/en/latest/interface/

D65 (~6500K)
Add more blue when WB Add more red when WB



White Balance in Cameras

�40

[
SR
SG
SB] = T−1

srgb2xyz × T−1
xyz2lms ×
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,0,0
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Sw2
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Raw RGB in camera 
color space

Color correction 
matrix

Chromatic adaptation from capturing 
illuminant to viewing illuminantLinear sRGB color

Read: http://yuhaozhu.com/blog/chromatic-adaptation.html

http://yuhaozhu.com/blog/chromatic-adaptation.html


Ideal vs. Practical White Balance

Ideal white balance is easy if we know: 
• the illuminant of the capturing scene. 

• the illuminant of the viewing scene. 

If so, we can simply calculate the scaling factors of the LMS cone responses. 
• Remember, RGB/XYZ is just one linear transformation away from LMS. So knowing how 

to scale LMS basically means we know how to scale RGB values too. 

In reality: capturing illuminant is unknown. 

The real work of auto white balance is to estimate the capturing illuminant.

�41



(Semi-)Auto White Balance

How to know where a neutral point is (i.e., which pixel should look white 
under the capturing illuminant)?

�42

Can be used as a neutral 
point (lucky!)Pre-made reference white card

https://photovideocreative.com/en/have-color-neutral-photo-with-smartphone-neither-too-bluish-nor-too-orange/https://www.vortexmediastore.com/pages/warmcards-white-balance-system



(Semi-)Auto White Balance

�43

If a white point is unavailable, specify the 
capture illuminant and use a pre-calculated 

adaptation matrix, which is calculated offline 
from known illuminants.

https://photographylife.com/what-is-white-balance-in-photography

https://photovideocreative.com/en/have-color-neutral-photo-with-smartphone-neither-too-bluish-nor-too-orange/

https://www.vortexmediastore.com/pages/warmcards-white-balance-system



Illuminant Estimation by AWB

Many heuristics: 
• Assume that the average color of all pixels in an image is gray (e.g., [128, 128, 128] in 

sRGB) and scale all pixels accordingly. Fails when the scene is colorful (close-up flower). 

• Assume that the brightest pixel is white. Fails quite often (night scene with traffic lights). 

• Other techniques try to guess the illumination: bright image is probably outdoor; dim 
images are probably indoor, etc. 

Train deep learning models to predict capturing illuminant (example).

�44

https://bmvc2019.org/wp-content/uploads/papers/0105-paper.pdf
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Visual Constancy
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Color Constancy

Chromatic adaptation is purely a receptoral mechanism (sensitivity scaling) 

Or visual system does more than sensitivity scaling to maintain a constant 
color perception. 

The wildly accepted hypothesis is that our visual system first estimates the 
illuminant color from the world, and then discount the illuminant color to infer 
the material “color” (reflectance to be more rigorous), which is naturally 
invariant to illumination. 

This is called color constancy.
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https://w
w

w
.vice.com

/en/article/w
nkq5n/this-picture-has-no-red-pixelsso-w

hy-do-the-straw
berries-still-look-red

Red Without Any Red Pixel

The cyan tint tricks your brain to 
think that the illuminant of the scene 
is cyan. So your brain subtracts cyan 
from colors it perceives. 

Subtracting cyan is like adding red 
(recall the RGB color cube), so the 
gray patches look red now.



https://en.wikipedia.org/wiki/The_dress �48 

Black and Blue or White and Gold?

https://en.wikipedia.org/wiki/The_dress
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Black and Blue or White and Gold?

Left: if your visual system thinks 
the illuminant is yellow, it will 
subtract yellow (add blue) from 
the colors. 

Right: if your visual system think 
the illuminant is blue, it will 
subtract blue (add yellow) from 
the colors. 

Why different visual systems think 
differently is anyone’s guess.

https://en.wikipedia.org/wiki/The_dress
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2002     May–June     241

Figure 6. Simultaneous color contrast occurs when the same sur-
faces placed on differently colored backgrounds appear to be dif-
ferent colors. Here the same chromatic target looks reddish on a
blue background and more purplish on a redder background (left).
The cartoon above shows the ambiguity of the stimulus, which
could arise from physically identical targets (upper left)—shown
alone on the pedestals—placed on differently colored surrounds
under equal light or from physically different targets illuminated
with differently colored light (upper right). Again, simultaneous
color contrast arises because the visual system incorporates into
perception these different possible sources according to the fre-
quency of their occurrence in the past. 

Figure 7. Color contrast and constancy arise from the same empirical generation of visual perceptions. In this computer-generated exam-
ple, the authors carefully controlled the spectral information in the scene. The upper images show the cubes as if in yellowish (top left) or
bluish (top right) illumination. The lower images show specific tiles of interest in the absence of these contexts. The yellow-looking tiles
depicted as if under blue light and blue-looking tiles depicted as if under yellow light are actually a gray on their own—as shown in the
lower boxes marked “blue” and “yellow.” This is a striking example of color contrast. On the other hand, the red-looking tiles depicted as
if under blue and yellow light both come from tiles that are actually purplish and orangish, respectively, as shown in the lower boxes
marked “red.” This demonstrates color constancy. These remarkable effects show that the same targets can be made to look like very dif-
ferent colors, and that different colors can be made to look the same by manipulating the context.

blue red yellow red

© 2002 Sigma Xi, The Scientific Research Society. Reproduction
with permission only. Contact perms@amsci.org.

Purves et al., 2002
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Lightness Constancy
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Lightness Constancy
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2002     May–June     237

Figure 1. Perceptions are often at odds with the measured properties of objects in a scene. In this image, for example, the white tile in the
shadow of the table looks brighter than the gray one to its right, even though they are physically identical. This article indicates the rea-
son why these seemingly maladaptive discrepancies between perception and reality occur. (Images courtesy of the authors.)

© 2002 Sigma Xi, The Scientific Research Society. Reproduction
with permission only. Contact perms@amsci.org.

Purves et al., 2002
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Visual Constancy

Context and semantics are important 

Retinal processing is likely incapable of extracting complex contextual and 
semantic information. 

Visual constancy thus must involve higher-order, cognitive functions in the 
brain. 

This also means memory, experience, etc. are important for our visual 
experience.


