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LEARNING OBJECTIVES

6.1  Examine the relation of the wavelength of light to perceived color.

6.2
  Diagram the perceptual principles of hue, saturation, and 

brightness and the role they play in our perception of color.

6.3
  Formulate the idea of a metamer in additive and subtractive color 

mixing in terms of what we learn from color-matching experiments.

6.4  Examine the role of having three cone classes for our perception of color.

6.5
  Describe the trichromatic theory of color vision and its 

relationship to the three classes of cones.

6.6   Illustrate the opponent-process theory of color vision focusing on what this 
theory can explain about color vision that trichromatic theory cannot.

6.7   Explain what we know about color vision in infancy 
and how it changes as we age.

6.8
  Diagram the different types of color deficiency and explain why this 

term is, almost always, a better term than color blindness.

6.9  Assess the term constancy and how it applies to color vision.

INTRODUCTION
If you live in South Florida, seeing rainbows is a frequent occurrence. In the summer, 
rainbows are quite common after a late afternoon thunderstorm. Driving along Route 
1 in the Florida Keys in the summer, one can often see layer upon layer of rainbows 
as one heads east in the late afternoon (Figure 6.1). Many people find rainbows to be 
beautiful, partly because they appear to be pure color—just color, not attached to a par-
ticular object, seemingly magically suspended in the air. The physical explanation for 
rainbows, millions of water droplets acting as prisms, just makes the phenomenon more 
mysterious. We know it has to be true, but for many, the physical explanation just does 
not connect with their perceptual experience. When most of us look at rainbows, we see 
seven distinct bands: red, orange, yellow, green, blue, indigo (a dark blue), and violet 
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152 Sensation and Perception

(a reddish blue resembling purple). However, a 
rainbow is actually a continuous band of wave-
lengths—the seven bands are a function of our 
eyes and brains. As we will see in this chapter, 
colors are usually properties of objects, but in a 
rainbow, we do not see the raindrops that create 
the rainbows.

So, do all people and animals see color the 
same way? Many of you may have heard that 
your cat is color-blind. This is not quite true. 
Cats do have some ability to see in color but 
much less than we do (Buzás et al., 2013). Cats 
are actually “color deficient,” meaning that 
they have a two-cone color system, compared 
with our three-cone system. Cats also have 
fewer cones in total than humans, but they 
can see colors. Cats’ eyes are better adapted 
than ours for nocturnal vision, and their eyes 
are more specialized for detecting low levels of 
light at night. (Review the Exploration section 
of Chapter 3.) Nonetheless, because cats are 

active during the day, they also have some color vision. Dogs are also color deficient 
relative to us, but they do see in color as well. It turns out that their retinae resemble 
those of color-deficient people, in having a two-cone system. You probably know a 
person who is red–green color-blind (better called, “color deficient”). Whereas you 
see a green light or a red light at a traffic signal, he sees both the green and the red 
lights as the same color. Luckily, he knows that the red light is always above the green 
light, so red–green color deficiency is not a risk for driving. Are there animals with 
better color vision than ours? You may have heard that goldfish have a four-cone 
system, compared with our three-cone system. On the basis of research on goldfish, 
it is known that they can see color differences that look the same to us (Neumeyer & 
Arnold, 1989). So, some animals see fewer colors and some see more. What about 
other people?

Interestingly, it turns out that some people may also have functional four-cone 
systems that allow them to see more colors than the more common people with three 
cones do. Gabriele Jordan, a researcher at the University of Newcastle in the United 
Kingdom, recently identified a woman with a functional four-cone system, who seem-
ingly can see different colors when most of us would just see one color (Greenwood, 
2012; Jordan, Deeb, Bosten, & Mollon, 2010). However, Jordan and her colleagues 
think functional four-cone vision is extremely rare in people. In their study, they looked 
at the genetics that cause some women to have four-cone systems and then tested 
behaviorally whether women with four-cone systems could actually discriminate more 
colors. Because many of the genes for color vision are on the X chromosome, men are 
more likely to be color deficient and less likely to have the extra cone system. Jordan 
et al. examined many people (all women) who have a genetic mutation that gives them 
what looks like an extra cone system in their retinae. The question was whether this 
would be expressed in terms of seeing more different colors than trichromats do. Only 
one of these women actually was able to discriminate colors that looked identical to 
the other participants or to controls with three cones. Jordan et al. estimated that this 
woman may see millions more hues than other people do. Current research by Jordan’s 
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FIGURE 6.1 Rainbow

A rainbow is a continuous band of wavelengths that we see as seven colors blending 
into one another. In addition to being a beautiful sight, a rainbow can tell us a bit 
about color perception.
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153 Chapter 6: Color Perception

group aims to understand what this woman sees, how it differs from typical color 
vision, and whether it really gives her abilities the rest of us do not possess. If color 
vision varies across animals and even people, how does color vision happen and what 
allows for these variations?

WAVELENGTHS OF LIGHT AND COLOR

6.1  Examine the relation of the wavelength of light to perceived color.

In Chapter 3, we introduced the idea of the wavelength of light and its relation to 
the perception of color. Humans can see wavelengths of light that vary between 400 
and 700 nm, often known as the visual spectrum (or visible spectrum). Within the 
visual spectrum, we see different wavelengths as different colors. It is important to 
keep in mind that the physical stimulus is the wavelength of the light entering our 
eye. Color is a perceptual attribute, or our response to this physical feature of light. 
The term wavelength refers to the distance between two peaks of light energy. It 
is the inverse of frequency. As frequency increases, wavelength decreases. In color 
vision, the wavelength of light is usually referred to, and as we will see, with sound 
waves, we tend to use frequency instead of wavelength (just to keep students on 
their toes).

Sunlight is a mix of many different wavelengths, which blend together to form 
white light. Because the wavelengths are bunched together within our acuity limits, 
we cannot discriminate the different wavelengths in white light. But because sunlight 
is composed of so many wavelengths, raindrops can diffract (i.e., spread out) the light 
into the multiple wavelengths that make up the rainbow. The raindrops act as a prism 
and separate the many wavelengths that are mixed together. Once they are separated, 
we can see the individual bands of wavelengths as colors. Natural sunlight, however, 
varies in the distribution of wavelengths during the course of a day. At noon, there is 
more blue light than in the morning, and evening is well known for its lingering red 
light. Many artificial sources of light tend to be mixes of multiple wavelengths that can 
also be classified as white light. Normal incandescent light bulbs tend to emit more 
long-wavelength light than short-wavelength light. This gives incandescent light bulbs 
their characteristic yellow color. Fluorescent light bulbs tend to have the opposite pat-
tern, giving them their slightly blue hue (Figure 6.2 and ISLE 6.1). All of these are vari-
ants of white light, that is, heterochromatic light consisting of many wavelengths. In 
contrast, monochromatic light, which can be produced by special light bulbs, is light 
of only one wavelength or a very narrow band of wavelengths. When monochromatic 
light reflects off of a white surface, we see that surface as the color associated with that 
wavelength.

Another important feature in the perception of color is the spectral reflectance of objects 
in the world. Spectral reflectance is the ratio of light reflected by an object at each wave-
length. This means that every object has particular characteristics that permit it to absorb 
some wavelengths of light and reflect other wavelengths of light. Thus, white clothes reflect 
wavelengths equally, whereas blue jeans absorb most wavelengths but reflect light at about 
450 nm, which we perceive as blue. Thus, the color of any object is determined by what 
wavelengths it reflects the most. Leaves are green because their surfaces absorb most light 
but reflect those wavelengths we see as green. Carrots are orange because they absorb 
most wavelengths but reflect light at about 650 nm, which we perceive as orange. Figure 6.3 

Visual spectrum (visible 
spectrum): the band of 
wavelengths from 400 to 700 
nm that people with the most 
common classes of cones 
vision can detect

Heterochromatic light: 
white light, consisting of many 
wavelengths

Monochromatic light: light 
consisting of one wavelength

Spectral reflectance: the 
ratio of light reflected by an 
object at each wavelength

ISLE 6.1    
Different Types of White Lights
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154 Sensation and Perception

FIGURE 6.2 The 
Distribution of Wavelengths 
in Natural and Artificial Light

(a) The top part of the figure shows 
the visible spectrum of light on 
a continuum of electromagnetic 
radiation. The figure makes it clear 
that visible light is just a small range 
on this continuum. The bottom part 
of the graph shows the distribution 
of wavelengths across natural 
sunlight, incandescent light bulbs, 
and fluorescent bulbs. Note the 
interesting peaks in the fluorescent 
bulbs, which are very strong in the 
blue and green range, whereas 
incandescent light bulbs show a 
gradual increase, peaking in the 
longer red wavelengths. (b) In 
this figure, two different types of 
artificial illumination are visible, both 
considered white. Over the museum 
and lounge, the light source has 
more long wavelengths, and over the 
hallway, the light source has more 
short wavelengths. Because the two 
light sources are next to each other, 
you can see the differences in the 
whites more easily.
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shows objects in their characteristic color and different colors to 
illustrate how reflectance is used to determine an object’s color 
and how we rely on that characteristic color.

Surfaces that reflect all light equally can be said to be ach-
romatic (which means “without color”) because we do not see 
them as containing color. Achromatic surfaces are judged to be 
white to gray to black (Figure 6.4). With such surfaces, what 
matters is the proportion of ambient light they reflect. Surfaces 
that reflect most of the light that hits them will be seen as white 
surfaces (e.g., 90% or higher reflectance). Surfaces that reflect 
some but not all light will be seen as gray (e.g., 50% reflectance), 
and those that absorb most light will be seen as black (10% or 
lower reflectance). An important property of our visual system 
is that we respond to the percentage reflected rather than the 

FIGURE 6.3 Familiar Colors

Objects with their familiar characteristic colors, and the same 
objects but with odd colors. Objects get their characteristic colors 
because they reflect light at particular wavelengths. Ripe bananas 
absorb most light but reflect light at about 550 nm, giving them their 
yellow color.

(a)

(b)
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155 Chapter 6: Color Perception

total amount reflected. This allows us to see surfaces as the same 
level of grayness despite changes in the total amount of light. Thus, 
we still see a gray cat’s fur as gray in bright sunlight or by a dim 
lamp in the evening, even though the fur is reflecting much more 
total light in broad daylight. With this background, we can now 
turn to perceptual features of color.

TEST YOUR KNOWLEDGE

1. How do the colors of the rainbow map onto wavelength as 
measured in nanometers?

2. Describe the difference between monochromatic and 
heterochromatic lights.

HUE, SATURATION, LIGHTNESS, 
AND BRIGHTNESS

6.2
  Diagram the perceptual principles of hue, saturation, and brightness 

and the role they play in our perception of color.

The perception of color is often described by referring to three dimensions of the 
color experience: hue, saturation, and brightness. It is recommended that you fol-
low along while reading this section with having ISLE 6.2 open to help you expe-
rience these dimensions. We start with hue. Hue refers to the color quality of the 
light and corresponds to the color names that we use, such as orange, purple, green, 
indigo, yellow, cyan, aquamarine, and so on. In fact, hue is the quality of color. A 
quality is a value that changes, but it does not make the value larger or smaller. 
For example, when intensity (the amount of light present) changes, it gets larger or 
smaller. But when hue or color changes, it does not make sense to say, for example, 
that red has more or less hue than green. This is because color is a quality, not an 
amount. We see red and green as distinct units, even though some greens may seem 
darker or lighter, but this corresponds to the dimension of brightness (discussed 
later in this section). But certainly, red is very different from green. Many hues 
have direct correspondence to particular wavelengths, such as red (650 nm) and 
green (550 nm). Colors that are associated with particular wavelengths are called 
monochromatic colors, which include the basic colors or spectral colors, such as 
red, green, orange, yellow, and blue. There are also colors known as nonspectral, 
which are made of combinations of more than one monochromatic color. These are 
colors such as purple, brown, silver, and gold. Brown, for example, is a yellow or 
orange spectral color with very low saturation, that is, mixed with black. Purple is 
usually a mix of red and blue, though it can be combined in other ways as well.

Saturation refers to the purity of light. The more saturated the stimulus is, the stronger 
the color experience will be, and the less saturated the stimulus is, the more it appears 
white or gray or black, that is, achromatic. The classic example of saturation differences 
concerns the continuum from red to pink. Pink is a combination of red light and white 
light. The more that white light is added, the less “red” the pink is. A pastel pink may 
contain just a bit of red light along with a lot of white light. Eventually, the red may be so 
overwhelmed by the white that we barely notice the pink at all. A solid blue becomes less 
saturated as we add more white, eventually becoming the “baby blue” we might paint a  
baby’s room’s walls (Figure 6.5).

FIGURE 6.4 Achromatic Lightness

When objects reflect all light wavelengths equally, they are 
said to be achromatic. The three squares depicted here do 
not show any differences in the reflectivity of wavelengths. 
However, the white square reflects most light that shines on it, 
the gray square reflects about half of the light that shines on it, 
and the black square absorbs most of the light that shines on it.

ISLE 6.2 
Dimensions of Color

Hue: the color quality of 
light, corresponding to the 
color names we use, such as 
orange, green, indigo, and 
cyan; hue is the quality of 
color

Quality: a value that changes 
but does not make the value 
larger or smaller

Saturation: the purity of light

FIGURE 6.5 Saturation

On the left side are hues with strong 
saturation. We see these colors as very 
strong. On the right, we see hues with less 
saturation. The red becomes pink, and the 
blue becomes baby blue. The figures at the 
right have more white light mixed with the 
red or blue light in the shape.
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156 Sensation and Perception

Hue and saturation can be represented as a color circle 
(Figure 6.6). Along the perimeter of the circle, we find hues, 
such as red, orange, yellow, green, blue, indigo, and violet. 
As we head toward the center of the circle, we get less and 
less saturated colors. Thus, a deep red and a deep blue exist 
on the perimeter, but pink and baby blue exist toward the 
center. You can explore an interactive illustration of these 
principles on ISLE 6.2.

Brightness is related to the amount of light present and 
is our experience of the intensity of this light. The brighter 
an object is, the easier it is to see and the more notice-
able the colors are. Brightness is the psychological dimen-
sion that goes vertically through the color circle, now a 
color solid (Figure 6.7). Brightness does have a relation to 
color—it is easier to see color at higher brightness values. 
Brightness is distinguished here from lightness. Lightness 
refers to the perceived intensity that relates to the amount 
of light that gets reflected by a surface. This is a different 
property than the amount of light present. Brightness usu-
ally applies to colors, whereas lightness usually refers to 
the white-gray-black continuum.

TEST YOUR KNOWLEDGE

1. How is hue related to wavelength?

2. Describe the difference between brightness and intensity.

ADDITIVE AND  
SUBTRACTIVE COLOR MIXING

6.3
  Formulate the idea of a metamer in additive and subtractive color 

mixing in terms of what we learn from color-matching experiments.

Color has an odd characteristic that is suggested by the color circle. Colors can be 
mixed. That may not seem odd, but that is because you have been doing it for so 
long—probably first during preschool art sessions. Usually, children in kindergarten 
have a pretty good intuitive sense about how to mix paints. But it is a relatively unique 
feature of color within the domain of visual perception, and the science is quite com-
plex. To understand this statement, consider the following questions: Can you try 
to mix forms or motions? Can you mix size and depth? Most of our sensations and 
perceptions do not mix in the ways that colors do. Isaac Newton’s classic experiments 
with prisms illustrate the profundity of the idea that colors mix (Figure 6.8). You can 
explore an interactive illustration of this principle on ISLE 6.3.

There are two main types of color mixing: subtractive color mixing and additive color 
mixing. Additive color mixing is the creation of a new color by a process that adds one 
set of wavelengths to another set of wavelengths (remember spatial summation). Additive 
color mixing is what happens when lights of different wavelengths are mixed. When we add 
all of the different wavelengths of sunlight, we see white light rather than many individual 
colors. This is called additive because all of the wavelengths still reach our eyes. It is the 
combination of different wavelengths that creates the diversity of colors. Subtractive color 

FIGURE 6.6 The Color Circle

The color circle is a two-dimensional representation of how hue and 
saturation interact. Hue is represented around the perimeter, whereas 
saturation is represented as distance from the center (along the radius 
of the circle). The most saturated hues are along the perimeter, and 
saturation decreases as one moves toward the center.

Green
(550 nm)

Yellow
(600 nm)

Hue

Red
(650 nm)

Cyan
(500 nm)

Saturation

Nonspectra
l

purples

Blue
(450 nm)

FIGURE 6.7  
The Color Solid

The color solid is a three-dimensional 
representation of the relations 
between brightness, saturation, and 
hue. As in the color circle, hue is 
represented around the perimeter, 
whereas saturation is represented 
as distance from the center (along 
the radius of the circle). The new 
dimension, brightness, is represented 
by the vertical dimension.

Hue

Saturation

Brightness

ISLE 6.3  

Newton’s Prism Experiment
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157 Chapter 6: Color Perception

mixing is the creation of a new color by the removal 
of wavelengths from a light with a broad spectrum of 
wavelengths. Subtractive color mixing occurs when we 
mix paints, dyes, or pigments. When we mix paints, 
both paints still absorb all of the wavelengths they did 
previously, so what we are left with is only the wave-
lengths that both paints reflect. This is called subtrac-
tive mixing because when the paints mix, wavelengths 
are deleted from what we see because each paint will 
absorb some wavelengths that the other paint reflects, 
thus leaving us with a smaller number of wavelengths 
remaining afterward. The easy way to remember the dif-
ference between additive and subtractive color mixing 
is that additive color mixing is what happens when we 
mix lights of different colors, whereas subtractive color 
mixing occurs when we mix paints or other colored 
materials.

In the theater, lighting technicians use colored lights 
to create additive color mixing to illuminate the stage. 
When we look overhead at the lights, we may see a vari-
ety of colored lights projecting onto the stage, although 
the mix of these lights may create a different color than 
any present in the bank of lights overhead. Professional 
painters (and preschool children) can create a larger 
of palette of colors by mixing different paints, thereby 
using subtractive color mixing. But if you do not know 
what you are doing when mixing paints, the result very 
often looks muddy and unappealing. We now look more 
closely at the science of each form of color mixing.

Additive Color Mixing 
(Mixing Lights)
Additive color mixing occurs when lights of different 
wavelengths are mixed. This is what occurs in televisions. All of the colors one sees on a 
television screen are the result of the mix of three different light sources built into the tele-
vision and controlled at different intensities. The same is true for our computer screens. 
What causes us to see colors such as chartreuse on our computer screens is a carefully bal-
anced mix of three lights. When we shine equally bright green and red lights on the screen, 
the lights add and we see yellow. However, if the red light is brighter than the green light, 
you will most likely perceive an orange hue. This is how televisions can create so many 
colors using just three dots. The principle of additive color mixing is illustrated in Figure 
6.9. You can see a demonstration of additive color mixing on ISLE 6.4.

In Figure 6.9, you can see the color circle. It can be used to predict perceived colors 
in additive mixtures. The center of the circle represents the point at which any additive 
mixture contains equal amounts of the different wavelengths present. This center point is 
perceived as a gray. If you draw a line between two colors on the circle, say yellow and 
blue, the perceived color will fall on that line, depending on the relative intensities of the 
two lights. When you mix three lights, the color form is a function of a triangle between 
the three primary lights. Exactly what hue is perceived within that triangle is a function 
of the relative intensity of the three primary lights.

In the late 19th century, artists such as Georges Seurat, Paul Signac, and Vincent van 
Gogh invented a technique of painting that came to be known as pointillism (Figure 6.10). 

Brightness: the perceived 
intensity of the light present

Lightness: the psychological 
experience of the amount of light 
that gets reflected by a surface

Additive color mixing: the 
creation of a new color by a 
process that adds one set of 
wavelengths to another set of 
wavelengths

Subtractive color mixing: 
color mixing in which a new 
color is made by the removal 
of wavelengths from a light 
with a broad spectrum of 
wavelengths

FIGURE 6.9 Additive Color Mixing

Predicting what color will be created when mixing monochromatic lights 
involves using the color circle. If you are mixing two lights, you just draw a 
straight line from one color along the perimeter to the one you are mixing 
it with. The color you create will lie somewhere along that line, depending 
on the brightness of each light. To predict what color will be created when 
mixing three monochromatic lights, you can connect the three colors along 
the perimeter to create a triangle as seen in the figure. The color created 
will fall somewhere inside that triangle. Where it falls will depend on the 
respective degrees of brightness of the three monochromatic lights.

Green Yellow

25% green + 25% blue

Cyan

50% cyan + 50% red

Blue Magenta

Red

80% red + 20% green

45% red + 45% green + 10% blue

Nonspectral

purples

ISLE 6.4 
Color Mixing

FIGURE 6.8 Newton’s Prism Experiment

By Sascha Grusche (Ow
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ork) [CC BY-SA 
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158 Sensation and Perception

In pointillism, an artist uses small distinct dots of simple pri-
mary colors as the basis of a painting. From a distance, the 
dots of colors blend together through a process similar to 
additive color mixing to form a rich array of colors. What 
makes pointillism relevant here is that it uses additive color 
mixing in painting rather than subtractive color mixing, the 
approach typically used in painting. The difference is that 
colors are created not by mixing paints but by keeping each 
dot a specific color, so that the dots blend together in a per-
son’s vision when viewed from a distance.

Subtractive Color Mixing 
(Mixing Paints)
Subtractive color mixing is more common in the natural 
world, as there are many more situations in which pigments 
on the surfaces of objects interact than situations in which 
lights interact, as outside of artificial lighting, all lighting 
in nature comes from the sun and is therefore white light, 
not monochromatic light. Subtractive color mixing occurs 
when we mix substances with different absorption spectra. 
That is, when we mix substances, the mixture will absorb 
the wavelengths both substances absorb, leaving only those 
wavelengths to reflect that both do not absorb. For exam-
ple, consider repainting a room in your house. Perhaps as a 
young child, you wanted pink walls. Your parents may have 
painted your room with a very low saturation pink. Pink, as 
a low-saturation red, absorbs most wavelengths but reflects 
red light more than it does other wavelengths. As paints are 
likely to have a bit of spread in the wavelengths they reflect, 
there is also some yellow light that may be reflected (Figure 
6.11). Now you want your room to be a light shade of green. 
So, when the first coat of paint is applied, you use a light 
green paint on top of the existing pink. To your dismay, when 
you look at the swath of color on your wall, you have a 
drab yellow wall instead of a light green one. How does this 
occur? Indeed, the green paint may include a little reflection 
of light in the yellow zone as well. So, when the two paints 
are mixed, green pigment now absorbs the red wavelengths 
that were previously being reflected, and the old pink paint 
absorbs the green wavelengths from the new paint. What is 
left is the yellow in between. You can see a demonstration of 
subtractive color mixing on ISLE 6.4b.

Color-Matching Experiments
Color mixing and matching can be quite a complex phenom-
enon. Nonetheless, understanding how we match colors is 
critical to the development of theories of human color vision, 
which is the focus of much of this chapter. Therefore, before 
we introduce the physiology of color vision, we briefly discuss 
color-matching experiments. Our contention here is that with a 

M
et

ro
po

lit
an

 M
us

eu
m

 o
f a

rt,
 o

nl
in

e 
co

lle
ct

io
n

FIGURE 6.10  
A Sunday Afternoon on the Island of La Grande Jatte

This famous painting by Georges Seurat (1859–1891) illustrates the 
principles of pointillism. In pointillism, an artist uses small dots of color 
to form bigger images. With respect to color, the dots may be of very few 
primary colors, but when seen from a distance, the colors form an additive 
mixture, and we see a richer array of colors.

FIGURE 6.11 Subtractive Color Mixing

When light green paint is applied to the pink wall, the green paint 
continues to absorb most wavelengths other than green and, to some 
extent, close-by colors such as yellow. The pink paint continues to 
absorb most wavelengths other than red and, to some extent, close-by 
colors such as yellow. So when the first coat of green paint is put on the 
wall, the net result may be a yellow color.
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159 Chapter 6: Color Perception

mix of three primary (monochromatic) col-
ors, we can re-create most any other color. 
This is how televisions and computer moni-
tors can reproduce any color: by mixing red, 
green, and blue lights. However, there are 
other possible primary colors that can be 
mixed to re-create other colors. For exam-
ple, color printers, using subtractive color 
mixing, employ cyan, magenta, and yellow 
to create a large array of colors. Review 
ISLE 6.4, particularly noting the different 
primaries used in the additive and subtrac-
tive color mixing versions of the illustration.

Many psychophysical experiments 
have looked at the perceptual reality of 
color matching. These experiments are 
known as metameric color-matching 
experiments (Silverstein & Merrifield, 
1985). A metamer is a psychophysical 
color match between two patches of light 
that have different sets of wavelengths. 
This means that a metamer consists of two 
patches of light that look identical to us in 
color but are made up of different phys-
ical combinations of wavelengths. For 
example, a monochromatic light at 520 
nm looks green. But we can create a color 
that looks identical by balancing the right 
amounts of light at 420, 480, and 620 nm.

In an experiment in metameric match-
ing, an observer is shown two patches 
of light. One is called the test patch, and 
the other is called the comparison patch. 
The test patch is a single wavelength of 
an unchanging illumination or brightness 
(e.g., a monochromatic light at 520 nm at 
a set brightness). The comparison patch is 
composed of three primary colors, such 
as the red, green, and blue used in a tele-
vision. The observer has control over the 
intensities of the three lights in the com-
parison patch. The observer’s task is to 
adjust the level of each of the three pri-
mary colors in order to make the color of 
the comparison patch equal to that of the 
test patch. When the observer does this to 
his or her satisfaction, a metameric match 
is achieved for that individual. In general, a match that satisfies one individual will also 
satisfy other individuals of the most common level of color-vision abilities. That is, most 
observers will see this match as identical unless they have some form of color deficiency or 
the four-cone system described earlier. This type of matching is illustrated in Figure 6.12. 
You can try metameric matching for yourself on ISLE 6.5.

Metamer: a psychophysical 
color match between two 
patches of light that have 
different sets of wavelengths

Test patch
(monochromatic
light)

Test patch Comparison patch

Dials to adjust
color intensities
of three primary lights

Monochromatic
light (test color)

Comparison patch
(mixture of three
monochromatic lights)

Blue

Green

Red

FIGURE 6.12 Metameric Matching

The participant in a metameric matching study is shown a test patch of monochromatic light. 
The participant has control over three primary lights in the comparison patch. He must adjust 
the intensity of each of the primary lights until the mix of the three lights looks subjectively 
identical to the monochromatic test patch.
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160 Sensation and Perception

In Figure 6.12, you can see the test patch with a wavelength of 550 nm (light green). 
The observer has control over three primary lights, with wavelengths of 440 (dark 
blue), 490 (dark green), and 650 (red) nm. These three primary lights are projected onto 
the comparison patch and combined through additive color mixing (they are lights, not 
pigments or paints). The observer has control over the intensities of the three primary 
lights making up the comparison patch and can change them until a metameric match is 
made. Even though none of the comparison patch primary lights is the same as the test 
patch light, we see the two patches as identical. This is the essence of metameric match-
ing and, to some extent, the basis of much of the color vision we experience, given the 
amount of time modern people spend looking at computer screens, cell phone screens, 
and television screens.

TEST YOUR KNOWLEDGE

1. Define a metamer, and describe how color-matching experiments contribute to 
this concept.

2. Contrast additive and subtractive color mixing.

THE RETINA AND COLOR

6.4  Examine the role of having three cone classes for our perception of color.

In Chapter 3, we introduced the cone systems in the retinae of the eyes (see Table 3.2). 
Cones are photoreceptors in the foveae of the retinae that are responsible for high acu-
ity and color vision. Here we explain how cones allow us to code for color and how 
they transmit information about color to the occipital lobe. First, we review the func-
tion of the three cone systems and then describe how the presence of three cone types is 
important in developing the trichromatic theory of color vision.

Most of us have three classes of cone photoreceptors present in the foveae of the 
retinae. Each cone type has a different photopigment present and is therefore sensitive 
to a different band of wavelengths. The cone that has a maximum response to light at 
420 nm is known as the S-cone (because it is sensitive to short-wavelength light). It 
is sometimes (and erroneously) called the blue cone because 420-nm light is perceived 
as blue. Calling it the blue cone is misleading because, as we discussed with metameric 
matches, all three cones are critical to perceiving all colors. The M-cone class has a 
maximum response to light at 535 nm, and the L-cone class has a maximum response 
to light at 565 nm. Here the M stands for medium, and the L stands for long, even 
though the two peaks are surprisingly close to each other. For the M-cone, 535-nm light 
is a yellowish green, and for the L-cone, 565-nm light is still to the yellow side of red. 
When these cone systems are combined together, we can see color over a range of 400 
to 700 nm, from the S-cone’s sensitivity to shorter wavelengths to the L-cone’s sensi-
tivity to longer wavelengths of light. This range is approximate—there have been some 
studies suggesting that some people can detect very bright light at levels just below 400 
nm. Nonetheless, the 400- to 700-nm range is a pretty good estimate. This is illustrated 
graphically in Figure 6.13.

The S-cones are distinctive for several reasons. First, there are many more M- and 
L-cones than there are S-cones. Indeed, S-cones make up only 5% of the total number of 
cones. Second, S-cones are less sensitive to light overall than are M- and L-cones. This 
means that they are less important in our perception of brightness, but they are still 

S-cone: the cone with its peak 
sensitivity to short-wavelength 
light, around 420 nm (blue)

M-cone: the cone with its 
peak sensitivity to medium-
wavelength light, around 535 
nm (green)

L-cone: the cone with its peak 
sensitivity to long-wavelength 
light, around 565 nm (yellow)

ISLE 6.5  
Color-Matching Experiment: 
Metameric Matches
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161 Chapter 6: Color Perception

very important in our perception of color, 
especially when we consider their role in 
opponent processes. Interestingly, M- and 
L-cones are not all identical. There are 
subclasses of each (Mollon, 1992). These 
differences may result in subtle differences 
in color perception from person to person.

To understand how the cone systems 
relate to color perception, consider the fol-
lowing. A monochromatic light at 500 nm 
(green) is projected onto a white piece of 
paper. When the reflected light strikes the 
retina, there will be a very weak response 
in the S-cone, a strong response in the 
M-cone, and a relatively weak response in 
the L-cone (Figure 6.14). It is this pattern 
of responses that induces the experience 
of the color green. In metameric match-
ing, we duplicate the pattern of responses 
of the three cone classes with other pri-
mary wavelengths. Thus, we can dim the lowest wavelength light and strengthen the 
higher wavelength lights of three primary colors to create the same pattern of responses 
of the retinal cones. If the output of the cones is the same (it does not matter if it is 
caused by physically different patches of light), the two patches will look the same. You 
can try this for yourself on ISLE 6.6.

We have just reviewed the finding that each cone type has a wavelength to which it 
maximally responds. As we can see in Figures 6.12 and 6.13, each cone type responds 
to a swath of different frequencies as well. The 
M-cone, for example, responds weakly to light at 
450 nm, greatly to light at 535 nm, and weakly 
to light at 650 nm. If this is the case, how can 
the M-cone distinguish between a very bright 
light at 450 nm and a dimmer light at 535 nm? 
The answer is that it cannot. If this were all the 
information provided to the V1, a person could 
not see in color. Any cone system, by itself, can-
not determine wavelength and therefore color. 
Furthermore, consider the response of the M-cone 
to a light equally intense at 500 and 630 nm. 
Given that the M-cone responds equally strongly 
to these wavelengths, equally intense lights at 
these frequencies cannot be distinguished by the 
M-cone. Thus, at least two cone types are neces-
sary for any color vision to occur.

Univariance, or Why More Than One 
Receptor Is Necessary to See in Color
The principle of univariance means that any single cone system is color-blind in the 
sense that different combinations of wavelength and intensity can result in the same 

FIGURE 6.13 Peak Sensitivity of Cones

The sensitivities of the S-, M-, and L-cones are given as a function of their response 
sensitivities to light of different wavelengths. The rod system’s sensitivity is also shown for 
comparison. An object’s color is determined by the joint response of each cone in response 
to that object’s reflected wavelength pattern.
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ISLE 6.6  
Trichromatic Theory and 
Cone Responses

FIGURE 6.14 The Response of Cones to a 500-nm Light

Note that each cone system responds to this light but with a weaker or stronger 
response. Color is partially determined by this pattern of responses of each cone 
to any particular wavelength.
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Univariance: the principle 
whereby any single cone system 
is color-blind, in the sense 
that different combinations of 
wavelength and intensity can 
result in the same response from 
the cone system
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162 Sensation and Perception

response from the cone system. This implies that color vision depends critically on the 
comparative inputs of the different cone systems. Indeed, we can define the problem of 
univariance in the following way: The problem of univariance refers to the fact that 
many different wavelength and intensity combinations can elicit the same response 
from a single cone system. This means that any individual cone system cannot, by itself, 
distinguish colors.

The solution to this problem is that we have three cone systems that allow us to 
map any particular wavelength at any particular intensity onto a specific pattern among 
responses by the three cone systems. A monochromatic light, for example, will elicit a 
unique combination of outputs of the three cone systems that distinguishes it from other 
monochromatic light. However, we can still “trick” a three-cone system by adjusting 
the intensity of two or more lights so that they elicit the same overall response from the 
cone systems. This “trick” is the metameric match created by our television monitors. 
In summary, a metamer is the matching of a monochromatic color by manipulating the 
intensity of three lights so that their combination of wavelengths and intensities results 
in the same net output as that of the monochromatic light.

Recall the women whose retinae possess four cones, introduced at the beginning of 
the chapter. The reason these women can perceive more colors than the rest of us is that 
the fourth cone has a different spectral sensitivity than do the rest of the cones. Thus, 
any pattern of light will elicit a more complex response by the four cones. For these 
people, the intensity of four lights must be adjusted to match any particular wavelength. 
This leads them to have millions more combinations of settings of their four-cone sys-
tems than do people with three-cone systems.

Finally, the problem of univariance explains why we do not see colors under night-
time lighting conditions. When we are under scotopic conditions (dim light), we use 
only our rod system. Because we have one class of rods, we do not see color under these 
conditions. You can see a dynamic illustration of viewing colored lights under one-cone 
or rod-only vision on ISLE 6.7.

TEST YOUR KNOWLEDGE

1. Diagram the differences between the different cones that we have.

2. Why are three cones necessary to see the colors we do? What evidence is 
there that some people have a four-cone system?

THE TRICHROMATIC  
THEORY OF COLOR VISION

6.5
  Describe the trichromatic theory of color vision and its 

relationship to the three classes of cones.

Although there have been many theories of color vision throughout history, the first 
modern theory was proposed by Thomas Young, the 19th-century philosopher and 
scientist, and later further developed by Hermann von Helmholtz, perhaps the 19th 
century’s greatest scientist (Figure 6.15). Both of these scientists advanced a theory that 
is similar to what we call today the trichromatic theory (and sometimes the Young–
Helmholtz trichromatic theory). Breaking down the word trichromatic, you have tri, 
which means “three,” and chromatic, which means “colored.” This theory proposes that 
color vision is based on there being three elements in our visual system that respond 

ISLE 6.7  
Univariance and Color 
Matching in Monochromat 
or During Scotopic Vision
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163 Chapter 6: Color Perception

differently to different wavelengths. Young and 
Helmholtz did not know about cones; the theory 
was instead developed to explain how we make 
color matches. Now, however, it fits in squarely 
with the idea of a three-cone retina. The trichro-
matic theory of color vision states that the color 
of any light is determined by the output of the 
three cone systems in our retinae.

We have already reviewed much of the evidence 
that supports the trichromatic theory. First, col-
or-matching experiments show that it takes a mini-
mum of three primary colors to make a metameric 
match to a single monochromatic light. For people 
with three-cone vision, mixing two lights will not 
always yield a match to a pure monochromatic 
light, and four is not necessary (for nearly all peo-
ple). That it takes three lights to make a match sup-
ports the trichromatic theory and was observed by 
Helmholtz, though he did not yet have a physiolog-
ical explanation. Second, there is strong evidence 
for the trichromatic theory from the overwhelm-
ing data supporting the existence of three classes of cones in human retinae. Third, the 
trichromatic theory predicts what happens when individuals lose one of the cone classes 
in their retinae. These people—sometimes called color-blind but more accurately called 
color deficient—still see in color, but they cannot distinguish between hues as three-coned 
individuals can. In the classic form, most color-deficient people cannot distinguish between 
reds and greens. There are now ample data showing that red–green color deficiency results 
from the loss of either the M-cones or the L-cones. There is also evidence that shows that 
blue–yellow color deficiency is the result of loss of the S-cones. Furthermore, a color-defi-
cient individual with only two cones requires a match of only two light sources to match 
any one monochromatic light. The bottom line is that the trichromatic theory explains 
extremely well the relation of cones in the retinae and our perception of color.

TEST YOUR KNOWLEDGE

1. Explain how the fact that we have three cones is related to the three primaries 
of the trichromatic color system.

2. If having three cones is necessary for having three primaries, how many 
primaries would be needed to match colors in a person with two cones?

THE OPPONENT-PROCESS  
THEORY OF COLOR PERCEPTION

6.6
  Illustrate the opponent-process theory of color vision focusing on what this 

theory can explain about color vision that trichromatic theory cannot.

The traditional rival of trichromatic theory is the opponent-process theory of color per-
ception. Opponent-process theory is based on a different set of observations and has a 
different underlying physiological basis. Of course, we now know that the two theories 

N
ational Portrait Gallery, London
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 GL Archive/Alam
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Trichromatic theory of color 
vision: the theory that the 
color of any light is determined 
by the output of the three cone 
systems in our retinae

FIGURE 6.15 Thomas Young (1773–1829) and Hermann von 
Helmholtz (1821–1894)

Thomas Young (a) and Hermann von Helmholtz (b) developed the trichromatic 
theory of vision. This theory was a precursor of the modern view of color vision, in 
which the cones essentially serve as a trichromatic system.

(a) (b)
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164 Sensation and Perception

are not mutually exclusive, and that both explain some 
aspects of color vision. But until relatively recently, 
they were considered rival theories. Certainly, when the 
opponent-process theory was first developed, it chal-
lenged the Young–Helmholtz view.

The historical rival of Hermann von Helmholtz was 
Ewald Hering, as discussed in Chapter 1. Helmholtz 
proposed his version of trichromatic theory, and Hering 
proposed the opponent-process theory of color per-
ception (Figure 6.16). We know now that each theory 
explains certain aspects of color perception that the 
other theory cannot account for. We have already seen 
how trichromatic theory explains what the cones of 
the retinae are doing. We will see shortly how oppo-
nent-process theory explains color perception, starting 
in the retinal ganglion cells and continuing to the lat-
eral geniculate nucleus (LGN) and the occipital cortex. 
For many years, opponent-process theory was discred-
ited, but the work of Russell De Valois on opponent 
cells in the LGN led to its revival (e.g., De Valois, 1960, 
1965; De Valois, Abramov, & Jacobs, 1966). But before 
we discuss the physiological evidence for opponent- 
process theory, we will discuss the perceptual data.

Findings That Support Opponent-Process Theory
Findings such as color-naming data and complementary color data (discussed later) 
led Hering to propose that color vision was not trichromatic but was organized with 
four primaries, or unique hues. These four primaries are organized in two sets of 
oppositional pairs (blue–yellow and red–green). Blue and yellow are opposite to each 
other, and red and green are also opposite to each other. In Hering’s view, there 
were several observations that Helmholtz’s trichromatic theory could not explain. 
Nonetheless, in their day, Helmholtz’s view prevailed. But we now have physiological 
evidence to support opponent-process theory, in addition to Hering’s perceptual data. 
Here are some of the important reasons advanced to support opponent processes in 
color perception:

a. Nonprimary colors can look like combinations of two primary colors. For 
example, purple looks like a combination of blue and red, and orange looks 
like a mix of yellow and red. But no colors look like a mix of blue and yellow 
or red and green. That is, our perception of colors supports the idea that red 
and green do not combine and that blue and yellow do not combine. It is hard 
to imagine what a yellowish blue might look like or what a reddish green might 
look like.

b. In color-sorting experiments, people tend to sort colors into four basic groups—
green, red, yellow, and blue—rather than the three colors that might be predicted 
from trichromatic theory. This finding has been observed across Western and 
non-Western cultures (Rosch, 1973).

c. Color afterimages are visual images that are seen after an actual visual stimulus 
has been removed. If you stare at a bright incandescent light bulb for even a 

Opponent-process theory 
of color perception: the 
theory that color perception 
arises from three opponent 
mechanisms, for red–green, 
blue–yellow, and black–white

Afterimages: visual images 
that are seen after an actual 
visual stimulus has been 
removed

Complementary colors: 
colors on the opposite side 
of the color wheel that when 
added together in equal 
intensity give a white or gray 
or black

FIGURE 6.16 Hering’s Model of Opponent Processes

Hering’s view was that all colors on the color circle (here the inner circle) 
can be represented by two pairs of opposing colors: blue–yellow and red–
green. These opponents are represented along the outer circle.

Green

Red

BlueYellow

ISLE 6.8  

Color Aftereffect
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165 Chapter 6: Color Perception

short time and then close your eyes, you will continue to see 
an afterimage of that light bulb for a relatively brief period 
of time. But you will notice that although the light bulb has 
a yellowish hue, your afterimage will appear somewhat blue. 
Afterimages are strong after seeing lights, but they work for 
reflected light as well. After staring at a patch of red light for 
30 seconds or so, one can close one’s eyes and see a vague 
patch of cyan (between green and blue, at about 485 nm). 
These afterimages have led to the amusing illustrations you 
can see in Figures 6.17 and 6.18. An afterimage is seen as 
the complementary color, which are colors on the oppo-
site side of the color wheel. When mixed together in equal 
intensity, you get a white or gray or black. Complementary 
colors are not the same as an opponent color. Red and 
green are opponent colors, but because 
when added together you see a yellow, 
not a white, they are not complements 
(review ISLE 6.4a). Thus, aftereffects 
lead to complementary colors, whose 
existence is nonetheless a problem for 
trichromatic theory. For a demonstra-
tion of afterimages, go to ISLE 6.8.

d. Simultaneous color contrast occurs 
when our perception of one color is 
affected by a color that surrounds it. 
The effect occurs when a color is sur-
rounded by its opponent color and not 
by other colors or achromatic back-
grounds. A green square will seem 
more green if it is surrounded by a red 
background, and a red square will seem 
more red if it is surrounded by a green 
background. Similarly, a blue square 
will seem more blue if it is surrounded 
by a yellow background, and a yellow 
square will appear more yellow if it 
is surrounded by a blue background 
(Figure 6.19). Notice how the appearance of the central square color changes 
toward the complementary color of the surrounding color. You can explore an 
interactive illustration of simultaneous color contrast on ISLE 6.9.

In a series of important experiments, Hurvich and Jameson (1957) described the 
phenomenon of hue cancellation, which led to a rebirth in the idea that opponent pro-
cessing does explain color vision. We turn to this experiment next.

Hue Cancellation
In this classic experiment, the husband-and-wife team of Hurvich and Jameson rein-
troduced Hering’s view on opponency. Hurvich and Jameson (1957) developed a new 
way to empirically examine this view. In this experiment, participants saw a mono-
chromatic light at a wavelength between two particular primary colors. For example, 

ISLE 6.9  

Simultaneous Color Contrast

Simultaneous color contrast: 
a phenomenon that occurs 
when our perception of one 
color is affected by a color that 
surrounds it

Hue cancellation: an 
experiment in which observers 
cancel out the perception of a 
particular color by adding light 
of the opponent color

FIGURE 6.17 Afterimage of Vivid Pink 
Rhododendron Flower and Blue Sky

FIGURE 6.18 Stare at one flag for roughly 30 seconds without moving your 
eyes. Then look at a blank space on the page. You should see the correct flag as an 
afterimage. Note that complementary colors of afterimages are not the same as 
opponents. To get the red in each flag, you need a cyan, not a green.

FIGURE 6.19 Simultaneous Color Contrast

Opponent colors can enhance the experience of each other. Thus, a green square 
surrounded by red looks more green than if surrounded by a neutral color. Similarly, 
a yellow square looks more yellow when surrounded by a blue background than a 
neutral background.
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166 Sensation and Perception

a participant might see a cyan light with a wavelength at 485 nm. 
Then the participant was given control over the amount of a second 
light that could be added to the first, through additive color mixing. 
The instructions were to cancel out the blue so that the light appeared 
only as green. The participant could do this by adding a yellow-wave-
length light, but if she tried to do it with red light, she could never 
succeed. Only yellow light could cancel out the blue light (and vice 
versa). However, if you have a light between red and yellow, green must 
be added to cancel out the red. You can see the procedure illustrated 
in Figure 6.20. You can do a dynamic illustration of this principle on 
ISLE 6.10.

We discuss one last bit of psychophysical data on opponent-process 
theory before turning to the underlying physiology. Most colors can 
be described in terms of combinations of other colors. Orange, for 
example, feels like a mix of yellow and red. Pink feels like a mix of 
red and white. However, four colors can be described only in terms 
of themselves. These four colors are the four opponent colors: blue, 
yellow, red, and green. In this way, these colors can be thought of as 
unique colors. Interestingly, these unique colors feel basic to us, but 
none of them reflects the peak sensitivity of one of our cones. Even 
the S-cone’s peak wavelength sensitivity would not be described as an 
iconic blue. Rather, 420 nm appears violet, as if there were a bit of red 
to it. The peak sensitivity of the M-cone is a yellowish green, and the 
peak sensitivity of the L-cone is an orange-yellow. Thus, these unique 
colors must arise from a different level of the nervous system than the 
cones in the retinae.

Opponent Cells in the LGN and V1
In Chapter 4, we discussed center-surround cells in V1. These are 
cells that respond best to a spot of light in the center surrounded by  
a darker circle. There are also cells that respond to darkness in the 
center surrounded by an annulus of light. We discussed how such a 
system was important for edge detection and discriminating shapes. A 
similar system exists for color that also supports the opponent-process 
view. Researchers have also found opponent cells in V1 that respond 
to a particular color in the center and respond best when that center 

color is surrounded by an annulus of its opponent color. We can see the first oppo-
nent cells in the retinal ganglion cells, but we focus here on opponent cells in the 
LGN and in V1.

In the LGN, one finds color-sensitive cells called cone-opponent cells. These cells 
respond best when they are excited by the input from one cone in the center but inhib-
ited by the input from another cone type in the surround. For example, in the LGN, one 
can find cells that are excited by L-cones in the center but inhibited by M-cones in the 
surround. There are also cells that are excited by S-cones in the center but inhibited by 
both L- and M-cones in the surround. These cone-opponent cells are likely the building 
blocks of the color-opponent system (De Valois, 2004).

In V1, we find cells that are specific not to cones but to colors themselves. The 
difference is that cones are linked to wavelength responses, whereas the perception of 
color is affected by adaptation and the area around them. Review color aftereffects 

ISLE 6.10  
Hue Cancellation

Unique colors: colors that 
can be described only with a 
single color term—red, green, 
blue, and yellow

Cone-opponent cells: 
neurons that are excited by 
the input from one cone type 
in the center but inhibited by 
the input from another cone 
type in the surround

FIGURE 6.20 Hue Cancellation

In a hue cancellation experiment, a participant 
starts off with a given color (in the figure, a greenish 
blue). Then the participant must add another color to 
eliminate any experience of one of the colors (e.g., 
the blue). Thus, the participant must add yellow to 
eliminate blue (or red to eliminate green). In these 
studies, only the opponent-process theory predicts 
how participants match the colors.

Start with green

(a)

Add blue to cancel yellow

Still yellowish

Just right

Add more blue

Add even more blue

Too bluish

Start with green

(b)

Add red to cancel green

Still greenish

Just right

Add more red

Add even more red

Too reddish
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167 Chapter 6: Color Perception

Color-opponent cells: 
neurons that are excited by 
one color in the center and 
inhibited by another color in 
the surround, or neurons that 
are inhibited by one color in 
the center and excited by 
another color in the surround

Double-opponent cells: cells 
that have a center, which 
is excited by one color and 
inhibited by the other; in the 
surround, the pattern is reversed

ISLE 6.11   
Single- and Double-
Opponent Cells

FIGURE 6.21  
Color-Opponent Cells

(a) A single-opponent cell’s receptive 
field is shown. It responds best when 
one color (red) is seen in the middle 
and its opponent (green) surrounds it. 
(b) Different types of cone-opponent 
cells get inputs from different types 
of cones. There is also a pathway 
for lightness. It gets inputs from the 
M and L wavelength cones. (c) The 
center of each double-opponent cell 
is excited by one color (green) and 
inhibited by the opponent color (red). 
In the surround, the cell is excited 
by red and inhibited by green. When 
we put this cell just along the edge 
of a green–red barrier, it will respond 
maximally, whereas when it is in an 
open green or red field, the excitation 
and inhibition will cancel out. Thus, 
the cell along the edge will respond 
robustly, whereas the cell in the open 
field will not. Thus, opponent cells 
serve as color-edge detectors.

and simultaneous color contrast if this distinction is not apparent. These neurons are 
called color-opponent cells. Color-opponent cells are excited by one color in the center 
and inhibited by its opponent color in the surround. A color-opponent cell may also be 
inhibited by one color in the center and excited by its opponent color in the surround 
(Figure 6.21). Color-opponent cells are red–green and blue–yellow but never, for exam-
ple, red–yellow or green–blue, consistent with Hering’s opponent-process theory. That 
is, these cells work in opponent pairs. There will be a cell that responds to red in the 
center and inhibits green in the surround, the presumed basis of simultaneous color 
contrast. There is also a set of cells that track lightness, the difference along the gray 
scale, from black to white. Figure 6.21b shows how the different types of cones connect 
to these different color-opponent cells.

In V1, there is also a class of color-sensitive cells called double-opponent cells. 
Double-opponent cells have a center, which is excited by one color and inhibited 
by the other. In the surround, the pattern is reversed. Thus, if the center is excited by 
green and inhibited by red, the surround will be excited by red and inhibited by green. 
Double-opponent cells are useful for detecting color edges, that is, where one colored 
object ends and a differently colored object begins, by enhancing color divisions at 
the edges of objects (Johnson, Hawken, & Shapley, 2001). Think of red berries sur-
rounded by green leaves. Double-opponent cells sharpen the boundaries where the red 
berries end and the green leaves begin, making it easier for the observer to home in 
on some delicious raspberries. This type of information is useful to the visual system. 
For a demonstration of how single-opponent and double-opponent cells work, go to 
ISLE 6.11.

TEST YOUR KNOWLEDGE

1. Survey the evidence in support of opponent-process color theory.

2. What are afterimages? Why do they support opponent-process color  
theory?

Panel b Source: Adapted from Karen K. DeValois and Michael A. Webster (2011), Scholarpedia, 6(4):3073. http://

www.scholarpedia.org/article/Color_vision

R+

G− S M L S

S vs LM L vs M L+M

M L S M L

Opponent Opponent Non-Opponent

− − −+ + + +

R−/G+ R−/G+

R−/G+

R+/G−R+/G−

R+/G−

Double-
opponent cell

Neutral

Worst

Neutral

Best

R−/G+

R+/G−

R−/G+

R+/G−

(a) (b)

(c)
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168 Sensation and Perception

THE DEVELOPMENT OF COLOR PERCEPTION

6.7
  Explain what we know about color vision in infancy 

and how it changes as we age.

Color Perception in Infancy
Infants are born with all three types of cones already present in each eye (Xiao & 
Hendrickson, 2000). But the presence of the proper receptors does not guarantee com-

plete color perception. From the discussion earlier, it is clear that it takes 
more than a complete set of cones to see in full color. The cones are only  
the start of the process. We briefly discuss here the processes whereby 
infants develop the ability to see and distinguish colors. The first question 
is how we get a nonverbal infant to report on differences in something as 
subjective as color.

One way to study color perception in infancy is to use a method that 
relies on habituation. As humans, we do not like repetition, and this applies 
to young infants as well. When stimuli are repeated, we start to ignore a 
stimulus, but more than that, we have learning mechanisms that lead us 
to stop responding to a repeated stimulus. Think of a neighbor having a 
car that backfires. The first time it happens, you might jump. If the car 
continues to backfire over time, eventually you will stop responding. This 
lack of responding to a repeated stimulus is call habituation. Infants are 
like adults in this way; they also stop responding to a repeated stimulus. 
When a stimulus is changed, both adults and infants will respond again, 
a process known as dishabituation. So, if, after you are used to the car 
backfiring, your neighbor decides to start up target practice and fires off 
a rifle, you will probably jump again.

In the habituation research paradigm, a stimulus is presented repeatedly 
to the infant. Usually the first time the stimulus is presented, the infant will 
respond by widening her eyes and staring intently. Over time as the same 
stimulus is presented, the infant will stop looking at the stimulus. At this 
point, the infant has habituated. The critical part comes next. A new stim-
ulus is presented. If the infant can perceive the difference in the stimulus, 
she will again look. If the difference in the stimulus is not perceived, the 
infant will continue to ignore the stimuli. This can be used to determine if 
color—when all other dimensions are held equal—causes dishabituation.

Bornstein, Kessen, and Weiskopf (1976) used this method to examine color per-
ception in 4-month-old infants. The researchers presented a stimulus of a particular 
wavelength, say 510 nm, to the infants repeatedly, 15 times to be exact. A trichromat 
would see this as green. Over time, the infants stopped responding. Then, immediately 
after these trials, the infants were then presented more trials. The crucial trials are those 
that had stimuli with wavelengths that were different from the original. In the condi-
tion with the 510-nm light, the new wavelengths were 480 nm and 540 nm. The two 
wavelengths differed the same number of nanometers of wavelength from the 510-nm 
stimulus, but perceptually that is not the case. A 540-nm light still appears green (but 
with a bit of yellow in it), but the 480-nm light appears blue to adults. To restate this, 
510-nm and 540-nm wavelength lights appear similar and might be called green or 
greenish, but a 510-nm wavelength light and a 480-nm wavelength light appear very 
different: One appears green (510 nm) and one appears blue (480 nm).
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FIGURE 6.22  
Infants Have All Three Types of Cones

Infants are born with all three types of cones. The 
question is whether having these cones gives 
newborns color vision.

Habituation: the learning 
process in which animals 
stop responding to a repeated 
stimulus

Dishabituation: the process 
in which, after habituation 
has occurred, changing the 
stimulus causes the organism 
to respond again
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169 Chapter 6: Color Perception

The question then becomes whether infants see these colors in the same way that 
adults do. If they do, then the infants should show much stronger dishabituation to the 
480-nm stimulus than to the 540-nm stimulus, and that is exactly what Bornstein and 
colleagues found. In their study, they also tested the color boundaries between green to 
yellow and yellow to red, and infants gave responses that suggest that they have similar 
color distinctions to adults. The interesting nature of these findings, combined with 
findings from other studies (Brown & Tellar, 1989), suggests that infants have more 
than just operating cones; they also have opponent processes for color vision operating. 
It should not be taken that infants have completely adultlike color vision at birth. In 
fact, the retinae and foveae are quite immature, but the basics of color vision are pres-
ent as early as we can study, and the way their color vision operates is similar to how 
adults’ color vision operates.

Aging and Color Perception
So, what happens to color vision as we age? Adults do not lose cones with normal 
aging, so the basic mechanisms of color vision seem intact, but that does not mean that 
color vision does not change as we age. One way that color vision changes in aging, 
even in healthy aging eyes, is through changes to the transparency of the lens. As we 
age, light does not pass as easily through the lens. It is not a great change, and if the 
loss of transparency were the same at all wavelengths, then the change would be of 
little interest. However, the lens loses transparency to short wavelengths more than 
for other wavelengths, lessening our ability to see blue colors. The change is not great 
in healthy eyes, but there is an increase in confusion of blues and yellows as would be 
expected from opponent-process theory (Pinckers, 1980). The loss of the sensitivity to 
blue is slow and usually unnoticed as we age. However, if a person develops the need for 
an artificial lens, the change can be noticed because, usually, only one eye gets the lens 
implant at a time. So, for a period of time, a person will have the artificial lens in one 
eye, which will transmit the short wavelengths clearly, and their aging lens in the other 
eye. By opening and closing each eye, the differences in seeing color can be very clear. 
Granville (1990) had the procedure done and both described his experience and tested 
his eye on various color-matching tests. The differences were dramatic in the blue color 
range, greatly enhancing his enjoyment of a clear blue sky and even the color of a gas 
jet. Granville’s experience was greater than for those who do not require implants, but 
the type of changes would follow the same pattern.

TEST YOUR KNOWLEDGE

1. Describe how the process of habituation is used to determine if infants have 
color vision.

2. Diagram how the loss of transparency to short wavelengths causes yellow–blue 
confusions in older adults.

COLOR DEFICIENCY

6.8
  Diagram the different types of color deficiency and explain why this 

term is, almost always, a better term than color blindness.

Color deficiency refers to the condition of individuals who are missing one or more of 
their cone systems. Color deficiency is often called color blindness, but the latter term 

Color deficiency: the 
condition of individuals who 
are missing one or more of 
their cone systems
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170 Sensation and Perception

is rarely appropriate. The vast majority of color-deficient individuals do see colors, 
just not as many colors as trichromatic people do. Color deficiencies are usually the 
result of genetic variations that prevent the development of one or more cone systems. 
Thus, in general, color deficiencies are present at birth and seldom develop later in life. 
Interestingly, because of the nature of those genetic issues, color deficiencies are much 
more common in men than they are in women.

The genetic information for forming cones in fetal development travels on the  
X chromosome in a region of that chromosome disproportionately likely to have a 
variation (Woods & Krantz, 2001). These genetic variations are of different types, and 
it is the type of genetic information present that determines the type of color deficiency. 
It is important to remember that males have only one X chromosome and females have 
two. Because the genes that lead to color deficiency are on the X chromosome, males 
need only one of these color-deficient genes to be color deficient, but females need two 
of these genes, one on each chromosome, to be color deficient. As a result, males are far 
more likely than females to have a color deficiency. Such types of traits are known as 
sex-linked traits. Other sex-linked traits include male pattern baldness and hemophilia, 
both much more common among men than women.

Color deficiency is quite common in humans. Usually, in a college class of 100 stu-
dents or so, there is at least 1 young man who admits to being color deficient. Indeed, it 
is estimated to occur in as many as 8% of males and 0.4% of females (Birch, 2001). The 
most common diagnosed form is red–green color deficiency. These individuals see colors 
in a general spread from dark blues to light blues to dim yellows to bright yellows. The 
frequencies three-cone people see as green and red are just part of the blue-to-yellow con-
tinuum for individuals with this form of color deficiency. However, there are really two 
separable types of red–green color deficiency, one caused by the loss of the M-cone system 
and one caused by the loss of the L-cone system. In the past, a simple way to identify color 

deficiency was to show potential patients Ishihara plates 
(Figure 6.23). In these plates, trichromatic people can see 
the numbers created by the dots because they are different 
colors than the surrounding dots. The dots, however, are 
isoluminant dots; that is, they reflect light at the same 
intensity, even though the wavelengths are different for 
the dots that make up the number and the background. 
Because of this, trichromatic people will see the number, 
because they can detect the color differences. But a red–
green color-deficient individual will see only dots and not 
be able to tell them apart because of intensity differences. 
Because the dots are isoluminant and chosen to be meta-
mers for color-deficient individuals, a red–green color-de-
ficient person cannot see the number in an Ishihara plate. 
Thus, these plates allow for easy identification of color 
deficiency. Another way of identifying color-deficient 
individuals is to have them do metameric matching tasks. 
Their matches will be very different from those of people 
with three-cone vision. You can try some different tests 
for color deficiency in ISLE 6.12. It is important to note 
that because these tests are run under a monitor and not 
the conditions called for in the test, their results are only 
approximate.

To best be able to understand the different types 
of color deficiencies, we start by reminding you about 
trichromatic color vision and then how the different 

ISLE 6.12   
Color Deficiency Tests
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FIGURE 6.23 An Ishihara Plate

These figures are used as a quick test for color deficiencies. The dots are 
all isoluminant, regardless of color, so the number cannot be determined 
by differences in brightness. Only color allows you to see the number. For 
the plate shown, a red–green color-deficient individual would not be able 
to see the number.
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171 Chapter 6: Color Perception

color deficiencies differ from it. People with trichromatic color vision have three func-
tioning cone systems. Such a trichromatic person could match any pure wavelength by 
varying the intensity of three colors, such as red, green, and blue. Across trichromatic 
people, these matches will be nearly identical. Then there are color-deficient people, 
who come in a number of varieties.

Rod Monochromacy
Rod monochromacy is a very rare form of color deficiency, affecting only 1 in every 
30,000 people (Carroll, Neitz, Hofer, Neitz, & Williams, 2004). Rod monochromats 
have no functioning cones of any kind and therefore can be described as truly color-
blind. As a result, they see the world in shades of gray—high-reflectance objects are 
white, low-reflectance objects are black, and intermediate-reflectance objects are vari-
ous shades of gray. In metamer matching, only one color is required to match another, 
as all a rod monochromat will be doing is adjusting the percentage of reflected light, 
that is, how gray the surface is.

Because they have no cones, rod monochromats have many other visual problems 
in addition to color blindness. Rod monochromats are dependent on their rod vision in 
both bright and dim light. This has serious disadvantages during daylight conditions, as 
these individuals are highly sensitive to light but have poor visual acuity. Because they 
are using scotopic vision all the time, rod monochromats are extremely sensitive to bright 
lights. For example, in a room that would be considered normally illuminated for people 
with intact cone systems, a rod monochromat will find it too bright. As such, rod mono-
chromats often must wear sunglasses indoors. Going outside on a bright sunny day can 
be overwhelming and requires very strong eye protection. In reality, most rod monochro-
mats will avoid bright outdoor conditions even with very strong sunglasses. Moreover, 
because the rods do not support acuity, rod monochromats have very poor visual acuity 
and must wear very strong lenses in order to read. Even then, most rod monochromats 
require large typefaces in order to read normally. To summarize, unlike those with color 
deficiencies, rod monochromats are at a serious disadvantage relative to people who have 
cones as receptors as well as rods (you can see the world as a rod monochromat might on 
ISLE 6.13). You can read about the experience of people with this disorder in a book, The 
Island of the Colorblind, written by famed neurologist Oliver Sacks (1998), who visited 
a Pacific Ocean island where this disorder is relatively common.

Cone Monochromacy
There are extremely rare cases of individuals known as cone monochromats. These 
people lack two cone types but have one present. S-cone monochromats have been 
found; they have the S-cone system but lack the M- and L-cone systems (Alpern, Lee, 
Maaseidvaag, & Miller, 1971). S-cone monochromacy is an X-chromosome-linked trait 
and thus is more common in men than women, though it has been observed in women. 
However, S-cone monochromacy is still extremely rare in men, as only 1 in 100,000 
men will exhibit it. Because of the low overall sensitivity of the S-cone system, cone 
monochromats exhibit many of the symptoms seen in rod monochromats, although 
the symptoms tend to be less severe in S-cone monochromats than in rod monochro-
mats. Cone monochromats also have poor acuity and high sensitivity to bright light. 
Wavelength discrimination is poor in S-cone monochromats, and subjectively, the world 
appears in blacks, whites, and grays. One of the authors (JHK) took his sensation and 
perception class years ago with a fellow student who had this type of color deficiency. 
Despite taking the class in the evening and night (6 pm to 9 pm once a week), the fellow 
student wore sunglasses and the lights were kept as low in the room as the class could 

ISLE 6.13  
Rod Monochromat Vision
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172 Sensation and Perception

tolerate. As night came on, the student became more comfort-
able and sometimes took her sunglasses off. Interestingly, in 
twilight conditions, in which both the rod and the cone sys-
tems are at work, S-cone monochromats can distinguish some 
colors, essentially using the one cone system and the one rod 
system as might a dichromat.

Dichromacy
Dichromats have only two working cone systems. Thus, they 
can see colors, though a much lesser range of colors than 
do trichromats. There are three major forms of dichromacy 
depending on which cone is absent: protanopia, deuterano-
pia, and tritanopia (Table 6.1). Dichromats require only two 
colored lights to match any monochromatic light, compared 
with trichromatic individuals, who require three. Dichromats 
see in color, but they cannot make some of the discriminations 
that are easy for trichromats. Protanopia and deuteranopia 
are linked to the X chromosome and are therefore inheritable  

and more common in men than women. Protanopia and deuteranopia are also more 
common than tritanopia.

Because men have only one X chromosome (and one Y chromosome), if they have 
a deficiency gene on the X chromosome, they will express the deficiency. However, 
women have two X chromosomes. The same deficiency gene must be present on both X 
chromosomes for a woman to be a protanope or a deuteranope. If a woman has only 
one color-deficient X chromosome, she will see colors as a trichromat, as the single 
trichromatic X chromosome is enough to structure her retinae correctly. However, she 
is still a carrier, and thus there is a 50% chance that she will pass that gene on to an 
offspring. A son inheriting the carrier X chromosome would be color deficient, and a 
daughter would have a 50% chance of being a carrier. Thus, the only way a woman can 
be color deficient is if she has a color-deficient father and either a color-deficient mother 
or a mother who is a carrier.

Protanopia
Protanopes lack L-cones in their retinae, as a function of a deficient gene. Protanopia 
can occur in as many as 1% of males but is very rare in females, roughly 0.02%. 
Because protanopes do not have L-cones, they are classified as red–green color-blind 
(the common name for the condition). An approximation of what they see as a function 
of wavelength is depicted in Figure 6.24a. At short wavelengths, protanopes see blue. 
As wavelength increases, the blue becomes less saturated until it eventually becomes 
gray (at 492 nm), and then as the wavelengths continue to increase, the color is per-
ceived as a more and more saturated yellow. The yellow fades at the high end of the 
visual spectrum (Figure 6.25). This 492-nm light is called the crossover wavelength for 
protanopes.

Deuteranopia
Deuteranopes lack M-cones in their retinae, as a function of a deficient gene. 
Deuteranopia has about the same frequency as protanopia, and in many contexts, they 
are indistinguishable and are both referred to as red–green color blindness. However, 

Protanopia: a lack of 
L-cones, leading to red–green 
deficiency; this trait is sex-
linked and thus more common 
in men

Deuteranopia: a lack of 
M-cones, leading to red–
green deficiency; this trait 
is sex-linked and thus more 
common in men

Tritanopia: a lack of S-cones, 
leading to blue–yellow color 
deficiency; this trait is rare 
and is not sex-linked

Anomalous trichromacy: a 
condition in which all three 
cone systems are intact, but 
one or more has an altered 
absorption pattern, leading to 
different metameric matches 
than in the most common type 
of trichromatic individuals

TABLE 6.1  
A Description of Different Types of Color Vision

Type of Color 
Deficiency

Cone System 
Absent

Color 
Experience

Rod 
monochromacy

All No color

Tritanopia S Lack green and 
yellow

Deuteranopia M Lack green and 
red

Protanopia L Lack green and 
red

Anomalous 
trichromacy

All present, but 
one is different 
from standard

Near standard 
color vision

Common 
trichromacy

None Standard color 
experience
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173 Chapter 6: Color Perception

FIGURE 6.24 The World as It Looks to Color-Deficient Individuals

This is how these colored displays look to (a) protanopes, (b) deuteranopes, and (c) tritanopes.

FIGURE 6.25 The Visual Spectrum as It Appears to Color-
Deficient Individuals
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the crossover wavelength from blue to yellow occurs at a different wavelength (498 
nm). For an approximation of how deuteranopes perceive color, inspect Figure 6.24b.

Tritanopia
Tritanopes lack S-cones in their retinae. This is the 
rarest form of dichromat color deficiency, occurring 
in just about 1 in 100,000 people. Because this defi-
ciency is not sex-linked, it is just about as common 
among women as it is among men. Tritanopes see 
blue at short wavelengths, which becomes less sat-
urated as the wavelength increases. At higher wave-
lengths, tritanopes see red. The crossover point for 
tritanopes is 570 nm. For an approximation of how 
tritanopes perceive color, inspect Figure 6.24c. You 
can explore a set of interactive illustrations of dichro-
macy on ISLE 6.14. You can examine the cones 
missing and how that impacts color matching in dif-
ferent types of dichromacy, and you can simulate the 
appearance of images for dichromats. You can try 
your own photographs in the ISLE demonstration.

There is also a form of color deficiency called 
anomalous trichromacy. In anomalous trichro-
mats, all three cone systems are intact, but one or 
more of the cone systems has an altered absorp-
tion pattern, leading to different metameric 
matches than in the most common form of cones 
in trichromatic individuals. The most common 
form of anomalous trichromacy is an abnormality 
in the M-cone system (Smith & Pokorny, 2003). 
However, it can also occur with the L- or the 
S-cone system. In general, anomalous trichromats 

ISLE 6.14 
Dichromacy

(a) (b) (c)
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174 Sensation and Perception

are not as good at discriminating similar wavelengths as the more com-
mon type of trichromats. You can see the different forms of anomalous 
trichromacy and their incidence in Table 6.2.

A question that may have occurred to you is how we can be sure of 
the colors dichromats and anomalous trichromats are seeing. After all, 
because they have missing or abnormal cone systems, their perception of 
color may not be imaginable by people with trichromatic color vision. If 
this were the case, the perceptual spectra in Figures 6.24 and 6.25 would 
not be accurate. In other words, when looking at the sky, a deuteranope 
may know to say “blue” as trichromatic individuals do, but is the col-
or-deficient person really seeing the same color?

The answer to this question comes from a small class of color- 
deficient persons known as unilateral dichromats. A person with unilateral dichromacy 
has dichromacy in one eye but trichromatic vision in the other. This is an extremely rare 
condition. However, the existence of unilateral dichromacy allows researchers to discover 
the nature of the experience of dichromacy. A unilateral dichromat can observe a colored 
figure with one eye at a time and describe the color both as a person with trichromatic 
color vision would and as a person with dichromacy would (Alpern, Kitahara, & Krantz, 
1983; Graham & Hsia, 1958). When viewing objects with both eyes, they see color essen-
tially as a trichromat would, but when they close their trichromatic eye, they become 
dichromats. Thus, such a person would describe a 520-nm light as green with her trichro-
matic eye but as yellow with her dichromatic eye. When she reopens her trichromatic eye, 
she again sees it as a fully trichromatic person would. It is based on the experiences of 
these unilateral dichromats that we know the color experience of dichromats.

As we discussed at the beginning of the chapter, some women seemingly have four-
cone systems. Interestingly, these women are usually related to men with anomalous 
trichromacy, so one theory that accounts for the existence of this condition is that the 
same mutation that results in anomalous trichromacy in men can occasionally result 
in tetrachromacy in women (Jordan et al., 2010). According to this research, roughly 
10% of women may carry the gene for anomalous trichromacy. But in Jordan et al.’s 
(2010) study, only 1 in 24 women with this gene showed any evidence of being a tetra-
chromat. Such women require four separate colors to match a monochromatic light and 
presumably see countless shades of color that trichromatic individuals do not (Jameson 
et al., 2001). To tetrachromats, all of us trichromatic individuals are effectively color 
deficient. Tetrachromacy is extraordinarily rare, but it has been documented.

Cortical Achromatopsia
In cortical achromatopsia, loss of color vision occurs because of damage to the occip-
ital lobe. Cortical achromatopsia is extremely rare and is much less common than the 
color deficiencies caused by cone problems in the retinae. Cortical achromatopsia usually 
comes about from damage to area V4 (also involved in shape perception, as discussed in 
Chapter 5). Cortical achromatopsia usually involves a perceptual experience of seeing 
only in black and white (and shades of gray) or the impression that colors seem washed 
out. In some cases, the perception is of shades of gray, but patients can still discriminate 
by wavelength even though they do not experience the colors. These patients still have 
all their cone systems intact, and the problem is at a higher level of processing. This may 
be why they can discriminate wavelengths but still not see colors. In addition, in some 
cases, patients with achromatopsia lose the ability to remember color. That is, they do 
not remember what it was like to experience color. In contrast, a person who becomes 
blind because of eye damage still remembers his or her experience of color. In some cases, 
patients with cortical achromatopsia can no longer put color into mental images and may 
fail to be able to remember objects by their colors. Thus, a banana is no longer yellow in 

TABLE 6.2 Percentages of Different 
Anomalous Color Deficiencies

Type of 
Anomalous 
Trichromacy

Males Females

Protanomalous 
(L-different)

1% 0.02%

Deuteranomalous 
(M-different)

5% 0.04%

Tritanomalous 
(S-different)

0.005% 0.01%

Unilateral dichromacy: the 
presence of dichromacy in 
one eye but trichromatic vision 
in the other

Cortical achromatopsia: loss 
of color vision due to damage 
to the occipital lobe

Copyright ©2019 by SAGE Publications, Inc.  
This work may not be reproduced or distributed in any form or by any means without express written permission of the publisher.

Do n
ot 

co
py

, p
os

t, o
r d

ist
rib

ute



175 Chapter 6: Color Perception

memory, nor is a ripe tomato red. Even in memory, these objects lose their colors. Finally, 
in some cases, individuals may not even be aware that color vision has been lost (von Arx, 
Müri, Heinemann, Hess, & Nyffeler, 2010). Again, all of this symptomatology has been 
linked to damage in V4 (Wade, Augath, Logothetis, & Wandell, 2008).

TEST YOUR KNOWLEDGE

1. Diagram the different types of color deficiencies.

2. What is the difference between a rod monochromat and a cone monochromat? 
What differences are there in their vision?

CONSTANCY: LIGHTNESS  
AND COLOR CONSTANCY

6.9  Assess the term constancy and how it applies to color vision.

Constancy refers to our ability to perceive an object as the same 
object under different lighting and environmental conditions. For 
example, we want our visual system to recognize a barracuda 
whether it is swimming directly toward us or away from us, in 
murky water or clear water, at an angle or coming straight at us. 
The image on the retinae may be quite different in each of these 
cases, but we still need to recognize the same object. This is a vital 
goal of the visual system. We want to be able to tell if an object is 
the same object across changes in lighting, shading, distance, move-
ment, and orientation. For another example, we want to be able to 
detect a banana as being a banana whether we are seeing it close up 
or from far away. We want to be able to judge if the banana is ripe 
regardless of whether we are viewing the fruit in broad daylight, by 
the light of a light bulb, or even by twilight. For this reason, we have 
evolved many processes that enact constancy in different domains 
of perception. Lightness constancy refers to our ability to perceive 
the relative reflectance of objects despite changes in illumination. 
Color constancy refers to our ability to perceive the color of an 
object despite changes in the amount and nature of illumination.

Before we delve into the science of color constancy and then 
lightness constancy in depth, consider Figure 6.26. We see a pleasant 
garden scene. Look at the grass. We see a light green field of grass 
with a few scattered small white flowers. In the background, some pretty yellow flowers 
adorn a bush. Across the foreground, a tree, which is not visible in the photograph, casts a 
shadow over the grass. The core idea of constancy is that we see the grass as green, and the 
same green, despite the changes in illumination caused by the shade. We perceive correctly 
that there is a shadow present and infer that there is differential illumination on the grass, but 
the grass’s color does not change as a function of illumination. This is an illustration of color 
constancy, the fact that we see an object as the same color across changes in illumination.

Color Constancy
We consider color constancy first. Color constancy refers to the observation that we 
see the same color despite changes in the composition of the wavelengths of light that 

Constancy: the ability 
to perceive an object as 
the same under different 
conditions

Lightness constancy: the 
ability to perceive the relative 
reflectance of objects despite 
changes in illumination

Color constancy: the ability 
to perceive the color of an 
object despite changes in 
the amount and nature of 
illumination

FIGURE 6.26 Color Constancy

We want to be able to recognize the grass here as one 
continuous object of one continuous color, even though some 
of the grass is shaded by trees and therefore reflects less light 
back to the viewer. That we see the grass as one color despite 
the differences of illumination is an example of constancy.
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176 Sensation and Perception

is striking that object. Thus, a green mug appears to be the same color regardless of 
whether the light illuminating it is natural sunlight, a fluorescent light bulb, or an 
incandescent light bulb. This is true even though the object is now reflecting different 
absolute amounts of light at different wavelengths under each illumination condition. 
Color constancy serves an important perceptual function. The properties of objects 
seldom change as a function of changes in the source of illumination. Thus, a system 
that sees an object as a constant color across such changes leads to accurate perception. 
Interestingly, the distribution of wavelengths in sunlight changes across the day. Evening 
light has more long-wavelength light than light earlier in the day. Although we might 
enjoy the colors of twilight, we do not normally see objects as changing colors, though 
we are aware of general changes in illumination when we attend to them. We can see 
this in Figure 6.27. The statues of the presidents appear to be the same color despite 
the change from peak sunlight to twilight. You can explore an interactive illustration of 
these principles on ISLE 6.15.

Color constancy is not perfect. There are a number of situations in which color con-
stancy fails; that is, we see the same object as being differently colored under different 
lighting conditions. One such situation is when we use a monochromatic light. Shining 
a monochromatic light on an object and not the area around the object will allow that 
object to reflect only that wavelength. Thus, depending on how much of that wave-
length is reflected by the object, the object will appear the color of the light regardless 
of its reflectance characteristics. What we will see is a different level of saturation, 
depending on how much the object reflects the wavelength being shined on it. Another 
situation occurs when an object is viewed in front of a pure black background. This 
makes it difficult for the visual system to get the context to see the object as the right 
color. Simultaneous color contrast illustrates another way we can fool color constancy 
(see Figure 6.19 and ISLE 6.9).

The mechanism whereby our visual systems control color constancy is not well 
understood. Seemingly, the visual system is able to compare the reflectance patterns 
of different wavelengths from one object with those from another to determine which 
object is reflecting more blue, yellow, and so on. However, because the visual system 
cannot intrinsically measure the wavelength distributions in the illuminant light, it must 
infer this as well (Foster, 2011). Data support the idea that the visual system automati-
cally determines the ratio of wavelengths in a scene by comparing across many objects 
in that scene. That is, the color of an object is determined not just by the wavelengths 
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ISLE 6.15 
Illumination and Color Constancy

FIGURE 6.27 Color Constancy on Mount Rushmore

We see the monument as being the same color despite the change in illumination from day to night.

(a) (b)
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177 Chapter 6: Color Perception

coming off of that object but also by the wavelengths of the light coming 
from neighboring objects.

One of the classic demonstrations of color constancy has been called 
Mondrian experiments by Edwin Land (1977), after the Dutch painter 
Piet Mondrian (Figure 6.28). In these experiments, a surface with a ran-
dom collection of rectangles of different sizes and colors of matte paper 
(much like Mondrian’s paintings) is presented to participants. Each rect-
angle is surrounded by rectangles of different colors. The illumination 
of the surface is provided by three projectors, each of which projects a 
different narrow band of wavelengths. One projector emits long wave-
lengths, the second emits middle wavelengths, and the third emits short 
wavelengths. When all give light with the same level of illumination, 
these three projectors are a match for white light.

The method for these experiments is complicated. First, a partici-
pant is asked to look at one square, say a red one. Once the participant 
is focused on the red square, the experimenter changes the illumination 
by adjusting the three projectors so that the light coming from the red 
square reflects twice as much middle-wavelength light as long-wave-
length light. The question for the participant is what is the color now 
for this red square? The square itself reflects more long-wavelength 
light than others (hence its red color). But now, it is being differentially 
illuminated by more light shorter in wavelength. After the adjustment 
of the projectors, the reverse is true; it is reflecting more middle-wave-
length light than long-wavelength light. Still, participants say that the 
rectangle they have been focused on the whole time looks red. Within 
wide ranges of the bands of illumination, the wavelength coming from 
the square does not change its color appearance. Once red, always 
red. And of course, the same is true for squares of other colors on  
the Mondrian image as well. This is important because the other 
squares have changed their reflectance as a function of the incoming 
lights. The fact that each square is surrounded by squares of differ-
ent colors is important to the outcome of this experiment. Thus, the 
comparison of each area with the varied colors around it is critical to 
maintaining color constancy. This supports the idea that color constancy is achieved 
by an implicit comparison across different objects in a scene, each object reflecting 
a different wavelength, allowing the visual system to extract the illumination from 
known reflective properties.

Lightness Constancy
Lightness constancy refers to our ability to perceive the relative reflectance of objects 
despite changes in illumination. The easiest way to think of lightness constancy is to 
think of it along the continuum from black to gray to white. These achromatic colors 
simply refer to the amount of white light an object reflects. A black object absorbs most 
light, whereas a white object reflects most light, with gray objects being in between. 
Lightness constancy refers to the observation that we continue to see an object in terms 
of the proportion of light it reflects rather than the total amount of light it reflects. That 
is, a gray object will be seen as gray across wide changes in illumination. A white object 
remains white in a dim room, while a black object remains black in a well-lit room. 
In this sense, lightness constancy serves a similar function as color constancy in that it 
allows us to see properties of objects as being the same under different conditions of 
lighting (Adelson, 1993).

©
 iStockphoto.com

/hohl

FIGURE 6.28 Building Painted in the 
Style of Piet Mondrian (1872–1944)

This building painted in the style of Mondrian shows a 
pattern of color. Stimuli such as this have been used for 
experiments on color constancy. In the experiments, 
the wavelengths of the light illuminating the stimuli are 
altered. As long as viewers can see all the different 
boxes of color, they maintain color constancy. But if 
they only see one square, its color will change as a 
function of illumination.
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178 Sensation and Perception

Consider an object that reflects 25% of the light that hits its surface. 
This object will be seen as a rather dark gray (Figure 6.29). If we leave it in 
a dim room that receives only 100 units of light, it will reflect 25 units of 
light. However, if we place it a room that is better lit, it will still reflect the 
same 25%. If there are now 1,000 units of light, it will reflect 250 units of 
light. But we still see it as the same gray, despite the fact that the object is 
reflecting much more light. Similarly, an object that reflects 75% of ambi-
ent light will be seen as a light gray in the dim room, even though it reflects 
less total light than it does in the bright room. Thus, lightness constancy 
is the principle that we respond to the proportion of light reflected by an 
object rather than the total light reflected by an object. You can explore an 
interactive illustration of these principles on ISLE 6.16.

As with all constancies, there are conditions that create illusions that 
overwhelm the processes that create constancy. The Gelb effect is an 
exception to the principle of lightness constancy. The Gelb effect is a 
phenomenon whereby an intensely lit black object appears to be gray 
or white in a homogeneously dark space. Think of a cat caught in the 
headlights of a car at night. The headlights illuminate only a small space 
in front of the car, dark pavement in addition to the cat. Because there is 

nothing to compare the object to, the cat appears white, because it is reflecting a lot of light 
in an otherwise dark space. However, if we suddenly place a white object next to the cat, 
the cat now appears black, its actual color, as our visual systems now have something with 
which to compare it. For an illustration of the Gelb effect and related illusions, go to ISLE 
6.17. The Gelb effect neatly shows the importance of the ratio principle in explaining light-
ness constancy (Gilchrist et al., 1999).

The ratio principle states that the perceived lightness of an object is explained by 
the ratio of light it reflects rather than the absolute amount of light it reflects, assuming 
even illumination across the visual scene. As long as illumination is constant across 
the field of view, the ratio captures the properties of reflectance. In an illusion such 
as the Gelb effect, the constant illumination requirement is violated—the cat is more 
illuminated than its surroundings, and lightness constancy is compromised. Of course, 
situations such as the Gelb effect are rare in the real world, and for the most part, the 
ratio principle allows us to correctly interpret the lightness of objects.

TEST YOUR KNOWLEDGE

1. Why is it important to have color constancy in the real world? What function 
does it serve?

2. What is the difference between color constancy and lightness constancy?

ISLE 6.16 
Lightness Constancy

ISLE 6.17 
Gelb Effect

Gelb effect: a phenomenon 
whereby an intensely lit black 
object appears to be gray or 
white in a homogeneously 
dark space
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FIGURE 6.29 Lightness Constancy

In this illustration, we see a checkerboard being shaded 
by a peculiar cylinder. Because we infer that there is less 
illumination on the shaded part of the checkerboard, we 
see square A as being the same shade as square B, even 
though objectively B is a darker gray than A.

EXPLORATION: The Color Purple
Purple has, in the West, long been associated with royalty 
and religiosity. Perhaps because of its rarity in nature and 
the difficulty in generating purple dyes, purple has always 
been a regal and expensive color. We find this from our 
earliest recorded records to recent history. In the Hebrew 
Bible, God tells Moses that the Israelites should bring 

Him offerings of purple cloth. In both ancient Greece and 
Rome, purple was the color worn by kings and royalty, a 
tradition that continued in Europe through the centuries. 
Roman Catholic bishops wear purple to this day. This 
regard for purple is also seen in other cultures—purple 
is a symbol of royalty in Japan and of piety in China. 
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179 Chapter 6: Color Perception

Even today, purple dyes made from murex snails can cost 
hundreds of dollars. Because purple pigments are also rare 
in nature, we value plants and flowers that are purple as 
well. Purple flowers are a staple of gardens everywhere 
(Figure 6.30).

Following Livingstone (2002), we make a distinction 
between violet and purple. In practice, these colors are 
very similar perceptually, but technically, they refer to 
different kinds of color. Violet is a spectral color that we 
see at the very shortest wavelengths of the visual spec-
trum, shorter even than blue. We see violet from 400 to 
about 440 nm, at which point, wavelengths become blue. 
Purple, by contrast, is a nonspectral color that cannot be 
generated by a single wavelength of light. Purple is a mix 
of red light and blue light. Most dyes and pigments are 
purple, reflecting both red and blue light, rather than vio-
let (Figure 6.31). We now describe why these colors look 
similar (see Monnier, 2008).

At 440 nm and under (i.e., until about 400 nm, below 
which we cannot see), colors look blue but also a little 
red. That is why these colors are called violet. Although 
they are spectral colors, they look like a mix of red and 
blue. There is a clear physiological explanation for this 
phenomenon. At 440 nm, our S-cones are nearly at their 
peak. However, the L-cone system is also active. Although 
these cones are sensitive mainly to long-wavelength light, 
they have this minor peak for short-wavelength light. 
Thus, these very short wavelengths activate both blue 
and red responses in our cones, resulting in the percep-
tion of violet.

Purple is a nonspectral color that results from the combi-
nation of red and blue light. A more bluish purple may be 
metameric to violet, but purple is a mixed color, not a spec-
tral color. Thus, purple objects need to have an odd pattern 
of reflectance. To be purple, an object must absorb light in 
the central or green part of the visual spectrum but reflect 
light in the red and blue portions at the ends of the visual 
spectrum. This particular arrangement—absorbing wave-
lengths in the middle of the spectrum but not at the end-
points—is particularly difficult for chemical compounds to 
achieve. Hence, the rarity of purple in nature. You can see 
that for purple plants, the surface reflects the long and short 
wavelengths but absorbs the middle ones. Because purple is 
rare in nature, it also makes it more difficult for people to 
generate purple dyes, which, in the past, led to high prices 
for purple dyes and paints. Long live purple!

©
 iStockphoto.com

/OGphoto

FIGURE 6.30 Purple Flowers

Purple flowers are especially valued by gardeners everywhere.

FIGURE 6.31 How to Make Purple

To be purple, an object must absorb light in the central or green part of the visual spectrum but reflect light in the red and blue portions at the ends of 
the visual spectrum.
Source: From Livingstone, 2002, p. 31.
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180 Sensation and Perception

APPLICATION: Color Deficiency  
and Our Colorful Information
A major technological innovation that was first proposed 
in 1931 has changed our world, even if it does not get 
the attention that other innovations have. In that year, 
an international organization, the Commission inter-
nationale de l’éclairage (International Commission on 
Illumination), thankfully, CIE for short, proposed a set 
of equations to allow for automatic color reproduction 
(Silverstein & Merrifield, 1985). In some ways, color 
reproduction has been going on since ancient times, but 
before this innovation, to reproduce a color in nature 
required a human eye, an artist. With this set of equa-
tions, it was possible to start specifying primary values, 
like the red, green, and blue elements on a television 
screen, to make a metamer for another color. It no longer 
required a person but could be done automatically by 
a machine. It was not long after this time that movies 
started being produced in color, for example, Gone With 
the Wind, Fantasia, and The Wizard of Oz, which came 
out by the end of the 1930s, and these films depended on 
these equations. To color a movie before this innovation, 
artists would have to hand paint each and every frame 
of a movie, which did occur, but very rarely. With time, 
we got color printing, color television, and all the other 
ways that color is part of our lives now. But this advance 
has come at a cost. The CIE equations work for trichro-
mats but not dichromats or other people with color 

deficiencies. Let us take a look as some of the difficulties 
raised for dichromats.

Conventionally, stoplights all around the world use red 
for stop and green for go. How do deuteranopes and pro-
tanopes, who are “red–green color-blind,” know to stop 
at a traffic signal or drive through, if they cannot discrim-
inate between red and green? This is more of a practical 
question than one related to the nature of their visual 
experience. In the past, traffic signals were a significant 
problem for color-deficient drivers. However, they are no 
longer a major problem because it is now standard to 
put the red light at the top of the series of lights (three if 
there is a yellow light) and the green light at the bottom. 
In addition, they use a red and green that will appear 
different lightnesses to dichromats as well (Proctor & 
Van Zandt, 2008). So, color-deficient individuals can stop 
and go by attending to vertical position rather than color. 
Those of us with trichromacy do not pay attention to this 
feature, but color-deficient people learn it quickly and 
use it to respond to traffic signals. Although this posi-
tioning helps, many dichromats still report some trouble 
with traffic lights, and some authors argue that automo-
bile drivers should meet some level of color vision ability 
before being allowed to drive (Cole, 2016). This argu-
ment would add driving to those jobs that require a cer-
tain level and type of color vision present to be able to 
be hired, such as pilots and railroad engineers. In both 
of these cases, although trichromatic color vision is not 
required, at least anymore, the applicant must be able to 
discriminate between certain colors easily. For example, 
railroad engineers must be able to discriminate red, green, 
and yellow—a requirement that rules out most prota-
nopes and deuteranopes.

The news is not all bad for dichromats, though. In fact, 
it is surprising there are so many of them given all of the 
difficulties we have outlined in this chapter. Perhaps they 
have some sort of advantage that helps them evolutionarily. 
Morgan, Adam, and Mollon (1992) discovered that dichro-
mats can see through some forms of color camouflage 
that completely mask objects to color trichromats. There 
had been anecdotes since World War II about color-defi-
cient people seeing objects hidden by camouflage, but this 
study was the first to demonstrate this ability in the lab. 
Participants had to locate a square of horizontal rectan-
gles in a field of vertical rectangles. If the dots are all one 
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FIGURE 6.32  
Color Deficiency and Our Colorful Information

View through a car windscreen by someone with color blindness, in 
particular, deuteranopia or protanopia.
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181 Chapter 6: Color Perception

color (Figure 6.33a), the square is easy to find for all of us. 
When the figure is camouflaged with a random array of red 
and green dots (Figure 6.33b), trichromats perform prac-
tically at chance, whereas dichromats still perform quite 
well. You can try a version of this experiment in ISLE 6.18. 
You might be asking why this works. Remember the CIE 
equations. It works for trichromats and is used to develop 
the camouflage. If your color vision is not trichromatic, 
the metamers that are being developed for the camouflage 

do not work for you. You might recall from your biology 
classes that camouflage coloring occurs not just in human 
warfare but also in nature as well. It could be the ability 
to see through this natural camouflage is an advantage  
for dichromats. No, not an 
advantage that makes up for 
all of the disadvantage, but 
enough of one for them to sur-
vive in reasonable numbers.

ISLE 6.18  
 Color Camouflage 
and Dichromacy

FIGURE 6.33  
Color Camouflage

(a) It is easy in this version of the 
image to find the small box of 
horizontal rectangles. (b) With the 
addition of a color camouflage, 
finding the square becomes much 
harder. Try it when the stimulus is 
only briefly presented. However, 
dichromats have much less trouble 
seeing through this camouflage.

CHAPTER SUMMARY

6.1
 Examine the relation of the wavelength of light to 

perceived color.

The visible spectrum is the band of wavelengths from 
400 to 700 nm that people with trichromatic vision can 
detect. We see different wavelengths as different colors. 
However, wavelength is not the only property that governs 
color vision.

6.2

 Diagram the perceptual principles of hue, satu-
ration, and brightness and the role they play in 
our perception of color.

Hue refers to the color quality of the light and corre-
sponds to the color names we use. Saturation refers 
to the purity of the light or the amount of white light 
mixed with the colored light. And brightness refers to 
the amount of light present. Additive color mixing is the 
creation of a new color by a process that adds one set 
of wavelengths to another set of wavelengths. When 
we add all of the different wavelengths of sunlight, 

we see white light rather than many individual colors. 
Subtractive color mixing is the creation of a new color 
by the removal of wavelengths from a light with a broad 
spectrum of wavelengths.

6.3

 Formulate the idea of a metamer in additive and 
subtractive color mixing in terms of what we 
learn from color-matching experiments.

A metamer is a psychophysical color match between 
two patches of light that have different sets of wave-
lengths. To create a metamer, there are two types of 
color mixing, additive and subtractive. In additive color 
mixing, wavelengths from two or more sources of light 
are placed close to make the new color. In subtrac-
tive color mixing, wavelengths from a light source are 
removed to yield the color match. From color-matching 
experiments, we learn that any three wavelengths can 
be adjusted to match a single-wavelength light in people 
with trichromatic color vision.

(a) (b)
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Sensation and Perception182 

6.4
 Examine the role of our having three cone classes 

for our perception of color.

Color vision starts off with the cones of the retina. We 
have three cone systems, responsible for different parts 
of the visual spectrum. The S-cones have peak sensitiv-
ity to short-wavelength light, at around 420 nm (blue). The 
M-cones have peak sensitivity to medium-wavelength 
light, at around 535 nm (green), and the L-cones have 
peak sensitivity to long-wavelength light, at around 565 
nm (yellow).

6.5
 Describe the trichromatic theory of color vision 

and its relationship to the three classes of cones.

The existence of these three cone types supports the 
trichromatic theory of color vision, which states that the 
color of any light is determined by the output of the three 
cone systems in our retinae.

6.6

 Illustrate the opponent-process theory of color 
vision focusing on what this theory can explain 
about color vision that trichromatic theory cannot.

There is also evidence that supports the opponent- 
process theory of color vision, which states that color 
perception arises from three opponent mechanisms, for 
red–green, blue–yellow, and black–white. Four primaries 
are organized in two sets of oppositional pairs (blue– 
yellow and red–green). Blue and yellow are opposite to 
each other, and red and green are also opposite to each 
other. Evidence for this theory comes from color after-
images and hue cancellation studies. Neuroscience has 
also shown that there are cone-opponent cells in the 
LGN and color-opponent cells in V1. In particular, double- 
opponent cells seem to be specialized for detecting 
edges, where one color ends and another color starts.

6.7
 Explain what we know about color vision in 

infancy and how it changes as we age.

Infant vision can be tested using the process of habitu-
ation, which is where we stop responding to repeated 
stimuli. Bornstein and colleagues used this procedure 
to determine that infants seem to have color categories 
similar to the ones that adults do. In other words, infants 

dishabituate, that is, respond again, when a color bound-
ary is crossed, say from blue to green, and the boundaries 
are similar to those found for adults. In aging, one way 
color vision changes is that the lens loses its transpar-
ency to short wavelengths more than other wavelengths, 
which causes us to be less able to see blue than other 
colors. The change is slow and not great in healthy eyes.

6.8

 Diagram the different types of color deficiency 
and explain why this term is, almost always, a 
better term than color blindness.

Color deficiency refers to the condition of individuals 
who are missing one or more of their cone systems. Rod 
monochromats have no functioning cones of any kind 
and therefore can be described as truly color-blind. Cone 
monochromats are people lacking two cone types but have 
one present in addition to their rod systems. Protanopia 
(red–green color deficiency) is a lack of L-cones, a con-
dition that is sex-linked and therefore more common in 
men. Deuteranopia (red–green color deficiency) is a lack 
of M-cones, a condition that is sex-linked and more com-
mon in men. Tritanopia (blue–yellow color deficiency) is 
a lack of S-cones; this condition is much rarer than the 
others and is not sex-linked. Anomalous trichromats 
have all three cone systems intact, but one or more has 
an altered absorption pattern, leading to different meta-
meric matches than in trichromatic individuals. A unilat-
eral dichromat is a person with dichromacy in one eye but 
trichromatic vision in the other. Cortical achromatopsia is 
a loss of color vision that occurs because of damage to 
the occipital lobe.

6.9
 Assess the term constancy and how it applies to 

color vision.

Constancy refers to our ability to perceive an object as 
the same object under different conditions. Lightness 
constancy refers to our ability to perceive the relative 
reflectance of objects despite changes in illumination. 
Color constancy refers to our ability to perceive the color 
of an object despite changes in the amount and nature of 
illumination. The Gelb effect or Gelb illusion is an excep-
tion to lightness constancy in which we see as white a 
dark object when it alone is illuminated and we cannot 
see other objects.

REVIEW QUESTIONS
 1. What is the range in nanometers of the human visi-

ble spectrum? What is the difference between het-
erochromatic light and monochromatic light?

 2. What is meant by the terms hue, saturation, and bright-
ness? What does each contribute to our perception of 
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color? Give an example of two colors that differ with 
respect to saturation.

 3. What are additive color mixing and subtractive color 
mixing? How do the two processes differ? When 
would you use each one?

 4. What are the three cone systems? What kind of mono-
chromatic light is each cone sensitive to? Why do the cone 
systems support the trichromatic view of color vision?

 5. What is the problem of univariance? How does it 
relate to metameric matching? How does it relate to 
color blindness under scotopic conditions?

 6. What is the opponent-process theory of color vision? 
Describe three perceptual phenomena that demon-
strate the reality of opponent processing.

 7. What is the difference between cone-opponent cells 
and color-opponent cells? Where do you find each 
kind of cell? Describe the visual field of a double- 
opponent cell.

 8. What is meant by the term color deficiency? What 
is the difference between a rod monochromat and 
a cone monochromat? What are the three types 
of dichromats? Describe the physiological issue 
and the perceptual consequences for each kind of 
dichromat.

 9. What is meant by the term constancy? What are 
lightness constancy and color constancy? How do 
we infer the nature of the illuminant in each case?

10. What is the difference between violet and purple? 
What is the physiological explanation for why purple 
looks like a mix of red and blue?

PONDER FURTHER
1. Color vision adds a great richness to our visual life. 

It also adds a great deal of complexity to our visual 
system as you can tell by this chapter. So, what advan-
tages, other than enriching our experience, does 
having color vision add to our survival? Recall from 
earlier, that most of our fellow mammals have limited 
or no color vision.

2. Use ISLE 6.14c and see if you can describe how dif-
ferent types of dichromats will experience the world.
What scenes would a protanope find the most differ-
ent from a trichromat versus a dichromat?

KEY TERMS
Additive color mixing, 156

Afterimages, 164

Anomalous trichromacy, 173

Brightness, 156

Color constancy, 175

Color deficiency, 169

Color-opponent cells, 167

Complementary colors, 165

Cone-opponent cells, 166

Constancy, 175

Cortical achromatopsia, 174

Deuteranopia, 172

Dishabituation, 168

Double-opponent cells, 167

Gelb effect, 178

Habituation, 168

Heterochromatic light, 153

Hue, 155

Hue cancellation, 165

L-cone, 160

Lightness, 156

Lightness constancy, 175

M-cone, 160

Metamer, 159

Monochromatic light, 153

Opponent-process theory  
of color perception, 164

Protanopia, 172

Quality, 155

Saturation, 155

S-cone, 160

Simultaneous color contrast, 165

Spectral reflectance, 153

Subtractive color mixing, 156

Trichromatic theory of color  
vision, 163

Tritanopia, 172
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Unique colors, 166
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Visual spectrum (visible  
spectrum), 153
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6.1 Examine the relation of the wavelength of light to perceived color.  How We See Color 

6.2 Diagram the perceptual principles of hue, saturation, and 
brightness and the role they play in our perception of color. 

 Focal Colors and Unique Hues

6.3 Formulate the idea of a metamer in additive and subtractive 
color mixing in terms of what we learn from color-matching 
experiments.

6.4 Examine the role of having three cone classes for our 
perception of color.

 Color Vision, Cones, and Color-Coding in the Cortex

6.5 Describe the trichromatic theory of color vision and its 
relationship to the three classes of cones.

 Cone Contributions to Color Constancy

6.6 Illustrate the opponent-process theory of color vision focusing 
on what this theory can explain about color vision that 
trichromatic theory cannot.

 Synesthesia for Color Is Linked to Improved Color 
Perception but Reduced Motion Perception

6.7 Explain what we know about color vision in infancy and how it 
changes as we age.

6.8 Diagram the different types of color deficiency and explain why 
this term is, almost always, a better term than color blindness.

 For One Artist, Colorblindness Opened Up a World of Black 
and White

6.9 Assess the term constancy and how it applies to color vision.  Lightness Constancy Illusion

 These X’s Are the Same Shade, so What Does That Say 
About Color?

 Checker Shadow Illusion by Edward H. Adelson

 Optical Illusions Show How We See—Beau Lotto
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